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Surface damage produced by single MeV-GeV heavy ions impacting ultrathin polymer films has been shown to be
weaker than those observed under bulk (thick film) conditions. The decrease in damage efficiency has been
attributed to the suppression of long-range effects arising from excited atoms lying deeply in the solid. This raises
the possibility that the substrate of the films itself is relevant to the radiation effects seen at the top surface. Here,
the role of the substrate on cratering induced by individual 1.1 GeV Au ions in ultrathin poly(methyl methac-
rylate) (PMMA) layers is investigated. Materials of different thermal and electrical properties (Si, SiO3, and Au)
are used as substrates to deposit PMMA thin films of various thicknesses from ~1 to ~300 nm. We show that in
films thinner than ~40 nm craters are modulated by the underlying substrate to a degree that depends on the
transport properties of the medium. Crater size in ultrathin films deposited on the insulating SiOs is larger than in
similar films deposited on the conducting Au layer. This is consistent with an inefficient coupling of the elec-
tronic excitation energy to the atomic cores in metals. On the other hand, the damage on films deposited on SiO2
is not very different from the Si substrate with a native oxide layer, suggesting, in addition, poor energy
transmission across the film/substrate interface. The experimental observations are also compared to calcula-
tions from an analytical model based on energy addition and transport from the excited ion track, which describe
only partially the results.

1. Introduction several factors related both to the properties of the materials (cohesive

energy, crystal structure, molar mass, electrical conductivity, rough-

Swift heavy ions penetrating in a solid produce along their trajectory
a narrow zone of a few nanometers in diameter where a huge amount of
energy is deposited in the form of electronic excitation [1,2]. Part of this
energy is rapidly transferred to the lattice, generating heat and stress
pulses that further distribute the deposited energy and creates damage
[3-5]. The extent of the damage is controlled by the efficiency of energy
conversion from the electronic subsystem to the atomic cores, and is
particularly large in insulators [6,7], where structural changes and
various levels of chemical modifications are observed. The impinging
ions may also induce sputtering and particle transport at the surface,
leading to the formation of nanometer-sized structures, such as craters
and extended protrusions. The shape and size of the craters depend on

ness) [8-11] and to the beam parameters, such as ion velocity, stopping
power, charge state, and angle of incidence [12-15] (see also Refs [16,
17] for reviews). The fact that matter can be strongly transformed in
very spatially confined regions by individual swift heavy ions has been
the basis of a plethora of successful and relevant applications, from the
engineering of nanostructured materials [18-20] to cancer treatment
[21].

Ion irradiation of polymeric materials induces irreversible changes in
their macromolecular structure, causing profound alterations in chem-
ical and physical properties. Because of that, ion bombardment has been
used as a tool for controlled tuning of both chemical composition and
related physical properties of polymers [22,23]. One of the most
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important commercial polymeric material is poly(methyl methacrylate)
(PMMA). PMMA is a radiation sensitive polymer undergoing preferen-
tially main chain-scission and cleavage of pendent methyl ester groups
upon exposure to ion irradiation at room temperature [24-27]. Because
of that, thin films based on PMMA have been widely used in micro-
lithography with UV photons, x-rays, or electron beams [28-31], or in
direct microstructuring processes such as proton beam writing [32,33].
More recently, PMMA has been used as the base-material for phantoms
and beam-monitoring devices [34] in the growing field of proton
radiotherapy [35,36]. Therefore, a deep understanding of the radiation
effects in PMMA is important not only to evaluate the stability and
behavior of this material under various high-energy radiation fields, but
also to optimize procedures in modern ion beam-based processing
techniques, where polymers play an important role [30-33,37].

Recent research has demonstrated, on the other hand, that when the
size of irradiated objects is sufficiently small the strength of radiation to
modify matter may differ from the bulk [38-42]. This behavior may
originate from the increased role of surfaces and interfaces in controlling
energy transport, or from the changes in the effective deposited energy
per se [43,44]. Nevertheless, size-effects in irradiated nanostructured
matter are still not well understood. In particular, we have recently
shown that under the spatially confined conditions of ultrathin polymer
films, the damage efficiency of swift heavy-ions is weakened. While the
effect is moderate in bond-breaking processes [45], it is pronounced in
surface effects related to large-scale particle motion such as cratering
[46]. For cratering, the critical length below which confinement effects
appear is relatively large [e.g., ~35-40 nm in PMMA], much larger than
physical size restrictions that occur when the thickness of the film is
comparable to the dimensions of crater features (of the order of 10 nm).
The decrease in damage efficiency in thin polymer layers has been
attributed to the suppression of long-range cooperative effects of excited
atoms lying deep in the solid (which are otherwise present in thick
layers) [46].

An important issue that arises from these findings regards the in-
fluence of the underlying substrate on the magnitude of the damage in
ultrathin films. In a previous work using Si substrates [46], it was
implicitly assumed that excitation in the Si has no contribution for
cratering in PMMA films. This was based on the fact that electronic
excitation in crystalline Si is quickly quenched, before significant con-
version into atomic motion [47]. While this may be a reasonable ad-hoc
assumption for Si, the contribution of the substrate cannot be a priori
neglected, as we demonstrate in this work. Here, we provide direct
experimental evidence that substrates of silicon dioxide, silicon, and
gold have a different effect on damage produced in the films, if the film
is sufficiently thin. This behavior is partially described by a simple
analytical model based on energy addition and transport from the
excited atoms along the ion track.

2. Materials and methods

Thin films of PMMA (Polymer Standards, molecular weight of
~130 ku) were deposited by means of spin coating on three different
substrates: silicon dioxide (200 nm-thick film thermally grown on ~0.5
mm-thick Si wafers), silicon (with a ~2.3 nm native oxide layer), and gold
(40 nm-thick film grown on Si wafers pre-coated with 5 nm of Ti). PMMA
films of thicknesses h from ~1 nm up to 300 nm were prepared from
anisole solutions and baked on a hot plate at 60 °C in order to allow
relaxation of the film and removal of residual solvent. Table S1 presents a
series of selected properties of the substrate and polymer materials, which
are useful for the subsequent discussion of the data (see Supplementary
Material for details).

The thicknesses of the films were measured by two different tech-
niques: atomic force microscopy (AFM) and resonant Rutherford back-
scattering spectrometry (RRBS) through the reaction 12C(ot, a’)lZC at
4.285 MeV [48]. RRBS was carried out using a 4.285 MeV He™ beam
delivered from a 3 MV Tandetron (High Voltage Engineering). The
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primary beam impinged at normal incidence to the surface of the sam-
ples and the scattered ions were collected at an angle of 165° with a
surface-barrier, silicon charged-particle detector (17 keV resolution).
Channel-to-energy conversion was performed using the high-energy
edge signal from ions backscattered at a gold standard specimen. Data
were analyzed using the SIMNRA software [49] with the appropriate
non-Rutherford cross sections. The parameter thickness in units of atoms
per cm? was varied in the SIMNRA calculations until a reasonable
agreement with the experimental data was obtained, as shown in Fig. 1a
and b. For the thickness conversion from atoms per cm? to nm, the value
of the bulk density was employed (Table S1).

In the case of AFM, the thickness was obtained from the depth of
trenches made on the films with a sharp scalpel as illustrated in Fig. 1c.
All AFM measurements were performed in a Bruker Dimension Icon PT
instrument in the Peak Force mode in air.

The irradiation with 1.1 GeV Au ions was performed at the UNILAC
accelerator at GSI (Darmstadt, Germany) applying an ion fluence of
10° jons/cm? at normal incidence. The electronic stopping power of the
ions in each material involved is given in Table S1 (see Supplementary
Material).

The size and shape of the individual ion impact features were char-
acterized offline by means of AFM also using the Peak Force mode in air.
The images for surface track analysis were collected at a scan frequency
of 1-2 Hz with 256 scan lines in 500 nm scans. The tips used were Bruker
ScanAsyst-air (Silicon Nitride) with a nominal radius of 2 nm. In order to
minimize tip-convolution effects, only images collected with high and
similar quality tips were stored for quantitative analysis.

3. Results and discussion
3.1. Film thickness and roughness

Fig. 1 shows typical results of PMMA film thickness determination by
RRBS and AFM. For the former, the area of the C peak was used,
considering the appropriate cross section of the 2C(a, ’)'2C reaction. In
Fig. 1, calculations by SIMNRA are represented by solid red lines, while
experimental data by full black circles. The spectra shown in (a) and (b)
correspond to films with thicknesses of 12 and 122 nm, respectively. In
the AFM method, the depth of the trench created by a sharp scalpel
directly gives the film thickness (Fig. 1c). In general, both techniques
gave similar thickness values, but each possesses inherent limitations.
The AFM scratch method is not adequate for films deposited on the
relatively soft Au substrate and RBS relies on the knowledge of the film
density, which may be slightly different from tabulated bulk values [50].
In the plots presented in this work, the thicknesses derived by the AFM
profiles were used for films deposited on silicon and silicon dioxide, and
by RRBS for films deposited on gold.

The as-deposited PMMA films prepared on Si and SiO» had a root
mean square roughness Ry of about 0.25 nm (deduced from 1 x 1 ym?
AFM scans) for all thicknesses investigated. The roughness of the films
deposited on Au was at similar levels only for layers thicker than about
12 nm (Fig. 1d). For thinner films, R; was thickness-dependent,
increasing progressively toward values close to the bare Au layer (Rq
= 0.68 nm) as the film thickness was reduced (Fig. 1e and f). Adhesion of
PMMA to Si and SiO» substrates is expected to be stronger than to Au due
to the polar interactions between the oxide layer of the substrate and the
side-chain ester groups of PMMA.

We also checked the chemical structure of the PMMA films by x-ray
photoelectron spectroscopy and found no significant differences among
films of different thicknesses or deposited on the distinct substrates.

3.2. Impact features
Fig. 2 presents AFM images of PMMA thin films of different thick-

nesses deposited on SiOs, Si, and Au substrates bombarded by Au ions.
For thick films (h > 40 nm), the impact structures are similar among
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Rq=0-.43 nm

Fig. 1. Typical results for PMMA film thickness determination by AFM and RRBS. (a-b) Resonant RBS spectra of two PMMA films with thickness of (a) 12 nm and (b)
122 nm. Calculations performed with SIMNRA software [49] are represented by solid red lines, while experimental data by full black circles. Carbon and silicon
signals are labeled in the spectra. (c¢) AFM image showing a region around a micro-scratch created on a 50 nm-thick film and the corresponding height section. (d-e)
AFM images of ~60 nm-thick and ~1 nm-thick PMMA films deposited on Au. (f) AFM of a bare Au substrate. The RMS roughness is also given in each image. The
image (d) represents the typical roughness of films on Si or SiO; substrates, independent of the thickness. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)

different substrates, as expected. Each impact consists of a nanometer-
sized crater surrounded by a rim of protruded material. These features
typically appear on the surface of polymers and other organic materials
bombarded by swift-heavy ions [16]. In films thinner than 40 nm, the
rim size progressively decreases until they are completely suppressed.
Craters also diminish with decreasing thickness but at a much slower
pace than the rims and they are clearly visible even in the thinnest films
analyzed. This general behavior is similar for the three investigated
substrates and corroborates previous findings on the weakening of sur-
face damage when the films are thinner than a given critical value h,
[46]. That is, h, is a critical thickness below which crater and rim sizes
become thickness-dependent. h, can be extracted from the point of
intersection of a horizontal line that projects the saturation (bulk) value
of a given crater dimension with a straight line that follows the decay of
the crater size at small thicknesses. For example, following this pro-
cedure, h, for the crater diameter (Fig. 3b) is around 10 nm, but is larger
for the rim volume (close to 30 nm, depending on the type of substrate,
Fig. 3a). It is interesting to note that although the different dimensions
displayed in Fig. 3 are related to each other, the critical thicknesses h. for
craters and rims are not unique. This has been described previously [46]:
effects that strongly depend on the cooperative action of energy sources
along the track (as rim formation) are suppressed first, resulting in large
critical lengths. The crater hole diameter on the other hand is mainly
defined by intense and localized excitation events that occurs close to
the near surface, with little contribution from excitation from deep
layers in the film.

There are, however, important differences in the thickness
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dependence of the impact features among the different substrates.
Quantitative analysis of crater size displayed in Fig. 3 allows a more
detailed view of such specificities. The surface feature most sensitive to
the underlying substrate is the rim volume (Fig. 3a). The critical thick-
ness h, below which the rim volume starts to decrease, clearly varies
among the different substrates, specially between the insulating silicon
dioxide and the conducting Au backing. For a film of ~20 nm deposited
on Au, the rim volume has already decreased by ~70%, while for an
equivalent film deposited on SiO,, the rims still sustain volumes similar
to the values found for thick films. Regarding craters, their diameter
(Derater, Fig. 3b) only slightly differs for the three substrates, whereas the
crater depth (Zcrater, Fig. 3c¢) is susceptible to the nature of the under-
lying substrate. As an example, the crater depth in the 20 nm-thick
PMMA film deposited on Au is ~3 times smaller than in the film on
silicon dioxide or Si substrates.

The above observations indicate that the substrate is capable of
directly influencing the energy available for the formation of craters on
the polymer film. In order to analyze the substrate contribution from a
theoretical standpoint, we applied the sum of impulses model [4],
originally developed to describe sputtering of organic molecules, and
recently used to describe size effects of cratering in ultrathin films [46].
The energized track is treated as a line of elemental point sources of
excitation, each contributing with an energy AE; that spreads diffusively
in a dissipative medium [4]. The sum of all excitations generated at
various depths z along the ion track results in the total deposited energy
density e(p, 2, t, h) at time t and radial distance p from the impact center,

and the net impulse Ap. This impulse is assumed to drive particle motion
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PMMA/SiO2

PMMA/Si

PMMA/Au

Fig. 2. AFM images of PMMA thin films of different thicknesses deposited on
silicon dioxide (a-f), silicon (g-1), and Au (m-r) bombarded by 1.1 GeV Au ions
at normal incidence. The thickness of the films is given in each image. For very
thin films on Au substrate intrinsic defects appear, which are distinctively
different from those produced by the ion impacts (q-r). (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

and ejection, leading to the formation of a crater. Particle ejection occurs
if the net momentum transferred along the z direction p, exceeds a
critical value p.. Thus, crater dimensions can be directly extracted from
the volume of points in space with p, > p.. The crater rim volume can
also be roughly estimated from the volume of material with pf < Pz <De»
where pR is an impulse large enough for plastic deformation, but
insufficient for ejection.

Impulses originating from the ion track segment lying in the sub-
strate were ignored in our previous work [46] and are here included as
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Fig. 3. Averaged rim and crater dimensions produced by 1.1 GeV Au ions in
PMMA films of various thicknesses h deposited on Si, SiO, and Au substrates:
(a) rim volume, (b) crater diameter, and (c) crater depth. The lines are guides to
the eyes.

an additional source of energy and momentum to the PMMA film. Using
cylindrical coordinates, we solved numerically the 3-D equation for
energy density diffusion from Ref. [4], taking into account the vac-
uum/film and film/substrate interfaces by using the boundary condition
of flux conservation. From that, the final impulse maps are obtained (see
Supplementary Material for further details). The input parameters for
each material are the diffusivity 6, the rate of energy dissipation 1/z, and
the effective stopping power dE/dx.f;, which is associated to the fraction
f of electronic energy converted into atomic motion (dE/dxeg = f x
dE/dx). For PMMA, Si and SiO,, it was considered that ~35% of the
dE/dx is converted into atomic motion, as in Ref. [51]. For Au, it is well
known that this coupling is very inefficient [52], therefore we assumed f
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= 0.02. This value is supported by a comparison of lattice peak tem-
peratures induced by 1 GeV Au in PMMA and Au, obtained from cal-
culations with the inelastic thermal spike model [53]. As the thermal
transport parameters under the short time conditions during track for-
mation are not known, we used as a guide for the diffusivity tabulated
bulk equilibrium room-temperature values (data presented in the Sup-
plemenatry Material). For SiO,, the thermal diffusivities found for thin
layers were also used. The relaxation times 7 were chosen to keep the
relevant impulse integration time (~37) close to typical values of crater
formation derived from molecular dynamic simulations using either
Lennard-Jones or FENE potentials (around 50-100 ps [10,60]). We kept
for PMMA a 7 of 30 ps and the same p. = +/3mkT, used in a previous
work, where the substrate was ignored (m is the monomer mass, k the
Boltzmann constant, and T, the ceiling temperature of PMMA). Relax-
ation times are expected to be increasingly larger in SiO,, Si and Au, and
were accordingly scaled based on THz phonon attenuation data [56].

The results of calculated crater dimensions in films deposited on
substrates of Au and SiO» are given in Fig. 4a—c. These data were derived
from maps in the p — z plane of the normal component of the momentum
(p;). Some of them are presented in Fig. 4d-i. An extended set of maps,
further exploring the effect of changing the input parameters on the
calculations, is given in the Supplementary Material.

Under the conditions of the calculations described above, Au behaves
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as an inert substrate that does not contribute to cratering in the polymer
film surface. PMMA on an Au substrate behaves very similar as the free-
standing configuration (see maps in Fig. 4e and f) because of the low
transfer efficiency of the electronic excitation to the lattice associated to
the high electronic conductivity of gold. If an unrealistic larger value of f
= 0.35 is applied, impulses from the Au substrate substantially enhance
crater dimensions for ultrathin films (as e.g. in Fig. 4g). Whilst this is not
observed experimentally for the high energy ions used in our experi-
ment, the latter condition may be reached for ions in the nuclear stop-
ping regime where momentum is directly transferred from the
projectiles to the lattice atoms.

For the insulating SiO; substrate, the model predicts a strong influ-
ence on crater size and shape in ultrathin films. The crater diameter
increases steadily for h < 20 nm (Fig. 4b). The crater depth also becomes
larger than the value for thick films. But for films thinner than about 20
nm it starts to decrease, approaching the curve Z ater = h, which is the
maximum crater depth allowed by the physical size of the layer (Fig. 4c).
Note that in the case of the Au backing, or in the freestanding configu-
ration, the predicted maximum crater depth in the ultrathin films is
smaller and limited to Zcater = h/2 (see dashed lines in Fig. 4c). This
arises from the symmetry of the impulse summation: the net momentum
points upwards for points at z < h/2 and downwards when z > h/2
(Fig. 4e) [46]. The rim volumes also present a considerable

SUBSTRATE (e)
—

1

0

10
p (nm)

Fig. 4. Results of calculations from the sum of impulses model for films bombarded by 1.1 GeV Au ions at normal incidence. (a—c) Crater dimensions in PMMA films
of different thicknesses h (zpymma = 30 ps, 6§ = 2.0 x 1073 em?/s and f = 0.35) deposited on substrates of Au (r = 1 ns, § = 1.28 cm?/s and f = 0.02) and SiO; (r = 40
ps, 5 =4.1 x 1072 and f = 0.35). (d-h) Momentum maps in the p-z plane (similar input parameters as above). The isomomentum lines at p, = 0.40 define the crater
boundaries. (d, e) Freestanding PMMA layers of 40 nm (d) and 5 nm (e); note the momentum inversion at z = h/2, limiting crater depth to h/2 in ultrathin films. (f, g)
5 nm thick PMMA on Au calculated with f = 0.02 (f) and f = 0.35 (g). (h, i) 5 nm PMMA on SiO;, calculated with &sio, = 4.1 X 102 cm?/s (h) and Ssio, = 0.83 x 1073

cm?/s. The dashed lines depict the substrate/polymer interface.
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enhancement in films with thicknesses between 15 and 30 nm due to
contributions of excitation from the substrate, but decreases again in
thinner films due to reductions of impulses from the polymer layer itself.

In several aspects qualitative trends predicted by the analytical
model are observed in the experiments. This includes the enhancement
of the rim volume and crater depth in the films deposited on silica, as
compared to Au, and the consequent shift toward lower thicknesses of
the critical depth h.. However, the measured enhancement of the impact
feature sizes in films deposited on SiO5 is much weaker than expected. In
particular, the insensitivity of the crater diameter to the type of under-
lying substrate, evidenced experimentally even in very thin films, is in
striking disagreement with the model calculations. Even if the contri-
bution of the SiO5 substrate is made weaker by using smaller values of §
(as in Fig. 4i) or 7 and dE/dx.¢ (Figs. S2 and S3), the increase in crater
diameters with decreasing h persists. Moreover, the experimental crater
sizes are very similar for the Si and SiO; substrates. Judging from bulk
transport properties of crystalline Si (much larger values of § and 7 than
PMMA or silica) and the much shorter ion track lifetime compared to
insulators [47] (i.e, f is small for Si), the influence of Si according to the
model should not be much different from Au. The presence of the native
oxide layer on Si surfaces could explain the similarities between both
substrates, but based on the calculations, only silica films thicker than
~10 nm would be equivalent to bulk silica (see Fig. 54).

4. Conclusions

In summary, we provide direct experimental evidence that fast-ion-
induced crater and rim formation in ultrathin polymer films are
directly affected by the underlying substrate to a degree that depends on
the material’s electrical and thermal properties. Calculations from a
numerical model based on linear additivity and diffusive transport of the
excitation energy describe the effects partially. Discrepancies between
the experiments and model predictions suggest that the actual energy
exchange at the substrate/polymer interface is low. Other factors,
beyond pure diffusive transport and related to interfacial processes,
including adhesion and roughness may play a role. For example, strain
waves generated by the ion impact (which seems to be important for
cratering in soft materials [4,8]) would be strongly reflected at the
polymer/substrate interface because of the large acoustic impedance
mismatch between the media. This mismatch would also decouple mo-
mentum transfer between layers. Our results stress the importance of
careful consideration of nanomaterials’ surroundings for a precise
determination of their response to ion radiation.
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