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Impacts of swift heavy ions of different energy loss in amorphous and crystalline Lennard-Jones (LJ) thin
films (2-60 nm) were simulated using classical molecular dynamics to study cratering and sputtering in
model molecular thin films. Crater size is determined mostly by evaporation and melt flow from the hot
ion track, while rim size is determined both by melt flow and by coherent displacement of particles due
to the large pressure developed in the excited region, with minor influence of particles from the sub-
strate. Sputtering yields from both crystalline and amorphous samples are similar (including the scaling
with energy loss), due to the extremely high temperature and disordered condition of the track region
from where most ejected particles originate in the early stages of the track evolution. Cratering, however
clearly depends on the crystallinity of the film. Craters and rims are much smaller in crystalline films
mainly due to faster energy dissipation, higher stress threshold for plasticity and smaller free-volume
in the ordered phase. We also found a large dependence of the induced surface effects on film thickness
below a critical thickness value. The pressure pulse due to the ion impact is weaker and cooling of the
excited track is more efficient in short tracks, both contributing to the decreased radiation damage effi-
ciency on ultrathin layers. Despite the simplicity of the L] model, the simulations in the amorphous films
reproduce remarkably well several of the experimental features seen recently on polymer thin and ultra-
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thin films irradiated by swift heavy ions.
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1. Introduction

Swift heavy ions (SHI) penetrating solids lead to extreme levels
of highly localized electronic excitations, which may produce dam-
age tracks [1-3], electronic sputtering [4,5], phase transitions [6],
cratering [7,8] and other topographic features [9-11]. Such effects
have been widely explored to tailor materials properties in a broad
spectrum of technological applications. Even if the initial excitation
state was known, the subsequent non-equilibrium processes lead-
ing to lasting material modification have time scales from fem-
toseconds to microseconds and are poorly understood. This
problem has been treated from many different theoretical view-
points. There are thermal spike models that focus on thermal
effects [12-14], including various two temperature models
[2,15]. There are also models which focus on pressure effects alone
[16], and models where modification is produced above a critical
energy [17] or energy density/pressure, like the pressure pulse
model [18]. However, the presence of a surface, together with
phase transitions and transport properties that depend on temper-
ature and density make the quantitative applicability of these
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models problematic, as Jakas et al. [19] showed, by solving the full
set of fluid dynamics equations for this problem.

As an alternative to semi-analytical models, molecular dynam-
ics simulations (MDS) of thermal spikes and two temperature
models have proven useful to model complex effects in bulk mate-
rials [20], and materials with an “infinite surface” [21]. Classical
MD simulations can use heating models to include the role of elec-
tronic excitations and help to explain experimental results on track
radii [20,22,23], sputtering yields [12,18,24,25], and crater sizes
[26,27] in different materials, from frozen gases and inorganic
solids to complex organic compounds or nanoparticles [28]. In par-
ticular, MDS of a Lennard-Jones material were able to obtain qual-
itative agreement with experiments of cratering in polymers,
including the dependence of crater size with ion velocity and angle
of incidence [27]. Recently, this model was used to fit data in a
study of confinement effects of ion tracks in thin polymer films
[25] in which radiation effects at the surface were shown to be
size-dependent below a critical thickness.

In this work, simulations on SHI irradiation of ultrathin L] films
are described in detail. Some preliminary results were presented in
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Ref. [25]. We first analyze and compare crater formation and par-
ticle ejection from amorphous and crystalline samples, including
temperature effects and the relevance of the different mechanisms
involved. In a second part, we focus on film thickness effects on
cratering and sputtering, comparing MDS results to recent experi-
ments in poly(methyl methacrylate) (PMMA). The simulated
results present very good qualitative agreement with the experi-
mental data.

2. Simulation methods

Molecular dynamics simulations were carried out with
LAMMPS [29] at the computer cluster of the Laboratory of High
Performance (LAD), PUCRS. Although there are several ways to
mimic electronic excitations in classical MD simulations
[18,20,28], the present simulations were mostly motivated by
experiments on thin polymer films, and were carried out as previ-
ously done for “bulk” polymers [27]. Polymer molecules were sim-
ply modeled assuming each monomer is a particle
(m=1.66 x 10722 g, as in a PMMA monomer) interacting via a
Lennard-Jones (LJ) potential with parameters o =0.5nm,
€=0.07 eV and cut-off radius of 2.5c. The time in reduced L] units
t;; scales with the mass (m), o, and &, via t; = o(m/g)"* ~ 1.9ps.
The timestep command was set to 0.001¢.

We simulated both crystalline and amorphous L] samples,
although experimental results are available only for amorphous
polymers. This was done to investigate the effect of structural
order in the response of a L] thin film to an ion track, an issue
not yet considered in the literature, despite the common use of
the L potential in simulations of radiation effects. Crystalline sam-
ples were built with a face centered cubic (fcc) structure, and a
[001] surface as in most previous studies [21,27,30]. Amorphous
samples were obtained following the methodology described in
Ref. [28]. Tracks in amorphous LJ systems have been simulated pre-
viously, but for nanoparticles [28] not films, except for the prelim-
inary results in [25]. Simulation boxes were centered at the origin
and had both top and bottom free surfaces perpendicular to the z-
axis. All other surfaces include a region of Langevin thermostating
and damping with thickness 2c. Periodic boundary conditions
were applied in xy directions. Simulated targets had about 4 mil-
lion particles, which was enough to avoid significant boundary
effects for the track sizes and temperatures used. In some cases,
2-5 simulations were carried out for the same irradiation condi-
tion, and the resulting standard deviation in feature sizes was
always less than 15%, and smaller than experimental uncertainties.

To model the ion track produced by normal incidence, mole-
cules within a cylinder of radius Ry ack =2-86 (1-4 nm) centered
near (xy)=(0,0) were given an energy distribution with
3/2 kT = 5-50¢ (or track temperatures in reduced units T* from 5
to 50), over a time of 0.2 t. The energy deposited along the ion
path which was effectively transferred into atomic motion - the
(dE/dx)efr - was calculated from the total mechanical energy input
into the system by this temperature increase, divided by the length
of the track (which is equal to the film thickness). The (dE/dX)es
values obtained scaled linearly with T*. The relationship between
the simulated and the experimental value of the electronic energy
loss (dE/dx)e is not straightforward, since there are several possi-
ble channels for excitation decay, which may not be related to cra-
ter formation and sputtering. We assume a simple proportionality
relationship, where both are connected by an efficiency parameter
a, often taken to be around 0.2, i.e. (dE/dX)ess ~ 0.2 (dE/dX)e; [9,31].
Many irradiation conditions were simulated by varying the track
radii and initial temperature. Therefore, a large number of scenar-
ios have been simulated, compared to the focused simulations in
Ref. [25]. Our parametric study of track excitation allow us to com-

pare results for several irradiation conditions (projectile/target
combinations), but in the following, we will present mostly those
cases that can be directly compared to relevant experimental data
on polymer thin films.

The evolution of the system after the ion incidence was ana-
lyzed using the Open Visualization Tool (OVITO) [32] and followed
for at least ~100 ty;. This time was enough to ensure that crater
features had not changed size during the last stage of the simula-
tion. However, this does not guarantee the lack of possible extre-
mely slow thermal relaxation processes [33], but their effect
should be small, given that the final temperature of the crater area
was significantly below the melting temperature of the solid.

In order to model a thin film, the particles were artificially
labeled as belonging to the film or the substrate according to their
initial depth within the sample, and the track was heated only
within the film thickness h. Thus, in our model system the film-
substrate interface is made of the same material. As the total box
size was the same for all simulations (80 x 80 x 80 x nm?), thin-
ner films had thicker substrates and vice versa. The absence of a
spike in the substrate means it is treated as a material where elec-
tronic excitations are relaxed before coupling to atomic motion.
This is a reasonable assumption for crystalline Si [7], a common
substrate in thin film experiments. Of course, at the film/substrate
interface, exchange of energy implies that crater features might be
influenced by the substrate. This turned out to be negligible except
for ultrathin films (h<5nm) and very hot tracks (more than
20,000 K).

3. Results and discussions

(a) Particle ejection and cratering formation

Fig. 1 shows a 3D view of simulated craters for both amorphous
and crystalline samples. The crater includes a large rim, as also
seen in simulations of keV atomic [26] and cluster [34] ions, and
larger projectiles [34,35]. Such similarities point to general forma-
tion processes involving atoms displaced by momentum transfer,
phase transitions and plasticity. In the case of cluster bombard-
ment of a L] system [34], solid-vapor transition and melt flow
[34,35] were found to contribute to crater formation, mostly due
to a piston effect by the incident cluster, but here the liquid flow
proceeds as a kind of “fountain effect”, as described for collision
cascades [36] and ion tracks [19]. For a cubic fcc crystal dense
packing occurs along (11 1) directions and this is the most effi-
cient direction for energy transport. Observed from the top of a
(001) surface, as in Fig. 1a, this results in a highly plane-oriented
crater rim with 4-fold symmetry. On the other hand, the amor-
phous solid does not contain any preferential orientation, thus
the rim has a circular shape, in agreement with the cylindrical
hot track.

Fig. 2 shows kinetic energy profiles for crystalline and amor-
phous samples, ~10 ps after the spike for a track radius of 3 nm.
Top and side views are shown of a thin slice in the center of the
impact point. Again, closed-packed (1 1 1) directions lead to faster
energy transport, and the profiles display the resulting four-fold
symmetry, given that we have a (001) surface, as mentioned above
for the crater rim. The amorphous sample on the other hand, shows
the expected circular expanding profile. The slower energy dissipa-
tion and cooling of the excited region in the amorphous sample is
evident in Fig. 2. The very hot central region (labeled red', with
mean particle energies above the vaporization temperature) and
the molten region (colors from light blue to yellow) are both longer
and wider in the amorphous films. Consequently, the molten region

! For interpretation of color in Fig. 2, the reader is referred to the web version of
this article.
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Fig. 1. 3D view of crystalline (a) and amorphous (b) samples at the end of the
simulation for a thickness h =10 nm, Reaq =2 nm and T* = 25. Coloring depicts
particle height, with brighter color indicating higher regions. The cubic crystalline
geometry results in the 4-fold symmetry of the crater rim in the crystalline sample,
while the round rim reflects the lack of preferential directions in the amorphous
sample. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

around the ion track is sustained for a longer time in the amorphous
sample, leading to larger craters and rims due to substantial melt
flow, as will be later discussed. Supplemental Fig. 1 shows a series
of snapshots of the track evolution for 30 nm thick crystalline and
amorphous films, where the dynamics of energy dissipation and cra-
ter formation can be seen in detail [37]. The slower energy dissipa-
tion in the amorphous films seen in the simulations is expected,
because heat transfer in insulators takes place mainly due to lattice
vibrations and the scattering of phonons is much more probable due
to the disordered arrangement of atoms.

Fig. 3 exhibit a thin slice of an amorphous sample, with particles
either colored by their displacement with respect to their original
positions, or represented by the displacement vectors between
those positions. Some isolated particles of course move to the sur-
face due to focusons [38], but movies of the crater evolution show
that these groups moved coherently, due to the pressure pulse pro-
duced by the track (see for instance Supplemental Movie 1 [37]).
Typically, the first layer of the rim is composed of thin platelets
pushed out by a pressure pulse, plus some liquid flow decorating
the side and top of those platelets. Such platelets are similar to
the ones resulting from cooperative atomic motion due to sub-
surface collision cascades [39]. This pressure effect occurs as pre-
dicted by the “pressure-pulse” model, successfully used for elec-
tronic sputtering of organic materials [40].

Regarding the role of plasticity, Fig. 4 compares defects remain-
ing after cooling of the crystalline and amorphous samples. Defects
have been filtered using the centrosymmetry parameter. There are
a few vacancies (seen by the defective atoms surrounding them), a
dislocation loop at the bottom of the crater, and a few interlocked
stacking faults (SF). The low stacking fault energy of the L solid

will lead, under large stress, mostly to partial dislocations with a
SF behind [41]. Most partial dislocations and SFs recover and disap-
pear after stress unloading, as the crater cools down. Their role in
the final crater volume would be minimal, unlike what occurs for
craters in fcc metals by large cluster bombardment [34,35]. Dislo-
cation junctions might survive the cooling of the track, as in Fig. 4a,
and in this case, immediately below the crater a void remain, as
seen for the crystalline solid in Supplemental Fig. 1h [37]. This is
similar to what is observed in nanoindentation simulations of fcc
solids [42]. For the amorphous sample, small clusters of particles
that have re-crystallized due to heating and stress are seen in
Fig. 4b (in dark blue). Given their small sizes, their influence in
the final crater dimensions should be negligible.

The pressure required to push a step out and contribute to the
rim, or to create dislocations, could be estimated from a simple
strength model. In the discussion below, all numbers are given in
dimensionless LJ reduced units (length in units of ¢ =0.5nm,
stress, pressure and moduli in units of €/c> ~ 90 MPa). Given a
hemispherical feature like the crater, the stress to deform the sur-
rounding material plastically is roughly 6, = Gb/2R, where G is the
shear modulus, R is the crater radius and b is the magnitude of the
dislocation Burgers vector, of order 1. For a L] crystal, G ~ 50 [43].
In the region where there is a rim, R ~ 10, and 6, ~ 2.5 in the early
stages. Energy density leads to an initial pressure of ~12, rapidly
decaying due to energy loss by an outgoing shock wave and ther-
mal conduction away from the track. Therefore, the stress required
for plasticity is easily overcome by the pressure resulting from the
track, which can still reach values of 4-6 in the region surrounding
the track after 19-30 ps. In the region where the rim disappears,
the pressure cannot be kept for long and does not reach high values
after ~19 ps. For the amorphous L solid, a typical threshold for
plasticity is given when the shear stress reaches values of ~1.5
[44], and the pressure is high enough to produce plastic deforma-
tion. Pressure might lead to shear transformation zones (STZ) [45],
i.e. small clusters of particles that experience significant shear. STZ
might in turn lead to shear bands [46]. Here evidence for STZs is
observed, indicating clearly that the pressure was also high enough
to produce plastic deformation. However, the small STZs do not
join to form a shear band. In both crystalline and amorphous cases,
the presence of defects after irradiation might lead to radiation-
induced mechanical hardening, provided that defect kinetics at
macroscopic times does not destroy them. This is a phenomenon
studied for collision cascade irradiation [47], but not so much for
irradiation in the electronic regime [48].

(b) Dependence on the effective energy loss

Fig. 5 shows quantitative data on the average crater diameter
(Derater), crater depth (Zcrater) and rim volume (Vi) for crystalline
and amorphous samples as a function of the effective energy loss.
Viim is the volume of the protruded region above the unperturbed
surface position around the crater hole. The definitions of the cra-
ter dimensions are given in the insets of Fig. 5. The analyses were
performed using tools available in OVITO. The error bars provided
in the figure were estimated taking into account both statistical
fluctuations among similar simulations (ran with different random
seeds) and uncertainties in the measurements of the crater dimen-
sions. Variations due to the simulations themselves are negligible
compared to uncertainties in the crater size measurements. The
later stems mainly from the difficulties of determining the exact
point where a given feature begins or ends and the plane of refer-
ence for the unperturbed surface.

Craters are wider for the amorphous sample, but the crater
diameter in both systems shows a square-root dependence with
(dE/dX)efr. This scaling is similar to what was obtained previously
for a crystalline L] solid [27]. Crater depth, on the other hand, first
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Fig. 2. Kinetic energy color maps for 20 nm thick crystalline (a and b) and amorphous (c and d) films 10 ps after the spike. Left column shows top view plots, while right
column shows a side view at the center of the crater. The initial track radius is 3 nm and T* = 25. The energy scale is given in terms of €. Energy is preferentially propagated
along nearest neighbor (1 1 1) directions in the crystalline sample, leading to fast and efficient energy dissipation.

a) b) -

Fig. 3. Final (t = 190 ps) displacements and displacement vectors from original positions of particles around the ion impact site (T* = 25, Rirack = 3 nm) for amorphous films of
h=6.5nm (a and c) and h =43 nm (b and d). Color is coded by displacement magnitude. Red coloring starts when displacement is bigger than 2 lattice parameters for the
crystalline sample. Vectors larger than a lattice parameter indicate melting/vaporization. Most of the sputtered particles and the top rim layers originate from regions which
suffered a phase transition. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



102 L.I. Gutierres et al./ Computational Materials Science 129 (2017) 98-106

Fig. 4. Final snapshot (t = 190 ps) of a 20 nm thick film for an ion track of T* =25
and Ryack = 3 nm, showing “defective” regions. The slices of (a) crystalline and (b)
amorphous samples are colored by centrosymmetry from 0 (perfect crystal, blue) to
4 (red). Defects are seen in the crystalline sample (stacking faults and point defects
surrounding the crater, and a dislocation loop below the crater). There are a few
recrystallized regions in the amorphous sample, observed as blue clusters. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

increase sharply with increasing (dE/dx)es, but the dependence
weakens as Zgqer approaches the thickness of the films. The depth
of the crater reaches the physical limit of the film (i.e., Zcqter = h) at
energy loss values close to 1 keV/nm in the amorphous films, while
for the crystalline case larger (dE/dX)ess values are required. Thus,
crater depth and radius do not scale equally with energy loss, in
contrast to simple scaling laws that predict a roughly hemispheri-
cal crater, with each dimension proportional to (dE/dx)" (with
n=1/3 [35], 1/2 [16], or 1 [40]).

For the crystalline films, in several cases the fast cooling of the
crater together with a dense dislocation network lead to the col-
lapse of crater walls, which formed faceted voids below the crater
(Supplemental Fig. 1h [37]). For one value of (dE/dx)es;, the appear-
ance of voids was particularly pronounced and a point was added
in Fig.5b, showing the value of the cavity depth including the
length of the void. Further increase in energy loss did not result
in deeper craters (we tested up to 3 keV/nm). This means that
the initially non-excited particles of the substrate contribute neg-
ligibly to sputtering or to the crater shape. Diffusion of the excita-
tion energy to the substrate is also very limited along the axis of
the ion incidence, during the short time scale for cratering and
sputtering. We further discuss substrate effects in section (c)
below.

The rim volume is much larger for the amorphous sample,
although, as for the crater hole, the scaling with (dE/dxX)eg is similar
for both systems. Curves of Vyimo(dE/dx)% are shown as solid lines
in Fig. 5c. The square dependence scaling is approximate, as it
becomes weaker at larger dE/dx, especially for the amorphous case.
It is also clear from Fig. 5¢ that there is a minimum or threshold
stopping power for rim formation, which is phase dependent.
The smallest effective energy loss to observe a distinguishable
rim in the amorphous sample is close to 0.15 keV/nm, but in the
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Fig. 5. Crater diameter D g, (@), crater depth Zgqer (b), and rim volume Vy;, (c) as
function of effective stopping power for amorphous (circles) and crystalline
(squares) films with h =20 nm. The insets illustrate the variable definitions. Lines
for crater diameter are Dcrater ~ (dE/dx)é(fz, as suggested in [27]. The crater depth
curve includes a point where the size of the void below the “regular” crater was
added to compute the total depth and a dashed line indicating the film thickness.
Rim volume plots includes (dE/dx)Z; fits (solid lines).

crystalline sample it is ~0.7 keV/nm. The lower threshold for the
rim formation in the amorphous films is attributed to the lower
stress threshold for plasticity in this system (critical stress of 1.5
versus 2.5 for the crystal, as previously discussed), and to the larger
contribution of melt flow to the rim in the amorphous film. Melt
flow has already been considered as an important mass transport
mechanisms in simulations of cratering by keV and MeV ions of
high dE/dx [34,35,26].

In summary, all crater dimensions tend to be larger in the amor-
phous targets. As the initial deposited energy is the same in both
cases, such differences must be related to the way energy is dissi-
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pated and transported out of the excited region after the ion pas-
sage. As already pointed out, this is in part due to the faster energy
transport in the crystalline samples, where deposited energy is
rapidly diluted in larger volumes. Free volume and particle mobil-
ity is also enhanced in the amorphous system, facilitating mass
transport and melt flow out of the excited region during longer
times after the ion excitation. Such differences in energy transport,
which affects the “slower” events of crater formation and relax-
ation, are, however, not so important for the faster process
involved in sputtering, as discussed below.

Fig. 6 shows the sputtering yield (Y) as a function of effective
stopping power for amorphous and crystalline films of h =20 nm.
Both crystalline and amorphous targets present nearly identical
sputtering yields. Unlike the predictions of quadratic dependence
with dE/dx in analytical spike models [14], which neglect pressure
and surface effects, the dependence observed here is roughly lin-
ear, same as in simulations of infinitely long tracks [21]. This is
to be expected as far as most of the ejection depth is smaller than
film thickness. The exit angle distribution of sputtered atoms at
one fixed dE/dx is also shown in Fig. 6. The amount of ejected par-
ticles and the mean sputtering angle (33 + 19°) were very similar in
both systems, crystallinity having no influence in this matter. We
attribute such similarity to the extremely high temperature and
disordered condition of the track region from where most ejected
particles originate, as indicated by the displacement arrows in
Fig. 3.

The amount of sputtered particles in our simulations was signif-
icantly smaller than the number of particles corresponding to the
crater volume, as already noted previously [21,27]. This is in part
due to melt flow and redeposition at the crater rims of highly
excited particles of the spike and to the particles that are pushed
radially towards the walls of the crater, where they accommodate
in a compacted region. Both effects are clearly seen in the movie
provided in Supplemental material [37]. For thick films, the num-
ber of sputtered particles is 30-50% smaller than the number of
particles in the rim.

(c) Thickness dependence

In this section, we discuss how surface effects change with
decreasing film thickness. For this set of simulations, L] amorphous
samples were excited by a spike with T* = 25 and an initial radius
of 3 nm. Compared to the scenario for thick films described in sec-
tion (a), for thinner films both the pressure pulse and melt flow are
reduced, and cratering/sputtering is mostly due to rapid phase
explosion, as for bombardment of large clusters [34]. Fig. 7 shows
top-view pictures of MD craters for different film thicknesses h
together with AFM images of experimental craters seen on (amor-
phous) PMMA films [25] bombarded by 923 MeV Pb ions [(dE/dX)e
close to 15 keV/nm]. We also added in Fig. 7 images of craters in
crystalline films of different thickness, but these simulations were
run with Reac = 2 nm. The lateral sizes of craters in the amorphous
L] films and PMMA films are remarkably similar. We note that AFM
images of such nanometer-sized features suffer from tip convolu-
tion effects. This tends to widen protruded regions and limits the
depth of narrow holes that can be probed, especially for very deep
cavities. Crater diameters are not much affected by tip effects, pro-
vided that high quality tips are used [7]. In the following, we con-
centrate our discussion on the amorphous L] case that has a
morphology very similar to the experimental craters in polymer
films.

Under the conditions described above, MD crater diameters in
the amorphous films are similar (~25% smaller) to those measured
experimentally. However, MD rim volumes and crater depths are
substantially larger than experimental ones, reflecting the much
weaker bonding of a L] system, compared to entangled polymer
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Fig. 6. Comparison of sputtering from amorphous and crystalline LJ films
(h=20nm) for an excited track of Ryac =3 nm. (a) Yield of sputtered particles as
function of effective stopping power for amorphous and crystalline films. A fit with
a power of 1.2 is included, as suggested from simulations of infinitely long tracks
[24] (b) Exit angle distribution of sputtered particles from crystalline and
amorphous samples in the case of (dE/dx)esr=0.77 keV/nm (T* = 25). The average
exit angle is very similar in both cases: 33 +19° for the crystalline films and
32 £ 19° for the amorphous, where the uncertainty is the standard deviation of the
population. The standard error for the mean is ~0.5°.

chains of real films. For example, simulated rim volumes are a fac-
tor of four larger. Despite such quantitative disagreement
(expected in such a simple model), the simulations mimic very
well the dependence of crater diameter and rim volume with
thickness seen in the experiments. Starting from a saturation value
at thick layers, the rim size remains unchanged down to a thick-
ness of ~30 nm, followed by a steep decrease for thinner layers.
A similar condition is observed for the thickness dependence of
the craters radii, but the critical thickness below which
thickness-dependent effects start is shifted to approximately
h <10 nm, and the shrinking of the crater hole with h is less pro-
nounced, as in the experiments [25]. In the simulations, the pres-
sure pulse is weaker and cooling of the excited track is more
efficient in short tracks, both contributing to the decreased radia-
tion damage efficiency on ultrathin layers. This decrease in crater
and rim dimensions is also in accordance with theoretical predic-
tions of models for which radiation effects at the surface are driven
by the sum of elementary excitations along the track [40,25]. Such
cooperative action becomes naturally weaker for shorter track
lengths. Long-range effects along the track are particularly critical
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Fig. 7. Comparison of experimental craters produced by swift heavy ions in PMMA with simulated craters in crystalline and amorphous L] films. Top view, AFM-like images of
simulated craters (T* = 25, R =3 nm) for (a—e) crystalline and (f-j) amorphous films of different thicknesses: (a) 2.5 nm; (b) 3.5 nm; (c) 8.5 nm; (d) 18.5 nm; (e) 43.5 nm; (f)
2 nm; (g) 3.6 nm; (h) 6.6 nm; (i) 20 nm; (j) 43 nm. Right row depicts (k-o0) AFM images of craters produced by 923 MeV Pb in PMMA thin films of thicknesses (k) 2 nm; (1)

4nm; (m) 8 nm; (n) 20 nm (o) 42 nm. The images size is 80 x 80 nm? for all cases.

to the rim formation in the simulations, because its formation is
partly due to lifted surface platelets, requiring a coordinated push
from deep regions. This is consistent with the larger critical thick-
ness observed for the rim volumes.

There are also some important aspects to note concerning the
dependence of crater depth with thickness. The depth of simulated
craters in amorphous LJ films is equal to the film thickness
(Zcrater = h) for h values up to ~30 nm. Even for the thickest film
simulated (60 nm), crater depth is far from reaching a saturation
value. In the experiments, however, crater depth does not follow

the curve Z.qe=h even for small h, and the maximum crater
depth is reached at h ~ 20 nm [25]. Simulated craters are deeper,
not because of sputtered particles, but due to the large contribu-
tion of melt flow from deep layers in a LJ material. As seen in
Fig. 3d, many hot particles move upwards from the inner regions
of the track and are deposited at the rim region. In fact, in the sim-
ulations, the sputtering yield is dominated by particles originally
lying above z = h/2 (with z = 0 defined as the surface position), even
in very thin films. Fig. 8 shows the distribution of the depth of ori-
gin of ejected particles from films of two different thickness (2 and
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Fig. 8. Sputtering yield and depth of origin of ejected particles as a function of h. (a)
Total sputtering yield as a function of thickness for R =3 nm and T* = 25. (b and c)
Distribution of the number of puttered particles as a function of the depth of origin
z for a 2 nm and a 20 nm thick films. (d) Fraction of ejected particles originating
from depths z < h/2 for various film thicknesses.

20 nm), and the fraction of ejected particles originating from z < h/2
for all thickness tested. For the 2 nm film, ~94% of the ejected par-
ticles comes from z < h/2. For thicker films, this fraction is even lar-
ger. As a consequence, total sputtering yield drops below a critical
thickness [Fig. 8a], which is related to the maximum depth of ori-
gin of ejected particles (~10 nm) in thick films and not to the max-
imum crater depth. The angular distribution of ejected particles, on
the other hand, is not much affected by thickness reduction.

The h/2-limitation for the depth of origin of ejected particles
from thin films can be understood noting that momentum transfer
is critical for particle ejection. In the simulations, the z-component

of the velocity of excited particles tends to point toward the sur-
face only for particles located at a position with z < h/2. This is
clearly seen in Fig. 3c and d, where displacement vectors from ini-
tial positions have upward arrows starting near z = h/2. Below that
depth, displacements have a high degree of randomness, or tend to
point downwards. Such observations are also in agreement with
predictions by analytical models based on sum of impulses
[18,40]. Due to symmetry and neglecting substrate contributions,
the total impulse transmitted to a particle in a film points upward
only if it is located at a position with z < h/2. At points with z > h/2
the impulse direction is inverted and push particles towards the
substrate.

The fact that many experimental trends with PMMA/Si films are
reproduced with the simple L] film/substrate model used here,
implies that crystalline Si in the experiments acts to a good
approximation as a non-excitable substrate, as in the simulations
(this may not be the case for amorphous Si, however [49]). We
already pointed out that exchange of energy between particles at
the bottom of the track and the initially non-excited particles is
small. Our results are thus compatible with excitation decay occur-
ring rapidly and over short distances and substrate effects, if any,
would only be relevant for the thinnest films considered here.

Here we employed a very simple model of particles interacting
via L] potentials in tracks of variable length to simulate cratering in
thin films of organic materials. Generating and irradiating large
samples (>10° particles) with polymer chains simulated by more
complex interactions, like the Brenner’s or ReaxFF potentials
[50,51], is an obvious improvement to simulate a “real” polymer
film in future work. Other simulation configurations that better
model the role of the substrate can also be employed, including
using a 2-type LJ system to mimic different mechanical properties
of film and substrate or adding electronic heating for insulating
substrates with different temperature and heating times. This will
for sure improve quantitative agreement with cratering features in
real experiments.

4. Conclusions

Impacts of energetic heavy ions at the electronic energy loss
regime were simulated to study cratering and sputtering in organic
thin films of variable thicknesses. We have employed a simple
model material with particles interacting via the L] potential and
arranged in crystalline and amorphous phases. In both cases, crater
formation is controlled by track size and temperature, with crater
size being mostly determined by evaporation and melt flow from
the hot track, and the rim size by melt flow and by coherent dis-
placement of excited particles. Craters and rims, however, are
much larger in amorphous films essentially due to the slower cool-
ing of the excited region and the larger free volume, which facili-
tates mass transport and melt flow out of the excited region
during longer times after the ion excitation. On the other hand,
sputtering yields from both crystalline and amorphous samples
are similar (including the angular dependence), indicating that
ejected particles arose mostly from nascent events from the highly
excited track, making the initial phase structure of the material not
relevant. We also found a large dependence of the induced surface
effects on film thickness below a critical thickness value. The
decreased radiation damage efficiency on ultrathin layers is related
to the more efficient cooling of shorter tracks and weakening of
additive excitation events from deep layers (pressure pulse). Sev-
eral important features observed in experiments with cratering
in polymer thin films were reasonably reproduced in amorphous
L] samples, showing the usefulness of simple interaction potentials
to simulate complex organic materials perturbed by high-energy
ions.
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