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a b s t r a c t

Hillock formation on nanocrystalline (nc) diamond under swift heavy ion irradiation is studied by means
of classical molecular dynamics. The irradiation is simulated by means of a thermal spike model, the nc
samples include as many as 5 millions atoms. Our results show that hillocks on nc diamond can be
created for stopping powers (SPe) in the range of 12e17 keV/nm, and grain sizes less than 13 nm. For
smaller values of the SPe only point defects are observed on the nc surface, while for larger SPe hillocks
suffer a transition to crater-rim, because of the increased sputtering that is due to the large energy that
the ions deposit. We observe that the sputtering yields depend quadratically on the stopping power,
contrary to what has been obtained by simulations for some single crystal solids. In addition, our results
show that hillocks are smaller for 5 and 7 nm grain sizes, due to the large free volume that is available on
the grain boundaries. Instead, for 10 and 13 nm the hillock is limited only to the amorphization of the
grain closest to the surface. No hillock formation is expected for larger grain sizes, because of the
transition of the nc to pristine diamond, where no hillock formation has been observed.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The interaction of Swift Heavy Ions (SHI) with matter can
generate structural transformations not only on the surface, but
also in the bulk of the material [1]. The SHI interaction with carbon
based materials is particularly relevant, because of the diverse uses
it has found in optical [2] and electric devices [3], and in the sensor
and energy industries [4,5].

As the SHI interact with matter energy is transferred and elec-
tronic excitations are created, which couple to the lattice and
induce structural transformations along the SHI paths. Depending
on the amount of energy transferred several scenarios are possible:
from the formation of point defects [6], to the creation of fully
amorphous regions [7,8], or to the emergence of craters [9], hillocks
[10] to sputtering [11,12] of surface atoms, cluster melting and, for
very large energies, partial or total cluster evaporation. The hillock
formation mechanism is related to structural transitions due the
large amounts of energy that the SHI deposit. These transitions
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reduce the track density, and consequently alleviate the induced
stress, by means of the migration of matter towards the surface
[13].

Among the carbon based materials SHI can create hillocks in
diamond like carbon (dlc) [14e18], and in graphite [19,20], but they
have never been seen in diamond. In fact, the diamond irradiation
has been discussed in detail by various authors [14,21e23], and the
largest stopping power (SPe) measured corresponds to an irradia-
tion with 1 GeV U ions (SPe~49 keV/nm), which is not sufficient to
create hillocks or amorphous paths in chemically vapor deposited
diamond [14]. On the other hand, experiments by Chen et al. [4,5] in
nano andmicro-crystalline diamond have reported some structural
transitions using a SPe of 30 keV/nm, but only when the ion fluency
is larger than a critical value.

Hillocks and craters in diamond, created by irradiation with
highly charged ions, have been reported [24]. This way large and
strongly localized electronic excitations are generated; on the other
hand, using keV irradiation energies, where the nuclear SP pre-
dominates, mainly collision cascades are generated [25,26].

As of now a large amount of evidence shows that the use of
nanocrystalline (nc) materials improves the radiation resistance,
both in the nuclear [27] and in the electronic [28,29] regimes.
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However, we previously studied, using molecular dynamics, a case
where nc diamond displays large irradiation effects [30]. In fact, the
track formation in nc diamond can be obtained with a SPe of ~
15 keV/nm in samples with grain sizes of ~ 5 nm. The explanation
lies in the fact that the thermal conductivity of nano-diamond can
diminish, by up to two orders of magnitude, compared to pristine
diamond [31e33]. This way the latent track is precluded from
efficiently dissipating the energy deposited by irradiation, and
damage does result. Actually, this confinement due to the presence
of grain boundaries, allows for a variation of the density along the
nuclear track, due to the fact that the sp3 rich C bonds switch to
sp2, in analogy to what was observed in dlc [15] and in nc diamond
[3,4]. As a consequence of this local density change, and in the
presence of a surface, the formation of hillocks in nano diamond,
which up to date has not been observed in diamond like materials,
could result.

In summary, we study the hillock formation on nc diamond
under SHI irradiation, using molecular dynamics simulations in
combinationwith the thermal spike model. Once the conditions for
hillock formations are achieved, we investigate the effects due to
the SPe and grain size, in order to describe the hillock formation in
nc diamond.
2. Method

Our simulations were carried out using the reactive bond-order
AIREBO potential [34] as implemented in the LAMMPS code [35].
The nano-diamond targets were built by Voronoi tesselation [36].
The grain sizes are: 5 nm (50a0 � 50a0 � 5a0), 7 nm
Fig. 1. Hillock on a 10 nm diamond sample at a SPe ¼ 17 keV/nm, after 20 ps irradiation. The
can be viewed online.)
(70a0 � 70a0 � 21a0), 9 nm (90a0 � 90a0 � 27a0), 10 nm
(100a0 � 100a0 � 30a0) and 13 nm (130a0 � 130a0 � 42a0), where
a0 ¼ 3.57 Å is the diamond lattice parameter. Smaller grain sizes
have already been investigated to study the thermal properties of
polycrystalline samples [37]. Since our samples are far from equi-
librium they were relaxed, following the procedure of Valencia
et al. [30], using periodic boundary conditions in order to allow for
grain boundary accommodation. Initially a few atoms with high
potential energy, related to near-overlap at the grain boundaries,
are removed. Next the samples are relaxed by means of the con-
jugate gradient energy minimization method, in combination with
an algorithm that modifies the box size (box relax) in LAMMPS [35].
This way the final configuration will have both a low potential
energy, and will be a zero global pressure structure. After that the
sample temperature is raised to 40% of the melting temperature
(1800 K) under a zero pressure barostat during 10 ps, to facilitate
grain boundary accommodation. Finally, the sample is cooled down
to 300 K, and periodic boundary conditions along the z-axis are
removed. The evolution of the nc continues during 50 ps, to allow
for the free surface reconstruction.

The SHI track is modeled by means of a thermal spike model
[30,37,38], that consists of a 2 nm cylinder orthogonal to the xy
sample plane, which is given a high temperature. This thermal
energy delivered to the atoms in the track of the incident ions has to
be consistent with the effective desired SPe. The resulting temper-
ature is monitored by means of a velocity rescaling algorithm
during the first 100 fs. Since the energy delivered to the atoms is
rather large, events such as high energy collisions might lead to
improper behavior of the time integrator. In order to address this
color bar illustrates the potential energy of the C atoms. (A colour version of this figure



Fig. 2. a) Hillock height as function of SPe for a 10 nm grain size sample. Color coding
represents the height relative to the surface of the respective samples. b) Sputtering as
function of SPe; the blue line corresponds to a quadratic fit. SP0 is 8.5 keV/nm. (A colour
version of this figure can be viewed online.)

Fig. 3. Hillock height as a function of the grain size for SPe ¼ 17 keV/nm. The color bar
represents the height relative to the surface. (A colour version of this figure can be
viewed online.)
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issue an adaptive time-step was adopted, which changes every
time-step during the simulations, so that the atoms cannot move in
excess of a fixed maximum distance. For these simulations we have
established that a time-step between of 1.0 and 0.1 fs insures that
the atoms do not move beyond 0.01 nm every time-step. After the
heating of the track is over, the atoms are allowed to evolve using
the energy conserving microcanonical ensemble, except for a thin
boundary layer. These xy boundary atoms are connected to a Lan-
gevin thermostat, as implemented in LAMMPS [35], to keep the
initial temperature constant at the boundaries, and to dissipate a
possible shock wave due to irradiation; a damping parameter of 0.5
ps is used. The evolution of the thermal spike is followed during 50
ps to guarantee sample dissipation and cooling.

In general it is not possible to obtain experimental or theoretical
values for the parameters of the thermal spike model. An efficiency
of 0.2 for very different materials [39] and a track radius of 2 nm,
similar to the ones used in dlc calculations, seem to be reasonable
assumptions [39]. However, slightly different track sizes are ex-
pected to yield similar results. Simulations of both surface and bulk
effects [40] use the same parameters. There are experimental in-
dications of thin films bombardment which seem to be due to
subtle surface effects, but suchmodeling is beyond the scope of this
work [41]. In spite of the unsophisticated thermal spike we
implemented it yields good agreement with dlc [15] and graphite
experiments [6], as well as for silica [42], forterite [43] and MgO
[44]. The targets were irradiatedwith an effective SPe of 1.7, 2.6, 3.4,
4.2 and 5.0, which correspond to temperatures of 5000, 7500,
10000, 12500 and 15000 K, respectively. The relation between the
effective and experimental SPe is achieved by means of a 0.2 effi-
ciency, which has proved to yield good agreement between simu-
lation and experiment for dlc hillocks [15]. The SPe covers a range
from 8.5 to 25 keV/nm. To obtain representative results for each SPe
value four different nano-diamond samples were irradiated. Atoms
that have z coordinates above the surface, and that are farther apart
than the potential cutoff of any atom on the solid surface, are
considered as sputtered away.

3. Results

The evolution of the thermal spike for a SPe 17 keV/nm is shown
in Fig.1; it is observed that the energy transferred excites locally the
atoms along the ion tracks giving rise to temperatures above the
melting point of pristine diamond. As a consequence of the large
deposited energy a radial shock wave propagates energy and mo-
mentum away, allowing for cooling of the track region. The large
temperatures caused by irradiation increase the C atoms mobility,
stimulating an sp3 to sp2 transition of their bonds. This transition
takes place during the first picoseconds and is the one that allows
for the formation of hillocks on the nano-diamond surface, due to
the density decrease along the track, which is similar to what was
observed in dlc [15]. This hillock is created at the very center of the
thermal spike, and is confined within the grain that is irradiated
directly. When the energy is large enough the hillock creation may
be accompanied by surface sputtering. Due to the large diamond
thermal conductivity the initial temperature profile disappears 10
ps after irradiation. Thereafter, that is up to 50 ps, the hillock re-
mains unaltered.

Fig. 2a shows the hillock profiles as a function of SPe for a target
of 10 nm grains, indicating that for SPe < 10 keV/nm only point
defects are created, which emerge to the surface as isolated atoms.
For SPe~15 keV/nm small hillocks appear, but they do not reach
above 1 nm in height. Both results are compatible with measure-
ments [15] on dlc, where for SPe~15 keV/nm features not higher
than 1 nm were observed. While diamond has a much larger irra-
diation resistance than dlc there is an energy range where nc dia-
mond can display a behavior similar to the one reported for dlc by
Schwen et al. [15] The main difference is that for nc diamond and



Fig. 4. Illustration of surface effects at SPe ¼ 17 keV/nm, for several grain sizes, of a 1 nm thick sample. The left panels show a lateral view of a cut across the sample; the color code
illustrates the potential energy of the atoms in the sample. On the right hand side the vectors indicate the atomic displacements after 5 ps, relative to their initial positions, on the
same sample cut. (A colour version of this figure can be viewed online.)
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larger SPe values the hillock height reaches a maximum beyond
which a transition towards crater formation is observed.

Analytic thermal spike sputtering models predict a quadratic
behavior as a function of stopping power [45]. However, MD sim-
ulations have shown that the inclusion of surface effects and
pressure waves [46] reduces the stopping power dependence to
linear in materials like a LJ solid or an EAM solid [47]. Fig. 2b dis-
plays a quadratic dependence of the sputtering yield as a function
of stopping power, although analytic thermal spike sputtering
models predict a quadratic behavior [45]. However, MD simulations
have shown that the inclusion of surface effects and pressurewaves
[46] reduce the stopping power dependence to linear in LJ and EAM
solids [47]. Covalent diamond bonding, and the confinement effect
of the nanograins, might contribute to this stronger dependence. It
is observed that the sputtering increases significantly for
SPe � 15 keV/nm. This increase quenches the formation of taller
hillocks, mainly as a consequence of atom evaporation in the sur-
face vicinity; actually, this mechanism generates the transition
from hillock to crater-rim formation in nc diamond, for large SPe.

Up to now we have limited our attention to the SHI surface
damage of nc with grains 10 nm in size. Fig. 3 illustrates the role
played by the grain size in the hillock formation in nano-diamond
for a SPe of 17 keV/nm. While in the bulk defect creation and
amorphization is larger for smaller grain sizes, due to confinement
effects, something completely different occurs on the surface. In
fact, in Fig. 3 a larger hillock height is noticed as the grain size
increases.

Inspection of the simulation results indicate that the formation
of defects and amorphous regions is large for 5 and 7 nm grain size
samples. However, these samples have a larger fraction of free
volume, due to a significant presence of grain boundaries, which
allow radial migration of material by reducing diffusion towards
the surface. In Fig. 3 we observe a maximum hillock height for
10 nmnc grain size; beyond this size nc diamond tends to behave as
pristine diamond, where hillock formation has not been observed
[14].

The surface alteration due to irradiation, for different grain size
samples, is shown in Fig. 4. The 5 nm radius nc sample leaves an
amorphous track that widens slightly towards the interior of the
nc; on the contrary, in the 10 nm radius nc the track is slightly wider
on the surface, and in both cases the whole grain becomes
completely amorphous due to irradiation. However, the 13 nm
sample only exhibits point defects in its interior, a fact that is
consistent with our previous report [30] on the irradiation of dia-
mond nc. The confinement effect of small grains leads to slower
energy dissipation from the hot track than for larger nc, promoting
the formation of amorphous regions in 5 and 10 nm samples, as
opposed to the formation of point defects in the 13 nm nc sample.
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On the right panels of Fig. 4 the displacement vectors of the C atoms
close to the surface, relative to their initial positions, are illustrated.
For 5 and 10 nm the atoms diffuse at random inside the sample,
with a preferential tendency to move towards the surface when the
portion of the track is in its vicinity. But, for the 13 nm sample we
observe that there is no significant atomic motion inside the fast
cooling track, and point defects do not play anymajor role in hillock
formation. Themain contribution to hillock formation on the 13 nm
sample is the amorphization of part of the grains closest to the
surface.

The response to irradiation is not limited to increased atomic
displacement; it also can generate the displacements of whole nc
grains, as shown in Fig. 4, a tendency most marked in the 5 nm case
where all the grains close to the track are displaced from their
original positions. This fact may obstruct the diffusion of the atoms
to the surface leading to the formation of lower height hillocks.
4. Summary and conclusions

The hillock formation in diamond had not been studied in detail
due to its remarkable resistance to radiation. In fact, SPe~50 keV
irradiation does not cause amorphous tracks or hillock formation
[14]. However, here we show that it seems possible to create hill-
ocks in nano-diamond under SPe�17 keV/nm in samples smaller
than 10 nm, a limit that is easily reached experimentally.

Hillocks are created during the first few irradiation picoseconds,
by means of sp3 to sp2 conversion, similar to what Schwen et al.
[15] observed in dlc. While dlc shows a linear relation between
hillock height and energy loss (SPe�70 keV/nm), in nano-diamond
the height reaches a limit due to the appearance of a hillock at the
crater-rim. This diminished resistance to irradiation may be related
to the strong reduction of thermal conductivity when grain
boundaries are present [31,32]. However, in spite of the increase in
radiation response nano-diamond with grains 5 and 7 nm in
diameter showed an inverse effect, which leads to the formation of
lower hillocks as compared to 9, 10 and 13 nm diameter samples. In
addition, SHI irradiation induces a displacement of the surrounding
grains, which may reduce the diffusion of material towards the
surface. Larger grains display a transition from amorphous tracks to
point defects, this way leading to a deformation limited to the
grains closest to the outer surface. Simulations of larger grain sizes
can provide additional information on the transition from nc to
pristine diamond, where hillocks have not been observed. Surface
effects on single crystal diamond have been looked for without
success [6,14]. However, large hillocks have been found in amor-
phous diamond-like carbon [15]. Recent work on nanocrystalline
diamond [4,5] did not look for surface effects. However, we expect
that experiments performed with the techniques implemented by
Schwen et al. [15] could succeed in the detection of the hillocks we
found in our simulations.
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