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ARTICLE INFO ABSTRACT

Available online 11 February 2009 Bombardment of semiconductors with fullerene has been used to induce the formation of tracks. It is now
accepted that target electronic excitation and ionization, which gives rise to the slowing down of the pro-

PACS: jectile is essential to calculate the track diameter. In the case of cluster beams, like fullerenes, the elec-

34.50.Bw tronic excitation induced by each of the cluster constituents is enhanced, for certain projectile energies
36.40.—c and target depths, by the so-called vicinage effects. Here we use a simulation code to calculate the energy
61.48.+c lost by a swift fullerene ion beam in InP, paying special attention to the vicinage effects where they are
Keywords: significative. The Fode describes classically the movement of each cluster constituent under the influence
Energy loss of the self-retarding force, the Coulomb repulsion among molecular fragments, the wake forces respon-
Stopping power sible for the vicinage effects and the multiple scattering with the target nuclei. The simulation code also
Clusters takes into account the possibility that the molecular fragments can also capture or loss electrons from the
Vicinage effects target, changing its charge state in their travel through the solid.

Fullerene Our simulations show that the energy deposited by the atomic ions that constitute the Cgg ion is clearly

higher than the energy deposited by the same atomic ions but isolated. This difference being larger as the
incident energy increases. We have predicted that track diameters of ~ 244 A can be obtained in an InP
target when using Cgo ions with an initial energy of 300 MeV.

© 2009 Elsevier B.V. All rights reserved.

The study of tracks formation with swift heavy ions or cluster
ions in materials is interesting for applications in nano-devices
[1-3] and also in order to understand the physical phenomena im-
plied in the interaction of both atomic and molecular ions with sol-
ids. Irradiation experiments with swift heavy ions have shown
stable defects or tracks formation induced in metals, conductive
oxides or insulators; besides, the size of these tracks has been stud-
ied for a large number of incident ions and energies that involve
high values of the energy in electronic excitations [4-6]. However,
in most cases the bombardment of semiconductors with swift hea-
vy ions did not show tracks formation, even when using high en-
ergy heavy ion accelerators to reach a high deposited electronic
energy in the target [7-9]. This behaviour implies that it is neces-
sary a higher deposited energy in semiconductors than in
insulators.

The recent availability of accelerated cluster beams has made
possible to reach higher densities of deposited energy than those
obtained with swift heavy ions [10]. In these conditions tracks for-
mation has been reported by the bombardment of fullerene ion
beams, with a total energy of tens of MeV, in several semiconduc-
tors such as Si, Ge, GaAs or InP [11-14]. This fact can be explained
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considering the high density of the deposited electronic energy
reached with swift Cgo ions as compared with those obtained with
swift heavy ions.

The aim of this work is to calculate the energy deposited by a
fullerene ion beam in an InP target, as a function of its incident en-
ergy and the depth in the target, in order to find out the conditions
for the highest deposited energy in the target. We choose an InP
target due to its interesting electronic properties (it has been
extensively used in optoelectronic and high power microwave de-
vices, as well as in telecommunication applications [15]), and also
because there are recent experimental measurements for this pro-
jectile-target combination [14].

Current theories about the size of the tracks formation such as
the thermal spike model (TSM) [16], assume that when a swift
ion moves through a solid a high temperature region is formed
around the trajectory of the ion, which produces a track. The radius
of this track depends on the electronic energy loss of the incident
ion and on a threshold electronic energy loss required for the track
formation. Therefore, in order to predict the size of the track a
model to evaluate the electronic energy loss is necessary.

When a swift Cgo ion impinges on an InP target, it dissociates in
the first atomic layers of the solid and moves through the target
with a certain correlated initial spatial distribution. These constit-
uents (atomic ions or fragments) suffer electronic capture and loss
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processes changing their charge state in their travel through the
target, until they reach a dynamical equilibrium charge state. Dur-
ing their motion through the solid the fragments lose energy due to
excitations of the target electrons and nuclear scattering with the
target atoms. Moreover, each fragment interacts with its partners
through the wake forces and the Coulomb repulsion [17,18]. As a
consequence of the wake forces, the energy loss of the carbon
atomic ions resulting from the dissociation of the Cgg cluster can
be different than the energy loss of the same, but isolated, carbon
atomic ions, giving rise to the so-called vicinage effects in the en-
ergy loss [17,18].

We calculate the energy loss of a fullerene ion beam on an InP
target by using a simulation code that is based in a combination
of molecular dynamics and Monte Carlo techniques [17,18]. Our
simulation code uses a finite difference algorithm to numerically
calculate the trajectories of all the fragments resulting from the dis-
sociation of the incident fullerene ion; for this purpose, it includes
in a realistic manner all the interactions previously cited. The code
also considers the fact that the incident Cgo bombards the target
randomly oriented with respect to the beam direction. We summa-
rize in the following the model used in our simulation code to de-
scribe the inelastic electronic energy loss of the projectile.

When the i-atomic ion (with atomic number Z;) is moving with
velocity »; through a solid characterized by the energy-loss func-
tion (ELF) Im[—1/€(k, w)], it is slowed down by losing energy in
electronic excitations of the target (with transferred energy and
momentum hw and hk, respectively). The target electronic excita-
tions are characterized by its dielectric function €(k, @). The projec-
tile slowing down is described by the stopping power, S,;, and the
energy-loss straggling, Q,?, which, in the dielectric formalism, are
given by

2e2 (k) [k -1
= / dI | dwwlm{ ek, w)} (1)
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where p;(k) is the Fourier transform of the electronic density of the
i-atomic ion, which depends on its charge state q. The stopping
force that acts on the i-atomic ion fluctuates because the stochastic
nature of the interaction with the target electrons. So the modulus
of the stopping force is given by a Gaussian distribution, for which
S, is the mean value and Q;/+/Ad; is the standard deviation, with
Ad; = v;At being the distance travelled by this atomic ion in a time
step At.

The Fourier transform of the electronic charge density p;(k) of
the i-atomic fragment can be obtained (for medium size ions, like
carbon) from the statistical Brandt-Kitagawa model [19]. On the
other hand, the electronic properties of the InP target are described
by the MELF-GOS model [20,21], where Im [—1/€(k, @)] is obtained
by combining a sum of Mermin-type [22] energy-loss functions
that fits to experimental optical data, and the use of generalized
oscillator strengths. These contributions account for excitations
of the target outer-shell and inner-shell electrons, respectively
[20,21].

In Fig. 1 we depict the average stopping force for carbon atomic
ions moving through an InP target, see Eq. (1), evaluated as the
weighted sum of the stopping forces for the different equilibrium
charge states of the projectile. We use the equilibrium charge frac-
tions provided by a fit to experimental data [23]. The solid curve
represents our calculations, whereas the dashed curve is the semi-
empirical prediction provided by the SRIM-2008 code [24], which
is based on fits to experimental stopping cross sections (SCS). There
are remarkable discrepancies (~ 40% around the maximum of the
SCS) between our results and those provided by the SRIM-2008
code. These differences could be explained by the following two
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Fig. 1. Average stopping force for carbon atomic ions incident on InP, as a function
of the projectile energy. The solid curve represents our calculations, whereas the
dashed curve is the result obtained using the SRIM-2008 code [24].

reasons. Firstly, when there are not experimental SCS measure-
ments for the compound target, the corresponding predictions by
the SRIM-2008 code are obtained from the application of Bragg
rule to the SCS of each target constituent, neglecting chemical ef-
fects. On the contrary, our model takes into account the chemical
effects because the low-energy region of the ELF, which mainly de-
scribes the valence band excitations, is properly fitted to the exper-
imental optical ELF of the compound target [21]. Secondly, our
model is based on the dielectric formalism, which assumes a linear
response of the target electrons to the perturbation induced by the
projectile, neglecting higher-order effects. This formalism loses
validity as the projectile atomic number increases and its energy
decreases. In these situations non-linear effects, such as the Bloch
and Barkas corrections [25], become more significant. According to
simple estimates, obtained using the computer code HISTOP [26],
non-linear effects tend to increase the linear SCS for small charge
states of the projectile, as it is in our case. They can represent 9%
of the SCS around the SCS maximum. Therefore the main differ-
ences between our results and the SRIM-2008 code should be
attributed to the proper inclusion of the chemical effects. Unfortu-
nately, there are not experimental data to compare with in order to
elucidate the proportion in which chemical and non-linear effects
could explain these differences, although it is worth to mention
that we have recently calculated the stopping force for hydrogen
and helium projectiles moving through an InP target with this
model and we have obtained a good agreement with the available
experimental data [27].

The wake force must be understood as a force due to the elec-
tronic density induced in the medium by a swift fragment which
affects the neighbor fragments. In the dielectric formalism, the
wake force exerted by a j-fragment on a i-fragment is located in
the plane defined by the position of both fragments and the veloc-
ity of the j-fragment. Using cylindrical coordinates, the wake force
acting on the i-fragment due to its neighbor, denoted by j, can be
decomposed into its parallel and perpendicular components with
respect to the velocity v;j,

Fyj = nv2 / dkk [Zi — p;(k)] [Zj - pj(k)}
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where R; and R,; are the relative distances between the i- and j-
fragments in the direction parallel and perpendicular, respectively,
to the movement of the j-fragment; J, and J; are Bessel functions of
the first kind.

We show in Fig. 2 the parallel and perpendicular components of
the wake forces, F and F, that act on a C>* ion (partner ion) due to
another C*" jon (leading ion, located at the origin of the coordinates
in the graph) as a function of the distance R, both moving with an
energy of 3 MeV through an InP target. We choose this particular
case, because the equilibrium charge state for this projectile energy
is comprised between +3 and +4. Note that the general trend of
the wake force is to reduce the Coulomb repulsion between the
partner fragments, giving rise to a higher density of the energy
deposited on the target. In fact the negative values of F, tend to
align the partner ions, whereas the positive values of F; behind
the leading ion tend to move closer the partner ions in the beam
direction, both reducing the Coulomb repulsion and giving rise to
a high deposited energy in the target [28,29].
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Fig. 2. Parallel and perpendicular components of the wake forces that act on a C**
ion due to a neighbor C** ion (located at the origin of the graph, R; = 0, and moving
from left to right), as a function of the parallel component R; of the interatomic
distance; both ions moving with E = 3 MeV through an InP target. We show results
for several perpendicular distances R, between the C**> and C*.

On the other hand, the interactions between the fragments of
the cluster and the target nuclei are the main responsible of the
angular spread of the fragments. We include the multiple elastic
scattering with the target nuclei in our simulation code via a Monte
Carlo algorithm. More details about the models we use to describe
the elastic multiple scattering of the dissociated fragments with
the target nuclei and the capture and loss of electrons by the dis-
sociated atomic ions can be found in [17].

Considering all these ingredients, our simulation code allows us
to follow the trajectories of each cluster fragment and to know at
each time their position and velocity. Therefore, we can evaluate
the energy lost by the fullerene beam when moving through the
InP target.

In order to obtain the energy deposited on an InP target, we
have evaluated the energy lost by the carbon atomic ions resulting
from the dissociation of the Cgg ion when moving through the InP
target. The differences between the energy deposited by the Cgo ion
and the sum of the energy deposited by each one of its constituents
moving with the same velocity but isolated are quantified through
the instantaneous stopping ratio

L AE(CY)
60 - AE(C")’

where AE(C{,) is the energy deposited by a C{, projectile in a given
depth D when it impinges on the target with an initial charge state
q = +1; analogously for AE(C*), which is the energy deposited by a
C* projectile. As previously stated, our simulation code takes into
account that the projectiles change its charge state during its travel
through the target due to electronic capture and loss processes, so
the calculation of # also considers the evolution of the projectile
charge state.

In Fig. 3 we depict the instantaneous stopping ratio # as a func-
tion of the target depth for different projectile initial energies. The
labels inside the figure indicate the incident energy in MeV of the
Cso ion. Note that # > 1 for almost all incident energies, although
this trend is not satisfied for the smaller depths, where # < 1. This
is more noticeable for low initial energies and it is due to the dif-
ferent initial charge states of the C* as compared to those of the
dissociated atomic ions (59 C° atoms and 1 C* ion). In addition, 2
tends to unity when the depth inside the target increases. Such
behaviour is due to two factors that increase the interatomic dis-
tances (i.e. the nuclear scattering and the Coulomb repulsion),
resulting in the extinction of the vicinage effect.
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Fig. 3. Instantaneous stopping ratio # for Cso ions with different energies incident
on an InP target, as a function of the target depth. The labels indicate the total
incident energy in MeV of the Cgo ion.
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According to Fig. 3 a carbon atom of the fullerene projectile
deposits higher energy (as compared with the energy deposited
by the same carbon atom but isolated) when its incident energy in-
creases. For instance, the energy deposited by a Cgo ion with
E =150 MeV is almost ~ 1.5 times the energy deposited by 60
individual C* ions with the same incident energy. Therefore, in or-
der to increase the radius of the track, projectiles with higher inci-
dent energy should be used. There is a theoretical limit for # stated
by the closeness between the atoms that constitute the cluster and
by their atomic number Z;. Specifically, # increases when the
atoms that form the cluster are closer each other and when they
have higher atomic number. We have estimated such limit using
the united-atom model stated in [30]. According to this model,
the stopping power for a cluster constituted by n atoms with atom-
ic number Z; is given by the corresponding stopping power for an
united-atom with atomic number n - Z;; so we obtain # < 60 for
a C}, projectile, which is an unattainable limit for usual projectile
incident energies. For instance, using the analytical procedure pro-
vided in [31], we have estimated # < 6.3 for a C, projectile inci-
dent with E = 60 MeV/atom on an InP target.

In the thermal spike model (TSM) [16], the track radius Ry is gi-
ven by the relation

. @i AE

Ry = 27 mv (6)
where ao = 79.5 A, AE is the electronic energy loss of the incident
fullerene ion, and AEy, is the threshold electronic energy loss re-
quired for track formation. In this particular case, we assume
AEy, ~ 1347 eV/A | as stated in [14]. It is worth to mention that
the previous equation is only applicable when AE > 2.7AEy,, condi-
tion that is satisfied in all cases we consider in this work.

Recently, Dhamodaran et al. [14] have observed that track
diameters resulting from Eq. (6), which neglects the effect of the
wake forces in the energy deposited by the cluster, are not consis-
tent with their experiments. Specifically, the theoretical track radii
are about twice smaller than the experimental ones; for instance,
they obtained R, ~ 54 A for fullerene ions with an initial energy
of 40 MeV, whereas the experimental result was Ry ~ 103 A. On
the other hand, our simulation code provides Ry ~ 80 A for such
experimental situation (where # ~ 1), in better agreement with
the experimental data. This significant improvement can be ex-
plained according to Fig. 1, because the electronic stopping force
derived from Eq. (1) is higher than the results provided by the
SRIM-2008 semiempirical code [24], giving rise to higher values
of AE.

Additionally, our simulation code, which includes wake forces,
predicts that the inelastic electronic energy loss of Cgg ions is high-
er than that obtained for 60 isolated C* ions, specially for high pro-
jectile initial energies, so the corresponding track radius should be
in this situations even larger. For instance, the energy deposited at
D ~ 200 A in an InP target by a Cgq cluster, with an initial energy of
300 MeV, can be almost twice the energy deposited by 60 isolated
C* ions. Therefore, we obtain for this situation Ry = 122 A, accord-
ing to Eq. (6).

In summary, we have calculated the energy deposited in an InP
irradiated by swift Cgg ions as a function of the incident energy. In
order to make these calculations we have used a simulation code
previously developed by our group [17,18], which is based on a
combination of molecular dynamics and Monte Carlo techniques.
The simulation code considers that the carbon atomic ions result-
ing from the dissociation of the Cgg ion feel Coulomb repulsion,
stopping, and wake forces, and suffers capture and loss of electrons
and nuclear scattering with the target nuclei.

We have obtained that the projectile deposits higher density of
energy as its incident energy increases, so in order to induce track
formation, projectiles with high incident energy should be used.
Although our simulations predicts an increase of the track diame-
ters compared to those obtained when vicinage effects in the en-
ergy loss are not considered, they are still quantitatively
inconsistent with the experimental data [14], so an improvement
concerning the TSM used to relate the track diameter with the
electronic energy lost by the projectile on the target should be
make.
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