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An experimental and theoretical view of
energetic C60 cluster bombardment onto
molecular solids
Daniel A. Brenes,a Zbigniew Postawa,b Andreas Wucher,c
Paul Blenkinsopp,d Barbara J. Garrisona and Nicholas Winograda*
Recent experimental measurements and calculations performed by molecular dynamics computer simulations indicate, for
highly energetic C60 primary ions bombarding molecular solids, the emission of intact molecules is unique. An energy- and
angle-resolved neutral mass spectrometer coupled with laser photoionization techniques was used to measure the polar angle
distribution of neutral benzo[a]pyrene molecules desorbed by 20-keV C+60 primary ions and observed to peak at off-normal
angles integrated over all possible emission energies. Similarly, computer simulations of 20-keV C60 projectiles bombarding
a coarse-grained benzene system resulted in calculations of nearly identical polar angle distributions. Upon resolving the
measured and calculated polar angle distributions, sputtered molecules with high kinetic energies are the primary
contributors to the off-normal peak. Molecules with low kinetic energies were measured and calculated to desorb broadly
peaked about the surface normal. The computer simulations suggest the fast deposition of energy from the C60 impact
promotes the molecular emission by ﬂuid-ﬂow and effusive-type motions. The signature of off-normal emission angles is
unique for molecules because fragmentation processes remove molecules that would otherwise eject near normal to the
surface. Experimental measurements from a Ni {001} single crystal bombarded by 20-keV C+60 demonstrate the absence of this
unique signature. Copyright © 2012 John Wiley & Sons, Ltd.
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Over the past few years, the employment of cluster ion beams such
as SF5, Au3, Bi3, and C60 in secondary ion mass spectrometry (SIMS)
experiments has proven to be tremendously advantageous over
atomic ion beams. These advantages associated with the use of
cluster ion beams in SIMS experiments are known to stem from fundamental differences in the sputtering process. Early experiments
that subjected a solid surface to energetic cluster impacts indicated
that a nonlinear or nonadditive enhancement of the sputtering or
ejected yield occurs which is not observed with energetic atomic
ion beams.[1,2] Analytical descriptions and molecular dynamics
(MD) computer simulations have indicated the root cause of the
nonlinear enhancement in sputtering yield is associated with the
cluster impact depositing energy into a relatively conﬁned space
resulting in a region with a high density of energy.[3,4]
Very few fundamental experiments that probe the interaction of
C60 ion beams with solid surfaces have been performed. Increased
atomic and molecular sputtering yields have been demonstrated
both experimentally and theoretically, but the details regarding
the emission mechanism remain to be fully understood. In this
paper, the mechanism of molecular emission due to energetic
C60 cluster bombardment is determined by experimentally measuring the trajectories of energy- and angle-resolved neutral
(EARN) molecules desorbed from a molecular solid by 20-keV C60
bombardment and then compared to trajectories calculated on a
closely related system by MD computer simulations. The comparison reveals that molecular desorption occurs by two distinct
mechanisms which are manifested as anisotropic polar angle
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distributions. These mechanisms include a ﬂuid-ﬂow process at
higher kinetic energies,[5,6] and an effusive-type desorption at
lower kinetic energies.[7] Even though different molecules are used
in comparing experiment and theory, previous simulations have
shown that the sputtering dynamics of various molecules is similar
under C60 bombardment.[6,8–11] Unlike C60 sputtered atoms from
metals, fragmentation processes of molecules minimize the
ejection of molecules about the surface normal. The ﬁndings
presented are important for providing a fundamental understanding
of the C60 cluster/molecular solid interaction.

Experimental and computational methods
Experimental
Benzo[a]pyrene (b[a]p, C20H12, Sigma-Aldrich Chemical Co.) was
physically vapor deposited onto a substrate, while the thickness
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was monitored using a quartz crystal microbalance (TM-400,
Maxtek, Inc.). Veriﬁcation with an atomic force microscope
(Nanopics 2100, TLA Tencor Inc.) conﬁrmed a 400-nm thickness
with an RMS surface roughness of 2 nm. There are a few reasons
why b[a]p was experimentally investigated. One, molecular ﬁlms
are readily prepared by physical vapor deposition,[12] resulting in
a amorphous structure with a uniform thickness large enough to
avoid substrate effects.[13] Two, the photoionization cross section
is large enough to achieve the necessary sensitivity, and the
rigidity of the molecule lessens the probability of photodissociation.[13–16] Three, the size of the molecule is the largest to
be investigated experimentally concerning the mechanism of
molecular emission.
For comparison to an atomic system, a Ni {001} single crystal
was chosen and analyzed in similar experimental conditions.
The Ni single crystal was optically polished and oriented to within
0.5 of the {001} surface plane. For this comparison, the surface
of the crystal was extensively cleaned by a series of cycles that
involved sputter cleaning with an 8-keV Ar+ ion source delivering
15 mA for 30 min and followed by annealing at 920 K for 30 min.
Flashing the crystal to 1100 K resulted in a bright and sharp (11)
LEED pattern.[17]
The experiments were carried out in a time-of-ﬂight mass spectrometer which uses a position sensitive detector to collect EARN
distributions of sputtered material from solid surfaces subjected
to energetic ion beams. A full description of the EARN mass spectrometer can be found elsewhere,[18] but the instrumental
updates are discussed for this experiment. The EARN is equipped
with a fullerene ion source (Ionoptika, Ltd.) capable of delivering
25 nA of C+60 ions accelerated to 20 keV. A 200-ns pulse of C+60 ions
was used to bombard at normal incidence the b[a]p ﬁlm. A Nd:
YAG-pumped dye laser (Lambda-Physik ScanMate Pro) producing
280 nm[14] of light with 6-ns pulses and focused into a ribbon was
used to photoionize the sputtered neutral species. An EARN
distribution is measured by recording the mass-selected signal
amplitude for b[a]p as a function of position on the detector
and time delay between the ﬁring of the C60 ion source and
the laser pulse. The b[a]p ﬁlm was cooled to 85 K with liquid
nitrogen cooled nitrogen gas, to reduce the contribution of gas
phase molecules and previously observed thermal effects in
molecular sputtering.[19,20] All gas phase background signals

were subtracted from each EARN distribution. In a similar fashion,
the EARN distributions for sputtered Ni atoms were collected by
implementing a multi-photon resonant ionization scheme to
detect Ni atoms in the excited state.[21] A more thorough analysis
detailing the emission process for C60 sputtered Ni atoms from a
single crystal is in preparation.
Computational details
Buckminster fullerene bombardment onto a benzene crystal was
simulated by MD to calculate kinetic energy, polar angle distributions (not shown), and cross-sectional views of sputtered and
relocated material. The impact energy for C60 was set to 20 keV
along with an impact angle of 0º. The benzene crystal was
arranged as follows: (i) a hemispherical radius of 25.7 nm,
(ii) maintained at a temperature of 0 K via a heat bath composed
of rigid and stochastic molecules. There are three main factors
that limited the simulated system to be benzene. First, the
benzene crystal is designed to speed up the computational time
by means of coarse-graining approximations (CGA). In CGA,
hydrogen atoms are combined with their nearest-bonded carbon
atom into a bead identiﬁed as CH.[22] Within the scope of this
investigation, benzene will be referred to as coarse-grained
(cg-) benzene. Second, being that benzene is a smaller molecule,
a higher intact molecular yield is obtained that ensures statistically
signiﬁcant energy, and angular distributions are calculated. Third,
benzene is the fundamental building block for b[a]p. Although
there are differences in the overall structure of both systems, the
comparison to one another is justiﬁed as discussed below.

Results and discussion
The experimental and calculated kinetic energy distributions are
shown in Fig. 1a. What is signiﬁcant from this energy distribution
is that the peak position is a reﬂection of the system’s cohesive
energy. In this particular investigation, b[a]p cohesive energy is
approximately 2.5 times larger than molecular benzene,[23] and
so the maxima for Fig. 1a are reasonable. However, as shown in
Fig. 1b, the energy distributions are corrected for the cohesive
energy of the system by plotting the normalized signal intensities
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Figure 1. a) The kinetic energy distribution for neutral intact benzo[a]pyrene molecules (solid line, experiment) and coarse-grained benzene molecules
(dash line, calculated) desorbed by 20-keV C60 projectiles with an impact angle of 0 to the surface normal. b) The kinetic energy distribution corrected
for the cohesive energy by deﬁning the abscissa as a ratio of the molecule’s kinetic energy to the peak position, 0.63 eV for benzo[a]pyrene and 0.21 eV
for coarse-grained benzene.
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as a function of the ratio between the kinetic energy of the
sputtered molecule to the respective peak position. The main
purpose for the correction is to deﬁne a dividing energy, as
indicated by the dotted vertical line in Fig. 1b, to distinguish
sputtered molecules with low kinetic energies from those with high
kinetic energies when plotting the polar angle distribution. In turn,
with the appropriate position, this allows the optimization of the
anisotropy in the polar angle distributions as discussed below.
The experimental polar angle distribution for ejected neutral b
[a]p molecules is shown in Fig. 2. In addition, the integrated
kinetic energy polar angle distribution is energy-resolved into
two distributions representing b[a]p molecules desorbed with
low and high kinetic energy. The limit used to split the integrated
polar angle distribution was determined by the position of the
vertical line in Fig. 1b, the dividing energy. It should be noted,
the position of the vertical line is a ratio; however, it translates
into an optimal dividing energy for b[a]p molecules at 3.8 eV.
Discussed below are the mechanisms for molecular emission that
give rise to the features in Fig. 2.
The b[a]p energy integrated polar angle distribution shown in
Fig. 2 highlights a peak positioned at an emission angle of
approximately 30 and overlaid onto a near over-cosine background. The energy-resolved polar angle distribution would
suggest that: one, there is a signiﬁcant contribution from
off-normal emission that consists mainly of high energy b[a]p
molecules; and two, the near over-cosine background is
comprised of b[a]p molecules with low emission energies. In
addition, the polar angle distribution for C60 sputtered Ni atoms
from a Ni {001} single crystal indicate atoms primarily emit about
the surface normal as shown in Fig. 2. Although not shown, the Ni
atom energy-resolved angular distribution does not reveal any
signs of off-normal emission. As previously mentioned, details
of the sputtering process for Ni atoms from a single crystal is in
preparation. Nevertheless, differences in the polar angle distributions between molecules and atoms suggest the emission
process for molecules is not the same.
Calculations performed on the cg-benzene system can provide
insights into the emission mechanism that governs the off-normal

emission of neutral b[a]p molecules in Fig. 2. To begin, a side view
of all sputtered, relocated cg-benzene molecules and fragments
from their original position within the target are shown in Fig. 3a.
It is clear the C60 impact induced the formation of four distinct
zones. These zones are comprised of sputtered molecules and
fragments, as well as relocated and unperturbed molecules.
Nearest the point of impact is the fragmentation core (red zone),
in which complete molecular fragmentation occurs, thus ejecting
only fragments primarily about the surface normal (red arrow).
However, directly beneath the point of impact, some molecules
are sputtered but the majority of molecules are ejected with
off-normal angles (green arrow) from a region (green zone) that
surrounds the fragmentation core.
Resolving the side view into top views as a function of ejected
cg-benzene kinetic energy provides further insights into the mechanism responsible for molecular emission. Top views of sputtered
cg-benzene molecules, with either less than or above 1.26 eV of
kinetic energy (determined via vertical line in Fig. 1b), are shown
in Figs. 3b, 3c. Molecules that are ejected with kinetic energies
above 1.26 eV are sputtered from a ring-like zone and originated
from the ﬁrst four layers (1–2 nm) as the crater develops. The
ring-like zone indicates the absence of molecules ejected about
the surface normal, thus giving rise to the anisotropic polar angle
distribution. Upon the swift C60 penetration and disintegration into
carbon atoms, the fragmentation core is created which resides
centrally within the ring-like zone. An outward and lateral expansion of the core causes an upward sweeping motion of intact
molecules with off-normal angles from the surface. This molecular
motion matches those from previous simulations,[5,6,10,11] and
therefore can be characterized as molecular emission by ﬂuid ﬂow.
As the core expands, collisions between the carbon atoms and
fragments lead to the emission of fragments along the surface
normal, with few sputtered molecules. For atomic solids, these
energetic particles emitted in a normal direction would be the same
as those emitted off-normal, and the angular distribution would
appear as over-cosine (Fig. 2a, Ni atoms). Therefore, the presence
of the off-normal peak in the polar angle distribution is also a
reﬂection of molecular fragmentation.
On the other hand, the top view of cg-benzene molecules
ejected with kinetic energies less than 1.26 eV indicates they are
removed from top and deep layers (> 5 nm) from the crater. It
should be emphasized the expansion of the fragmentation core is
complete, the crater is fully developed, and the ﬂuid-ﬂow ceases
to continue. However, the emission of intact molecules and fragments continue due to effusive-type motions.[7] Only interactions
between weakly bound fragments and intact molecules along the
walls of the fully developed crater cause an effusive-type desorption of weakly bound intact molecules with very low kinetic
energies and emission angles that are over-cosine.

Conclusions
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Figure 2. The experimental polar angle distribution of benzo[a]pyrene
molecules and Ni atoms desorbed by 20-keV C60 primary ions. The
normalized signal intensity is plotted versus the emission angle and as a
function of emission energy; benzo[a]pyrene molecules with all energies
(solid), 0–3.8 eV (dash), above 3.8 eV (dot) and Ni atoms with all emission
energies (solid, thin line).
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In summary, from the experimental measurements and the theoretical predictions presented, it is highly suggested the sputtering processes involved in the ejection of intact molecules by
energetic C60 cluster bombardment are not the same when
compared to the bombardment of a metallic surface. In the case
of an organic surface, the process involves a swift C60 impact at
the surface leaving an energized region primarily composed of
molecular fragments. Expansion of this region stimulates molecular desorption at off-normal angles and high kinetic energy by

Copyright © 2012 John Wiley & Sons, Ltd.
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Figure 3. Top and cross-sectional views of the cg-benzene system upon 20-keV C60 bombardment. a) Cross-sectional view of all sputtered, relocated
molecules and fragments. Top views of b) molecules sputtered with kinetic energies of 0–1.26 eV and c) molecules sputtered with kinetic energies above
1.26 eV. Note in the cross-sectional view Y = 0 nm and in the top view Z = 0 nm.

means of ﬂuid ﬂow. Upon expansion of the region, molecules
with low kinetic energy begin to desorb over all angles due to
effusive-type motions. In the case of a clean metallic surface,
fragmentation does not occur, and so atoms predominantly eject
in the near-normal direction.
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