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The introduction of cluster ion beams in the analytical
technique of secondary ion mass spectrometry (SIMS) has

opened the door to a new world of 3D molecular depth profiling
of numerous materials, a measurement unattainable with any
other technique.1 Although there are many successful examples
of molecular depth profiling with cluster beams, especially with
C60 bombardment, there are also examples for which the
molecular depth profile is not successful.2 For molecular depth
profiling, success is defined as measuring a constant signal of the
molecular species in all depth regions where the molecule was
originally present. Depending on the system, lack of success can
be due to nonoptimal experimental conditions or unfortunate
chemistry of the system, including poor ion yields.2 Experimental
conditions that tend to improve the quality of molecular depth
profiles include higher beam energies, more grazing polar angles
of incidence, sample cooling, and sample rotation.3 Molecular
solids that have high sputtering yields and polymers such as
poly(methyl methacrylate) and poly(lactic acid) that readily
form gaseous products tend to depth profile well, whereas
polymers that readily cross-link such as polyethylene and poly-
styrene do not tend to depth profile well.2 The factors that
control ion yields largely remain a mystery, although the use of
C60 projectiles can enhance the ion fraction.4

General experimental strategies that improve depth profiles
such as using a grazing angle of incidence or applying sample
cooling are straightforward to implement. It is more of a
challenge to find a strategy to fix unfortunate chemistry in
molecular solids. An intriguing set of experiments from Shyue
and coworkers shows promise of assisting depth profiles by
cobombardment of the system with C60 and low-energy Ar
ions.5�13 This strategy for eroding samples has, as yet, been

implemented by only one research group because most SIMS
instruments with C60 ion beams do not also have a low-energy Ar
ion beam. We have performed molecular dynamics (MD)
computer simulations that provide insight into the interplay of
effects in the solid by C60 cobombardment with low-energy Ar
ions. Our conclusion is that C60 bombardment creates an aniso-
tropic roughened surface that the Ar bombardment ameliorates. It
is essential that the energy of the Ar beam remains below 200 eV
so that no damage is induced beyond the altered layer created
by the C60 beam. In addition, the simulations reveal that the
experimental C60 conditions are not optimal for the best quality
depth profiles and suggest that changing the C60 beam conditions
would be an alternative experimental solution for experimental-
ists with similar instruments than the addition of low energy Ar
bombardment.

The experiments involve surface analysis by X-ray photoelec-
tron spectroscopy (XPS) after erosion by C60 and Ar bombard-
ment, although for some organic polymeric systems, SIMS
measurements have been performed as well.5,6 The C60 source
operates at 10 keV at a 70� polar angle of incidence, and the Ar
source operates from 100 to 400 eV of incident energy at a 45�
polar angle of incidence oriented 33� from the C60 beam. The ion
current emitted by the Ar source is 30 times larger than the ion
beam current produced by the C60 gun. The experiments show
that improvement of the depth profile requires the Ar energy to
be 200 eV or less; otherwise, the composition of the substrate
changes, as measured by XPS.6Measurements have beenmade of
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ABSTRACT: The use of cluster beams in secondary ion mass spectrometry enables
molecular depth profiling, a technique that is essential to many fields. The success of the
technique often hinges upon the chemical nature of the substrate, the kinetic energy and
incident angle of the primary cluster ion beam, and the sample temperature. It has been
shown experimentally that the quality of depth profiles can be improved with cobombard-
ment by a C60 cluster beam and a low-energy argon (Ar) beam. We present molecular
dynamics simulations to elucidate the mechanistic reasons for the improved molecular depth
profiles with an aim of understanding whether this cobombardment approach is generally
applicable. We conclude that the low-energy Ar beam breaks up the surface topology created
by the C60 beam, increasing the sputtering yield and reducing the buildup of chemical
damage. The simulations also suggest that an equivalent result could be achieved without the
Ar cobombardment by optimizing the conditions of the C60 beam.
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the sputtering yields without and with Ar cobombardment for
the Ar energy of 200 eV. For the polymer poly(ethylene
terephthalate), the cosputtering removes the high mass species
from themass spectrum, but the abundance of lowmass species is
enhanced. This observation indicates that the atomic projectile
breaks organic molecules. The sputter rates are 1.58 nm3 per
incident ion for C60 bombardment by itself and 1.94 nm3 per
incident C60 ion with cobombardment by Ar. For poly(methyl
methacrylate), the sputter rates are 2.52 nm3 per incident ion for
only C60 bombardment and 2.97 nm

3 per incident C60 ion with
cobombardment by Ar. The latest study also shows that cobom-
bardment produces smoother surfaces than bombardment by
C60 alone.

5 Low-energy inert gas bombardment does not produce
a quality depth profile, nor does it eject large species.5,14 Bombard-
ment with low-energy Cs+, however, has produced molecular depth
profiles,14 but the mechanism for this process is connected with
improving the ion yield due to the low ionization energy of Cs. The
most intriguing question that results from the Shyue and coworker
studies is the nature of the synergistic effects in the solid due to the
cosputtering configuration.

Molecular dynamics modeling has already been utilized
successfully to understand many aspects of projectile�surface
interactions relevant to SIMS.15 The goal of the current study is
to discern how the low-energy Ar bombardment might assist the
C60 bombardment process for depth profiling, when neither the
C60 nor the Ar bombardment by itself is effective. The key must
lie in the applied energy range, as determined from experiment;
that is, the Ar bombardment must be at 200 eV or less. Solid
benzene has been chosen as a computational model because we
have utilized this system successfully in previous studies.15

There are several possible reasons that may account for better
depth profiling in cosputtering experiments. First, as predicted by
an erosion dynamics model, the total sputtering yield relative to
the damage created should be large for effective depth profiling.16

The experimental sputtering yield5 reported by You et al. ranges
from 1 to 3 nm3 per incident ion. This yield is, however, very
small compared with, for example, the experimental yield for 40
keV C60 bombardment of cholesterol at 73� incident angle for
which the yield is two orders of magnitude larger.17 The total
sputtering yield5 reported by You et al. is 20�30% larger if the
auxiliary Ar beam is present. Based on the MD simulations, the
total sputtering yields from solid benzene in both molecular
equivalents and sputtered volume for 100�400 eV Ar bombard-
ment at 45� incident polar angle, 10 keV C60 bombardment at
0� and 70� incident polar angle and 15 keV C60 bombardment at

0� are given in Table 1. Although the calculated yields for this low
binding energy solid are larger than the experimental values, the
yield for Ar bombardment is more than an order of magnitude
lower than the calculated sputtering yield for 10�15 keV C60

bombardment. This observation eliminates the hypothesis that
the Ar beam is increasing the sputtering yield to the point
observed in experiment.

Another important observation from the experiment is that
the measured ion signal is decreasing rapidly with the initial
projectile fluence.5 Such behavior is typical for depth profiling of
many polymers and indicates that the chemical composition of
the near surface region of the organic sample is substantially
modified. Computer simulations show that the most efficient
channel of particle emission is hydrogen removal.18 Such a
process will ultimately lead to dehydrogenation of the near
surface volume and stimulate the formation of a network of
cross-linked molecules, a carbonized overlayer, or both. Both of
these processes will lead to drastic reduction of the sputtering
yield, which is indeed observed.2,18

The Ar beam could break up the damage left by the C60 beam,
as proposed by the experimental researchers.5 The key point in
this hypothesis is that the additional damage induced by the
auxiliary beam cannot extend beyond the damage induced by the
primary beam. Shown in Figure 1 is the damage left in the sample
as a function of depth for different bombardment conditions. The
damage for the C60 bombardment is defined as the average
number of fragments located at a given depth measured as the
distance from the walls of the final crater, as shown in the inset to
Figure 1. The choice of 200 and 300 eV for Ar bombardment is
based on the experimental observation that the best improve-
ment for Ar cobombardment is for incident energies below 200
eV. Most of the damage induced by the 200 eV Ar bombardment
is confined to the top 2 nm of the sample, whereas the 300 eV Ar
does damage to depths greater than 3 nm. The amount of
damage with the 10 keV C60 bombardment at 70� polar angle

Table 1. Total Sputtering Yield, Ytot, in Units of Molecular
Equivalents of Benzene, Sputtered Volume, Vs, the Average
Number of Damaged Molecules That Remain in the
Bombarded Solid,ND, and the Ratio of Sputtered to Damaged
Molecules, Ytot/ND, for Ar and C60 Projectiles Bombarding a
Crystal of Solid Benzene

projectile Ytot VS (nm
3) ND Ytot/ND

100 eV Ar 4.9 ( 0.3 0.6 ( 0.03 0.8 ( 0.2 6.1 ( 0.4

200 eV Ar 6.9 ( 0.6 0.8 ( 0.08 3.2 ( 0.3 2.2 ( 0.2

300 eV Ar 9.1 ( 0.9 1.1 ( 0.1 5.0 ( 0.4 1.8 ( 0.2

400 eV Ar 11.5 ( 1.4 1.4 ( 0.2 6.9 ( 0.4 1.7 ( 0.2

10 keV C60 0� 745 90 14 53

10 keV C60 70� 342 41 9 38

15 keV C60 0� 1242 ( 28 150 ( 3 88 ( 3 14.2 ( 0.6

Figure 1. Depth dependence of the average number of fragments
created by 15 keV C60 at normal incidence and by 200 and 300 eV Ar
at 45� impact angle. The depth, d, is measured as the distance from the
walls of the final crater for the 15 keV C60 trajectory, as shown in the
inset, and from the top of the initial surface for the Ar trajectories.
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of incidence is very low. This simulation was performed with
a large crystal using a computationally intensive interaction
potential. Consequently, we do not have a significant enough
number of trajectories calculated for this impact angle to
determine reliable damage statistics for comparison. Therefore,
as an upper estimate of the damage, we analyze the damage
created by 15 keV C60 bombardment at normal incidence.
(unpublished results) It is clear that the depth of the damage
created by the 200 Ar bombardment is a better match than the
300 eV bombardment to the C60 bombardment.

A graphical depiction of this information is presented sche-
matically in Figure 2, where a 5 nm slice of the crater region for
C60 bombardment is shown. The red molecules are damaged
molecules. Also shown is damage associated with trajectories that
exhibit an average number of damagedmolecules for 200 and 300 eV
Ar bombardment. Clearly, the 200 eV Ar bombardment confines its
damage to the altered layer of the C60 bombardment, whereas the
300 eV Ar bombardment extends the damage into pristine sample.

Finally, there is another possibility that may contribute to the
enhancement of the depth profiles5,6 of organic solids with
cobombardment by C60 and 200 eV Ar when compared with
C60 bombardment. High-fluence simulations of C60 impacts
show that C60 bombardment at 70� incidence creates a rough-
ened surface with elongated ridges and valleys parallel to the
beam direction, as shown in depth profiling calculations on Ag.19

These simulations show, however, that by using sample rotation,
these elongated ridges and valleys do not form, the surface gets
smoother, and the sputtering yield increases by∼10%. This value
is actually comparable to the yield increase reported by You et al.
for organic, polymeric samples.5 Indeed, with cobombardment,
the reported experimental yield increases by 18�23%, and the
surface roughness decreases.5 Therefore, we propose that the Ar
beam, which is oriented 33� with respect to the C60 beam, is
breaking up the ridges formed by the C60 bombardment,
effectively smoothing the surface. As already mentioned, because
of a very low (<200 eV) kinetic energy of the incident Ar
projectiles, the damage induced by these projectiles is kept in
the same region as damage created by the C60 bombardment. A
smooth surface would increase the yield slightly, thus increasing
the depth profiling ability.19 Taking into account this explanation
for the enhancement due to cobombardment by the cluster and
atomic projectiles, we would not expect this synergy to exist for

angles of incidence closer to the surface normal, nor would we expect
the enhancement for beam conditions that give much higher yields.
For example, inTable 1, the sputtering yield forC60 bombardment at
normal incidence is twice as large as that at 70�, and increasing the
kinetic energy increases the yield even further. A change in the C60

conditionsmight be just as effective in improving the depth profile as
cobombardment with low-energy Ar ions.

The cobombardment approach has been implemented for
inorganic materials7�13 in addition to the organic materials
considered here. Undoubtedly, the low-energy Ar bombardment
is also smoothing those surfaces. In addition, as proposed by the
experimental investigators, the Ar bombardment is assisting in
the removal of carbon residue left by the C60 beam.

In summary, MD simulations are utilized to elucidate the
reasons for improved depth profiling capabilities when a C60

beam with 10 keV incident energy at a polar angle of 70�
cobombards a molecular solid along with low-energy Ar projec-
tiles. The simulations show that the sputtering enhancement
observed in the cosputtering experiment cannot be attributed to
material removal by the additional ion beam. Instead, the
observed increase can be attributed to reduction of the surface
morphology. High-fluence simulations indicate that the grazing
angle of incidence of the C60 beam creates anisotropic topology
in the surface. The Ar bombardment breaks up the topology,
creating a smoother surface and thus a higher yield. The key point
is, however, to keep the damage induced by the auxiliary beam in
the same region as the damage by the C60 cluster bombardment.
This can be accomplished by maintaining the Ar incident energy
to <200 eV. Ultimately, the simulations indicate that the en-
hancement by the Ar cobombardment should be most effective
for the specific C60 beam conditions utilized by the experimen-
talists and does not show the potential for a generic fix of
unfortunate chemistry in molecular depth profiling.

’COMPUTATIONAL DETAILS

MD simulations15 are used to model the effect of energetic
particle bombardment on an organic substrate. The choice of
system is a balance between a realistic description of the
experimental system and a computationally practical one. More-
over, it is our assumption that the effect of the Ar and C60

cobombardment is generic to hydrocarbon species, and thus we

Figure 2. Location of the molecular fragments (red and enlarged) created by (a) 15 keV C60 bombardment of solid benzene at a normal incidence and
(b) 200 and (c) 300 eV Ar at 45� impact angle. The trajectories are selected to represent average damage. Only themolecules located in a slice 5 nmwide,
centered at the point of projectile impact, are shown. In addition, for nondamaged molecules, only the C atoms are shown. The snapshots are aligned so
that the surfaces of the Ar bombarded samples correspond to the bottom of the crater induced by C60 impact to easily compare the damage induced by
these two projectiles. The scale bar refers to all images.
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choose to use our prototypical hydrocarbon system of benzene.
The description of the interaction energies and forces among the
atoms is based on the AIREBO potential,20 which combines
long-ranged interactions with the short-ranged Brenner REBO
potential.21,22 The Moliere potential,23 a basic potential for high-
energy collisions, is used to describe the argon interactions with
the carbon and hydrogen atoms.

To understand the relationship between Ar and C60, simula-
tions of both Ar and C60 bombardment were performed. Argon
atoms with 100, 200, 300, and 400 eV incidence energies were
used to bombard benzene solids at an incident polar angle of 45�.
Fifty trajectories were run at each incident energy. To describe all
of the action in the solid, two different sizes of benzene solids
were chosen, the first for 100 and 200 eV argon bombardment
and the second for 300 and 400 eV argon bombardment. The
first solid was a rectangular prism24 measuring approximately
6.56 nm� 5.64 nm in width by 3.45 nm in depth and consisting
of 1080 benzene molecules. The second solid was a rectangular
prism measuring approximately 8.03 nm � 6.59 nm � 4.15 nm
and consisting of 1848 benzene molecules. Periodic boundary
conditions were used in the horizontal directions. A rigid layer of
0.347 nm covers the bottom of the solid with a stochastic layer of
0.736 nm immediately above it. For the 10 keV C60 bombard-
ment, a hemisphere solid of benzene with a radius of 21.2 nmwas
used. A rigid layer of 0.7 nm surrounds the solid with a stochastic
layer of 3.3 nm immediately inside it. There are 175 434 benzene
molecules in the hemisphere. Because the simulation of such a
large system using a sophisticated many-body hydrocarbon
potential is computationally very expensive, only one trajectory
was run for cases where a qualitative comparison was needed.
Such an approach has been shown to be justifiable for cluster
bombardment.15 However, as more trajectories should be
sampled when making quantitative predictions, we have used
the data for 10 trajectories of 15 keV C60 impact at normal
incidence using a blended scheme. In this scheme, the AIREBO
potential is utilized in regions where reactions occur, and a
coarse-grained representation is used in regions where the
molecules remain intact (unpublished results).
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