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Molecular dynamics (MD) computer simulations are used to investigate material ejection and fragment
formation during keV Cgg and Ar,,, (m = 60, 101, 205, 366, 872 and 2953) bombardment of organic solids
composed from octane and B-carotene molecules at 0° and 45° impact angle. Both systems are found to
sputter efficiently. For the octane system, material removal occurs predominantly by ejection of intact
molecules, while fragment emission is a significant ejection channel for B-carotene. A difference in the
molecular dimensions is proposed to explain this observation. It has been shown that the dependence

ﬁg;’ggg dvnamics simulations of the sputtering yield Y on the primary kinetic energy E and the cluster size n can be expressed in a sim-
SIMS v plified form if represented in reduced units. A linear and nonlinear dependence of the Y/n on the E/n are

identified and the position of the transition point from the linear to nonlinear regions depends on the size
of the cluster projectile. The impact angle has a minor influence on the shape of the simplified

Cluster bombardment

representation.
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1. Introduction

Molecular dynamics (MD) computer simulations are an excel-
lent tool for acquiring a better understanding of the processes that
occur during cluster bombardment of solids [ 1]. Through the use of
computer modeling, a microscopic view of how projectiles interact
with the substrate can be captured [1,2]. Computational research
of the processes induced by cluster projectiles has drawn much
attention since it was found that such projectiles allow depth pro-
filing of certain organic materials by secondary ion mass spectrom-
etry (SIMS) [3]. As a result, study of material emission and damage
formation caused by a cluster bombardment is currently one of the
most interesting research endeavors. Both experimental and theo-
retical studies indicate that the sputtering efficiency depends on
projectile and target parameters [1,2]. It has been also shown that
this dependence can be greatly simplified if a special representa-
tion is adopted [4-6]. In this, so-called “universal” representation
the total ejected mass Yp,ss OF the sputtered volume Y, is divided
by the number of nucleons in the projectile n (or the total number
of projectile atoms if projectiles are homogenous) and plotted as a
function of the total kinetic energy of the cluster projectile E
divided by the number of nucleons. The existence of two regions
of sputtering is observed in such plot depending on the E/n
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[4-6]. At high E/n all data points can be plotted on a single line
and dependence between Y/n and E/n is approximately linear. In
other words, the sputtering yield is proportional to the total pro-
jectile kinetic energy. At lower E/n the dependence between Y/n
and E/n becomes nonlinear and the sputtering yield depends on
projectile nuclearity.

Unfortunately, the Y/n vs E/n plots published in the literature
contain the data for a limited number of projectile kinetic energies
and projectile sizes. As a result, the data points are scattered at
least in the low E/n energy region. There is usually also a gap in
the middle of the transition region. The goal of this study is to
investigate systematically the effect of the size and the kinetic
energy of the cluster projectile on the ejection efficiency of intact
molecules and fragments from two different organic solids. Sam-
ples composed from small (octane - CgH;g - length ~0.9 nm)
and medium (B-carotene - C4oHs¢ — length ~2.9 nm) sized mole-
cules were selected to probe the effect of molecular dimension
on the ejection characteristics. The organic samples were bom-
barded by keV Cgp and Ar,, (m = 60, 101, 205, 366, 872 and 2953)
projectiles at 0° and 45° within a range of kinetic energies to repro-
duce conditions usually applied in experiments.

2. Simulation and model

Detailed description of molecular dynamics computer simula-
tions used to model cluster bombardment can be found elsewhere


http://crossmark.crossref.org/dialog/?doi=10.1016/j.nimb.2014.11.108&domain=pdf
http://dx.doi.org/10.1016/j.nimb.2014.11.108
mailto:zbigniew.postawa@uj.edu.pl
http://dx.doi.org/10.1016/j.nimb.2014.11.108
http://www.sciencedirect.com/science/journal/0168583X
http://www.elsevier.com/locate/nimb

G. Palka et al./Nuclear Instruments and Methods in Physics Research B 352 (2015) 202-205 203

[1]. Briefly, the motion of the particles is determined by integrating
Hamilton’s equations of motion. The forces among the particles are
described by a blend of pair-wise additive and many-body poten-
tial energy functions. The atomistic AIREBO potential is used to
describe interactions among hydrocarbon atoms [7]. This potential
describes respectably well reactions among these species, in par-
ticular, dissociation and H addition and abstraction [8]. The inter-
actions between Ar atoms in the projectile and between the
projectile atoms and all other particles in the system are described
by the Lennard-Jones potential splined with the KrC potential to
properly describe high-energy collisions [9]. Of note is that octane
is a saturated hydrocarbon molecule with no readily available
opportunity for crosslinking, while B-carotene has double bonds
which can cross-link. The original organic systems had geometrical
configurations and densities equal to the values measured in
experiments at room temperature, i.e. 0.70 g/cm> and 0.94 g/cm>.
Samples were subsequently equilibrated to achieve the most opti-
mal configurations for the potentials used. The calculated density
of equilibrated octane and B-carotene samples is 0.87 g/cm>® and
0.97 g/cm?, respectively. The larger density can be attributed to
the lower sample temperature in our calculations and to the
imperfections of the AIREBO potential.

The calculated surface binding energy of molecules is approxi-
mately 0.5 eV and 1.5 eV for octane and B-carotene, respectively.
The approximate diameter of the hemispherical sample cut-out
after equilibration procedure is 38 nm. The model systems contain
57,452 and 14,620 octane and B-carotene molecules, respectively.
Rigid and stochastic regions with a thickness of 0.7 and 2.0 nm,
respectively, were used around the hemisphere to preserve the
shape of the sample and to simulate the thermal bath that keeps
the sample at the required temperature and helps inhibit the pres-
sure wave reflection from the system boundaries [10]. The cluster
projectiles were used to bombard the crystal with the kinetic
energy ranging between 0.4 and 30 keV and an impact angle of
0° and 45°. Such values were selected to reproduce conditions used
in the experimental studies. As it has been shown, the efficiency of
a cluster sputtering process of organic materials weakly depends
on the projectile impact point. Consequently, only two impacts

were probed [11]. The simulations were run at 0 K target temper-
ature and extend up to 50 ps which is long enough to see a satura-
tion in the sputtering yield vs time dependence.

3. Results

The calculated total sputtering yields, expressed in number of
ejected molecules, induced by keV Cgo and Arg;, bombardment at
45° incidence are shown in Fig. 1 for octane and B-carotene, respec-
tively. There are several interesting observations that can be made
from the data presented in this figure. For both materials the sput-
tering yield is significant which can be attributed to a low cohesive
energy of both solids. The yield increases linearly with the impact
kinetic energy above a certain energy. The slope of the straight line
increases with the cluster size. The linear dependence of the sput-
tering yield on the kinetic energy of a cluster projectile has been
observed previously and is attributed to a deposition of a projectile
kinetic energy in the subsurface volume from where ejection
occurs [2,4,12]. At the same sputtering conditions, the total sput-
tering yield is much larger for octane than for p-carotene which
could be attributed to a lower binding energy of the former solid
and to a smaller size of octane molecules. The total mass of ejected
material is, however, comparable as the B-carotene molecule is
almost 5 times more massive than octane. Interestingly, for impact
angles close to 45° the total yields for Cgg and Arg;, are quite sim-
ilar for a given molecule and energy. We attribute this fact to the
enhanced molecular ejection caused by the washing-off mecha-
nism observed for large cluster projectiles [13]. The fragmentation
process is more pronounced for B-carotene and for Cgo projectiles.
As shown in Fig. 2, the total emission of organic material first
increases with the projectile size as the primary kinetic energy is
deposited closer to the surface [14], and subsequently decreases
as the cluster projectile becomes large due to a decreased density
of deposited energy [14] and a blocking of ejecting molecules in
the direction close to the surface normal by a cloud of hovering
projectile atoms. This phenomenon leads to a so called lateral sput-
tering [15]. The number of molecular fragments monotonically
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Fig. 1. The calculated total sputtering yields, expressed in number of ejected molecules, induced by (a) and (c) keV Cgo and (b) and (d) Ars;> bombardment of (a) and (b)
octane and (c) and (d) B-carotene at 45°. The total sputtering yield and the sputtering yield of fragments and intact molecules is represented by blue circles, red squares and

the green triangles, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Dependence of the sputtering yield of all particles (squares) and fragments
(empty squares) expressed in mass units on the cluster size m of Ar,, projectiles
bombarding octane sample at 45° impact angle. Broken lines are shown to guide the
eye.

decreases with an increase of the projectile size for a given kinetic
energy. This is caused by a decreasing kinetic energy carried out by
an individual projectile atom which results in more gentle
collisions and, consequently, a lower fragmentation.

Fragmentation occurs very fast and within 2 ps almost 91% of
fragments recorded at 50 ps are created in both solids. The frag-
ments are created predominantly by direct interactions with pro-
jectile atoms. It should be pointed out, however, that additional
fragmentation will occur at ps timescales of experiments, for
instance, by unimolecular decay of internally excited molecules
[5]. As shown for PS oligomers, while this process has significant
impact on ejection of slow molecules, its contribution to the total
number of created fragments is less crucial than the contribution
of collisional fragmentation [5]. Molecular fragments are formed
in the energized volume located close to the projectile point of
impact [5,16]. This zone is surrounded by the volume from where
the intact molecules are emitted by a hydrodynamic-like flow (fas-
ter molecules that are emitted soon after the projectile impact) and
effusive-like emission that leads to ejection of slow molecules [17].
As already mentioned, molecular ejection is hindered when
bombarded with large projectiles. In this case, a cloud of hovering
projectile atoms is formed which blocks ejection of material in the
direction close to the surface normal. We see that the effect of this
process decreases with the increase of the kinetic energy, because
the hovering cloud is dispersed sooner.

The fraction of sputtered molecules that are ejected as frag-
ments is much greater from B-carotene than from octane. Inspec-
tion of computer animations shows that a difference in the
molecular size is mainly responsible for this difference. Octane
molecules are small, approximately 0.9 nm long. It is relatively
easy, therefore, to uplift these particles without fragmentation.
On the other hand, B-carotene molecules are more than 3 times
longer (~2.9 nm) and contain almost 4 times as many atoms. Ejec-
tion of the larger molecules requires a concerted action of many
surrounding particles [18]. The probability of such correlated
action decreases rapidly with the number of particles involved.
As a consequence, ejection of intact molecules from B-carotene
system will be more difficult than from octane. Moreover, it is also
much easier to destroy a large molecule as various uncorrelated
forces may act on different parts of this structure. Both these
processes will result in a lower emission of intact molecules, and
a higher ejection of molecular fragments from pB-carotene as
compared to octane, which is indeed observed.

The data presented in Fig. 1 show that the sputtering efficiency
depends on both the kinetic energy and the size of the projectile
cluster. It has been shown that the relation between the sputtering

efficiency and parameters of the cluster projectiles can be signifi-
cantly simplified if the data are presented in a special form [4,5].
Such representation, sometime called “universal”, is shown in
Fig. 3 for octane and B-carotene. Indeed, at the high E/n region all
data points are located at the same line and the dependence
between Yass/nt and E/n is linear, where Yy, is the total mass of
ejected material. This observation is not true for fragment emission
which is always larger for p-carotene than for octane. There is a
strong decrease of fragment formation for E/n=1eV. As a result,
in this energy regime only intact molecules are ejected which
offers new analytical perspectives for SIMS. At low E/n value, the
data points cannot be placed on a single line and the Yp,ss/n Vs
E/n dependence becomes nonlinear as reported previously [5].
We observe, however, that the onset of the nonlinear region
depends strongly on the cluster size, shifting it to the lower kinetic
energy per nucleon as the size of the cluster projectile increases.
This is a new observation that could not be done from previously
published plots for organics due to a large spread of the calculated
data. This is an important observation as it has been proposed pre-
viously that the transfer from the linear to nonlinear region occurs
when the rate of the energy deposition becomes comparable with
the rate this energy can be drained away from the sputtering
region into the sample. As a consequence of such energy depletion,
less energy is available for sputtering and the yield decreases faster
than E/n. The energy deposition rate depends on the velocity of the
cluster projectile, which, in turn, depends on the size of the projec-
tile for a given Kkinetic energy E. On the other hand, the energy
depletion rate should depend only on the material properties of
the bombarded solid. All data points in Fig. 3 corresponding to
the same Kinetic energy per nucleon have the same velocity. As a
result, one would expect that the transition from the linear to non-
linear region should occur at the same E/n. In other words, it
should not depend on the cluster size. This is evidently not hap-
pening which indicates that some additional processes should be
taken into account. The nature of these processes is unknown at
the moment. An abrupt decay of the sputtering yield below certain
E/n may be associated, for instance, with a blocking effect of
hovering projectile atoms. We are currently investigating this
phenomenon.

— 0.01 0.1 1 10
% 5 ———— S——— v
= 10°F Projectile: 1
S [eG 45 deg :
(_U 10-1 L *Areo E
Q " YA, Al
= Lf A A, "t
c 10% | ®Ar, - E
8 F WA, ,”( % O 3
O s P Al 44 |
2 10°F .y M :
= ; ~ 3
% L ,'Z/;’ o> X Fragments
10* k 4 o) 4
ek F% ¢,V o
[ ] ]
8 10° - / ] ® Octane -
() ; 3
S 00| - -
S10EF o Ly 3
»  0.01 0.1 1 10

Kinetic energy/ nucleon (eV)

Fig. 3. Dependence of the total ejected mass Yn,ss per projectile nucleon on the
projectile kinetic energy per nucleon for the total mass (full symbols) and the mass
of fragments (open symbols) ejected from octane (black) and B-carotene (green) at
45° impact angle. Broken lines are shown to guide the eye. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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The impact angle has a minor influence on the shape of Y/n vs E/
n plot. It is known that the sputtering yield induced by medium
size projectiles like Cgg Or Argy, initially does not change much with
the increase of the impact angle and then decreases [13]. A differ-
ent behavior was reported for large cluster projectiles, where the
sputtering yield may initially increase significantly with the impact
angle [13]. However, the changes of the sputtering yields for
impact angles 0° and 45¢° are relatively small for projectiles smaller
than Arsgs. Only for larger projectiles the yield significantly
increases at 45° as compared to the normal incidence, and the data
points for these clusters (Arg;, and Ar,gs3) in Fig. 3 are placed
noticeably lower for normal incidence.

4. Conclusions

Molecular dynamics simulations have been performed to model
bombardment of organic solids of octane and B-carotene by keV
Cso and Ar,, projectiles. Because of the relatively small cohesive
energy compared with, for example, metals, the total sputtering
yield for both these solids is high. For octane, of the total sputtering
yield, approximately 85% is in intact molecules and the remainder
in fragments. For B-carotene the situation is different and much
more material is emitted as fragments. A difference in the molecu-
lar size is responsible for such behavior. The dependence of the
total sputtered mass Ymass on the primary kinetic energy E and
the cluster size n can be expressed in a simplified form if repre-
sented in reduced units of Yy,.ss/n and E/n, where n is the number
of nucleons in the projectile. It is shown that the position of the
transition point from the linear and nonlinear region of the
Ymass/M(E/n) dependency shifts to lower E/n as the size of the clus-
ter projectile increases. This observation rather disqualifies the
interplay between the rate of deposited energy and the rate of
energy transfer from the sputtering region into the sample as the
sole explanation for existence of the nonlinear region. The impact
angle has a minor influence on the shape of the Yyass/n vs E/n,

except for the data points corresponding to Arg;; and Aragss
projectiles.
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