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Using molecular-dynamics simulation, we perform a systematic study of cluster-induced sputtering.
Two model systems of diatomic molecular solids are employed, which have identical cohesive energy but
differ in their dissociation energy and the possible reaction pathways. Sputtering occurs by the flow of
gasified material out of the spike volume into the vacuum above it. Because of the entrainment of radicals
and reaction products with the flow, only a minority of this debris is left behind in the target. The
excitation of internal molecular degrees of freedom (rotation and vibration) slightly reduces the sputter
yield in comparison to the sputtering of an atomic system, while the chemical energy release due to
exothermic reactions of radicals formed enhances the yield in proportion to the chemical energy release.
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While the understanding of sputter phenomena in ele-
mental atomic targets has reached a mature level, sput-
ter phenomena in condensed molecular targets still pose
many unanswered questions [1-4]. Consider a single ion
impact on a diatomic molecular target. What portion of
the impact energy is used to excite the internal molecular
degrees of freedom (rotation and vibration) and what por-
tion goes into center-of-mass translational energy? Can
the population of excited states be characterized as a
thermal equilibrium? How many dissociations occur under
irradiation? What is the role of the chemical energy if
exothermal reactions occur? Because of the increased
complexity of molecular targets, experimental and theo-
retical studies of the sputtering of diatomic systems have
been rare [5].

In a broader context, interest in the sputtering of mo-
lecular systems has been revitalized and extended to phe-
nomena occurring under cluster impact by the secondary-
ion mass spectroscopy (SIMS) community [6]. Here, it has
been found that huge sputter yields containing a high
fraction of unfragmented molecules can be obtained by
cluster impact on molecular targets [7,8]. A vital question
for the performance of depth analyses using this technique
is the following: To what extent is the irradiated target
contaminated with impact debris, i.e., molecular fragments
or reaction products—or has this debris been swept out
and sputtered away?

From the simulational point of view, a molecular-
dynamics approach is well suited to model all nonelec-
tronic effects associated with particle impact into molecu-
lar solids. However, due to the computational complexity,
until a few years ago, these studies were rare and concen-
trated on low-energy atom impact into diatomic molecular
solids like O, and N, [9,10]. More recently, inspired by the
demands of the SIMS community, large-scale simulations
of the irradiation of thin overlayer or even bulk targets of
larger (organic) molecules and polymers were performed
[11,12].

0031-9007/07/99(2)/027602(4)

027602-1

PACS numbers: 79.20.Ap, 61.80.Az, 61.80.Lj, 79.20.Rf

In the present paper, we use molecular-dynamics simu-
lations to perform a systematic model study aimed at
illuminating some of the above questions. By comparing
two molecular solids with identical intermolecular bonding
but differing in their dissociation energy and possible
reaction pathways the role of molecule dissociation and
exothermic chemical reactions can be assessed. By further
comparing to the sputtering of an analogous van-der-Waals
bonded atomic system we can evaluate the role of internal
molecular excitations for sputtering.

We study three different targets, an atomic Ar target as a
well-studied reference case [13,14], and two model mo-
lecular targets. These consist of diatomic molecules, which
we shall denote by A, and AB. In the A, molecule, only
dissociation and molecule reformation are possible; this
system hence is used to demonstrate the influence of the
excitation of the internal molecular degrees of freedom and
dissociation on the sputter yield reduction. In the AB
molecule, additionally radical reactions are possible. In
order to demonstrate the influence of the chemical energy
release on the sputtering most clearly, here the case of a
highly exothermic reaction and a small reaction barrier
have been chosen; actually, these features are characteristic
for an explosive. We note that explosives have indeed been
used as a matrix material in plasma desorption mass spec-
trometry of proteins [15]; the resulting increased molecular
ion yield was attributed to the chemical energy released in
the reaction of the explosive.

The projectile consists of a spherical cluster containing
100 particles of the same species as the target [16] with
total impact energy E. The amorphous target contains
between 37400 and 229 000 atoms. Both target and cluster
were relaxed before the simulation was begun. Our simu-
lations run until the sputter yields have saturated; this hap-
pens after around 20—40 ps. For each bombarding energy,
up to five impacts were simulated to gather statistics.

The Ar interaction potential is a pair potential of the
Lennard-Jones form [17,18], splined to the KrC potential
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[19] valid for close Ar-Ar encounters. A, and AB mole-
cules are modeled by the reactive empirical bond order
approach developed by Brenner et al. [20,21] for the atom-
istic study of chemically sustained shock (detonation)
waves; this modeling was inspired by the 2NO — N, +
O, reaction. At close collisions the interaction potential is
splined to the ZBL potential [22]. The A, molecule has a
dissociation energy of Dy, = 5 eV, while the AB mole-
cule is more weakly bound by D,z = 2 eV. The B, inter-
action potential has identical properties as for the A,
molecule. Hence the net reaction

2AB— A, + B, (D

is exothermic with a reaction enthalpy AH,.,. = 3 eV per
AB molecule. The reaction barrier of 0.08 eV is tiny.
Further properties of the reactive potential are found in
Refs. [20,21]. The intermolecular bonding is modeled by a
Lennard-Jones potential, which is identical for the three
molecules A,, B,, AB, and gives the crystalline solid a
cohesive energy of U = 107 meV.

Figure 1 displays the dependence of the sputter yield Y
as a function of the scaled impact energy E/U. Linear fits
of the form [13]

Y =a(E~ Epn)/U 2

describe the data quite well. Here Ey, is a sputter threshold
and « denotes the sputter efficiency. Our fit gives a =
0.054 (0.084, 0.133) and Ey,/U = 200 (2010, 2750) for the
A, (Ar, AB) target. Note furthermore that the sputter effi-
ciency a for the Ar target is slightly larger than that
reported in Ref. [13], since in the present simulation we
took care to employ a sufficiently large target and a long
simulation time to obtain saturated sputter yields.

From scaling considerations [13,23], it is known that the
yields for all (atomic) Lennard-Jones materials should be
identical if scaled energy units E/U are used. Evidently,
for not too small impact energies, E/U = 8000, the A,
yields are smaller than the Ar yields. This can be quantified
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FIG. 1 (color online). Sputter yield Y vs scaled bombarding
energy E/U. The yield is measured in units of atoms for the Ar
solid and in molecules otherwise. The lines are linear fits,
Eq. (2).

by a ratio of the sputter efficiencies ay,/a s, = 0.64. We
suggest that the reason hereto lies in the internal excitation
of molecules in the irradiated A, sample and prove it as fol-
lows: Fig. 2 displays the partitioning of the kinetic energy
of free molecules sputtered from the sample. It shows that
10%—20% of the kinetic-energy content of sputtered mole-
cules is internal energy. This partitioning demonstrates that
only 80%—-90% of the impact energy has been used for
sputtering, while the rest is used for internal heating of
the molecules. This quantitatively explains the ratio of
a ./ ay4 reported above.

The AB target behaves analogously to A, up to an energy
of around E/U = 5000. Above this threshold the AB yield
strongly increases in a nonlinear way above the yields of
the other targets. Figure 2(b) demonstrates that at the same
energy vibrational excitation is strongly enhanced. This is
due to the fact that at this impact energy AB dissociation
becomes possible, and hence the exothermic reaction (1)
starts, which creates vibrationally hot product molecules.
Note that at the scaled energy E/U = 5000, each of the
100 projectile molecules has a kinetic impact energy of
5 eV and thus has kinematically the possibility to impart
the dissociation energy D,z = 2 eV as internal energy to a
target molecule in a central collision. Because of the high
reaction exothermicity, it might be surmised that projec-
tile impact into the AB target may initiate a detonation
wave in the material [20]. We did not find any indication of
this and presume that this is due to the fact that the
“detonation front” spreads out hemispherically in three
dimensions, and hence its energy density sinks rapidly
during propagation.

As an aside we note that the distribution of the energy
onto the various degrees of freedom shown in Fig. 2 is far
from thermal equilibrium. In statistical equilibrium rota-
tion would receive double as much kinetic energy as
vibration. For the A, molecule this is—at least for
E/U < 20000—not the case, since vibrational excitation
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FIG. 2 (color online). Distribution of kinetic energy of free
molecules sputtered from an A, target (top) and an AB target
(bottom) into translational, rotational, and vibrational degrees of
freedom.
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FIG. 3 (color online). Cross—sectioonal view (thickness 10 A) through the irradiated AB target at several times after impact at E/U =
10000. Only the central part (113 A wide) is shown. Light gray: original AB molecules. Dark gray (red): reaction products, A, and B,.

Black: radicals (atoms).

is quenched due to a vibrational adiabaticity argument
[24]. In the AB target, on the other hand, reaction products
are vibrationally hot, and thus thermal equilibrium is not
reached in the expanding sputter flow.

Figure 3 shows an atomistic representation of the impact
and sputter process in the AB target at 3 times after impact.
In the spike region, almost no native AB molecules have
survived. They have been dissociated and most of the
radicals formed have already reacted. Note that due to
the high vibrational excitation of the product molecules,
it is likely that they convey energy to their neighbors; this
helps them in “evaporating’ off the surface. At the end of
the sputter process, at t = 30 ps, only a few product mole-
cules, which are embedded in the wall of the resulting
crater, have remained in the target.

Figure 4(a) displays the partial sputter yields of the AB
target and demonstrates that at the threshold energy of
E/U = 5000 radical and product emission starts. The num-
ber of radicals sputtered is very small as most of them have
reacted to A, and B, molecules. Figure 4(b) presents the
fraction of radicals and product molecules which remain in
the target. It shows an interesting energy dependence.
While close to the production threshold at E/U = 5000
the majority remains in the target, at higher bombarding
energies the fraction decreases to below 30%. We can
hence conclude that the sputter process itself is very effi-
cient in cleaning the target of radicals and products.

Let us finally discuss the role of dissociations and re-
actions on the energetics of sputtering. Figure 5 displays
the number N, of bond changes occurring, i.e., the number
of molecules, in which two new partners are bound. Again,
the results are well described by linear fits of the form (2)
with @ = 0.054 (0.015) and E,/U = 3700 (10 000) for the
AB (A,) target. In agreement with the higher dissociation
energy of A, molecules, the threshold in the A, target is a
factor of roughly Da4/Dyp = 2.5 higher.

If all the impact energy were used for dissociations, and
all radicals reacted, a maximum number of (Ng)as =

E/Ds4 = 0.021E/U of bond breaks (and exchanges)
could be expected in the A, target. A more detailed calcu-
lation [5], including collision-cascade statistics and the fact
that in a two-molecule collision only part of the impact
energy can be used for bond breaking, adds a factor of %.
This estimate semiquantitatively explains the linear in-
crease of the A, bond breaks with impact energy. We
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FIG. 4 (color online). Production of radicals and reaction
products induced by impact on an AB target with scaled energy
E/U. (a) Partial sputter yields. (b) Fraction of reaction products
and radicals retained in the target.
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FIG. 5 (color online). Number of bond changes N, in the AB
and the A, target after impact with scaled energy E/U.

note that at the end of the simulation, the number of
dissociated A, molecules amounts to only 8% of N.,. In
the AB system, a similar estimate results in (Ng)ap =
E/D,z; = 0.05E/U.

The number of reactions occurring in the AB target
(measured as the number of reaction products formed)
amounts to Ny, = 0.045(E/U — 3700) (not shown).
This allows us to estimate the chemical energy release
due to the exothermic reactions as

AEchem = NreacAHreac = 0~045(AHreac/U)E = 1.3E,
E > 50000, (3)

where the constant term describing the threshold has been
neglected. Since AE ., is linear in the impact energy [5]
an inclusion of the chemical energy would thus reproduce
Eq. (2), but increase the sputter efficiency by 130%. This
quantitatively explains the strong increase in the sputter
efficiency of the AB target (a3 = 0.133) with respect to
the A, target (ay, = 0.054). Equation (3) is a central
result, since it demonstrates how to quantify the effect of
the chemical energy release on sputtering.

In conclusion, we have employed two model systems of
diatomic molecular solids to perform a systematic
molecular-dynamics study of cluster-induced sputtering.
The sputter process occurs by the flow of gasified material
out of the spike volume into the vacuum above it. Because
of the entrainment of radicals and reaction products with
the flow, only a minority of this debris is left behind in the
target. Almost all radicals react in the highly excited spike
volume. We showed that the excitation of the internal
molecular degrees of freedom (rotation and vibration)
slightly reduces the sputter yield in comparison to the
sputtering of an atomic system. The chemical energy re-
lease due to exothermic reactions of radicals formed en-
hances the yield in proportion to the chemical energy

release. Sputtered molecules are not in thermal equilibrium
with each other: Their internal energy amounts to only
10%—-20% of the translational energy.
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