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Abstract

The disappearance cross-sections and kinetic energy distributions of fragment ions sputtered from polystyrene thin

®lms under 12 keV 69Ga� ion bombardment are measured using a time-of-¯ight spectrometer. Even though the dis-

appearance cross-sections are often used as an indicator of radial ion beam damage, the derived radii range from 2 to 10
�A depending on the particular hydrocarbon fragment. Therefore, the disappearance cross-sections cannot be directly

related to a single global quantity of damage per incident particle. Likewise, the widths of the measured kinetic energy

depend on the particular hydrocarbon fragment. Both the disappearance cross-sections and the widths of the kinetic

energy distribution super®cially relate to fragment mass but the correlation is not perfect. We develop a hypothesis that

the disappearance cross-section and the width of the kinetic energy distribution actually correlate with the ejection

radius of the particular fragment. Thus, the kinetic energy distributions provide an estimate of the radial extent of the

energy density in the ejection region. Our interpretations are supported by molecular dynamics simulation results. For

comparison with previously reported data, our results indicate that the deposited energy pro®le is 4±5 times narrower

than for 72.3 MeV, electronic sputtering of PVDF [Phys. Rev. Lett. 77 (1996) 667]. Ó 2000 Elsevier Science B.V. All

rights reserved.

Keywords: Secondary ion mass spectrometry; Sputtering; Ion emission; Kinetic energy distribution; Ion induced

damage; Disappearance cross-section; Polymer; MD simulation

1. Introduction

When an energetic primary ion interacts with
an organic surface, atoms, small hydrocarbon
fragments and characteristic molecular segments
are sputtered in a neutral or charged state [2,3].
The mass-separation of the charged sputtered
species constitutes the basis of secondary ion mass
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spectrometry (SIMS) [4]. In organic SIMS, the
complex peak pattern contained in the mass
spectrum is used to identify the molecular species
present in the topmost layer of the sample, crucial
information in many processes involving surfaces
and interfaces. Currently, the range of applications
of organic SIMS is indeed wide, going from au-
tomotive paints to compact disks, or from molec-
ular solids of amino acids to frozen cells and
tissues [5,6]. Given the importance of the applica-
tions, e�orts have been made towards under-
standing the essential physics and, consequently,
the basic processes leading to the emission and
ionization of polyatomic fragments are starting to
become unraveled.

One of the intriguing questions in the sputtering
of organic species is which portion of the energy of
the primary beam gives rise to ejection of mole-
cules and fragments and how this energy is dis-
tributed around the particle impact. In this respect,
the knowledge of the local energy density associ-
ated with the ejection of di�erent fragments would
constitute an interesting part of the answer. The
above question also relates to the issue of beam
induced damage in organic samples. At ®rst sight,
one might think that the disappearance cross-
section (r), deduced from dynamic experiments,
should indicate the average extent of the damaged
area, but the experimental results show that r is
not constant for various fragments. From a
slightly di�erent perspective, it is tempting to in-
terpret the disappearance cross-section as the av-
erage area from which the corresponding fragment
is emitted, but again we must make sure that no
other factors strongly a�ect r. We are also inter-
ested to know the in¯uence of the primary pro-
jectile (downward motion) in the fragmentation
process, which should be re¯ected by the distri-
bution of distances between the impact and the
ejected fragments. In this paper, our aim is to shed
some light on the relationships between energy
deposition at the surface, fragmentation and sec-
ondary particle ejection in the case of organic
overlayers bombarded by primary ions with sev-
eral kiloelectronvolts of energy. In particular, we
wish to establish the pro®le of the energy distrib-
uted around the point of impact of the primary
projectile and its relation to the sputtered species

observed in the SIMS spectrum. For this purpose,
we think it is prudent to combine two di�erent but
complementary approaches, i.e., SIMS experi-
ments and molecular dynamics (MD) simulations.
Polystyrene (PS), a standard polymer, is used as a
model molecule throughout this study.

More than 15 years ago, Benninghoven [7,8]
proposed the precursor concept as an interesting
approach to address the above-mentioned issues.
The concept was initially developed for organic
monolayers on metals, but some of the features
should be valid for bulk organic systems. In [7], he
depicted a view of the energy distribution at the
surface induced by keV particle bombardment,
and its relation with the ejection of intact and
fragmented molecules. In order to check the
model, the same group designed several experi-
ments to measure the distribution E�r� of the col-
lision cascade energy, averaged over many
bombardment events [9,10]. Although the infor-
mation provided in the performed experiments is
somewhat indirect, it gives a good idea about the
shape of E�r� for organic molecules adsorbed on
metals. The e�ort involved to achieve these mea-
surements is certainly remarkable since a direct
microscopic observation of E�r� appears impossi-
ble by experimental means.

Recently, a clever experimental procedure has
been developed by Papaleo et al. [1] to measure the
same quantity E�r� for the MeV bombardment of
a poly(vinylidene ¯uoride) (PVDF) ®lm. In this
study, the kinetic energy of the sputtered species is
correlated to an estimate of their mean ejection
radius around the impact point. The ejection ra-
dius is deduced from dynamic ion beam degrada-
tion measurements. The relevance of this approach
is supported by several arguments. First, the
ejected species must somehow mirror the state of
the damaged region created at the surface by the
bombardment. Moreover, the rate of the second-
ary ion intensity decay during ion-beam induced
degradation experiments should indicate the extent
of the disturbed area at the surface. Second, the
internal and kinetic energies of the sputtered ions
should directly relate to the fast energy transfer
leading to their emission and to the distribution of
the impact energy on the sample surface. Never-
theless, the meaning of the correlation between the
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two sets of data originating from these static (en-
ergy distributions) and dynamic measurements
(degradation rates) is not completely clear.

Theoretically, the application of MD simula-
tions to keV particle bombardment of solids has
provided valuable insights into the sputtering
mechanisms of organic overlayers, owing to the
use of realistic many-body potentials [11±13]. The
emission of characteristic fragments from poly-
styrene molecules has been successfully modeled
[14]. In particular, it has been shown that the
emission of PS fragments like C3H3, C6H5 and
C7H7 is mostly induced by the initial interaction
between the primary particle and the PS chain,
without any signi®cant in¯uence of the collision
cascade that develops later in the substrate. This
mechanism is certainly valid over a wide range of
primary particle energies, i.e., from 150 eV to 5 keV.
The nature of this process constitutes a good

reason to believe that the formation of short PS
fragments, if not their yield, is almost independent
of the substrate nature and of the organic layer
thickness. Therefore, we want to use these new
simulation results to complement the information
provided by SIMS experiments and to support our
interpretation of the experimental data, although
our simulation cell, consisting of PS tetramers
adsorbed on a silver surface (Fig. 1), does not
appear a straightforward model of the sample
studied in the experiments. Care will be taken,
however, not to explain the experimental trends by
a literal interpretation of the simulation results.

In Section 3, we ®rst show that the disappear-
ance cross-sections vary with the size of the frag-
ments and we discuss the real meaning of this
parameter, in connection with damage and ejec-
tion area. Then we show that the kinetic energies
of charged PS fragments are also correlated to the

Fig. 1. Top view of the simulation cell used for the bombardment of polystyrene molecules by 500 eV Ar atoms. The full circle

corresponds to the calculated ejection area of the phenyl radical and the dashed circle represents the experimental disappearance cross-

section of the same fragment.
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fragment size and to characteristic radii derived
from the disappearance cross-sections. The mean-
ing of these correlations is discussed in detail and,
in particular, their relevance to explain the distri-
bution of energy on the bombarded sample sur-
face. Our results are ®nally compared to other
reported data for keV bombardment of organic
monolayers on metals and for 72.3 MeV 127I ion
bombardment of PVDF [1].

2. Materials and methods

2.1. Samples

The polystyrene, C4H9±[C8H8]n±H (number
average molecular weight, Mn � 60 000; polydis-
persity, H � 1.05), is dissolved in toluene. The
samples are prepared as thin ®lms cast on silicon
substrates (1 cm2), by depositing a droplet of the
solution on the supports. Prior to deposition, the
substrates are rinsed in water of HPLC grade from
a milli-Q system (Millipore), isopropanol and
hexane. The low concentration of the solutions
allows us to deposit thin polymer layers, ensuring
a su�cient electric contact between the top surface
and the sample holder. In this way, charging e�ects
can be avoided. This procedure has been fully
described in [15,16]. The reduction of the silicon
signal by two orders of magnitude in comparison
with clean silicon surfaces indicates that the aver-
age polymer layer thickness should be close to 50
�A [17]. All the energy measurements are conducted
with samples respecting these requirements. Such
samples can be reproducibly built up from care-
fully dosed PS solutions. In the discussion, acety-
lene (C2H2), butyl (C4H9) and phenyl (C6H5) ions
will be referred to either by their name or formula.

2.2. ToF-SIMS setup

The secondary ion mass analyses, ion beam
degradation and KED measurements are per-
formed in a PHI-EVANS Time-of-Flight SIMS
(TRIFT 1) using a pulsed 69Ga� beam (FEI 83-2
liquid metal ion source with 15 keV energy; �400±
800 pA DC current; 24 ns pulse width bunched
down to 1.2 ns; 5 kHz repetition rate) [18]. The

angle between the primary ion source and the
spectrometer axes (perpendicular to the surface) is
35°. Due to the strong electric ®eld in front of the
sample surface, which is maintained at a potential
of 3 kV for secondary ion acceleration, the re-
sulting impact energy and angle in the positive ion
detection mode are 12 keV and 40°, respectively.
After emission, the accelerated secondary ions,
having 3 keV kinetic energy at the grounded ex-
tractor that forms part of the immersion lens, are
focused by the immersion lens and transported via
a transfer lens. They are then de¯ected 270° by
three hemispherical electrostatic analyzers (ESA)
before reaching the detector (fast dual micro-
channel plate). In the nominal analysis conditions,
ToF-SIMS spectra in the mass range 0 < m/z <
5000 are obtained from 300 s acquisitions on a
130�130 lm2 sample area, leading to a primary
ion ¯uence (F) close to 1012 ions/cm2.

2.3. Ion beam damage measurements

For polymer surface degradation studies, con-
tinuous bombardments on a larger area (190�190
lm2) with the same 69Ga� source are alternated
with routine ToF-SIMS analysis periods [19] in
order to reach a maximum ¯uence of 5�1014 ions/
cm2.

2.4. KED measurements

To obtain the energy spectra, a�(3000ÿ D) V
potential is applied to the sample. At the crossover
following the ®rst ESA, where the energy disper-
sion is maximum, the secondary ions are energy
selected by a 100 lm slit (1.5 eV passband). The
acquisition of mass spectra on the same sample
area but for di�erent sample voltages (di�erent D)
allows us to collect the signal corresponding to
di�erent energy windows of the KED, a 1 V in-
crease of the sample potential corresponding to a
1 eV decrease in the KED. In order to avoid
polymer degradation [19] and surface charging
during these experiments, several sets of measure-
ments are conducted on di�erent areas and the
energy slit is slightly shifted between successive sets
of measurements. By this means, the whole ener-
gy spectrum is scanned with enough accuracy. In
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another set of experiments, the KED is measured
with a constant sample voltage, by moving the
energy slit in order to select di�erent energy win-
dows. The position of the slit is then mathemati-
cally converted into energy via an equation derived
from the calculation of the ion trajectories in the
TRIFT spectrometer [20]. To combine the di�erent
sets of measurements, the zero of the energy scale
for each set is estimated from the intersection Vo

between the tangent to the increasing part of the
KED of atomic ions and the voltage axis. The
initial kinetic energy Ek of the secondary ions is
thus obtained using Ek � e�V0 ÿ 3000� D�. Be-
cause unimolecular decomposition reactions in the
linear part of the spectrometer can give rise to
negative values of Ek [15,16,21], this quantity is
preferably called Ôapparent kinetic energyÕ in the
following discussion.

2.5. Molecular dynamics simulations

The Ar bombardment of sec-butyl terminated
polystyrene tetramers adsorbed on an Ag(1 1 1)
surface is modeled using molecular dynamics
(MD) computer simulation. The details of the
simulation have been described elsewhere [14].
Brie¯y, the sample consists of 5 PS tetramers
placed on the Ag{1 1 1} surface (9 layers of 156
atoms each). Fig. 1 shows a top view of the sim-
ulation cell. The entire system is quenched to a
minimum energy con®guration prior to Ar atom
impact. A total of 4000 Ar trajectories directed
along the surface normal were calculated. The
simulation consists of integrating HamiltonÕs
equations of motion over some time interval to
determine the position and velocity of each particle
as a function of time. The energy and forces in the
system are described by many-body interaction
potentials, in particular, the C±C, C±H and H±H
interactions are described by the Brenner potential
function [22,23]. One important feature of this
potential is that it allows for chemical reaction and
accompanying changes in atomic hybridization
during the course of a reaction. The criterion for
terminating the trajectory is that the total energy
of any atom is too low to induce ejection. The
termination times range from 0.5 to 6 ps, de-
pending on the impact point of the primary par-

ticle and the manner in which the energy
distributes within the solid. Experimentally ob-
servable properties, such as total yield, mass
spectrum, kinetic energy and angular distributions
are calculated from the ®nal positions, velocities
and masses of all the ejected species. Mechanistic
information is obtained by monitoring the time
evolution of relevant collisional events.

3. Results and discussion

In the ®rst part of the results (Section 3.1), the
question of the damage at the surface of bom-
barded PS is addressed in detail. The degradation
laws and disappearance cross-sections of hydro-
carbon ions sputtered from PS are presented and
shown to depend on the fragment nature. This
leads us to question the real meaning of the dis-
appearance cross-section. To explain the observed
variation, we propose, with the help of MD sim-
ulations, a simple picture in which the disappear-
ance cross-section and ejection radii correlate with
the size of the fragments because the average
damage area is smaller or similar to the fragment
size. In turn, it is also demonstrated that the dis-
appearance cross-sections provide a reasonable
estimate of the ejection area of the fragments. In
the second part of the results (Section 3.2), we
present experimental data showing that the kinetic
energy of the fragments is also connected to their
size. Several arguments are developed to support
the hypothesis that the kinetic energies mirror the
local energy density giving rise to ejection. There-
fore, the correlation between kinetic energies of the
ejected fragments and disappearance radii pro-
vides a realistic estimate of the energy pro®le
around the impact point.

3.1. Correlation of damage cross-section with ejec-
tion radius

3.1.1. Disappearance cross-section
When a polymer surface is irradiated by keV

ions with ¯uences higher than 1012 ions/cm2,
damage starts to develop so that any subsequent
static SIMS analysis not only scans pristine ma-
terial but also damaged regions [24]. Consequently,
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the secondary ion yields gradually change with
increasing primary ion ¯uence, and are thus a
sensitive probe of the physico-chemical modi®ca-
tion of the surface [25±28]. During the bombard-
ment process, the intensity of the characteristic
fragment ions, i.e., resulting from one or two C±C
bond scissions and, sometimes, H atom addition,
usually exhibits a monotonic decay. By contrast,
the intensity of degradation products tends to in-
crease [19,29,30]. The intensity of extensively
fragmented ions which arise from both the original
and the damaged structures often undergo a
maximum followed by a smooth decay. For the
most characteristic ions that are not induced by
the degradation, the intensity decay Ii�/� can be ®t
with a simple exponential function,

Ii�/� � Ii0 exp�ÿri/�; �1�

where / is the primary ion ¯uence and Ii0 is the
extrapolated intensity of fragment i at zero ¯uence.
In Eq. (1), ri is de®ned as the disappearance cross-
section of fragment i.

To illustrate the concept, Fig. 2(a) reports the
evolution of several PS ion intensities as a function
of the primary ion ¯uence in the ®rst stages of the
degradation. As soon as the sample is irradiated,
the absolute intensities of these ions start to de-
crease. The decay is more pronounced for large
fragments which mirror the polymer structure
(C8H�8 ) than for small hydrocarbons (C2H�2 ).
Nevertheless, all the degradation curves shown in
Fig. 2(a) can be reasonably ®t by a single expo-
nential function. Thus, the production of similar
ions induced by the degradation should be negli-
gible. Some of the other hydrocarbon ions sput-
tered from PS do not exhibit such a straightforward
behavior. In particular, the intensities of C�, CH�2 ,
CH�3 and C�2 ®rst increase with the primary ion
¯uence in this range. These ions are not taken into
account for the evaluation of the disappearance
cross-sections since their ¯uence dependencies in-
dicate more complex mechanisms than a straight-
forward, gradual disappearance of the precursor.
The disappearance cross-sections ri provided by
the ®t of the experimental curves (Fig. 2(a)) are
plotted as a function of the fragment mass in Fig.
2(b). The disappearance cross-sections range from

�13 �A2 for CH� to �240 �A2 for C8H�8 . Although
the distribution of disappearance cross-sections
suggests a predominant in¯uence of the fragment
mass, there is also a variation related to the number
of H atoms in the molecule.

Fig. 2. (a) Dependence of the polystyrene peak intensities on the

cumulated 69Ga� (15 keV) ion ¯uence. (b) Disappearance cross-

sections (�A2) of the hydrocarbon fragments sputtered from

polystyrene as a function of the fragment mass.
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3.1.2. Interpretation of the disappearance cross-
section

Di�erent meanings have been implicitly attrib-
uted to the disappearance cross-sections by vari-
ous authors, including the average surface area
damaged by a single ion and the average ejection
area of the sputtered species. A basic de®nition of
the disappearance cross section is the average area
per incident particle from where ejection of the
corresponding fragment is excluded. This exclusion
can be caused by any kind of irreversible damage
to the fragment precursors in the area or by the
ejection of the precursors as a part or as a whole.
The disappearance cross-section r is therefore in-
¯uenced by the sputtering yields of all the frag-
ments and by the rate of creation of any sort of
damage on the sample surface (bond-breaking,
implantation, reactions). The variation of r for
di�erent fragments indicates that r cannot be di-
rectly related to a single global quantity of damage
per incident particle.

Under certain assumptions, the excluded area
determined by the disappearance cross-section
should mirror the ejection area. For instance, if
there is no other damage than that related to
fragment ejection, the excluded area r of the
fragments should include their ejection area. In
contrast, if other damage mechanisms predomi-
nate and if their distribution extends on a much
greater area than the ejection area, then the dis-
appearance cross-sections might be much larger
and unrelated to ejection radii. For keV particle
bombardment of organic molecules, these two
cases seem quite unrealistic. More reasonable
would be a scenario in which damage unrelated to
ejection is signi®cant, but where the area a�ected
by this type of damage is smaller or roughly
equivalent to the ejection area. In this case, the
in¯uence of the ejection should be predominant,
and the disappearance cross-sections is expected to
correlate with the ejection radii.

There is another important particularity related
to keV particle bombardment. Indeed, the disap-
pearance cross-sections are not much larger than
the fragment sizes, and if the areas undergoing
damage or particle ejection are reasonably close or
smaller than the size of the considered fragments,
another e�ect comes into play. For example,

damage caused by the implantation or ejection of a
surface carbon atom will prevent the ejection of
the phenyl to which it initially belongs, but not the
ejection of acetylene from the same phenyl ring
(same area). In other words, this kind of damage
will automatically induce a dependence of the
disappearance cross-section on the size of the
ejected fragment. Such dependence is indeed
observed in Fig. 2(b). In contrast, in the MeV
bombardment results described in [1], the disap-
pearance cross-sections are much larger than the
fragment size, and they indeed show little in¯uence
of the fragment size. To establish the existence of a
correlation between r and the ejection area, inac-
cessible to experiment, we can rely on the realistic
model provided by MD simulation.

3.1.3. Ejection radius
The distributions of distances between the im-

pact point and the center of mass of the ejected
fragments, as calculated in the simulation, are
shown in Fig. 3. By de®nition, the curves of Fig. 3
constitute distributions of ejection radii. The ®rst

Fig. 3. Calculated distributions of distances between the impact

point and the center-of-mass of the nascent fragments obtained

from MD simulations (500 eV Ar bombardment of polystyrene

tetramers adsorbed on silver).
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information provided by the MD simulation is
that there is not a single ejection radius for a given
fragment, but a distribution of ejection radii,
whose width varies for di�erent fragments. The
shape of these distributions can be explained by
the analysis of the trajectories. Movies of the ac-
tion show that the ejection of hydrocarbon frag-
ments is mostly induced by the direct interaction
between the primary particle and the tetramer
backbone [14,31,32]. As predicted earlier by
Leggett and Vickerman [33], the role of this initial
interaction is to cause a ®rst bond-scission in the
chain, thereby making one end of the nascent
fragment free. To eject the fragment, a second
bond scission is induced by a moving C atom or by
rotational and vibrational excitation in the con-
sidered chain segment [14,31]. As corollary, the
ejection area surrounds the impact point in most
cases. Another consequence of this mechanism,
where the primary particle brings downward mo-
mentum and causes damage at the impact, is that
the ejection radius distribution of the ejected spe-
cies is depleted at the position of impact. The fact
that the distance between the impact and the
maximum of the distribution, i.e., the size of the
depleted region around the impact, is correlated to
the fragment size is again explained by the very
small lateral extent of the damage for these bom-
bardment conditions. Using the same example as
before, the implantation or ejection of a carbon
right at the impact will prevent the ejection of
other fragments from an area that is proportional
to their size. For comparison with the experimen-
tal values of disappearance cross-sections, we need
to extract one single characteristic value of ejection
radius that characterizes best the whole distribu-
tions. The radius value corresponding to the
maximum of the distributions seems the most
reasonable choice.

3.1.4. Correlation between disappearance cross-
section and ejection radius

A plot of the radii derived from experimental
disappearance cross-sections ri � �ri=p�0:5 as a
function of the calculated ejection radii for several
fragments observed in the simulation and in the
experiment is given in Fig. 4. There is a clear
correlation between the two sets of values and the

intercept of the best linear regression through the
data is very close to zero. Therefore, in agreement
with our previous assumptions, it appears rea-
sonable to use the radii derived from the disap-
pearance cross-section as an estimate of the
ejection radii. Nevertheless, the slope of the re-
gression line of Fig. 4 is two, and not one. The
reason of this discrepancy can be tentatively ex-
plained. In Fig. 1, the calculated ejection area (full
circle) and the disappearance cross section of C6H5

(dashed circle) have been superimposed to the top
view of the simulation cell. The ejection area of the
phenyl is very close to the area occupied by the
molecule on the surface. Using Fig. 1 as an illus-
tration, it is easy to envision that the ejection of the
marked phenyl will prevent any further ejection of
other phenyl rings in a radius which corresponds
roughly to its disappearance cross-section. The
same observation can be done for other fragments.
It is interesting to note that the disappearance
cross-sections should depend on the concentration
of the fragment precursors on the surface, while
the ejection radii should not. Therefore, the slope
of the curve in Fig. 4 should depend on the con-
sidered system. In this respect, the fact that the

Fig. 4. Correlation between the disappearance radii (experi-

ment) and ejection radii (simulation).
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systems analyzed in the SIMS experiments and in
the MD simulations are slightly di�erent might
also introduce a bias in the correlation and the
value of the slope should not be taken as an ac-
curate number.

Although the details of the ejection processes
might be di�erent in the MD simulation and in the
present experiment because the samples and the
bombardment conditions are not exactly the same,
we believe that the role of the primary particle and
the major trend indicated by the simulation are
likely to remain. In this respect, calculations per-
formed at 5 keV suggest that the primary beam
energy does not signi®cantly in¯uence the frag-
mentation mechanism [34]. Accordingly, the radi-
us ri � �ri=p�0:5 really mirrors the average distance
between the primary impact point and the nascent
fragment i.

3.1.5. Comparison with MeV ion data
There are several di�erences between our data

related to keV particle bombardment and the re-
sults reported by Papaleo et al. [1] for 55 MeV 127I
bombardment of PVDF. First, the keV disap-
pearance cross-sections are one or two orders of
magnitude smaller than those obtained under
MeV ion excitation. The area per incident particle
from which ejection is excluded by a single MeV
ion is thus 10±100 times larger than for a keV ion.
Second, the MeV ion bombardment data do not
seem to exhibit the predominant in¯uence of the
fragment size observed under keV ion bombard-
ment, as mentioned before. Instead, the variation
related to the hydrogen content of the fragments is
dramatic even for small fragments. Thus, the
damage induced by electronic MeV ion excitation
of the target is spread on a much larger area and it
mainly causes an increasing dehydrogenation
when going from the periphery to the inner core of
the track [35].

3.2. Correlation of energy distribution with ejection
radius

3.2.1. Width of the kinetic energy distributions
The kinetic energy distributions (KED) of hy-

drocarbon ions sputtered from PS were repeatedly
measured using fresh samples and slightly di�erent

variants of the experimental procedure (see the
Experimental Section). The data are illustrated by
the inset of Fig. 5, showing the KEDs of ions with
six C atoms and two to seven H atoms recorded in
a single set of measurements. The FWHMs of the
distributions are chosen as characteristic numbers
to describe the kinetic energies of the sputtered
species. Indeed, they are directly proportional to
the median of the KEDs for such CxHy fragments
[36]. As stated in previous articles [15,16,37,38],
the kinetic energies of the hydrocarbon fragments
sputtered from various organic ®lms including PS
are in¯uenced by two major factors. First, the
average kinetic energy transferred to the fragment
decreases with increasing fragment size. This trend
is clearly indicated in Fig. 5 by the relatively high
energies measured for some of the small fragments
(C2H�, C2H�2 , C3H�, C4H�) in comparison with
the low energies of most of the large ions (beyond
80 amu). Second, there is a variation of the
FWHMs related to the hydrogen content of the
fragments [38]. Among ions containing the same
number of C atoms, strongly unsaturated species
have larger kinetic energies than fragments con-
taining more hydrogen (inset of Fig. 5). This
chemical e�ect leads to a periodic pattern in the
energy versus mass plot of Fig. 5. The connection
between the kinetic and formation energies of hy-
drocarbon ions has been investigated in [36]. For
comparison, measurements of the radial velocities
of the ejected species in MeV bombardment of
polymers indicate that the kinetic energies are
predominantly in¯uenced by the chemical e�ect
(hydrogen content) and not by the size e�ect
[1,35,39]. In the following section, we show that
the kinetic energy of the fragments can be used as
an estimate of the local energy density in the re-
gion of emission. It is indeed possible to derive a
relationship between these two parameters using
analytical expressions and MD results.

3.2.2. Connecting kinetic energy and local energy
density

The local energy density at the surface is the
total energy E per unit volume in the surface layer
[40]. Beyond the size of the C±H unit, i.e., above
the atomic level, the mass of a PS fragment is
proportional to its volume. Therefore, the local
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energy density e can be reasonably expressed as the
total energy per unit mass (eV/amu). If the con-
sidered species is a nascent fragment of mass M,
according to our de®nition, the energy density in
the fragment precursor is equal to

e � E=M : �2�
The relationship between the total energy E of a

fragment and its kinetic energy Ek must still be
established. In a phenomenological model de-
scribing the characteristic kinetic energy of sput-
tered hydrocarbon ions [36], we used simple
equations to express the partition of the trans-
ferred energy into internal and kinetic energies of
the nascent fragment [41,42].

Ek � m1=�m1 � m2�E; �3�

Erel � m2=�m1 � m2�E; �4�
where Erel is the internal energy (vibration and
rotation) transferred to the fragment. In this

treatment, the fragment is divided into two sub-
units of mass m1 and m2 with m1 + m2 � M. The
mass m1 corresponds to the part of the fragment to
which the momentum is initially transferred and
m2 is the mass of the part of the fragment that does
not directly receive momentum. In this simple
picture, m1 is immediately set in motion while m2 is
still at rest. These equations account for the in-
¯uence of the size of hydrocarbon fragment on the
observed kinetic energies [36]. Interestingly, Eqs.
(3) and (4) involve a linear correlation between Ek

and Erel that depends on the mass of the consid-
ered fragment.

Blending Eqs. (2) and (3) directly leads to a new
expression of the kinetic energy Ek of the depart-
ing fragment as a function of the energy density e
at the surface.

Ek � m1e: �5�

If the emission of the considered hydrocarbon
fragments is induced by the same type of local

Fig. 5. Characteristic widths of the kinetic energy distributions for hydrocarbon fragments sputtered from polystyrene. Inset: energy

spectra of ions containing six carbon atoms.
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atom±atom interaction, m1 is constant. For in-
stance, m1 � 12 if the momentum is primarily
transferred to a single C atom. Then the kinetic
energy of the fragments is directly proportional to
the local energy density inducing the sputtering
event. This analysis is, of course, an oversimpli®ed
view but it serves as a starting point for the dis-
cussion below.

Although molecular dynamics modeling of the
ejection of CxHy fragments from PS tetramers in-
dicates that these concepts are probably too simple
[14], a correlation between Ek and Erel is also ob-
served in the simulations and it is indeed strongly
in¯uenced by the fragment/molecule mass
[12,14,31]. More quantitatively, our new simula-
tion results allow us to check the validity of Eq.
(5), using the distributions of kinetic energy (Ek)
and total energy (E) of the fragments. If the above
equations are valid, one should observe a linear
correlation between the characteristic values of Ek

and E/M. Again, the FWHM of the energy dis-
tributions can be used as characteristic values to
describe the kinetic and total energies of the frag-
ments. The correlation between Ek and E/M is
plotted in Fig. 6 for the most intense CxHy frag-
ments observed in the simulation. The line
y � 13x, which corresponds to the best linear re-
gression, is superimposed to the data points as a
guide for the eye. Actually, the linear regression
constitutes a very good approximation of the re-

lationship between Ek and E, especially for small
fragments containing up to ®ve C atoms. For
larger fragments, the relation changes gradually,
and the kinetic energies tend to form a plateau
(three data points on the left). Nevertheless, Fig. 6
demonstrates that our simple analytical expression
(Eq. (5)) describes the behavior of CxHy su�ciently
well. According to Eq. (5), the fact that the slope
of best linear regression is close to 12 suggests that
the momentum which causes fragment ejection is
primarily transferred to one single carbon atom
belonging to the fragment. This is indeed the most
frequent scenario observed in the movies from the
MD simulations.

3.2.3. Correlation between kinetic energy and
disappearance radii

The relation between disappearance radius
ri � (ri/p)0:5 and ejection radius has been estab-
lished in Section 3.1, as well as the relation be-
tween kinetic energy and local energy density in
Section 3.2. Therefore, connecting the kinetic en-
ergies of the sputtered species to the estimate of the
ejection radius provided by the disappearance
cross-sections should provide an average pro®le of
the energy deposition at the surface. In Fig. 7, the
FWHMs of the energy distributions (Fig. 5) are
plotted as a function of the radii ri derived from
the disappearance cross-sections (Fig. 2(b)). Fig. 7
indicates that there is indeed a correlation between
the data determined from the two independent sets
of measurements. The curve of Fig. 7 mirrors the
average pro®le of the energy deposited in and
around the damaged area. The energy decreases
steeply up to 5 �A and forms a plateau beyond this
value. The asymptotic behavior of the kinetic en-
ergies beyond 5 �A might be partly due to the en-
ergy resolution of the slit, experimentally limited
to 1.5 eV (dashed line in Fig. 7), and partly to the
kinetic energy threshold also observed in the MD
results for large fragments (Fig. 6). Considering
the pro®le of Fig. 7, it is important to keep in mind
that the disappearance radius ri � (ri/p)0:5 proba-
bly overestimates the ejection radius by a factor of
2. Therefore, the energy pro®le should be even
narrower, indicating that the energy causing the
ejection is distributed among the few atoms sur-
rounding the impact. It is also useful to remind

Fig. 6. Correlation between Ek and E/M for CxHy species

sputtered from polystyrene molecules adsorbed on silver (MD

simulations).
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that the energy pro®le beyond 2 �A, as shown in
Fig. 7, corresponds to upward momentum transfer
inducing ejection. In contrast, the energy pro®le
below this distance, inaccessible to experiment,
should mostly re¯ect the downward momentum of
the primary particle.

The interpretation of the correlation of Fig. 7 as
a picture of the energy pro®le at the surface of the
bombarded sample can be further validated by
MD simulation results. In this respect, Fig. 8
shows the kinetic energies of sputtered C atoms as
a function of the distance between their center-of-
mass and the impact point in the MD simulation
of 500 eV Ar sputtering of PS tetramers. Due to
their size, one can consider that sputtered C atoms
really probe the local energy density at the position
they belong before ejection. Although the ejection
of C atoms is only a probe of the most energetic
fraction of the ejection events and, therefore,
cannot provide an average energy pro®le on all the
possible events, the similarity of the pro®les in
Figs. 7 and 8 is interesting and supports our in-
terpretations. Another interesting feature of this
pro®le is that it gives access to the energies at very
short distances from the impact, below 3 �A. Fig. 8

shows that the transferred energy may be much
higher at the very impact point than at the shortest
distance probed by the experiment. In conclusion,
the energy pro®les suggested on the independent
grounds of the MD simulation and of the experi-
ment agree reasonably well, thereby providing
broader insights into the energy deposition in-
duced by keV particles in organic layers.

3.2.4. Comparison with other experimental data
There are several reports from the M�unster

group concerning the determination of the de-
posited energy pro®le around the impact point in

Fig. 8. Calculated kinetic energy of the sputtered C atoms as a

function of the distance from the impact point in the MD

simulations of 500 eV Ar bombardment of polystyrene mole-

cules adsorbed on silver.

Fig. 7. Correlation between the widths of the kinetic energy

distributions and the damage radii for hydrocarbon fragments

sputtered from polystyrene.
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keV ion bombardment of Ni and Au surfaces
covered by small molecules [9,10]. These studies
suggest that the impact energy is con®ned in a
radius of 10 �A around the impact point. In addi-
tion, the energy pro®les show the characteristic
1=rn dependence as observed in Fig. 7. In contrast
with our measurements though, the characteristic
energy values on the Y-axis of these pro®les are
derived from thermal desorption measurements.
Therefore, they should constitute a lower limit of
the energy involved in the sputtering process. The
di�erent approach used in our paper explains the
higher kinetic energy values in Fig. 7. Remarkably,
our energy values lie in the same range as those
measured by Papaleo et al. [1] with a similar pro-
cedure but for MeV excitation energies. The
comparison with the energy pro®le obtained under
72.3 MeV 127I bombardment of PVDF brings ad-
ditional information. First, the shape of the pro®le
is similar under keV and MeV ion bombardment.
Second, the pro®le is 5 times broader in the case of
MeV irradiation. The dilatation of the pro®le
along the radius axis for MeV ion bombardment is
consistent with the much larger stopping power in
this energy range (�655 eV/�A for 72.3 MeV 127I
versus �84 eV/�A for 12 keV 69Ga).

4. Conclusion

The combination of ion-induced degradation
studies, energy distribution measurements and MD
simulations provides insights into both the extent
of the damaged area and the energy transfer in this
region. First, the disappearance cross-sections of
hydrocarbon fragments sputtered from keV ion
bombarded polystyrene are correlated to the size of
the ejected species. Molecular dynamics results in-
dicate that the disappearance and ejection radii are
correlated in a given system. Second, the kinetic
energies of the sputtered fragments mirror the en-
ergy transfer leading to their ejection and simple
arguments, supported by MD results, suggest that
they are directly connected to the local energy
density at the desorption point. Therefore, the
correlation between kinetic energies and disap-
pearance radii of the fragments provides an esti-
mate of the deposited energy pro®le at the surface

of the bombarded sample. A similar pro®le can be
deduced from MD simulations. In agreement with
the respective stopping powers, the energy pro®le
obtained under 12 keV 69Ga ion sputtering of PS is
5 times narrower than that corresponding to
72.3 MeV 127I ion bombardment of PVDF.
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