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A B S T R A C T

The formation of molecular secondary ions released from a Coronene film under irradiation with a 20-keV C60
+

ion beam is investigated using combined time-of-flight Secondary Ion and Neutral Mass Spectrometry (ToF-
SIMS/SNMS). More specifically, the charge state distribution of intact sputtered coronene molecules M is in-
vestigated by comparing the yield of molecular ions M+ with that of their neutral counterparts M0, with the
latter being post-ionized after their ejection from the surface using single photon ionization in a pulsed vacuum-
ultraviolet laser beam. A quantitative determination of the molecular ionization probability from such experi-
ments requires precise information regarding the post-ionization efficiency as well as the laser induced photo-
fragmentation of the sputtered neutral molecules, which is obtained from the laser intensity dependence of the
measured ToF spectra. In order to assess the role of internal excitation encompassed during the sputter ejection
process, the results obtained for sputtered molecules are compared with those obtained for thermally evaporated
coronene molecules. As a result, we find an ionization probability of sputtered intact coronene molecules of the
order of 10−3, which confirms previous data obtained in a similar experiment using a fundamentally different
post-ionization scheme.

1. Introduction

The formation of secondary ions during ion sputtering of solid
surfaces represents the physical basis of Secondary Ion Mass
Spectrometry (SIMS). A key quantity in such experiments is the ioni-
zation (or secondary ion formation) probability of a sputtered particle,
defined as
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YX
X

X

,
,
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where X can stand for a single atom, molecule or cluster emitted from
an ion-irradiated sample surface. The quantity +Y X

, denotes the sec-
ondary ion yield, i.e., the average number of secondary ions +X , which
is emitted per projectile impact, while YX represents the respective
partial sputter yield of all emitted particles X regardless of their charge
state. It should be stressed that this definition of +

X
, does not ne-

cessarily imply the emission and ionization processes to be decoupled.
While this may in some cases be true, e.g. for single atoms emitted from
a clean metallic surface, one could imagine a strong coupling between
the ejection and ionization mechanisms in other cases, for instance via a
charge related emission process such as Coulomb explosion.
Particularly for molecular emission, the fragmentation of a sputtered
molecule may also be closely coupled to its charge state, so that the

factorization according to Eq. (1) may represent an oversimplification.
In the past, significant effort has been devoted to the investigation

of ionization probabilities for atomic species emitted from the irra-
diated surface. It is common knowledge that α+,− in these cases cri-
tically depends on the chemical state of the surface, leading to the so-
called SIMS matrix effect. For many samples, the intrinsic ionization
probabilities measured at a clean elemental surface are rather small [1],
rendering most of the sputtered material electrically neutral, while
oxidized surfaces, for instance, yield ionization probabilities which may
be enhanced by orders of magnitude [2–4].

Apart from elemental analysis, the ability to deliver molecular in-
formation represents one of the outstanding features of the SIMS
technique. Particularly for imaging SIMS experiments, where the
sample is irradiated with a focused ion beam rastered across the sur-
face, the ionization probability represents one of the key factors lim-
iting the detection sensitivity and, hence, the achievable useful lateral
resolution [5–7]. It is therefore of great interest to increase the ioni-
zation efficiency of the sputtered material as much as possible, while
still preserving its chemical integrity. For molecular species, it has been
suggested that the use of cluster ion beams such as Bin+, C60

+ or Arn
+

may allow a softer transfer of intact molecules into the gas phase with
less sputter induced fragmentation than atomic projectiles [8], and
these projectiles are now routinely used in molecular SIMS analysis.
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The ionization efficiency of sputtered molecules released by such
projectiles, however, is often presumed to be rather low [5], with va-
lues down to 10−5 being sometimes quoted in the literature [9,10].
Hard experimental evidence for this presumption, on the other hand, is
scarce. A quantity that is more readily accessible is the useful ion yield,
which is defined as the number of detected secondary (molecular) ions
divided by the total number of molecule equivalents removed from the
sample. Useful yield values for molecular ions under cluster ion impact
have in some cases been reported [11,12], showing values of the order
of 10−6 − 10−5. Apart from the ionization probability, this quantity
includes the probability of a sputtered molecule to survive the emission
process intact as well as the instrumental collection efficiency for the
emitted secondary ions. Both quantities are unknown, and a proper
determination of the ionization probability therefore ultimately re-
quires a mass resolved detection of the emitted neutral and ionized
molecules under the same experimental conditions regarding the in-
strumental collection efficiency. This, in turn, requires the post-ioni-
zation of a sputtered neutral molecule with known efficiency, using a
post-ionization process which i) is decoupled from the chemical surface
state and ii) does not alter the detection efficiency of the resulting ion
with respect to the intrinsically emitted secondary ions.

One possible strategy for such experiments is to use laser-induced
photoionization in combination with time-of-flight mass spectrometry
[13], where the sputtered material is interrogated by a pulsed laser
beam and the instrument is operated in such a mode that it cannot
distinguish between intrinsic secondary ions and post-ionized photo-
ions. For molecular species, it is important to use a “soft” photo-
ionization scheme that minimizes laser induced fragmentation while at
the same time maximizing the post-ionization efficiency. Two different
strategies have been proposed for that purpose, namely i) vacuum ul-
traviolet (VUV) single photon ionization (SPI) [14–19] and ii) infrared
(IR) strong field photoionization (SFI) [20–26]. For the particular ex-
ample of coronene molecules (M) sputtered under irradiation with 20-
keV C60

+ projectiles, the SFI technique has been used to determine an
ionization probability for M+ formation of the order of 10−3 [27]. In
the present work, we repeat this experiment using a fundamentally
different SPI photoionization scheme in order to test the robustness of
the result against variations of the post-ionization process. The cor-
onene molecule exhibits an ionization energy of 7.21 eV [28] and is
therefore ideally suited for VUV single photon ionization using a
157 nm F2 excimer laser with a photon energy of about 7.9 eV. Using
this strategy, we examine the photoionization efficiency as well as the
photo-induced fragmentation of sputtered and thermally evaporated
coronene molecules as a function of the laser intensity. From the
measured saturation behavior, we then determine the photoionization
and -fragmentation cross sections and use these data to determine the
molecular secondary ion formation probability.

2. Experimental

The experiments were performed using a home-built reflectron
time-of-flight (ToF) mass spectrometer described in detail elsewhere
[29,30], and therefore only a brief description of the features relevant
for this work will be given here. The ToF spectrometer is mounted
under 45° with respect to the impinging primary ion beam, and the
sample is positioned such that the sputtered particles are collected
along the surface normal. The projectile ions are generated by a pro-
totype fullerene ion source (Ionoptika IOG C60) delivering a 20-keV
C60

+ ion beam with a current of about 200 pA delivered into a spot size
of about 80 µm. The ion beam was operated in a pulsed mode with a
pulse duration of about 0.5–5 µs, and the sample was held at ground
potential during the ion bombardment. Secondary ions released from
the surface could freely expand into the field-free space above the
surface and were then swept into the ToF spectrometer using a pulsed
extraction field, which was switched on shortly (about 20 ns) after the
end of the primary ion pulse. This way, the switching time marked the

flight time zero for the detected ions. The reflector voltage (2375 V) was
tuned slightly below the target potential (2500 V) in order to ensure
that only ions originating from a minimum height of about 0.5 mm
above the sample surface could be reflected and detected. In connection
with the flight time refocusing properties of the ToF spectrometer, this
setting determines a sensitive volume of about 0.5 mm diameter located
at about 0.75 mm above the surface and centered around the ion optical
axis of the spectrometer, from which ions could be extracted and con-
tribute to the detected sharp flight time peaks [13].

Secondary neutral particles emerging from the bombarded surface
were post-ionized using a pulsed F2-laser (Coherent Excistar XS) oper-
ated at a VUV wavelength of 157 nm. The corresponding photon energy
ensured that neutral atoms and molecules possessing ionization po-
tentials up to 7.9 eV can be efficiently post-ionized via non resonant
single photon absorption. The laser beam was directed parallel to the
sample surface at a distance matching the location of the ToF sensitive
volume. The beam was focused to a spot of about 0.15 × 0.4 mm2

(FWHM) in directions perpendicular and parallel to the sample surface,
using a 315 mm focal length CaF2 lens, which at the same time acted as
the entrance window to the ultrahigh vacuum chamber housing the
experiment. More details regarding the measured beam profile can be
found in the supporting information. The laser delivered output pulses
of about 4–6 ns duration and up to about 2.5 mJ pulse energy, which
was monitored using its internal energy monitor and calibrated using a
GenTech power meter. As shown in the supporting information, the
maximum energy density in the laser beam focus can then be estimated
by multiplying the measured pulse energy by a factor of 800 cm−2. The
laser beam was guided through an evacuated beam line of about 1 m
length and then coupled into the vacuum system via the focusing lens,
which had a transmission of about 80%. The laser intensity entering the
vacuum chamber was varied by flooding the evacuated beam line with
air to different partial pressures, and the resulting energy of the laser
pulse actually present in the ionization region was therefore monitored
again with the power meter as well as a fast in-vacuum photoelectric
detector located behind the sample, the signal of which was also used in
order to control the timing of the laser pulse. In order to characterize
the focusing conditions of the laser beam, a 50 µm diameter aperture
was mounted at the sample holder and scanned across the beam in
directions perpendicular and parallel to the sample surface.

During most of the experiments, the laser pulse was fired simulta-
neously with the ion extraction pulse. This way, the instrument cannot
distinguish between intrinsic secondary ions and post-ionized neutral
particles of the same species, thereby detecting both entities under
otherwise the same experimental conditions regarding instrument col-
lection efficiency, transmission and detection efficiency. In order to
distinguish between secondary ions and post-ionized neutrals, spectra
were therefore taken with (SNMS) and without (SIMS) firing the laser
beam, and the data corresponding to the secondary neutral particles
alone were derived by subtracting both spectra.

Secondary ions and post-ionized neutral particles were detected
using a Chevron stack of two microchannel plates (MCP) equipped with
a grounded entrance grid. Before the MCP stack, a set of blanking plates
was mounted to enable the blocking of selected ions from reaching the
detector. The MCP output current was measured on a collector plate
and digitized using a fast transient digitizer board (Signatec PX 1500).
The 8 bit digitizer delivers byte values between 0 and 255, which will in
the following be referred to as “cts”. Note that the unit of 1 ct defined
this way does not correspond to the registration of one ion, but rather
symbolizes a detected MCP output signal of about 2.0 mV height, which
is generated at the 50 Ω input impedance of the transient digitizer and
therefore corresponds to an MCP output current of 40 µA. The con-
version of this signal into the number of actually detected ions depends
on the MCP gain voltage setting. For that purpose, the flight time peak
corresponding to a particular mass must be integrated, and the resulting
peak integral must be divided by the average peak integral induced by a
single ion impact of the same mass. In most cases, the data were
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summed over many acquired primary ion pulses (“reps”). To allow an
easy comparison, the measured signal will in the following be nor-
malized to the number of reps and displayed in units of “cts/rep”.

The coronene samples were produced by evaporating a molecular
film onto a silicon substrate. 10 mm × 10 mm silicon shards were ul-
trasonically cleaned in acetone and introduced into an ultrahigh va-
cuum chamber containing a tungsten crucible filled with coronene
powder (Aldrich C84801), which was heated by electron impact.
During the film deposition, the substrate was held at about 130 K, and
the evaporation rate was monitored using a quartz crystal micro-
balance. Coronene films were deposited to thicknesses between 50 and
150 nm, which were measured ex-situ using an atomic force microscope
(KLA Tencor Nanopics 2100). The samples were covered by a mo-
lybdenum mask with a central aperture of about 1 mm. This way, it was
possible to directly compare the laser intensity dependence of the
coronene signals with that measured for Mo atoms sputtered from the
molybdenum mask under otherwise the same instrumental conditions
[13]. Due to the large difference in signal levels, SIMS and SNMS
spectra were measured by averaging over different number of primary
ion pulses. During spectrum acquisition, the primary ion beam was
rastered across a surface area of 0.3 mm2. SNMS spectra were typically
collected with a total ion fluence of about 109 ions/cm2, while the
corresponding SIMS spectrum was typically collected with a total ion
fluence of the order of 1010 ions/cm2. A typical experiment consisted of
first taking a SIMS spectrum, then taking a series of SNMS spectra at
different laser intensities, followed by another SIMS spectrum in order
to check for possible damage accumulation effects. The total ion fluence
applied in the course of such an experiment was below 1011 ions/cm2,
so that the entire experiment was performed in static mode. No sig-
nificant pre-bombardment of the coronene film was performed in order
to preserve the molecular film and prevent ion induced damage accu-
mulation at the surface. In some experiments, coronene molecules were
thermally evaporated from the sample surface. For that purpose, the
sample holder was heated to approximately 80 °C by blowing heated
nitrogen gas through the stage cooling system.

3. Results and discussion

The mass spectrometric signal measured for a secondary ion X+ or
X− and its neutral counterpart X0 can be formally described by

=
=

+ +

+

S X I Y
S X I Y

( ) · · · and
( ) · · ·(1 )·

p X X

p X X X X

, ,

0 0 (2)

where Ip denotes the projectile current, YX is the partial sputter yield of
species X (regardless of its charge state) and X

0 stands for the post-io-
nization efficiency of the sputtered neutrals. The quantity +

X
, denotes

the probability for a sputtered particle X to leave the surface in a
charged state as defined in Eq. (1), which can in principle be de-
termined from a quantitative comparison of measured secondary ion
and neutral signals provided the post-ionization efficiency X

0 is known.
The detection efficiency describes the fraction of emitted species
(secondary ions or post-ionized neutrals) which is effectively sampled
by the mass spectrometer. It is determined by the accepted emission
velocity and angle window of the ToF spectrometer, which are identical
for secondary ions and neutrals if the post-ionization laser illuminates
the entire sensitive volume of the mass spectrometer [13]. In this
context, it is important to note that our experiment is sensitive to the
number density of sputtered particles within the sensitive volume rather
than their flux. Therefore, if ions and neutrals were emitted with dif-
ferent velocity distributions, this would lead to a correction factor,
which has been found to be of the order of a factor 2 [30] and will be
disregarded here since we are mainly interested in the order of mag-
nitude rather than the exact value of the ionization probability.

3.1. Mass spectra

Mass spectra of post-ionized neutral particles and secondary ions
measured on a coronene film irradiated by 20-keV C60

+ ions are shown
in Fig. 1. For better visibility, only the relevant mass range around the
peaks of the intact parent coronene molecule is shown.

It is seen that the SIMS spectrum (right hand panel of Fig. 1) consists
mainly of the molecular secondary ion M+ with M denoting the parent
C24H12 coronene molecule at m/z 300. The second peak at m/z 301
arises in part from the 13C isotope satellite of M+, which, however,
should only amount to 27% of the m/z 300 signal. The remaining signal
at m/z 301 must therefore arise from the protonated [M + H]+ mole-
cule, the signal of which amounts to about 35% of that of M+. This
observation of two competing secondary ion formation channels is
consistent with previous SIMS data [27] and appears to be typical for
the coronene molecule.

Comparing the SIMS spectrum with the SNMS spectrum depicted in
the left hand panel of Fig. 1, one immediately finds that the secondary
ions represent only a minor fraction of the sputtered molecules. The
spectrum of post-ionized neutral particles contains the intact coronene
molecule along with a series of fragments at lower masses. The m/z
301/300 peak ratio now exactly reflects the 13C satellite value, so that

Fig. 1. Mass spectra of post-ionized neutrals (left panel, SNMS) and secondary ions (right panel, SIMS) measured under irradiation of a coronene with 20-keV C60
+

ions. The spectra were averaged over 2000 (SNMS) and 20,000 (SIMS) primary ion pulses (“reps”). The SNMS data were measured at a post-ionization laser pulse
energy of about 0.4 mJ.
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the signal detected within the red bars exclusively represents the intact
coronene molecule which has been post-ionized without photo-frag-
mentation. The series of peaks towards smaller masses correspond to
the molecule losing a sequential number of hydrogen atoms. They re-
veal an odd-even alternation, which shows that the loss of a H2 mole-
cule is favored against that of a single H atom.

As seen from the full spectrum shown in Fig. 2, there is also a series
of smaller fragments visible in the SNMS spectrum, which are spaced by
12 amu and correspond to CnHm clusters. In principle, these signals may
arise either from post-ionization of neutral fragments generated in the
course of the sputtering process or from photofragmentation of sput-
tered intact molecules. It is not easy to distinguish between these pos-
sibilities. Moreover, low mass fragmentation signals may be amplified
by multiple fragmentation chain reactions, and further low mass signals
may also arise from photoionization of residual gas particles. De-
pending on the laser intensity, the low mass signals can become quite
large and lead to detector saturation for molecular signals measured at
larger masses. We therefore chose to routinely block all ions below m/z
60 from reaching the detector by pulsing the blanking plates in front of
the MCP. In order to be comparable, SIMS spectra were then also re-
corded in this “peak blanking” mode.

3.2. Post-ionization efficiency

A crucial point regarding the quantitative comparison of secondary
ion and neutral signals is the post-ionization efficiency, which is gov-
erned by the overlap between the laser beam profile, the number
density distribution of sputtered neutral particles above the surface and
the sensitive volume of the mass spectrometer. Formally, the post-io-
nization efficiency entering Eq. (2) can be described by

= n r p r T r d r( )· ( )· ( ) ,X V X i
0 3

(3)

where n r( )X denotes the number density of neutral particles, T r( ) is
the transmission and detection probability for a photo-ion created at
position r and the integral has to be taken over the sensitive volume of
the mass spectrometer. The photoionization probability pi depends on
the laser intensity and will therefore be position dependent according to
the laser beam profile. For the single photon ionization process used
here, it is expected to depend on the laser intensity IL as

p I I I( ) [1 exp( / )]i L L sat (4)

where Isat is a saturation intensity depending on the photoabsorption
cross section. As long as I IL sat, Eq. (4) describes a linear dependence

and the overall post-ionization efficiency described by Eq. (3) will de-
pend linearly on IL regardless of the shape of the laser beam intensity
profile. As soon as IL reaches Isat anywhere in the sensitive volume,
deviations from the linear dependence will occur, until the ionization
probability eventually reaches a plateau in the limit of large laser in-
tensities. Unfortunately, the exact shape of the saturation curve is
complicated by the fact that both the target density nX and the detection
probability T generally depend on the position within the sensitive
volume. Only in the case where the laser beam is defocused such as to
illuminate the entire sensitive volume with essentially the same in-
tensity, the photoionization probability pi can be extracted from the
integral in Eq. (3). Under these conditions, the laser intensity depen-
dence of the post-ionization signal measured for an atomic species
follows the prediction of Eq. (4) (see [13] and references therein).

For molecules, additional complications arise from the possibility of
laser induced photofragmentation. On one hand, fragmentation can
occur as a consequence of a single photon absorption and compete with
the intact ionization channel discussed above. In that case, the laser
intensity dependence of the measured molecular signal will be the same
as without fragmentation, with the only difference being that the pre-
diction of Eq. (4) must be multiplied by a constant factor, yielding the
measured signal as

=
+

+S I S I( ) [1 exp{ ( ) }]L sat
i

i f
i f L(0)

(0)

(5)

Here, the quantities i and f
(0) denote the single photon ionization

and fragmentation cross sections of the neutral molecule, IL is the laser
intensity (in photons/cm2) and Ssat is the hypothetical signal that would
be measured if all molecules present in the interaction volume were
ionized without fragmentation. For the case investigated here, the
available photon energy only permits neutral fragmentation, where the
coronene molecule absorbs a single photon and breaks up into neutral
fragments which are not detectable in the mass spectrum. In order to
arrive at a fragment ion, the photon energy must be sufficiently large to
overcome the sum of dissociation and ionization energies, which is not
fulfilled in the present case. On the other hand, multiphoton fragmen-
tation can occur, where a single-photon-ionized molecule absorbs more
photons and fragments, leading to a detectable decay of the measured
signal at high laser intensity. In a simple linear rate equation model, the
measured signal should then follow

=
+

+ ×S I S I I( ) [1 exp{ ( ) }] exp( )L sat
i

i f f
i i f f

i
L f

i
L(0) ( )

(0) ( ) ( )

(6)

where f
i( ) now denotes the fragmentation cross section of the ionized

molecule. For the special case where f
i

f f
( ) (0) , Eq. (6) reduces to

= ×S I S I I( ) [1 exp{ ( ) }] exp( )L sat i L f L (7)

The laser intensity dependence predicted by Eq. (7) is illustrated in
Fig. 3. In view of the experimental data shown below, the result is
plotted for the special case where f i. As a general feature, the
measured signal will go through a maximum at the saturation intensity
Isat i

1, where the signal level only shows a fraction of its hypothe-
tical saturation value Ssat. In the limit of low laser intensity, the signal
exhibits the same linear slope as in the fragmentation-free case, while it
will go to zero in the limit of high laser intensity.

The experimentally measured laser intensity dependence of the
post-ionization signal detected for sputtered coronene molecules is
shown in Fig. 4 (black dots). It is important to note that only the true
M+ molecule signal obtained by integrating the peak at m/z 300 is
plotted here, since it was discovered that the [M−Hx]+ fragment ion
signals shown in Fig. 1 exhibit a different laser intensity dependence
(see below). It is seen that the data resemble the functional form de-
picted in Fig. 3, with the measured molecular ion signal going through a
maximum at a laser pulse energy of about 0.25 mJ and decreasing again

Fig. 2. Mass spectrum of post-ionized neutral particles measured under irra-
diation of a coronene film with 20-keV C60

+ ions. The data were measured at a
post-ionization laser pulse energy of about 0.6 mJ.
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at higher laser intensities. There is, however, a significant difference
related to the asymptotic behavior of the signal at high laser intensity.
In contrast to the prediction of Eq. (7), the measured signal does not go
to zero in this limit, but approaches a constant plateau value. This
behavior indicates that the measured signal must arise from two dif-
ferent contributions, with one part of the sputtered molecules under-
going multiphoton fragmentation and another part being stable in the
accessible laser intensity range. In fact, the measured signal variation
can be fitted to a functional dependence characterized by the sum of
two terms, both described by Eq. (7) using the same values of the io-
nization cross section i but different fragmentation behavior. The first
term features a fragmentation cross section f which is comparable to
the ionization cross section, thereby leading to the observed signal
maximum as illustrated in Fig. 3. From the position of the maximum at
a laser pulse energy of about 0.25 mJ, it is evident that this signal
contribution, which is displayed as the green dashed curve in Fig. 4,
must decay to essentially zero at laser pulse energies above 1.5 mJ. The
second contribution, indicated by the red dashed line in Fig. 4, reaches

a plateau in this laser intensity range. It must therefore be characterized
by a fragmentation cross section which is significantly smaller than the
ionization cross section, leading to a negligible signal decay in the laser
intensity range accessible here. This contribution was therefore fitted
by setting the value of f to zero. The blue solid line then represents the
sum of both contributions, which is seen to represent a good fit to the
measured data.

From the above discussion, it appears that the flux of sputtered
neutral coronene molecules must contain two different species, with
one molecule being significantly more susceptible to multiphoton
fragmentation than the other. The question of course arises regarding
the difference between both species. In both cases, we are obviously
detecting sputtered neutral parent molecules which survive the sputter
ejection process intact. On the other hand, it is well known that the
collision-dominated sputtering event may impart significant amounts of
internal energy to an ejected molecule, so that the different photo-
fragmentation behavior may in principle arise from differences in the
internal excitation state of the ejected molecules. In fact, it appears
feasible that the photoabsorption cross section of an internally excited
molecule may significantly differ from that of a ground state molecule
[31]. In order to test this hypothesis, we have repeated the post-ioni-
zation experiment for neutral coronene molecules that were thermally
evaporated from the sample surface and analyzed under otherwise the
same instrumental conditions. The philosophy behind this experiment
is that these molecules contain less internal energy and may therefore
represent a model case for the non-fragmenting part of the sputtered
molecules.

Fig. 5 shows the resulting laser intensity dependence of the mole-
cular ion signal measured under these conditions. It is immediately
evident that the fragmentation behavior is completely different from
that depicted in Fig. 4. In fact, the signal variation can be approximated
by setting the fragmentation cross section in Eq. (7) to zero. The cor-
responding least square fits to the two data sets shown in Fig. 5 are
indicated by the dashed lines. In particular, it is of note that the fitting
parameter B∼ 4.1 ± 0.3 mJ−1 representing the photoionization cross
section agrees within the error bars with that determined for the
sputtered molecules (B∼ 5.8 ± 2.6 mJ−1). From these results, we
conclude that the interpretation of two different contributions within
the flux of sputtered coronene molecules is probably correct. Inspection
of the fitting parameters A and C depicted in Fig. 4 reveals that about
19% of the sputtered molecules are ejected close to the ground state,

Fig. 3. Laser intensity dependence of a molecular ion signal as predicted by Eq.
(7) in the text. Solid line: full calculation; dashed lines: ionization and frag-
mentation terms plotted separately. The calculation was performed for the
special case where =f i

Fig. 4. Laser intensity dependence of the signal measured for post-ionized
sputtered neutral coronene molecules. Black dots: experimental data; dashed
lines: least square fits of the indicated functions.

Fig. 5. Laser intensity dependence of the signal measured for post-ionized
neutral coronene molecules that were thermally desorbed from the coronene
film. Black and red dots: experimental data; dashed lines: least square fits of the
indicated function.
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while 81% leave the surface in an internally excited state that makes
them susceptible to multiphoton absorption and fragmentation.

Of course, the “ideal” saturation behavior measured for the mole-
cular ion signal as observed in Fig. 5 does not mean that there is no
laser induced fragmentation. This becomes immediately evident by
looking at the mass spectrum measured for evaporated coronene mo-
lecules, which is shown for the largest available laser intensity in Fig. 6.
Apart from the molecular ion signal, the spectrum shows pronounced
signals of [M−Hx]+ fragments as well as other, less prominent char-
acteristic fragments such as [M−C2]+ along with a series of unspecific
low mass peaks spaced by 12 amu. The latter can be traced to [CnHm]+

ions which probably arise from multiple fragmentation reactions. The
strong [M−Hx]+ signals reflect the fact that the loss of a hydrogen
atom constitutes the energetically favored evaporative cooling me-
chanism of an excited coronene molecule with the lowest dissociation
energy of 4.5 eV [32]. In order to shed more light on the origin of the
fragment ion signals, Fig. 7 shows the laser intensity dependence
measured for the molecule-specific [M−Hx]+ ions summed over the m/
z 292–299 range along with an unspecific C3

+ fragment at m/z 36. For

comparison, the data measured for intact coronene molecules have
been included in the figure. It is seen that the fragment signals exhibit a
nonlinear increase at low laser intensities, which is in pronounced
contrast to the linear dependence of the molecular ion signal and re-
veals that the fragment ions must be produced via multiphoton pro-
cesses. Since the molecular ion signal does not decrease at high laser
intensity, it is evident that the increasing fragment ion signals must
arise from photoionization of neutral species, which may either be di-
rectly emitted from the sample surface or produced via photo-
fragmentation of the desorbed intact molecules. The first possibility
appears unlikely, since investigations of coronene clusters have re-
vealed that the temperature needed for thermal fragmentation of a
coronene molecule is significantly larger than that for its intact deso-
rption [32]. The same study concludes that an internal energy of at least
12 eV is necessary for a coronene molecule to evaporate a hydrogen
atom on a time scale of 10 µs, thereby effectively ruling out single
photon induced neutral fragmentation and explaining the multiphoton
nature of the observed fragment ion signals. Particularly the small,
unspecific fragment ions such as C2

+, C3
+ etc. exhibit power law slopes

Fig. 6. Mass spectrum of post-ionized evaporated coronene measured at the highest available laser intensity of 2.5 mJ/pulse.

Fig. 7. Laser intensity dependence of selected fragment signals measured during evaporation of coronene molecules.
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which indicate that 5 and more photons are needed for their generation,
indicating that these signals probably arise from multiple photo-
fragmentation chains. At laser energies below 0.25 mJ/pulse, all frag-
mentation signals are small, leading to a rather clean molecular ion
spectrum. In the regime of high laser intensity, the [M−Hx]+ fragment
signals appear to decrease again, thereby illustrating the occurrence of
secondary fragmentation reactions induced by further photon absorp-
tion.

As a consequence of these discussions, we conclude that the (hy-
pothetical) saturation signal Ssat determined from the fits indicated in
Fig. 4 and Fig. 5 represents a lower limit of the true density of neutral
molecules that are present in the interaction volume. In order to arrive
at an estimate of the possible influence of photofragmentation, we re-
late the signal measured for evaporated intact coronene molecules (m/z
300–302) to that of all fragments detected in the mass range between
m/z 150 and m/z 299. The restriction to half of the molecule mass
ensures that each fragmentation reaction is counted only once. The
resulting signal ratio measured at the highest laser intensity, where the
photoionization of the most prominent fragments appears to be satu-
rated, is 0.57, indicating that at least 36% of the evaporated coronene
molecules survive the photoionization process intact. Assuming the
same fraction for the sputtered molecules as well, the value of Ssat de-
termined above must be multiplied by roughly a factor 3.

3.3. Ionization probability

If the effective post-ionization efficiency is known, the secondary
ion formation probability + of a sputtered coronene molecule can be
directly determined from the quantitative comparison of post-ioniza-
tion and secondary ion signals. From the discussion in the preceding
subsection, we conclude that the sum of the fitting parameters A and C
constitutes the saturation signal Ssat of sputtered neutral molecules
present in the sensitive volume. In order to correct for photo-
fragmentation as explained above, this signal must further be multi-
plied by a factor 3. The resulting (hypothetical) saturation signal of
neutral molecules can now be compared to that measured for the sec-
ondary ions. i.e., without firing the post-ionization laser, under other-
wise identical experimental conditions. Integrating the corresponding
peaks in the mass range delimited by the red bars in Fig. 1, one finds the
molecular SIMS signals which are listed in Table 1 along with the
corresponding (hypothetical) saturated SNMS signals. Since the SNMS
spectra contain the SIMS signals as well, the ionization probability is
then simply determined by the SIMS/SNMS signal ratio. The resulting
values extracted from three different data sets are also displayed in
Table 1. Applying the photofragmentation correction discussed above,
one obtains the secondary ion formation probability +

M depicted in the
bottom row.

The available data indicate an average secondary ion formation
probability of about 3 × 10−3. It should be noted that – for the parti-
cular case of the coronene molecules investigated here - this quantity
includes the formation of M+ molecular ions as well as [M + H]+

protonated molecules. In principle, the removal of an electron from the
otherwise chemically unaltered molecule requires some form of tran-
sient electronic excitation in the course of the sputtering process. From

the discussion of the SIMS spectra in Fig. 1, we find that the probability
for such a “physical” ionization mechanism leading to M+ formation is
about =+

phys 2.2 × 10−3, while the “chemical” ionization leading to
[M + H]+ formation occurs with a probability of =+

chem 8 × 10−4. The
value of +

phys can be compared to corresponding data obtained from a
similar experiment using a different post-ionization scheme. Utilizing
strong field photoionization of neutral coronene molecules sputtered
from a similar sample as used here under irradiation with 40-keV C60

+

ions and applying the same photofragmentation correction as used
here, Popczun et al. [27] determined the M+ formation probability as
2.5 × 10−3. In view of the largely different photoionization methods
employed in both experiments, the agreement with the +

phys value de-
termined here is remarkable. It shows that at least the order of mag-
nitude of the secondary ion formation probability measured for sput-
tered organic molecules using the laser post-ionization technique is
reliable.

4. Conclusions

The experiments performed here again corroborate the notion that
the ion fraction of organic molecules sputtered from a bulk molecular
film under irradiation with cluster ion beams is small. Here, corre-
sponding data were obtained for intact coronene molecules ejected
from a ∼10 nm-thick coronene film irradiated with 20 or 40 keV C60

+

projectile ions. The coronene molecule is a rare example where both the
“physical” ionization mechanism leading to the formation of molecular
ions M+ and the “chemical” protonation mechanism leading to
[M + H]+ formation are both operational with comparable efficiency.
From the comparison of the respective secondary ion signals with those
measured via single photon post-ionization of the sputtered neutral
molecules, we find physical and chemical ionization probabilities of the
order of 10−3, with the M+ formation channel dominating over pro-
tonation by a roughly a factor three. Even though there is some re-
maining ambiguity related to possible photofragmentation of the
sputtered neutral molecules, the data indicate that there is headroom of
about two orders of magnitude for improvement of the SIMS ionization
probability. Data collected recently using strong field laser post-ioni-
zation indicate that this headroom might be even larger for other
cluster ion beams such as Arn [33]. Studies of the kind performed here
may therefore motivate further efforts to improve the detection sensi-
tivity of molecular SIMS experiments via methods to enhance the io-
nization efficiency of the sputtered molecules.
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