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The formation probability of secondary ions released from a metal surface under bombardment with a
20-keV cluster ion beam is investigated using combined time-of-flight secondary ion and neutral mass
spectrometry (Tof-SIMS/SNMS) experiments. The emitted neutral atoms and clusters are post-ionized
after their ejection using strong-field photoionization in an intense short infrared laser pulse. Comparing
the secondary ion signal with that of the corresponding neutral particles, the ionization probability of

sputtered indium atoms and In;, clusters with n=2-4 is determined. The results are compared between
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two different projectile cluster ions, namely i) Ceo* and ii) Ar,* with n~1000. It is shown that the ionization
probability obtained with the fullerene cluster is by roughly a factor 4 larger than that obtained with the
rare gas cluster, thereby indicating that there is no nonlinear enhancement of the transient electronic
excitation generated by a cluster impact.

© 2018 Published by Elsevier B.V.

1. Introduction

Sputtering under polyatomic ion bombardment has received
significant interest during recent years, because secondary ion
yields produced by such species may be significantly larger than
those produced by atomic projectiles of comparable impact energy.
As a consequence, polyatomic ion bombardment using gold [1,2],
bismuth [3-7], fullerene [8] or gas [9-11] cluster projectiles has
now been implemented in routine time-of-flight secondary ion
mass spectrometry (ToF-SIMS) analysis, since these projectiles gen-
erate significantly higher secondary ion yields at considerably less
surface damage than monoatomic primary ions [12]. Particularly
the advent of commercially available gas cluster ion beams (GCIB)
consisting of consisting of up to thousands of atoms or molecules
has opened new horizons in surface mass spectrometry, since these
projectiles have been shown to allow a nearly fragment-free des-
orption of molecular species in some cases [13].

A fundamental open question regarding the role of projectile
nuclearity (i. e., the number of constituent atoms of a projectile
cluster) is whether the large secondary ion yield enhancements
observed in many cases are due to an enhanced sputtering yield or
an enhanced ionization of the sputtered species (or both). For the
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example of a clean metal surface, it is known that the flux of par-
ticles ejected under bombardment with a monoatomic ion beam
such as Ar* mainly consists of neutral atoms and clusters, with
the cluster yields being significantly smaller than that of the emit-
ted atoms and decaying according to a power law with increasing
cluster size [14-24]. The ionization probability, i.e., the probability
of a sputtered particle to leave the surface as a positively or neg-
atively charged secondary ion, is found to be small (~ 10~4) for
sputtered atoms and increase with increasing size of an emitted
cluster [22,23,25]. On the other hand, it is known that cluster pro-
jectiles deposit their energy closer to the surface than monoatomic
projectiles, thereby generating a different particle ejection mecha-
nism that leads to an enhanced total sputter yield, accompanied by
an enhanced contribution of emitted molecular species [26-28].
An interesting question in that context is whether the increased
subsurface energy density also leads to an enhanced ionization
efficiency of the sputtered material. A study of secondary ions
alone cannot provide a clear answer to that question. In order to
unravel the emission and ionization processes, additional informa-
tion on the yields of the respective neutral counterparts is needed.
In previous work, we have established a method to measure the ion-
ization probability of sputtered species by combining ToF SIMS with
laser post-ionization secondary neutral mass spectrometry (SNMS),
thereby detecting secondary ions and neutrals under otherwise the
same experimental conditions. In a previous study, this technique
was used to determine the ionization probability of indium atoms
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and clusters sputtered from a polycrystalline indium surface under
bombardment with Aup, (n=1-5)[29] and Cgg [30] projectile ions.
In this work, we extend the experiment to large argon gas clus-
ter projectiles containing approximately 1000 atoms and compare
the yields and ionization probabilities of indium atoms and clusters
sputtered under these conditions with those obtained under Cgp*
bombardment.

2. Experimental
2.1. Instrumentation

The time-of-flight (ToF) mass spectrometer used in these exper-
iments has been described in detail elsewhere [31]. In brief, the
instrument comprises a 40keV Cgp* and a 20keV gas cluster ion
source (I0OG C60-40 and GCIB 20, Ionoptika Ltd., Southampton,
UK), a reflectron type mass spectrometer and a microchannel plate
(MCP) detector equipped with a high transmission grid above the
detector surface and post-acceleration capabilities. The two ion
beams impinge onto the investigated sample surface under polar
angles of 40° (GCIB) and 45° (Cgg), respectively, with the azimuth
angle between both beams being 135°, and are operated in pulsed
mode. Both beams were focused to a spot size of approximately
30 pm and aligned to irradiate the same spot on the investigated
sample. The latter was ensured by briefly bombarding the pristine
indium sample with one beam in dc mode and then imaging the
surface with the other beam operated in pulsed and rastered mode.
Since the dc bombardment removes the native surface oxide, this
results in a modified dark spot in the secondary ion image, which
can then be used to overlap the two beams. The sample - consist-
ing of a flat indium foil - was then pre-bombarded with the GCIB
operated in dc mode with the Wien-filter switched off, thereby
delivering a beam of predominantly atomic Ar* ions at about 10 nA
current, which was rastered over an area of about 100 x 100 pm?
for several minutes before the comparative spectra were taken
with both ion beams operated in spot mode and pulsed. The ToF
spectrometer is mounted with its ion optical axis along the sample
surface normal and operated in the delayed extraction mode, where
the sample is kept at ground potential during the primary ion pulse
and switched to a positive potential of 2500V afterwards, thereby
generating the ion extraction field above the surface. The reflec-
tron voltage was set at 6% less than the sample potential, thereby
preventing ions starting directly at the surface from being reflected
and detected. In connection with the time refocusing properties of
the reflectron, this setting determines an effective ion extraction
volume located above the surface, henceforth referred to as the
sensitive volume, from which ions can be extracted and detected
as described in detail elsewhere [32]. At the end of the primary
ion pulse, ions present in the sensitive volume were swept into
the ToF spectrometer by the pulsed extraction field as described
above. While secondary ions could be directly detected, their neu-
tral counterparts were post-ionized using a pulsed laser beam
running parallel to the sample surface, which was overlapped with
the sensitive volume and fired at a short delay (100 ns) after the
ion extraction field. This way, the flight time zero is different for
secondary ions (where it is defined by the start of the extraction
pulse) and the post-ionized neutrals (where it is defined by the laser
pulse). As a consequence, secondary ion and neutral peaks mea-
sured for particles of the same mass appear slightly displaced in the
ToF spectrum, thereby allowing a clear distinction between both
signals measured in the same spectrum as demonstrated below.
Otherwise, the instrument cannot distinguish between intrinsic
secondary ions and post-ionized neutrals, thereby allowing a quan-
titative comparison of the measured SIMS and SNMS spectra in
order to determine the secondary ionization probability.

sputtered particles

— sensitive volume

—— laser beam
[ ]

Fig. 1. Schematic view of the overlap between the plume of sputtered neutral par-
ticles, the sensitive volume of the mass spectrometer and the post-ionization laser
beam. The laser was scanned along the indicated directions in order to map the
detectable plume as defined in the text.

2.2. Laser system

Laser post-ionization (LPI) of sputtered neutral particles was
performed with a commercially available chirped pulse amplifica-
tion laser system (Coherent Legend Elite Duo, Santa Clara, CA, USA),
providing 40 fs pulses of 800 nm radiation at a repetition rate of
1 kHz. The pulses were converted to mid-infrared radiation through
an optical parametric amplifier (OPA) (Light Conversion TOPAS-C-
HE, Vilnius, Lithuania), with wavelengths tunable from 1160 nm
to 2580 nm. Experiments were performed at 1350 nm with a peak
power of about 5 x 10'* W/cm? to ionize the sputtered neutral
particles. The laser beam was introduced into the analysis cham-
ber via a CaF, window and directed parallel to the sample surface
at an azimuth angle of 38° or 175° with respect to the Ar,* or
Cgo* primary ion beams, respectively. A 150 mm (at 587.6 nm) BK-
7 focusing lens positioned outside the analysis chamber focuses
the laser such that the beam waist approximately coincides with
the location of the sensitive volume. The lens was translated in
both the horizontal and vertical directions perpendicular to the
direction of beam propagation in order to determine the optimal
overlap with the sputtered material. After finding the optimal lat-
eral position of the beam, the focusing lens was then translated
along the beam propagation direction in order to defocus the beam
such as to obtain the largest measured signal. As described in detail
elsewhere [33], the laser intensity in the center of the beam then
corresponds to the saturation intensity of the detected particles,
and the beam diameter within the sensitive volume determines the
effective ionization volume sampled by the laser. A power meter
(Coherent Field Max II TO, Portland, OR) was used to measure the
laser power as a 30s average. The laser intensity in the focal vol-
ume was calibrated using xenon gas, which was introduced into the
analysis chamber via a controllable leak valve and exhibits a well-
known photoionization behavior as a function of the laser intensity
[34].

At the beginning of each experiment, the position of the laser
beam was optimized for maximum LPI signal. Due to the fact
that the laser beam is tightly focused, the effective ionization
volume sampled by the laser is significantly smaller than the
extension of the sensitive volume. In fact, the cloud of principally
detectable sputtered neutral molecules, henceforth referred to as
the “detectable plume”, has a dimension of the order of millimeters
both along and perpendicular to the ion extraction axis, while the
laser beam waist is of the order of several ten micrometers. As a
consequence, the laser beam largely undersamples the detectable
plume if kept at a fixed position. In order to investigate the mag-
nitude of the this effect, the laser focusing lens was translated in
200 pm steps both horizontally and vertically with respect to the
sample surface and SNMS spectra were recorded as a function of
the laser beam position as indicated in Fig. 1. To account for possible
signal loss as the experiment proceeds, for instance due to varia-
tions in laser power, the signals were measured at the optimal laser
position again at the end of each experiment.
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Fig. 2. Signal of post-ionized neutral indium atoms sputtered under bombardment
with a 20-keV Ar,* GCIB vs the delay between primary ion trigger pulse and data
acquisition (marked by the time when both the ionizing laser and the ion extraction
pulses are fired).

2.3. Timing considerations

A critical quantity needed for time-of-flight spectroscopy is the
exact arrival time of the projectile ions at the sample surface. For the
GCIB used here, the projectile mass is not uniquely fixed since the
cluster beam contains a rather broad size distribution. As shown in
the supplemental material, the ion beam employed in these experi-
ments features a most probable cluster size of n=1050 with a width
of An =+200 (FWHM) argon atoms. As a consequence, the timing
of the ToF experiment needs to be adapted to the projectile arrival
time distribution. In principle, it is possible to use a second pulser
installed downstream of the ion source in order to select projec-
tile ion clusters of a particular size [35]. This, however, leads to a
significant reduction in the usable primary ion current and pulse
width and therefore imposes a problem in the present work, since
the experiments performed here rely on the detection of relatively
small secondary ion signals in addition to those of post-ionized
neutral particles. In addition, a short primary ion pulse leads to
a restriction of the sampled velocity interval of the emitted sec-
ondary particles in a delayed extraction experiment as used here.
We therefore chose to work with long primary ion pulses featuring
the entire projectile cluster size distribution delivered by the GCIB.
The relative timing needed to achieve optimum post-ionization
signal is then found by scanning the delay between the primary
ion trigger and the data acquisition time (i.e., the time when the
laser and extraction pulses are being fired). An example of such a
scan is shown in Fig. 2 for the In° signal of post-ionized neutral
indium atoms emitted from an indium sample. Under the condi-
tions employed here, with a 10 ws pulse triggering the GCIB, the
measured curve essentially reflects the arrival time distribution of
the projectile ions convoluted with the trigger pulse and therefore
delivers the same information regarding the cluster size distribu-
tion as, for instance, the ion induced secondary electron signal.

In principle, the signals measured in the delayed extraction
experiment as performed here represent the number density of
secondary ions or post-ionized neutrals within the sensitive vol-
ume integrated over their emission velocity distribution. In order
to distinguish post-ionization signals from those measured for the
respective secondary ions, we will in the following refer to an ion
originating from a post-ionized neutral species X as X°, whereas
X* denotes the respective secondary ion. As described in detail in
ref. [32], the upper limit of the velocity integral is determined by
a possible delay between the end of primary ion pulse and the fir-
ing of the post-ionization laser and/or the ion extraction pulse. The
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Fig. 3. Signal of post-ionized neutral atoms and molecules sputtered from a poly-
crystalline indium surface vs. temporal width of the primary ion trigger pulse. Upper
panel: signals measured with a 20-keV Ar,* GCIB; Bottom panel: indium atom sig-
nal measured with 20-keV Ar,* and Cgo* ion beams, respectively. For comparison,
a residual gas signal measured at m/z 17 is included, which is independent of the
primary ion bombardment.

lower limit of the integration interval is determined by the width
of the primary ion pulse. Zero delay conditions can be identified by
the signal maximum shown in Fig. 2, and the relative timing of pri-
mary ion and extraction pulses was set to ensure these conditions
throughout the remainder of this work.

The dependence of the measured signals on the width of the
primary ion trigger pulse is shown in Fig. 3. With the exception of
the neutral OH radical signal detected at m/z 17 (which arises from
laser ionization of the residual gas and therefore is independent of
the primary ion bombardment), all signals rise with increasing pri-
mary ion pulse width and reach a plateau value at sufficiently long
ion pulses, indicating that particles of all relevant emission veloc-
ities are being detected. The shape of the rising edge constitutes a
convolution of the neutral particle emission velocity distribution
and the primary ion arrival time distribution. The bottom panel
shows the same measurement for the In° signal detected under
Cgo™ ion impact, where it is seen that the broadening induced by
the emission velocity distribution is relatively small. Therefore, the
curves measured under GCIB impact basically reflect the integrated
primary ion arrival time distribution again. Using the 90%-10% tran-
sition of the GCIB-induced In° signal, we find a FWHM of about 8 s
which corroborates the conclusion drawn from the data in Fig. 2.

3. Results and discussion

The goal of the present work is to compare the mass spectra and
the ionization efficiency of sputtered atoms and molecules induced
by the two different projectile clusters. In that context, we define
the ionization probability of a sputtered species X as

_ Yy+.-
YX - YXO + Yx+ + Yx— ’

ot — Yx+.-
¥ =

(1)
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Fig. 4. Mass spectra measured for bombardment of a polycrystalline indium surface with 20 keV Cgp* (left column) and Arqg00* (right column) cluster projectiles. Upper row:
SNMS spectra measured with the post-ionization laser placed at optimum position; bottom row: SIMS spectra without the post-ionization laser being fired. The measured

signals were normalized to the primary ion current (20 pA for Cso and 300 pA for GCIB).

where Yy is the partial sputter yield of X regardless of its charge
state, while Yx+.- and Yyo denote the partial sputter yields of pos-
itively and negatively charged secondary ions X*, X~ and neutrals
Xe, respectively. The mass spectrometric signals measured for sec-
ondary ions and post-ionized neutrals, on the other hand, reflect
the respective sputter yields via

S(07) = e-ag @

and

s(xo)=1p.yx.(1fa;fa;).a9<.n§’< (3)
where I, and oz?( denote the primary ion current and the post-
ionization probability for the sputtered neutrals, respectively. The
quantity nx describes an instrumental collection and detection
factor which - for the case of post-ionized neutral particles -
also includes the overlap between the ionization laser and the
detectable plume. If the laser intensity is high enough, the pho-
toionization process is driven into saturation, meaning that the
laser samples 100% of all neutral particles within an effective ion-
ization volume determined by the molecule-specific saturation
intensity Isqr. As described in detail elsewhere [36], the value of
Isqr can be determined from experiments with varying laser inten-
sities, and the volume effectively probed by the laser can then
be estimated from a simple barrier suppression photoionization
model [30,32]. For the comparative experiments performed here,
however, its exact value is not needed, since we are probing the
same neutral particles released from the same surface under bom-
bardment with different projectile ion beams. As long as both
experiments are performed under exactly the same laser post-
ionization conditions, the effective ionization volume will be the
same regardless of the projectile ions used to eject the sputtered
neutral particles.

The remainder of this paper is organized as follows. First,
we analyze the mass spectra obtained with both projectiles and
elucidate some significant differences regarding, the relative con-
tribution of indium clusters in the sputtered flux. Then, we
investigate the sampling efficiency of the post-ionization laser in
order to map the sensitive volume of the mass spectrometer and
determine the total signal of principally detectable post-ionized
neutrals. This signal then represents the number density of sput-

tered neutral particles integrated over the entire sensitive volume,
which can be compared with the corresponding SIMS signal repre-
senting the number density of secondary ions integrated over the
same volume. The ion/neutral density ratio determined this way
does not directly reflect the ionization probability, however, since
the definition of o*~ is based on the ratio of secondary ion and neu-
tral yields, which, in turn, reflect the flux of sputtered particles. If the
emission velocity distributions of secondary neutrals and ions were
different, the density/flux conversion would be different for both
particles, thereby influencing the measured ionization probability.
A previous measurement of the emission velocity distributions of
neutral In atoms and In* secondary ions sputtered under impact of
monoatomic Ar* projectiles has revealed that the resulting correc-
tion can amount to about a factor two. Unfortunately, we cannot
repeat the same experiment here, since the technique used to mea-
sure the emission velocity distributions ultimately requires the use
of short primary ion pulses. While this is possible for sputtered neu-
trals (where the emission velocity is selected by a controlled delay
between primary ion and post-ionizing laser pulse), it is not easily
possible for the secondary ions.

3.1. Mass spectra

The spectra measured with both projectiles are shown in
Figs. 4 and 5. In both cases, the post-ionization laser was positioned
such as to produce optimum LPI signal. Note that this position is not
necessarily equivalent for both projectiles (see below). The upper
panels display the SNMS spectra which were measured with the ion
beam and post-ionization laser on, while the bottom row displays
the SIMS spectra measured with the post-ionization laser switched
off. In principle, the SNMS spectra contain both the SIMS signals and
the residual gas background which is measured with the ionization
laser only. A close inspection reveals that the residual gas spec-
trum mainly consists of a prominent OH radical peak at m/z 17 and,
in particular, does not contain any non-negligible contributions at
masses above 100 amu.

All signals displayed in the figure were normalized to the respec-
tive primary ion current in order render them comparable in
terms of the corresponding sputter yields. As a consequence of this
normalization, residual gas signals which are independent of the
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Fig. 5. Mass spectra shown in Fig. 4 plotted on a logarithmic scale.

projectile ion bombardment appear at different levels. This is the
reason why the OH signal appears exaggerated the SNMS spectrum
measured under Cgg impact. If corrected for the current normaliza-
tion, both signals visible at m/z 17 in the upper panels of Fig. 4
are of the same height. Among the sputtered particles, the signal of
emitted neutral indium atoms by far dominates the measured spec-
tra for both projectiles. The respective In° signal generated under
Ar, impact is by about a factor three larger than that generated by
the iso-energetic Cgp projectile, indicating an accordingly higher
sputter yield for the gas cluster impact. The inserts in Fig. 4 show
an expanded view around the indium atom mass. Since the post-
ionization laser was slightly delayed with respect to the extraction
pulse during acquisition of the SNMS spectra, the signals of sec-
ondary In* ions and neutral indium atoms appear displaced in the
ToF spectrum, thereby allowing a clear distinction between both
species. From the relative scaling of the In* and In° peaks observed
in the SNMS spectra, it is evident that the ionization probability
of sputtered indium atoms is small under irradiation with both
cluster projectiles. The bottom panels show the SIMS spectra mea-
sured again with an increased detector gain setting, where the
post-ionization laser was switched off in order to avoid signal sat-
uration. It is seen that the normalized In* signal level is about the
same in both spectra, indicating a similar secondary ion yield for
both projectiles.

Apart from the sputtered atomic species, the mass spectra also
contain signals of emitted indium clusters. This is visualized in
Fig. 5, which shows the same mass spectra plotted on a logarith-
mic scale. In principle, cluster emission in sputtering of metallic
surfaces is a well-documented phenomenon, and a body of corre-
sponding yield data exists particularly for indium bombarded by
various atomic and cluster projectiles. It was shown the neutral In;
clusters containing up to 200 atoms can be emitted under bom-
bardment with atomic rare gas ions [18,23]. Irradiating the sample
with small atomic silver [37,38], gold [39] or Cgg [30] cluster ions,
sputtered neutral indium clusters up to i=10 have been detected,
with the detection limit basically determined by the relatively low
primary ion current achievable with the used cluster ion sources.
In all cases, the yield distribution of the sputtered clusters was
found to follow a power law according to i~ 8, where the exponent
§ varied between 3.9 and 5.6 depending on the bombarding condi-
tions. Here, we find sputtered clusters containing up to 4 indium
atoms under bombardment with the Arjggg cluster projectile. If the
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Fig. 6. Integrated signals of sputtered neutral In; clusters produced under 20-keV
Ari000*-bombardment of a polycrystalline indium surface vs. cluster size i.

integrated In;° signals are plotted vs. the cluster size i, they again
reveal a power law with an exponent § = 4.4 as shown in Fig. 6.
Under Cgp* irradiation, the detection limit prevents the identifi-
cation of clusters with i > 2 in Fig. 5, but in this case a previous
experiment [30] performed on the same instrument also revealed a
power law cluster size distribution with an exponent § = 4.6 under
the same bombarding conditions as employed here. Since these
values are close to the ones observed for 4-keV Ar (8 = 5.6 [18]),
15-keV Xe (§ = 3.9 [23]) and (5-10)-keV Au, (6§ =4.3 —5.7 [39])
projectiles, we conclude that the yield distribution of sputtered
clusters is essentially independent of the projectile. This finding
is interesting, since the sputtering process initiated by a cluster
impact was shown to be fundamentally different from that initiated
by an isoenergetic atomic projectile both experimentally [40] and
theoretically [27,28]. Under bombardment with atomic projectiles,
particle ejection mainly occurs via a linear collision cascade, while
a cluster impact generates a phase explosion of a super-critically
heated (sub)surface volume [41]. Apparently, the cluster formation
process among the sputtered material must be independent of the
detailed ejection mechanism.

It should be noted that oxide molecules of the type In;0; are
also observed in the mass spectra of Fig. 5, indicating that the
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investigated indium surface was still slightly contaminated. These
signals are most prominent for the indium dimer, with the In,0°
signal being of comparable magnitude as the In,° signal for the gas
cluster projectile. Under Cgo* impact, on the other hand, the oxide
signal is by far the dominant peak for the indium dimer, with its
intensity amounting to about 14% of the monomer signal. This find-
ing indicates that the argon cluster sputtering process may not be
as sensitive to surface contamination as that induced by the Cgg
impact, for instance due to a different depth of origin distribution
of the sputtered material. Another possible reason would be that
the two ion beams are not exactly overlapped, so that the GCIB
may have analyzed a slightly different surface spot than the Cgg
ion beam. On the other hand, the SIMS spectra show a prominent
InO* peak under gas cluster bombardment, while no such peak is
observed in the Cgp-generated spectrum. Moreover, the In;0*/In;*
ratio is comparable for i = 2-3 between both projectiles, so that oxy-
gen must clearly be present also in the Arjgg*-irradiated spot. In
any case, the oxide signals constitute only minor components in
the post-ionization spectra both for the indium monomers and all
larger clusters containing more than two indium atoms.

3.2. Post-ionization efficiency

As explained above, the LPI signal measured with the focused
ionization laser adjusted to a single position above the surface
severely undersamples the plume of sputtered neutral particles
that are in principle detectable by the post-ionization experiment.
The SIMS signal, on the other hand, is generated by the entire
detectable plume of secondary ions that are present above the
surface at the time when the extraction field is switched on. A quan-
titative comparison with the corresponding post-ionization signal
therefore requires to sample the entire detectable plume of neu-
tral particles as well. For that purpose, the laser beam is scanned
in directions parallel and perpendicular to the surface and the LPI
signal is summed as described in detail elsewhere [30,33,42,43].

The resulting scans of the detectable neutral plume are shown
in Fig. 7.

Summing the mass spectra measured at each laser position
yields a total spectrum that is displayed in Fig. 8a). This spectrum
can now be compared to that measured with the post-ionization
laser positioned such as to obtain maximum LPI signal (Fig. 8b))
and the SIMS spectrum measured with the laser beam switched off
(Fig. 8d)). The In° peak in panel a) reflects the hypothetical LPI spec-
trum which would be measured if the entire sensitive volume of the
ToF spectrometer would be homogenously ionized by the laser. The
In* secondary ion peak, on the other hand, is constant in all spectra
and therefore appears greatly exaggerated in this plot. Subtracting
the SIMS signal from all measured spectra, we obtain the summed
LPI signal displayed in Fig. 8c). These spectra are interesting since
they allow a discussion of the different peak shapes between LPI
and SIMS that are observed in Fig. 5. As also seen in Fig. 8, all sec-
ondary ion peaks exhibit a tail towards longer flight times, which is
not observed in the LPI peaks measured with a fixed post-ionization
laser. The reason is that ions present in the upper parts of the sensi-
tive volume at the time when the extraction field is fired enter the
ToF spectrometer with smaller kinetic energy, leading to a shift of
their flight time towards longer values. The measured SIMS spec-
trum always samples the entire sensitive volume, and therefore
each secondary ion peak naturally contains the tail arising from
these secondary ions. Secondary neutral particles post-ionized by
the focused laser, on the other hand, originate from a well-defined
position within the sensitive volume and therefore do not exhibit
this tail. They do, however, shift in flight time once the laser beam is
moved in the vertical direction. Summing the LPI spectra therefore
simulates an LPI spectrum measured under comparable conditions
as the SIMS spectrum. This is nicely observed in Fig. 8, where both
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Fig.7. Signal of post-ionized neutral indium atoms vs. lateral position of the ionizing
laser beam for irradiation with 20-keV Cgo* ions (bottom panel) and irradiation with
20-keV Arqgo0* ions (upper panel).

the summed In° peakin panel ¢) and the In* peak in panel d) exhibit
the same shape.

Looking at the data presented in Fig. 7, is apparent that the two
distributions look quite different. Moreover, the optimum position
of the laser beam generating the largest useable post-ionization sig-
nal is not the same under irradiation with both projectile ion beams.
If the scan is performed for different signals generated by the same
ion beam, on the other hand, the distributions look very similar (see
Fig. 2 of the supporting material for neutral In; and In3 clusters).
Both findings are understandable, since the geometrical shape of
the detectable plume depends on the emission angle and velocity
distribution of the sputtered neutral particles, which will certainly
depend on the projectile nature and impact angle. In fact, molecular
dynamics computer simulations have shown that the polar emis-
sion angle distribution of sputtered metal atoms may drastically
change with increasing projectile cluster size, with small clusters
such as Argg leading to preferred emission along the surface nor-
mal, while larger clusters produce more pronounced off-normal
emission with increasing cluster size [44]. Moreover, with both
cluster projectiles impinging under 45° with respect to the sur-
face normal, it is possible that the emission angle distribution may
be forward-peaked in the plane of incidence of the respective ion
beam, the effect again being more pronounced for the larger clus-
ter [45]. Since both projectile beams form different azimuth angles
with the ionizing laser beam (15° for Cgp* and 60° for Ar,*), dif-
ferences between the way the laser intersects the sputtered plume
can be expected, where an off-normal emission would lead to a
stronger laser displacement for the larger impact azimuth.
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Fig. 8. Zoom of the GCIB-induced spectra: a) Summed signal of all SNMS spectra measured at the different post-ionization laser positions displayed in Fig. 7; b) SNMS
spectrum measured with the post-ionization laser positioned such as to obtain maximum LPI signal; c) summed LPI spectra with SIMS signal subtracted; d) SIMS spectrum

alone.

A second important observation is the apparent restriction of
the sensitive volume in the vertical direction along the sample sur-
face normal. In this context, it should be noted that lower y-values
in Fig. 7 correspond to laser positions closer to the surface. The
density of sputtered neutral particles continues to increase with
decreasing distance r from the emission point. Without the geo-
metrical restriction of the sensitive volume, the post-ionization
signal would therefore continue to increase with decreasing height
of the laser beam above the surface, until the laser finally hits
the surface and starts to ablate material. The fact that the signal
strongly decays below y=5.4 mm therefore clearly demonstrates
the restriction of the sensitive volume towards the surface, which is
achieved by setting the reflection voltage below the stage potential.
From the settings used here (Upefiect = 0.94 Ustage ) along with a dis-
tance of 12 mm between the surface and the extraction electrode,
one would calculate that ions created below a minimum height
of 0.7 mm above the surface cannot be reflected and detected.
This would put the position of the surface at y=4.7 mm in Fig. 7.
Note, however, that any initial starting energy of the post-ionized
neutrals would push this boundary upwards accordingly. In that
context, the apparent differences in the vertical extension of the
detectable plume might in principle indicate differences in the
emission energy distribution of the sputtered particles, but further
experiments or computer simulations would clearly be needed to
substantiate this interpretation. In any case, the data presented in
Fig. 7 clearly show that the entire detectable plume of sputtered
neutral particles can be mapped.

The displayed distributions can therefore be summed to deliver
the signal S9,,,, = ngj, which is proportional to the (hypothetical)

ij

post-ionization signal integrated over the entire detectable plume.
Relating this signal sum to the signal S%,,, measured with the laser
beam set to a fixed laser position such as to deliver maximum signal,
we find apparent sampling efficiency values listed in Table 1. Due
to the low Cgp* primary ion current used in these experiments,
the signals measured for In, and In3 were too small to arrive at
meaningful data for these clusters under Cgp* bombardment.

From the GCIB-induced data, it is evident that the effective sam-
pling efficiency not only depends on the projectile ion beam, but
may also vary for different measured signals. In order to determine

Table 1
Ratio between signal of post-ionized indium atoms and clusters measured at opti-
mized laser position and signal summed over the entire scans depicted in Fig. 7.

In Iny In3
Ceo™* 0.042 - -
Ary* 0.056 0.087 0.082

the true sampling efficiency, the displayed values must be corrected
by a factor v = n[R’]Z/(Ax- Ay), where Ax and Ay represent the
step size used in the laser beam scan and R’ denotes the lateral
diameter of the effective ionization volume sampled by the laser.
The value of R’ can be calculated from the parameters of the unfo-
cused laser beam in connection with the saturation intensity of the
detected neutral species as described in detail elsewhere [30]. Using
the respective data measured for indium atoms and clusters [30],
one can calculate that under optimized conditions the laser samples
about 1-2 % of the detectable plume of sputtered neutral indium
atoms and clusters. We stress, however, that the exact value of v is
not needed in order to compare the sampling efficiency between
the two different projectile ions, provided the post-ionization con-
ditions remain unchanged when switching between both primary
ion beams.

3.3. Secondary ion formation probability

The data in Fig. 7 can be used to correct the signal intensities of
the spectra displayed in Fig. 4 for the apparent sampling efficiency
and relate the resulting total signal of post-ionized neutral parti-
cles to that of the corresponding secondary ions. For that purpose,
the signals of indium atoms and clusters were integrated over the
relevant peaks in the SNMS and SIMS spectra displayed in Fig. 4,
respectively. The SIMS signal was then corrected for the (baseline)
background measured without primary ion and laser beam. The
true LPI signal of sputtered post-ionized particles was evaluated
from the SNMS spectrum and also corrected for the baseline, since
no residual gas background peaks were detected at the relevant
masses. The LPI signal determined this way was then corrected for
the sampling efficiency determined above, and the relative ioniza-
tion probability of the sputtered indium atoms and clusters was
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Table 2
Ratio between integrated signals of In*, In,* or In3* secondary ions and total summed
signal of post-ionized neutral indium atoms or clusters, respectively. The values
were calculated by multiplying the signal ratio evaluated from the mass spectra
displayed in Fig. 4 with the respective relative sampling efficiency as described in
the text.

In Iny In3
In*/In® Iny*[Iny° In3*/Ins°
Ceo 83x1073
Ary, 2.0x103 3.1x1073 2.1x103

calculated as the ratio between the secondary ion and the corrected
post-ionized neutral signals. The resulting ion/neutral ratios are
displayed in Table 2. While these values correctly reflect the vari-
ation of the ionization probability ot between the two different
projectiles, their absolute magnitude is affected by the sampling
correction factor v mentioned above. Even though this introduces
some uncertainty into the absolute ionization probability, it should
be noted that the values determined here for argon cluster projec-
tiles agree rather well with those measured under bombardment
with 15-keV Xe* ions [23]. The fact that the ionization probabil-
ity of In atoms is larger than that determined under gold cluster
bombardment (1-2 x 104 [29]) is probably due to a residual oxy-
gen contamination of the surface, since the data of ref [29] were
measured on a dynamically sputter cleaned indium surface.

In any case, the data displayed in Table 2 can be used to com-
pare the ionization probability between the two different projectile
ion beams used here. It is evident that the ionization efficiency
of the sputtered material is smaller under bombardment with gas
cluster projectiles than under Cgp bombardment. This is an interest-
ing result, because it may reveal information about the electronic
excitation generated by the projectile impact. One of the prevail-
ing models describing secondary ion formation from a clean metal
surface is the so-called substrate excitation model [46,47], which
relates the excitation or ionization state of a sputtered particle to
the transient electronic excitation of the surface generated by the
projectile impact. In fact, computer simulations have shown that
a significant part of the kinetic energy imparted by the projectile
may transiently be dissipated via electronic degrees of freedom,
for instance via electronic stopping of all moving particles which
are set in motion in the course of a collision cascade, leading to
relatively high electron temperature spikes which may boost the
ionization of a sputtered atom or molecule [48-50]. An interest-
ing open question in that context is whether the concerted impact
of many atoms - as brought about by a cluster impact - can lead
to a nonlinear enhancement of this electronic ionization. It is well
known that clusters deposit their energy closer to the surface than
iso-energetic atomic projectiles, leading to a high energy density
in the immediate vicinity of the surface. As a consequence, clus-
ter projectiles have been shown to produce a strong nonlinear
enhancement of the sputter yield, meaning that the yield generated
by a cluster impact is larger than that produced by its constituents
impinging independently with the same impact velocity [41,51]. At
present, it is still an open question whether a similar enhancement
can be found for the electronic excitation. Although it is well known
that secondary ion yields are drastically enhanced under cluster
impact, this finding reflects enhancements of the partial sputter
yield and/or the ionization probability. For sputtered indium atoms,
these two effects have been disentangled by measuring the ioniza-
tion probability of sputtered indium atoms as a function of the gold
cluster projectile size [29]. As a result, it was found that «* remains
essentially unchanged and - if at all - decreases with increasing size
of the Au, projectile, but the study was restricted to small clusters
with n < 5. Larger cluster projectiles such as Cgy were tried later
[30], but the same order of magnitude (several 10~4) was found for
o' generated by 20-keV Cgo impact. Since these projectiles induce

chemistry at the irradiated surface, it was always desirable to repeat
the same experiment with even larger rare gas clusters. The fact that
the ionization probability measured here for 20 keV Arqggg projec-
tiles is smaller than that observed under Cgg impact with the same
kinetic energy clearly shows that there is no enhancement of the
ionization probability under cluster bombardment.

Finally, however, it should be noted that gas cluster ion beams
span a large range of parameters such as the nature of the cluster
constituents, the cluster size and the energy per cluster constituent.
For inert rare gas clusters, particularly the energy per atom may
constitute a parameter that could in principle influence the ion-
ization probability. Moreover, it is obvious that chemically reactive
cluster projectiles such as, for instance, (O, ), or (H,0), may lead to
drastic ionization probability changes due to the chemical matrix
effect. In that respect, further studies are clearly needed in order to
fully explore the influence of the GCIB parameters on the secondary
ion formation process.

4. Conclusions

Strong field laser post-ionization of sputtered neutral particles
in combination with time-of-flight mass spectrometry allows to
systematically investigate the ionization probability obtained in a
SIMS experiment. Using a dual beam setup with two different clus-
ter ion guns pointing at the same irradiated spot at the sample
surface, one can utilize the same post-ionization conditions and
directly compare the relative ionization efficiency achieved by dif-
ferent projectile ions by simply switching between the two ion
beams. The results obtained for indium atoms and clusters sput-
tered from a polycrystalline indium surface as investigated here
reveal that the large argon cluster projectile does not lead to an
enhanced ionization efficiency of the emitted particles. In fact, the
ionization probability measured under 20keV Arigpo* impact is
found to be slightly smaller than that observed under iso-energetic
Cgo impact. Combined with previous data on cluster sputtering
of indium, it is evident that the ionization probability of indium
atoms sputtered from a clean indium surface is nearly indepen-
dent of the nature, energy or nuclearity of the projectile. In contrast
to the drastic nonlinear sputter yield enhancement found under
cluster bombardment, this finding indicates that there is no such
enhancement of the kinetic excitation induced by the projectile
impact.
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