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ABSTRACT: The formation of neutral gas phase indium carbide clusters
under C60+ ion bombardment of solid indium was investigated using laser
based postionization prior to mass spectrometric detection. Two diﬀerent
postionization methods were used and shown to provide saturated
photoionization eﬃciency, thereby delivering nearly the same information
about the composition of the sputtered material. The resulting size
distributions of neutral InmCn clusters are compared with those of the
corresponding cationic secondary cluster ions and discussed in terms of
calculated cluster properties. Investigating the dependence on C60+ ion ﬂuence,
we demonstrate that clusters containing only one carbon atom are formed in
single impact events, whereas the formation of more carbon-rich clusters
results from carbon accumulation at the bombarded surface.

■

INTRODUCTION
The synthesis of gas phase clusters has had widespread
application throughout chemistry.1 In a recent article, Bernstein
et al.2 investigated the formation of indium carbide cluster ions
by bombarding an indium target with an energetic C60 ion
beam. In earlier work, the same group also found that C60 ion
bombardment of silver and gold surfaces results in an abundant
formation of silver and gold carbide cluster ions.3 The
interesting point of this observation is that these materials do
not form stable solid phase carbides. To produce clusters of the
form MenCm (Me = Ni, Co, Cu, Bi, Sb, Ag, and Au), gas phase
reactions between metal atoms or clusters and hydrocarbon
molecules have been applied.4−15 For the speciﬁc case of
indium, however, no such experiments had been reported
previously. The impetus behind the work of Bernstein et al. was
therefore to promote ion sputtering as a method to synthesize
novel clusters that are otherwise hard to produce, with the main
focus of the paper to investigate the properties of the resulting
carbide clusters rather than the mechanism of their production
in the course of the sputtering process. The resulting InmCn
cluster size distribution with respect to n and m was discussed
in terms of theoretical calculations of the equilibrium structure
as well as electronic properties like binding energy, dissociation
energy and ionization energy.2
An important aspect of the Bernstein method2 is the fact that
only ionic species could be detected. The formation of these
secondary ions in sputtering involves three steps, namely (i) the
formation and (ii) the ionization of a “nascent” cluster in the
course of the collision-dominated emission event and (iii) the
unimolecular decomposition of the intrinsically highly excited
nascent clusters during their passage away from the surface.
What is detected in such an experiment is those products of the
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unimolecular fragmentation chain which are metastable on the
time scale of the employed detection scheme. Although steps
(i) and (ii) are not necessarily decoupled from each other, the
important point to note is that the formation of a secondary ion
ultimately requires electronic excitation to be involved in the
emission process, whereas the formation of a neutral cluster
does not. Therefore, the vast majority of particles sputtered
from a clean metal surface are emitted in the neutral charge
state, thereby rendering the formation of secondary cluster ions
the exception rather than the rule. To gain insight into the ion
bombardment mediated cluster formation process, it is
therefore desirable to complement the information obtained
from secondary ions with that obtained from the corresponding
secondary neutral species, and this is the goal of the work
presented here.
To render them accessible to the experiment, neutral clusters
emitted from the surface need to be postionized prior to mass
spectrometric detection. For molecular species, two diﬀerent
laser-based strategies have been promoted in an attempt to
achieve eﬃcient ionization without extensive fragmentation. In
the ﬁrst approach, single photon ionization (SPI) using
nanosecond laser pulses at moderate intensity has been
shown to permit the detection of sputtered neutral clusters
with ionization eﬃciencies up to saturation.16−22 This approach
requires VUV laser radiation with a photon energy exceeding
the ionization energy of the investigated species and peak
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intensities of the order of 106−107 W/cm2. The second
approach involves strong ﬁeld ionization (SFI) in an intense,
ultrashort infrared laser pulse that excerts an electric ﬁeld of
comparable strength to the Coulomb ﬁeld binding the valence
electrons to the nuclei, thereby releasing an electron from the
molecule via ﬁeld emission eﬀects like tunneling or barrier
suppression.23 Using infrared pulses of ∼40 fs duration and
peak intensities in the range 1013−1015 W/cm2, it has been
demonstrated that molecules up to 600 Da can be photoionized
with saturation eﬃciency.24,25 In the present work, we employ
both complementary photoionization schemes to investigate
the distribution of neutral clusters formed under bombardment
of a sputter cleaned indium surface with a 20 keV C60+ ion
beam. The resulting size distributions are compared to those of
the corresponding secondary ions to unravel the eﬀect their
ionization process has during cluster formation.
Determining the abundance distribution of neutral clusters in
the ﬂux of material released from the surface under ion
bombardment requires the investigation of the postionization
eﬃciency. We do this by studying the saturation behavior of the
measured signal as a function of the laser intensity and will
show that complete ionization eﬃciency can be achieved for
both employed postionization methods without excessive
fragmentation of the sputtered clusters. To enable a
quantitative comparison between neutral and ionized species,
we then investigate the fraction of sputtered particles that is
intercepted by the postionization laser. The results will then be
used to determine the ion fraction, i.e., the probability that a
sputtered particle is emitted in a charged state, i.e., as a
secondary ion. We will show that the vast majority of the
sputtered material is emitted in the neutral state, with nearly
negligible ion fraction for all InmCn clusters investigated here.
The abundance distributions measured under steady state
conditions, i.e., after prolonged C60+-bombardment, for pure
indium and indium carbide clusters will be discussed in terms of
electronic cluster properties like ionization energy and
dissociation energies for diﬀerent fragmentation reactions as
calculated by Bernstein et al.2 We will show that the abundance
distributions of neutral clusters signiﬁcantly diﬀer from those of
the respective cations, reﬂecting particularly the diﬀerences in
cluster stability in light of the unimolecular dissociation
accompanying the cluster formation process. Last, but not
least, we investigate the role of the C60+ ion ﬂuence in an
attempt to answer the question, whether the observed clusters
are formed in single impact events or as a consequence of
carbon accumulation at the ion bombarded surface.

Secondary ions as well as sputtered neutral particles ejected
from the surface as a consequence of the ion bombardment
were therefore allowed to expand freely according to their
emission angle and velocity distribution, before they were
interrogated by means of an extraction ﬁeld that was switched
on shortly (∼10 ns) after the end of the primary ion pulse. At
the start of the extraction pulse, secondary ions that are present
in the space between surface and extraction electrode are
accelerated into the TOF spectrometer and focused onto a
microchannelplate detector. The postionization laser beam is
directed parallel to the surface at a distance (“height”) of 0.5−1
mm and ﬁred shortly (∼75 ns) after the start of the extraction
pulse. The delay is introduced to separate the ﬂight time peaks
arising from secondary ions and postionized neutrals, because
the ﬂight time zero for the secondary ions is determined by the
extraction ﬁeld, whereas that for the photoions is determined
by the laser pulse. Apart from this diﬀerence, the spectrometer
does not distinguish between secondary ions and postionized
neutrals, thus enabling the detection of both species under
otherwise identical experimental conditions. These facts will be
important in the discussion below.
The sample used in these experiments consists of a
polycrystalline indium foil that was mounted to an xyztranslation stage. To ensure reproducible surface conditions,
the initial surface contamination was removed by prolonged ion
bombardment to a ﬂuence of the order of 1016 cm−2 using a dc
beam rastered over an area of 400 × 400 μm2. During one set
of experiments, this was done using the C60+ beam operated in
dc mode, thereby ensuring the establishment of steady state
sputtering conditions before taking data using the same beam,
now operated in pulsed and spot mode and centered within the
prebombarded area. In a second set of experiments, the surface
was prebombarded using a dc gold ion beam rastered over an
area of 700 × 700 μm2, with the goal of completely removing
any carbon contamination that may have been present at the
virgin indium surface. The gold bombardment was continued
until no carbide clusters were detectable in the mass spectrum.
Note that the surface prepared in this manner did have gold
atoms incorporated, leading to the observation of abundant
indium−gold clusters in the sputtered ﬂux which, however,
were disregarded in the present work. The surface was then
analyzed with the C60+ beam using alternating ion bombardment and data acquisition cycles to determine the role of
possible carbon accumulation in the surface. During a
bombardment cycle, the C60 beam was operated in dc mode
and rastered over an area of 400 × 400 μm centered within the
gold prebombarded area, thereby applying a ﬂuence of about 7
× 1011 cm−2 per cycle.
The postionization laser used in instrument 1 was an F2
excimer laser (Coherent Excistar XS 500) delivering pulses of
up to ∼2 mJ energy and 10 ns duration at a wavelength of 157
nm. The corresponding photon energy of 7.88 eV is above the
ionization energy of indium atoms (5.79 eV) as well as all
indium28,29 and indium carbide2 clusters and therefore should
allow nonresonant single photon ionization (SPI) of all neutral
species investigated here. The VUV beam was introduced into
the TOF spectrometer via an evacuated beamline and a
spherical CaF 2 lens of 150 mm focal length, which
simultaneously served as a window separating the beamline
from the ultrahigh vacuum chamber. To control the position of
the laser focus with respect to the sensitive volume of the mass
spectrometer, the lens was mounted on an xyz-manipulator that
was ﬁrmly connected to the UHV chamber. In such a manner,

■

EXPERIMENTAL SECTION
The experiments were performed on two virtually identical
instruments that have been described in detail elsewhere.26,27
Both systems utilize a 20 kV C60+ ion source, delivering a beam
current of about 50 pA into a spot size of the order of several
μm and a reﬂectron-type time-of-ﬂight (TOF) mass spectrometer mounted to an ultrahigh vacuum chamber with a base
pressure of about 10−9 mbar. In addition to the fullerene
source, one instrument was equipped with a liquid metal ion
source delivering a focused 25 keV Gold (Au+, Au2+, and Au3+)
ion beam of about 10 nA into a spot size of the order of 1 μm.
All ion beams were directed to the surface of a clean indium
sample under an incidence angle of 45° and operated in a
pulsed mode with a pulse length of about 2000 ns. During the
primary ion pulse, the sample was held at ground potential,
thereby keeping the space above the surface ﬁeld free.
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induced fragmentation accompanying the photoionization
process. Next, we present the size distribution of pure indium
neutral and cationic clusters emitted under C60+ bombardment
and compare the results to similar data obtained using atomic
projectile ion beams. The measured distributions are discussed
in terms of known facts regarding the formation of metal
clusters in sputtering. Subsequently, we present the measured
abundance distributions of InmCn carbide clusters as a function
of their stoichiometry (m/n) and size (nuclearity, m + n). The
results are discussed in terms of relevant cluster properties such
as ionization energy, dissociation channels and energies etc.
that are taken from the literature. Finally, we investigate the
role of C60+ ion ﬂuence to shed light on the question whether
the observed clusters are being formed during single impact
events or as a consequence of carbon accumulation at the C60+
bombarded surface.
Photoionization Eﬃciency. To obtain quantitative
information about the postionization eﬃciency, we investigate
the saturation behavior of the photoionization process in the
regime of high laser intensity. For molecular species, the
possibility of photon induced fragmentation must also be
addressed at least at a semiquantitative level. In principle, the
signal detected by a TOF spectrometer as used here is
determined by the spatial and temporal overlap between the
plume of sputtered particles emitted from the surface, the
ionization laser and the sensitive detection volume of the mass
spectrometer. Due to the short laser pulses employed here, any
motion of the neutral particles during the laser pulse can be
neglected and the experiment is therefore sensitive to the
number density of neutral particles rather than their ﬂux. The
measured signal can in general be described as31

both the vertical distance (“height”) and the lateral position of
the laser focus with respect to the ion optical axis of the TOF
spectrometer could be precisely controlled by moving the lens
in the y- or x-axis, respectively. When the lens was translated
along the z-axis (the propagation direction of the laser), the
focal diameter of the beam in the sensitive volume from which
ions are being extracted and transmitted through the TOF
spectrometer could be varied between ∼100 μm and ∼1 mm.
In some experiments, the extension of the sensitive volume was
restricted to match the eﬀective laser beam width by
introducing a 1 mm diameter aperture in front of the entrance
electrode of the TOF spectrometer. The laser output was varied
and regulated via the discharge high voltage and measured
using the internal energy monitor, which was calibrated using a
GenTec power meter. In addition to the “external” measurement, the laser pulses entering the vacuum chamber were
monitored using a two-grid photoelectric detector described
elsewhere.30
In instrument 2, postionization of the sputtered neutrals is
accomplished by means of a laser delivering intense, ultrashort
pulses at near-infrared wavelengths between 1160 and 2580
nm. The system employed in these experiments (Coherent
Legend Elite Duo) produces pulses of 10 mJ energy, 40 fs
duration, at a wavelength of 800 nm and a repetition rate of 1
kHz. Its pulse width is checked by frequency resolved optical
gating in the Swamp Optics Grenouille 8-20-USB. The laser
output is used to pump an optical parametric ampliﬁer (OPA)
(Light Conversion TOPAS-C-HE), the output wavelength of
which is tunable in the 1160−2580 nm range, with a combined
signal and idler conversion eﬃciency between 30% and 40% of
the pump power. The output intensity is adjusted by changing
the delay between the pump and seed pulses in the second
ampliﬁcation stage of the OPA, because this method has almost
no eﬀect on the output wavelength and pulse width. The signal
and idler outputs of the OPA are ﬁltered with appropriate
dichroic mirrors. The generated wavelengths are conﬁrmed by
detecting their frequency doubled light in an Ocean Optics
USB 4000 spectrometer. The beam is focused into the mass
spectrometer using a 150 mm (at 587.6 nm) focal length lens,
which produces a 75 ± 25 μm focal diameter for all
wavelengths. Under these conditions, the Rayleigh range of
the laser focus is about 1 mm, which is comparable to the
extension of the sensitive volume of the mass spectrometer.
Therefore, in some of the experiments, ion collection was
restricted in the direction of the laser propagation using a 600
μm wide slit aperture placed between the laser focus and the
entrance electrode of the TOF spectrometer. The laser power is
monitored using a power meter and the intensity is calibrated
relative to the known ionization behavior of pure Xe gas, which
is introduced into the vacuum chamber via a leak valve.

S=

∫ n( r ⃗) α0( r ⃗) T( r ⃗) d3r

(1)

where n is the number density of neutral target species, α0
denotes the postionization probability, and T describes the
instrument transmission, i.e., the probability that a photoion
created at position r ⃗ will be extracted into the TOF
spectrometer and detected in the ﬂight time spectrum.
One possible approach to simplify eq 1 is to deliberately
defocus the ionization laser, rendering the postionization
probability constant across the eﬀective detectable plume
determined by the overlap of n and T. To gain further
information, it is advantageous to look at the signal of gas phase
species that are present in the residual gas and photoionized by
the laser. For such species, the number density is constant, the
(thermal) starting velocity of the generated photoions is
negligible, and the remaining integral over T therefore describes
the true sensitive volume of the TOF spectrometer. Sputtered
particles, on the other hand, are being emitted from a speciﬁc
point where the primary ion beam hits the surface and exhibit a
relatively broad distribution of emission angles and velocities.
As a consequence, n and T are not independent and the
eﬀective detectable plume may crucially depend on the
parameters of the ion bombardment such as beam energy,
impact angle and the location and extension of the ion
bombarded surface area.
For a single photon absorption process, the laser intensity
required to reach saturation ionization eﬃciency is relatively
small and the laser can be defocused to sample the entire
plume. The theoretically expected photoionization probability
of a molecule as a function of the laser intensity IL is given by

■

RESULTS AND DISCUSSION
The main goal of this work is to determine the abundance
distribution of neutral clusters in the plume of material
sputtered from an indium surface under bombardment with a
C60+ ion beam and compare it with that of the corresponding
cationic clusters. This section is therefore organized as follows.
First, to facilitate a quantitative comparison, it is necessary to
assess the eﬃciency of the postionization methods used to
render the neutral species accessible to detection in the TOF
mass spectrometer. We do so by looking at the saturation
behavior of the employed photoionization techniques. These
schemes are then compared to assess the possible role of laser8544
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Figure 1. Laser intensity dependence of photoionization signal measured for neutral In atoms, In2 dimers, and In2C clusters produced under
bombardment of solid indium with 20 keV C60+ ions using VUV single photon ionization at 157 nm (a, b, c) and strong ﬁeld IR photoionization at
1200 nm (d, e, f). (See text for details regarding the solid and dashed lines.)

α 0(IL) = ϕi[1 − exp(−σaILτ )] exp( −σf ILτ )

the measured signal is under these “parallel beam” conditions
described by33

(2)

where σa is the photoabsorption cross section, ϕi is the
branching ratio between intact single photon ionization and
fragmentation, σf denotes the cross section for higher order
fragmentation by absorption of further photons, and τ is the
laser pulse duration. The laser intensity dependences of the
signal measured for In, In2, and In2C using a defocused laser
beam are shown in Figure 1a. In these experiments, the VUV
laser output was varied by means of the discharge voltage and
defocused to a focal dimension of about 1 × 0.5 mm2 in
directions parallel and perpendicular to the surface, respectively.
The solid lines represent ﬁts of eq 2 to the data, which describe
the measured signal variation very well and deliver the saturated
signal Ssat as well as the values of σa and σf as ﬁtting parameters
(for indium atoms, σf was naturally ﬁxed at zero). The resulting
photoionization eﬃciencies can be obtained by correction for
the multiphoton fragmentation term in eq 2 and is depicted as
dashed (red) lines in Figure 1a. Comparison with the known
photoionization cross section of Mo atoms31 yields the
saturation intensity for the clusters to be around 2 × 105 W/
cm2, whereas that of the indium atoms is by more than an order
of magnitude larger. This appears to be a rather common
feature in single photon ionization of sputtered clusters which
has been found for other metals using the same VUV
wavelength employed here32 as well as for indium atoms and
clusters using diﬀerent laser wavelengths.18,28
Under strong ﬁeld photoionization conditions, on the other
hand, a tightly focused laser is used to generate high enough
intensity for eﬃcient ionization. In this case, the ionization
volume, i.e., the volume eﬀectively sampled by the laser, will
depend on the laser intensity and expand with increasing
intensity. To investigate the photoionization eﬃciency under
these conditions, the extension of the ionization volume in the
direction along the laser beam is restricted to a length l (below
the Rayleigh range), as described in the Experimental Section.
Assuming a Gaussian beam proﬁle, the saturation behavior of

dS
= TnπR2lϕi[1 − exp(−
d(ln I0)

∞

∫−∞ W (IL(t ))/ϕi)]

(3)

where n and T have the same meaning as above, R is the
distance from the center of the laser beam where the intensity
has fallen to I0/e, and I0 is the intensity in the center of the laser
beam. In deriving eq 3, use was made of the fact that the laser
beam diameter is small compared to the extension of the
detectable plume, so that both n and T can be assumed to be
constant across the ionization volume. In the limit of high
intensity, the photoionization eﬃciency in square brackets
becomes saturated and the signal varies asymptotically as
⎛I ⎞
S(I0) ≈ πR2l ln⎜ 0 ⎟ ·n·T = πR′2 l·n·T
⎝ Isat ⎠

(4)

where πR′ l denotes the ionization volume, i.e., the volume
where IL > Isat. Plotting the signal vs log(I0) therefore yields an
asymptotic straight line, which can be used to determine the
saturation intensity Isat as shown in Figure 1b.33 Again, we ﬁnd
a lower saturation intensity for the clusters (∼5 × 1012 W/cm2)
than for the indium atoms (∼2 × 1013 W/cm2). Once Isat is
known, the lateral extension R′ of the ionization volume can be
calculated for a given laser intensity I0 using eq 4.
For a quantitative comparison of sputtered neutral cluster
yields with those of the corresponding secondary ions, it is
important to note that particularly a focused laser might
signiﬁcantly undersample the detectable sputtered plume. In
principle, lateral scans of the laser beam can be used to address
that problem. As a ﬁrst step, we use the tightly focused laser to
map the sensitive volume of the mass spectrometer by
following the photoionization signal of gas phase Xe atoms as
a function of the laser position. In doing so, the laser beam was
positioned for optimum signal and then scanned in directions
parallel and perpendicular to the surface, corresponding to the
2
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integrated to estimate the fraction of the entire plume that is
being intercepted by the laser being positioned for optimum
signal. In doing so, we multiply the signal measured at the
maximum in Figure 2a with the sampled area πR′2 as calculated
above and divide by the sum of all signals shown in Figure 2a,
multiplied by the stepping intervals Δx and Δy of the x and y
scans. As a result, we ﬁnd that at a peak intensity of 1015 W/
cm2, corresponding to I0/Isat = 50, the laser intercepts about 3%
of the sputtered plume. This value can be used to calculate the
ion fraction of sputtered indium atoms. In this context, it is
important to note that the measured secondary ion signal
represents the integral over the entire detectable plume. From
the measured signal ratio of 50 between the (undersampled)
postionized neutral and the corresponding secondary ion signal,
one therefore ﬁnds an ion fraction of ∼6 × 10−4 for the
sputtered indium atoms. This value is typical for a sputter
cleaned metal surface and is, moreover, in good agreement with
that measured by Samartsev et. al35 for In atoms sputtered
under gold cluster bombardment of a clean indium surface.
As a result of the above discussion, we expect the
postionization eﬃciency of all detected clusters to be saturated
under both single photon and strong ﬁeld ionization conditions
employed here. To examine this notion, we plot in Figure 3 the

coordinates orthogonal to and along the ion optical axis of the
spectrometer. The result of such scans is shown in Figure 2,

Figure 2. Signal of photoionized gas phase Xe atoms and sputtered
neutral In atoms as a function of the position of the ionization laser
during strong ﬁeld photoionization at a wavelength of 1350 nm, peak
intensity I0 ∼ 1015 W/cm2 and focal diameter d ∼ 75 μm (R ∼ 26
μm): (a) full 2D-signal distribution; (b) vertical scan along the surface
normal; (c) horizontal scan parallel to the surface through the position
of maximum detected signal.

revealing a lateral extension of the sensitive volume of about 1.5
mm. As expected, the transmission probability is practically
constant throughout the entire sensitive volume and drops
rapidly at its edge, being determined essentially by the ion
optical properties of the mass spectrometer. In the direction
along the ion extraction axis, the curve shows an almost
constant transmission probability over the scanned interval of
about 1.5 mma above the surface. As a second step, we then
follow the signal of sputtered neutral species as a function of
the laser position to map the detectable sputtered plume as
introduced above. The results measured for sputtered In atoms
are also shown in Figure 2. It is seen that the sputtered plume is
not centered within the sensitive volume. This is presumably
due to the fact that the C60 ion beam impinges under 45° with
respect to the surface normal, rendering the distribution of
sputtered particles anisotropic, with particles being prefentially
ejected in an oﬀ-normal direction.34 To eﬃciently sample these,
the ion beam needs to be displaced from the ion optical axis of
the spectrometer. As a consequence, the neutral particles
probed by the photoionization laser possess a starting velocity
component orthogonal to the ion optical axis, which needs to
be compensated by a lateral displacement of the ionization
volume. Note that the same is true for the secondary ions,
which follow the same trajectories and are detected in exactly
the same manner as the postionized neutrals because the space
above the surface is ﬁeld-free until the extraction ﬁeld is
switched on. In the direction along the ion optical axis, the
signal reﬂects the expected 1/r2 decrease in number density,
which is expected for a point source of sputtered particles at the
surface.
The complete experimentally detectable plume mapped out
this way is shown in Figure 2a. These data can now be

Figure 3. Signal of postionized neutral indium atoms and clusters
produced under bombardment of solid indium with 20 keV C60+ ions
normalized to that of In2 dimers (a) or In atoms (b) vs ionization laser
intensity for (a) VUV single photon ionization at 157 nm and (b) IR
strong ﬁeld photoionization at the indicated wavelength.

ratio of the postionization signal measured for a speciﬁc cluster
to that measured for In atoms. Data obtained under strong ﬁeld
ionization conditions are shown in Figure 3b for diﬀerent
wavelengths of the ionization laser. It is seen that in all cases the
ratio ﬁrst decreases at lower intensities and then becomes
constant at intensity values above 1014 W/cm2. The initial
decrease is due to the fact that the In atom signal is obviously
not entirely saturated below intensities about 5 × 1013 W/cm2,
an observation that ﬁts nicely to the saturation intensity of 2 ×
1013 W/cm2 obtained from Figure 1b and the fact that about e
times Isat is needed for complete saturation.33 What is also
evident from the data is that the resulting signal ratio only
weakly depends on the particular wavelength used for strong
ﬁeld photoionization.
8546
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the size distributions measured with both postionization
techniques. The value of 4.0 agrees with that determined by
Staudt et al.18 (3.9) for bombardment of indium with 15 keV
Xe+ ions using VUV single photon ionization at 193 nm for
postionization. Under these conditions, a total of about 14
indium atoms (regardless of bond state) are on average being
removed from the surface per projectile impact. It has been
argued that the transition between linear collision and spike
regimes may be marked by a sputter yield around 20 atoms/
impact.42 For 20 keV C60+ projectiles, the yield is estimated as
∼150 atoms/impact43 and the emission process is therefore
clearly spike dominated. The fact that similar cluster size
distributions are observed under both bombardment conditions
therefore nicely corroborates the notion of a constant exponent
once the spike regime is reached.
A close inspection of the size distributions in Figure 4 reveals
slight diﬀerences between both postionization methods. As a
trend, larger clusters appear to be less eﬃciently detected under
strong ﬁeld photoionization than under single photon
ionization conditions, while at the same time the dimer signal
appears to be slightly enhanced. Both observations are
consistent with a higher degree of photofragmentation under
SFI conditions. In fact, it appears surprising at ﬁrst glance that a
cluster like In10 can be photoionized to saturation eﬃciency by
brute force without being completely fragmented. From the
observed signal ratio, one ﬁnds that the branching ratio ϕi for
intact ionization of In10 must be by a factor of 3 lower than that
under SPI conditions, indicating that about 60% of the neutral
In10 clusters are being fragmented in the high intensity laser
ﬁeld. However, the eﬀect is less pronounced for smaller clusters
and should therefore be negligible for the small indium carbide
clusters discussed below.
Another striking observation in Figure 4 concerns the
secondary cation cluster distribution, which appear to fall much
more slowly with increasing cluster size than the corresponding
neutral clusters. However, analysis reveals that this is due to the
fact that the data were normalized to the respective monomer
signal. Considering the ion fraction of sputtered monomers as
discussed above, the curve labeled “SIMS” in Figure 4 must
therefore be shifted down by 4 orders of magnitude to facilitate
a quantitative comparison. It is evident that practically all
indium clusters formed under C60+ ion bombardment of a clean
indium surface are neutral, leaving the secondary ion formation
as a minor emission channel in all cases investigated here.
However, it is interesting to note that all three distributions
plotted in Figure 4 show an exceptional signal drop between In7
and In8. This observation has been made before19 and reﬂects
an enhanced stability of the In7+ cluster ion with respect to In8+.
The fact that the distribution of postionized neutral clusters
exhibits the same intensity drop therefore indicates that this
feature must be induced by photofragmentation during the
postionization process rather than the unimolecular fragmentation of nascent clusters in the course of the sputtering event.
With regard to the indium carbide cluster distribution, it is
interesting to note that practically no InCn clusters could be
detected in the postionized neutral spectrum. However, it is
possible to unambiguously identify neutral InmCn species with
m = 2..6 containing up to n = 5 carbon atoms in the measured
spectra. The abundance distributions of these clusters measured
using the two diﬀerent photoionization methods are plotted in
Figure 5 along with those of the corresponding cationic species.
Each panel depicts the progression of diﬀerent numbers of
carbon constituents (n) for a given number of indium atoms

Under single photon ionization conditions, the available laser
intensity is not suﬃcient to completely reach saturation of the
In atom signal (Figure 1a). In this case, we therefore plot the
cluster signals relative to that of the In2 dimer in Figure 3a. Also
in this case, it is evident that the signal ratio of diﬀerent clusters
becomes constant once the laser pulse intensity is larger than
about 4 × 105 W/cm2, indicating saturated ionization eﬃciency
for all clusters.
Cluster Size Distribution. Once saturated ionization
conditions are established, the measured postionization signals
directly represent the density of the respective clusters within
the sputtered plume. The resulting size distribution measured
for pure indium clusters using the two diﬀerent postionization
strategies is plotted in Figure 4. Because all wavelengths

Figure 4. Size distribution of neutral Inm clusters (SPI, blue; SFI, red)
and Inm+ cluster ions (SIMS, black) produced under bombardment of
a solid indium surface with 20 keV C60+ ions plotted in (a) semilog
and (b) double-log fashion. The neutral species were postionized using
either a VUV single photon ionization (SPI, blue) or a IR strong ﬁeld
photoionization (SFI, red) scheme.

employed during strong ﬁeld photoionization yield essentially
the same result, we include here the data averaged over all used
wavelengths (1200, 1400, 1800, and 2000 nm) to reduce the
statistical noise. First, and probably most importantly, it is seen
that both postionization methods yield very similar size
distributions, with the abundance of Inm clusters decreasing
monotonically with increasing nuclearity m. This observation
has been made before19 and represents a rather typical feature
of the cluster formation process in sputtering.32 In fact, if the
distribution is plotted in a double-log fashion (Figure 4b), one
ﬁnds a straight line indicating a power law dependence of the
cluster yield according to m−δ, with the exponent δ depending
on the ion bombardment conditions.21,36−38 Earlier experiments on diﬀerent metals under bombardment with atomic
projectile ions have revealed the value of δ to be linked to the
sputter yield Y, with δ decreasing with increasing Y as long as
the sputtering process is governed by a linear collision
cascade.18,36,39
The situation is diﬀerent if polyatomic projectiles are used
for bombardment, because under these conditions the
sputtering process is dominated by a collisional spike. It has
been argued that cluster formation under these conditions may
lead to nearly constant values of δ independent of the sputter
yield.37,40,41 From the present data, we ﬁnd δ = 4.0 and 4.6 for
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energy is more than 1 eV below the photon energy. Therefore,
either the calculated value is by more than 1 eV too low or
there are other reasons like, for instance, an extremely
unfavorable Franck−Condon factor which underlie our
experimental ﬁnding. In this context, it should be noted that
whereas the B3P86 functional used by Bernstein et al. is ﬁne for
geometry calculations, it tends to systematically overestimate
ionization energiesb, rendering the observation of a strongly
reduced SPI ionization eﬃciency puzzling.
Comparing the neutral cluster distributions to those of the
respective secondary ions, one ﬁnds complementary trends. For
the m = 2 progression, the carbide cluster ion with the highest
relative abundance is In2C3+, whereas it is In2C2 in the neutral
spectrum. A similar observation holds for the m = 4
progression, where the In4C2+ is the most abundant carbide
ion, whereas it is In4C in the neutral spectrum. For m = 3, the
In3C2+ ion is especially abundant (even more than the In3+
ion), whereas this is clearly not the case for the respective
neutral clusters. For all InmCn clusters, the calculations2 show
that the most probable fragmentation channel, i.e., the one
associated with the lowest dissociation energy, is by loss of an
In atom. In that respect, a pronounced odd−even alternation is
predicted2 with all In3Cn+ cations containing an even number of
carbon atoms being particularly stable, whereas this trend is
reversed for the corresponding neutral clusters. This ﬁnding is
consistent with our experimental data. Particularly the In3C2+
cation exhibits the highest thresholds for all possible
dissociation reactions, thus explaining the outstanding
abundance of this ion in the secondary ion spectrum. Although
the same holds true for the dissociation of neutral In3C2 via loss
of C2 and InC units, the threshold for loss of an In atom is
signiﬁcantly reduced with respect to In3C and In3C3, thereby
making the unspectacular abundance of this cluster in the
neutral spectrum understandable. The general trend observed
for the neutral clusters is an overall decrease of the relative
abundance with increasing number n of constituent C atoms,
which can roughly be approximated by an n−1.6 dependence
(dash-dotted lines in Figure 5) and is superimposed by a slight
odd−even alternation reﬂecting the diﬀerent stability of the
clusters.
A diﬀerent way to analyze the data is to plot the abundance
distribution of InmCn clusters containing a ﬁxed number of
carbon atoms. These plots are shown in Figure 6. To
demonstrate the relative scaling, all signals of postionized
neutral clusters were normalized to that of the neutral In atom
and all secondary ion signals were normalized to that of In+.
Interestingly, no carbide cluster containing only one indium
atom was observed. In the remaining m ≥ 2 progression, the
neutral clusters exhibit a monotonic decrease with increasing
size, i.e., number of indium atoms, which closely follows that
observed for the pure indium clusters. This ﬁnding is in marked
contrast with a similar experiment performed on silicon.46 In
that case, the neutral SimC, SimC2, and SimC3 clusters showed
pronounced yield maxima at m = 2, 1 and 2, respectively, which
could be explained by the fact that these clusters exhibit the
largest dissociation threshold (i.e., the lowest dissociation
energy for loss of a Si atom). In the case of indium carbide
clusters, the lowest dissociation energy is the energy required
for loss of an indium atom, and the calculated dissociation
thresholds are signiﬁcantly smaller than those of the silicon
carbide clusters. Published data2 exist only for m = 3 and 4, but
there is no clear correlation with the data in Figure 6. For the
cationic clusters, the most striking observation is the signal drop

Figure 5. Size distribution of neutral (SPI, blue; SFI, red) and ionized
(SIMS, black) InmCn clusters containing a ﬁxed number of indium
atoms produced under bombardment of solid indium with 20 keV
C60+ ions. The signals were normalized to that of the respective Inm
cluster.

(m) in the cluster, with each distribution being normalized to
the signal of the respective pure Inm cluster. For m = 2, 4, 5 and
6, the results measured with both photoionization methods are
reassuringly similar. For the case of In3Cn clusters, on the other
hand, the signal measured using VUV single photon ionization
is by orders of magnitude lower than that measured using IR
strong ﬁeld photoionization. In this case, the missing signal
must evidently be due to the photoionization process, because
the SFI data clearly show that the respective neutral clusters are
present in the plume. We are therefore forced to conclude that
single photon ionization at 157 nm does not permit the intact
photoionization of In3C n clusters. The most probable
explanation for this observation would be that the ionization
potentials of these clusters lie above the photon energy of 7.88
eV. In that case, the SPI scheme would only detect those
clusters which contain enough (ionization active) internal
energy to eﬀectively lower the ionization threshold. For
sputtered metal clusters, this “sub-threshold ionization”
phenomenon has indeed been observed28,44,45 and was utilized
to determine the internal temperature of sputter generated
indium clusters.28 Alternatively, the signal might be caused by
photofragmentation of larger clusters, most likely In4Cn. To
explain the observed linear dependence on laser intensity,
however, this requires a photon energy above the sum of the
ionization energy of In4Cn plus its dissociation energy for the
loss of an indium atom. The values calculated by Bernstein et
al.2 (IE = 6.5−7 eV and ED = 2..3 eV) clearly indicate that this
is not possible with a photon energy of 7.88 eV.
Looking at the calculations of Bernstein et al., one ﬁnds
adiabatic ionization energies of 7.7, 5.9, and 7.1 eV for neutral
In3C, In3C2, and In3C3, respectively, which are well below our
photon energy. One could argue that the threshold energy
necessary for single photon ionization is rather the vertical
ionization energy, which has also been calculated as 7.8, 6.6,
and 7.6 eV, respectively. For In3C and In3C3, these values are
very close to our photon energy. Considering the possible
uncertainty in the absolute values predicted by DFT
calculations, the fact that we cannot observe these clusters is
understandable. For In3C2, on the other hand, the missing
signal is harder to rationalize because the calculated ionization
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Figure 7. Ion fraction of Inm (a) and InmCn clusters (b) produced
under bombardment of solid indium with 20 keV C60+ ions. The data
were calculated using the strong ﬁeld photoionization (SFI) data for
postionization of the neutral species.

Figure 6. Size distribution of neutral (SPI, blue; SFI, red) and ionized
(SIMS, black) InmCn clusters containing a ﬁxed number of carbon
atoms produced under bombardment of solid indium with 20 keV
C60+ ions. The signals of all postionized neutrals were normalized to
that of the neutral indium monomer, whereas all secondary ion signals
were normalized to that of In+.

line with the notion that sputtered clusters are formed via
unimolecular fragmentation of highly internally excited
“nascent” clusters.47 In any case, it is evident that cationic
species in all cases represent only a minor species in the plume
of sputtered material, whereas the vast majority of particles
emitted from the surface is in the neutral charge state.
Eﬀects of C60 Fluence. An interesting question that was
left open in the work of Bernstein et al. regards the role of
carbon accumulation at the C60-bombarded surface. In general,
it is well-known that ion bombardment leads to the
implantation of projectile constituents at or slightly below the
bombarded surface. For the speciﬁc case of C60 bombardment,
molecular dynamics (MD) simulations 48,49 as well as
experimental data46 reveal that at least part of the constituent
carbon atoms are being implanted, leading to a buildup of a
surface carbon concentration with increasing C60+ ion ﬂuence,
until at some point a steady state between implantation and
resputtering is reached. In the context of the present work, the
interesting question is to what extent the formation of
sputtered InmCn is inﬂuenced by such an eﬀect. In other
words, are the clusters being formed in the course of a single
impact event, i.e., from a combination of surface indium atoms
with projectile constituents? Or, alternatively, are they being
formed from C atoms already present at the surface, with the C
resulting from previous C60 impact events? To address this
question, we ﬁrst investigate the mass spectra taken on a
pristine indium surface that was prebombarded with a gold ion
beam to such an extent that no traces of carbon were detectable
any more. This surface was then analyzed with a pulsed C60+
ion beam under “static” conditions, with the C60+ ion ﬂuence
applied during data acquisition being restricted to about 2 ×
10−4 ions/nm2. With the surface area inﬂuenced by a single
impact being of the order of several nm2, each impact therefore
occurs on a fresh surface location that has not been inﬂuenced
by previous C60 bombardment, and InmCn clusters observed
under these conditions must be formed from In and C atoms
originating from the surface and the projectile, respectively. If
the C60 ﬂuence is increased, any change observed in the cluster
yield then reﬂects the inﬂuence of the accumulating surface
carbon concentration.

observed for all clusters containing 5 indium atoms. Because
the neutral distributions do not show this eﬀect, we suspect that
this eﬀect must be related to a particularly high ionization
energy of the neutral In5Cn clusters or a signiﬁcantly reduced
stability of the respective cluster ions. At present, this question
must remain open because the corresponding threshold
energies are unknown.
When comparing the relative abundance of secondary neutral
and ionic clusters within the sputtered ﬂux, one needs to keep
in mind the normalization of the data presented in Figure 5. To
arrive at a quantitative comparison, each InmCn+ curve displayed
in Figure 5 must be multiplied by the relative abundance of the
respective Inm+ cluster depicted in Figure 4 and the ion fraction
of In+ (2 × 10−4) determined above. By dividing the
distributions of ionized and neutral clusters, we determine the
ion fraction, i.e., the probability that an InmCn cluster produced
under C60 ion bombardment is formed in a cationic charge
state. The result is presented in Figure 7. First, it is seen that
the ion fraction is lowest for In1 and increases with increasing
number m of indium atoms in the cluster. This ﬁnding has been
observed before18 and represents a typical feature of the
formation of metal clusters in sputtering, which can be
rationalized at least in part by a decrease of the ionization
energy with increasing cluster size. For the carbide clusters, the
ion fraction exhibits a pronounced odd−even alternation with
respect to the number of carbon atoms, which is similar for
In3Cn and In4Cn but reversed for In2Cn. For m = 3, this ﬁnding
can be rationalized by an alternation of the calculated ionization
energies, which predict smaller ionization energies for even
values of n.2 In light of the above discussion, however, caution
must be used because the VUV postionization experiment
suggests the IE of all three clusters with n = 1, 2, and 3 to be
above 7.88 eV. For the m = 4 series, the argument does not
hold because the calculated ionization energies do not show an
odd−even alternation.2 Therefore, we conclude that it is rather
the stability of the produced species that governs the
abundance distribution of clusters in sputtering. This is in
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Figure 8. Yield of neutral In2Cn and In3Cn clusters produced under bombardment of a sputter cleaned solid indium surface with 20 keV C60+ ions vs
C60+ ion ﬂuence. The surface was prebombarded using a gold ion beam until no carbon containing clusters were detectable.

■

CONCLUSIONS
Complementing the data obtained for secondary cluster ions
with that of the corresponding neutral clusters, it is possible to
gain insight into the formation process of indium carbide
clusters during C60 ion bombardment of solid indium. We have
shown that it is possible to detect the neutral clusters using
time-of-ﬂight mass spectrometry in connection with a laser
based post-ionization scheme. The quantitative interpretation
of the measured data, however, hinges on the assessment of the
achieved post-ionization eﬃciency. In the present work, we
have utilized two distinctly diﬀerent laser-based strategies which
are both aimed at an eﬃcient photoionization of sputtered
neutral species. The obtained results demonstrate that both
single photon ionization using nanosecond VUV laser pulses
and strong ﬁeld photoionization using extremely intense,
ultrashort infrared pulses allow the eﬃcient postionization of
the sputtered indium and indium carbide clusters without
excessive fragmentation. Furthermore, it is shown that the
combination of both experiments is vital to identify possible
problems associated with a particular method. As an example,
we ﬁnd that all In3Cn clusters investigated here are practically
invisible to the VUV single photon ionization, probably due to
unfavorable transition probabilities or their ionization energies
being above the applied photon energy. On the other hand, it is
shown that the strong ﬁeld photoionization scheme may
signiﬁcantly underestimate the abundance of neutral clusters
due to the undersampling of the neutral plume with a focused
laser.
If these problems are properly addressed, both postionization
methods are shown to deliver nearly identical abundance
distributions of the neutral Inm and InmCn clusters produced
under C60+ ion bombardment of indium. If compared to the
respective secondary ion distributions, it is demonstrated that
in all cases the cationic species represent only a minor fraction
of the sputtered particles. However, it is also found that the
measured ion fraction signiﬁcantly increases with increasing

As an example of the results of such an experiment, the
signals of neutral InmCn clusters with m = 2 and 3 are shown as
a function of C60+ ﬂuence in Figure 8. It is seen that two
diﬀerent cases can be distinguished. On one hand, clusters
containing only one carbon atom exhibit a large intensity
already under static conditions, which does not signiﬁcantly
change with increasing ion ﬂuence. These clusters are evidently
formed in single impact events, with the formation mechanism
probably involving a sputtered Inm cluster picking up a carbon
atom from the projectile. On the other hand, all clusters
containing more than one carbon atom exhibit almost
negligible intensity in the static regime, which rises to a steady
state value with increasing ion ﬂuence. At the same time, the
signals of pure Inm clusters exhibit a slight decay, indicating a
decreasing indium surface concentration. From this experiment,
it is obvious that implanted carbon builds up at the surface,
until steady state conditions are reached at an ion ﬂuence of the
order of 1014 C60+/cm2. From the observed ﬂuence dependence, we conclude that the vast majority of the InmCn clusters
with n > 1 observed under steady state conditions must be
formed from carbon atoms that are already present at the
surface. Using a purely statistical cluster formation model, one
would estimate the probability for the formation of an InmCn
cluster to scale with the surface concentration of carbon as
cInmcCn. This allows the prediction of the abundance distribution
within a series of constant m once the carbon concentration is
known. Applying the same scaling to the signal reduction of
pure indium clusters in Figure 8, in connection with cIn = (1 −
cC), one ﬁnds a steady state carbon concentration of the order
of 5%, statistically predicting a yield variation as
InmC:InmC2:InmC3 = 1:0.05:0.0025. It is obvious that this
strong decay with increasing n is not observed. Instead, it
appears that the signal roughly follows an n−δ -dependence with
δ ≃ 1.6.
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nuclearity, a ﬁnding which is veriﬁed for both the progression of
clusters containing a constant number of In atoms and a
constant number of carbon atoms, respectively. For the pure
metal clusters, this ﬁnding is rather typical and can be explained
at least in part by the decreasing ionization energy with
increasing cluster size. For the carbide clusters, one ﬁnds an
odd−even alternation of the ion fraction which can only in part
be explained in terms of the calculated ionization energies.
The measured abundance of neutral Inm clusters is shown to
fall monotonically with increasing m, as has been observed
earlier. For InmCn clusters, each progression with a constant
value of m shows an overall decrease with increasing number of
carbon atoms according to n−1.6, which is superimposed with an
odd−even alternation reﬂecting the diﬀerent stability of the
clusters. If analyzed for constant n, the abundance also falls
monotonically with increasing m. This is in marked contrast
with the cation distributions, which are additionally inﬂuenced
by the bombardment induced electronic excitation leading to
the formation of secondary ions.
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ADDITIONAL NOTES
Note that the position y = 0 in Figure 2 refers to a vertical
distance of 500 μm between the surface and the center of the
laser beam.
b
Note that the ionization energy of In2 calculated in ref 1 was
by about 0.7 eV above the experimental value
a
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