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A B S T R A C T

Using a time-of-flight mass spectrometer attached to the UNILAC beamline located at the GSI Helmholtz Centre
for Heavy Ion Research, we investigate the formation of secondary ions sputtered from a germanium surface
under irradiation by swift heavy ions (SHI) such as 5MeV/u Au by simultaneously recording the mass spectra of
the ejected secondary ions and their neutral counterparts. In these experiments, the sputtered neutral material is
post-ionized via single photon absorption from a pulsed, intensive VUV laser. After post-ionization, the instru-
ment cannot distinguish between secondary ions and post-ionized neutrals, so that both signals can be directly
compared in order to investigate the ionization probability of different sputtered species. In order to facilitate an
in-situ comparison with typical nuclear sputtering conditions, the system is also equipped with a conventional
rare gas ion source delivering a 5 keV argon ion beam. For a dynamically sputter cleaned surface, it is found that
the ionization probability of Ge atoms and Gen clusters ejected under electronic sputtering conditions is by more
than an order of magnitude higher than that measured for keV sputtered particles. In addition, the mass spectra
obtained under SHI irradiation show prominent signals of GenOm clusters, which are predominantly detected as
positive or negative secondary ions. From the m-distribution for a given Ge nuclearity n, one can deduce that the
sputtered material must originate from a germanium oxide matrix with approximate GeO stoichiometry,
probably due to residual native oxide patches even at the dynamically cleaned surface. The results clearly de-
monstrate a fundamental difference between the ejection and ionization mechanisms in both cases, which is
interpreted in terms of corresponding model calculations.

1. Introduction

The formation of secondary ions during ion sputtering of solid
surfaces represents the physical basis of secondary ion mass spectro-
metry (SIMS). A key quantity in such experiments is the ionization
probability of a sputtered particle, and significant effort has therefore
been devoted to investigate this quantity under so-called nuclear sput-
tering conditions, where the surface is bombarded with keV projectile
ions and the primary energy transfer is dominated by nuclear stopping.
Much less is known about secondary ion formation in the electronic
sputtering regime, where the solid is irradiated with swift heavy ions
(SHI) and the primary energy transfer occurs via electronic stopping of
the projectile. While the ionized particles ejected from the surface
under these conditions have been characterized for a few target mate-
rials (mainly ionic crystals such as LiF [1–23]), including measurements
of secondary ion yields as well as the emission velocity and angle dis-
tributions of sputtered atomic and cluster ions [12,14,15,18,20,21], to
date practically no such information exists about the sputtered material

which is emitted in the neutral charge state. Using collector techniques,
total sputter yields as well as angular distributions of the sputtered
material have been measured for some ion-target combinations (for a
review see [24]), which – provided the instrumental transmission and
detection efficiency for the secondary ions is known – in principle allow
to estimate the total ion fraction of the sputtered material. A funda-
mental open question, however, regards the ion fraction of specific
components in the sputtered flux. In that context, it is useful to define
the ionization probability of a sputtered species X as

=+ −
+ −Y

Y
α ,X

X

X

,
,

(1)

where X can stand for an emitted single atom, molecule or cluster, re-
spectively. The quantity + −YX

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

, does not necessarily imply the emission and
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ionization processes to be decoupled from each other. While this may in
some cases be true, e.g. for single atoms emitted from a clean metallic
surface under nuclear sputtering conditions, one could imagine a strong
coupling between the ejection and ionization mechanisms in other
cases, for instance via a charge related emission process such as Cou-
lomb explosion. Particularly for molecular emission, the fragmentation
or survival of a sputtered molecule may also be closely coupled to its
charge state, so that the factorization according to Eq. (1) may re-
present an oversimplification. Moreover, both the emission velocity and
angle distributions of secondary ions may in principle differ from those
of the respective neutral particles, thereby defining a velocity or tra-
jectory dependent ionization probability of a sputtered particle.

The goal to obtain quantitative information regarding the ionization
probability of sputtered particles ultimately requires the mass resolved
detection of emitted neutral species in addition to the corresponding
secondary ions under otherwise identical experimental conditions. This
is a difficult task, since neutral particles must be post-ionized in order to
render them accessible for mass spectrometric analysis. Several post-
ionization schemes have been employed, including electron impact
ionization (using either an electron beam [25] or the electron compo-
nent of a low pressure plasma [26]), surface ionization (involving
scattering of the particles at a heated surface) or photoionization (using
resonant or non resonant multiphoton or strong field ionization [27]).
Among these, single photon ionization (SPI) using an intense VUV laser
has been demonstrated as a promising tool for efficient post-ionization
of atoms and molecules, provided the photon energy is above the io-
nization potential of the investigated species [28–33]. If combined with
time-of-flight (ToF) mass spectrometry, it was shown that this tech-
nique allows the detection of secondary ions and their neutral coun-
terparts under otherwise identical experimental conditions regarding
the detection probability as well as the sampled emission angle and
velocity window [27]. Moreover, it is often possible to drive the pho-
toionization process into saturation, thereby gaining quantitative in-
formation about the post-ionization efficiency which is essential for a
determination of absolute ionization probability values.

We have frequently employed this technique in the past in order to
measure the ionization probability of particles emitted under nuclear
sputtering conditions [30,34–44]. For elemental targets, it is found that
the ionization probability strongly depends on a possible surface con-
tamination, an effect which is commonly described as the SIMS matrix
effect. For thoroughly sputter cleaned surfaces, one usually finds rela-
tively small values< 10−3 for sputtered single atoms [45], which in-
crease for clusters with increasing cluster size [30,34,37,46–48]. Oxi-
dized surfaces, on the other hand, yield ionization probabilities which
may be enhanced by orders of magnitude [49–51]. Only recently, a ToF
spectrometer equipped with a VUV post-ionization laser was added to a
high energy ion beam line [52], thereby allowing to adopt the tech-
nique to particles emitted under electronic sputtering conditions as well
[53]. In this work, we present data collected on atoms and clusters
ejected from a dynamically sputter cleaned germanium surface and
compare the results obtained under SHI impact with those measured in-
situ under low energy rare gas ion bombardment.

2. Experimental

The experiments were performed using a home-built reflectron
time-of-flight (ToF) mass spectrometer installed at the M1 beam line of
the UNILAC accelerator facility at the Helmholtz centre for heavy ion
research (GSI) in Darmstadt, Germany. The system has been described
in detail elsewhere [52], and therefore only a brief description of the
features relevant for this work will be given here. The ToF spectrometer
is mounted under 45° with respect to the UNILAC ion beam, and the
sample is positioned in such a way that the sputtered particles are
collected along the surface normal. For reference and alignment pur-
poses, the system also includes a 5 keV Argon ion beam which impinges
under the same polar angle (45°) with respect to the surface normal as

the SHI projectiles. Projectile ions used in these experiments were 197Au
ions of a selected charge state (26+) delivered by the accelerator with a
specific energy of 4.8 MeV/u. We note that these conditions do not
coincide with the equilibrium charge state of the gold ions (which is
reached once the projectile penetrates a distance of typically several
10 nm into the solid), and therefore the energy deposition from elec-
tronic stopping of the projectile will vary as a function of penetration
depth [54]. For the sputtering process investigated here, however, this
variation is practically irrelevant since the mean emission depth of
sputtered particles is only of the order of several nm. The UNILAC beam
was shaped to a spot profile of typically about 6mm diameter using a
fluorescent target in place of the sample. The spot profile of the keV-
beam was also examined by the fluorescent target and set to a diameter
of about 2mm FWHM.

Secondary ions released from the surface were swept into the ToF
spectrometer using a pulsed extraction field, with the switching time
marking the flight time zero for the detected ions. The reflector voltage
(1450 V) was tuned slightly below the target potential (1600 V) in order
to ensure that only ions originating from a minimum height of about
1mm above the sample surface could be reflected and detected. In
connection with the flight time refocusing properties of the ToF spec-
trometer, this setting determines a sensitive volume of about 1mm
diameter located at about 1mm above the surface and centered around
the ion optical axis of the spectrometer, from which ions could be ex-
tracted and contribute to the detected sharp flight time peaks [27].

Secondary neutral particles emerging from the bombarded surface
were post-ionized using a pulsed F2-laser operated at a VUV wavelength
of 157 nm. The corresponding photon energy ensured that neutral
atoms and molecules possessing ionization potentials up to 7.9 eV can
be efficiently post-ionized via non resonant single photon absorption.
The laser beam was directed parallel to the sample surface at a distance
matching the location of the ToF sensitive volume. The beam was fo-
cused to a spot diameter of about 0.5 mm using a 250mm focal length
CaF2 lens, which at the same time acted as the entrance window to the
ultrahigh vacuum chamber housing the experiment. The laser delivered
output pulses of about 4–7 ns duration and up to about 1.6mJ pulse
energy, which was monitored using its internal energy monitor and
calibrated using a GenTech power meter. Due to geometrical restric-
tions, the laser beam had to be guided through an evacuated beam line
of about 2m length and then coupled into the vacuum system via a
∼120° deflecting mirror, both leading to a significant intensity loss
before being introduced into the experiment chamber. The intensity of
the laser pulse actually entering the vacuum chamber was therefore
monitored again with a fast in-vacuum photoelectric detector located
behind the sample, the signal of which was also used in order to control
the timing of the pulse.

During most of the experiments, the laser pulse was fired simulta-
neously with the ion extraction pulse. This way, the instrument cannot
distinguish between intrinsic secondary ions and post-ionized neutral
particles of the same species, thereby detecting both entities under
otherwise the same experimental conditions regarding instrument
transmission and detection efficiency. In order to distinguish between
secondary ions and post-ionized neutrals, spectra were therefore taken
with (SNMS) and without (SIMS) firing the laser beam, and the data
corresponding to the secondary neutral particles alone were derived by
subtracting both spectra. In the following, the spectra taken under ir-
radiation with swift heavy ions during an UNILAC pulse will be referred
to as “MeV-SNMS” and “MeV-SIMS”, respectively.

Inbetween subsequent UNILAC pulses, additional spectra were
taken either with the keV argon ion beam bombarding the surface
(“keV-SNMS/SIMS”) or without any ion bombardment at all. While the
first deliver reference spectra which allow a direct comparison between
electronic and nuclear sputtering processes, the latter are needed to
ensure that the measured signals are actually related to the ion bom-
bardment. In particular, the data taken with the laser beam alone re-
veals important information about the background signal arising from

L. Breuer et al. Nuclear Inst, and Methods in Physics Research B 424 (2018) 1–9

2



laser photoionization of residual gas components, while the blank
spectrum measured without ion or laser beam basically shows the de-
tector baseline. All six spectra (MeV-SNMS, MeV-SIMS, keV-SNMS, keV-
SIMS, residual gas and blank) were obtained in a highly interleaved
manner during a single UNILAC pulse cycle and summed over a desired
number of such cycles in order to achieve the targeted counting sta-
tistics.

Secondary ions and post-ionized neutral particles were detected
using a Chevron stack of two microchannel plates (MCP) equipped with
a grounded entrance grid. A post-acceleration voltage of 4 kV was ap-
plied between the grid and the MCP front, leading to a total ion impact
energy of 5.6 keV onto the detector. The MCP output current was
measured on a collector plate and digitized using a fast transient digi-
tizer board (Signatec PX 1500). The 8 bit digitizer delivers byte values
between 0 and 255, which will in the following be referred to as “cts”.
Note that the unit of 1 ct defined this way does not correspond to the
registration of one ion, but rather symbolizes a detected MCP output
signal of several mV height, which depends on the MCP gain voltage
setting. In order to determine the actual number of detected ions of a
particular mass, the corresponding flight time peak must be integrated,
and the resulting peak integral must be divided by the average peak
integral induced by a single ion impact of the same mass. In many cases,
the data were summed over many acquired spectra (“reps”). To allow
an easy comparison, the measured signal will in the following be nor-
malized to the number of reps and displayed in units of “cts/rep”.

The ion fluence applied during a single UNILAC pulse varied de-
pending on the UNILAC pulse current and duration (with the latter
being set by the accelerator facility) between 107 and 108 ions/cm2.
Depending on the number of pulse cycles used to acquire the data, the
SHI fluence applied during acquisition of one spectrum therefore varied
between approximately 108 and 1011 ions/cm2. In order to examine the
influence of the applied total fluence, pseudo depth profiles were
usually measured where spectral data was taken repetitiously without
applying additional ion bombardment inbetween. The investigated
sample was sputter cleaned prior to the data acquisition using dc
bombardment with the keV argon ion beam to a total fluence of the
order of 1016 ions/cm2. In order to ensure a defined surface state even
during prolonged data acquisition sequences, corresponding to the ut-
most cleanliness of the surface reachable in our system, the Ar+ ion
beam was interleaved with the data acquisition, leaving it on dc op-
eration during the time period between subsequent data analysis cycles
and only temporarily pulsing it off during the UNILAC pulses and the
data acquisition gates for blank spectra, respectively. Under these
conditions, a dynamical equilibrium between sputter removal and re-
adsorption of residual gas particles is established, with the residual
surface contamination being determined by the Ar+ current density and
the residual gas pressure in the vacuum system. Since the experiments
were performed under UHV conditions with a base pressure< 10−8

mbar, the applied ion current density of ∼6×1013 ions/cm2s, in
connection with a realistic sputter yield of ∼10 atoms/ion and a
maximum sticking probability of 1, leads to a maximum possible re-
sidual surface contamination of the order of 1 at.%.

Germanium samples were cut from an undoped Ge wafer with an
approximately (111)-oriented surface. However, the crystalline struc-
ture of the sample is irrelevant in these experiments since the pre-
bombardment by 5-keV Ar+ ions leads to complete amorphization of
the sample to a depth of several nanometers. The sample was sonicated
in isopropanol for a few minutes before mounting on the sample holder
using either copper tape or clamping with a Mo mask.

3. Results and discussion

In this work, the ionization probability + −αX
, of a sputtered particle X

is investigated by comparison of mass spectrometric signals measured
for singly positively or negatively charged secondary ions X+ or X−

with those measured for their respective neutral counterparts X0. For

the experimental setup used here, these signals can be formally de-
scribed by

= = − −+ − + − + −S X I Y S X I Y( ) · ·η·α and ( ) · ·η·(1 α α )·αp X X p X X X X
, , 0 0 (2)

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

0 stands for the post-
ionization efficiency of the sputtered neutrals. The detection efficiency
η describes the fraction of emitted species (secondary ions or post-io-
nized neutrals) which is effectively sampled by the mass spectrometer.
It is determined by the accepted emission velocity and angle window of
the ToF spectrometer in combination with the respective emission
distributions of the sputtered particles and may therefore in principle be
different depending on the detected species and charge state. In that
context, it is important to note that our experiment is sensitive to the
number density of sputtered particles within the sensitive volume ra-
ther than their flux. Particularly if the secondary ions and neutrals are
emitted with different velocity distributions, this will lead to a correc-
tion factor determined by the average inverse emission velocity

∫〈 〉 =−
∞

−v v f v dv( )1
0

1
(3)

For the specific case of In atoms sputtered from a clean indium
surface under 5-keV Ar+ ion bombardment, the emission velocity dis-
tribution f v( ) has been measured for In+ and In0 secondary ions and
neutrals, respectively, revealing a difference by about a factor two be-
tween the average inverse emission velocities of both species. Since we
are interested in the order of magnitude rather than the exact value of
the ionization probability here, we therefore neglect this difference
throughout the remainder of this paper.

3.1. Mass spectra

Mass spectra of post-ionized neutral particles and secondary ions
detected under 4.8MeV/u Au26+ and 5 keV Ar+ irradiation of a dy-
namically sputter cleaned germanium sample are shown in Fig. 1.

It is seen that the spectrum of post-ionized neutral particles emitted
under keV ion bombardment (right hand panel of Fig. 1) consists
mainly of sputtered neutral Ge atoms and Gen clusters, which are de-
tectable here up to n=7, with very small signals of GeO(H) and Ge2O
molecules. The positive secondary ion spectrum observed under these
conditions is dominated by the usual Na+ and K+ alkali contamination
peaks (not shown in Fig. 1), but also shows a prominent signal for Ge+

ions and the series of Gen+ cluster ions. In addition, the spectrum
contains sizeable fractions of GenOm

+ or GenOmH+ cluster ions even
though the surface is sputter cleaned, a finding which is quite common
in positive secondary ion mass spectrometry of elemental surfaces since
oxygen is known to significantly enhance the positive ionization
probability [50]. The negative secondary ion spectrum is dominated by
an O− impurity peak (not shown in Fig. 1) and otherwise shows pro-
minent signals for GenOm

− cluster ions. In comparison, the signals
measured for bare Gen− cluster ions are practically negligible, and the
small signal detected for Ge− ions is by about a factor 16 below that
measured for Ge+. The GeO-type signals, on the other hand, are com-
parable for both ion polarities, and the negative ion spectrum exhibits
pronounced signals for GeO2 and GeO3, which are not observed in the
positive spectrum. A similar trend is seen for the clusters with n=2.4,
while for n≥ 5 only the bare Gen+ clusters are observed.

The spectra measured under SHI irradiation (left panel in Fig. 1)
look significantly different from those observed under keV impact. The
SNMS spectrum is dominated by the signals measured for Ge atoms and
GeO/GeOH molecules, with the hydroxide signal being even larger than
that of Ge. We note that the data obtained under SHI and Ar+ irra-
diation were measured with different projectile currents, so that the
keV-spectra displayed in Fig. 1 need to be divided by approximately a
factor 75 in order to facilitate a quantitative comparison of the detected
signals. With that correction, the Ge0 signal measured under SHI impact
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is about a factor 5 larger than that detected under keV bombardment.
As discussed in detail elsewhere [55], this finding does not necessarily
imply a larger sputter yield under SHI impact, since the measured signal
represents the number density of sputtered particles above the surface
rather than their flux. Therefore, if the emission velocity distributions of
particles sputtered under SHI bombardment were substantially different
from those sputtered under keV ion impact, the measured signal ratio
would not reflect the sputter yield ratio. Regarding the remaining sig-
nals in the spectrum, it should be noted that the SNMS spectrum ob-
tained with the post-ionization laser always contains the positive sec-
ondary ion background as well. For instance, comparison with the
respective SIMS spectrum reveals that most of the GeO-type signal
detected in the SNMS mode is actually due to secondary [GeOH]+ ions.
As expected, there is a prominent Ge0 signal, which is about 4 times
that of the corresponding Ge+ ions. As will be shown below, this signal
underestimates the true contribution of sputtered neutral Ge atoms,
since the post-ionization efficiency of these species is only about 1%. If
corrected for that value, the spectrum shows that the flux of sputtered
particles emitted under both irradiation conditions is clearly dominated
by neutral Ge atoms. These findings are consistent with the observation
of L’Hoir et al. [1], who investigated the secondary ion emission from a
germanium crystal surface under impact of 5.6MeV/u Pb28+ ions and
found no evidence of Ge ion emission, and emphasize the necessity to
look at the sputtered neutrals. As for the keV impact induced spectra,
we find a series of GenOm clusters which, however, here look identical
in both SNMS and positive SIMS spectra, revealing that these species
are almost exclusively detected as secondary [GenOmHx]+ ions. In ad-
dition, there is a series of [GenOm]K+ peaks, which overlay the GenOm

cluster signals and arise from a small potassium contamination of the
sample. In fact, the formation of such alkali adduct ions is a common
observation in molecular SIMS, since the alkali atoms exhibit a very
high positive ionization probability.

3.2. Post-ionization efficiency

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

∫=
→ → →n r p r T r d rα ( )· ( )· ( )X V X i

0 3
(4)

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

= − −p I c I I( ) [1 exp( / )]i L L sat (5)

where Isat is a saturation intensity which depends on the photo-
absorption cross section. The proportionality constant in Eq. (5) is unity
for single atoms and reflects the branching ratio between laser induced
ionization and fragmentation for the case of a sputtered molecule. As
long as ≪I IL sat , Eq. (5) describes a linear dependence and the overall
post-ionization probability described by Eq. (4) will depend linearly on
IL regardless of the laser beam profile. As soon as IL reaches Isat any-
where in the sensitive volume, deviations from the linear dependence
will occur, until the signal eventually reaches a plateau in the limit of
large laser intensities. Unfortunately, the exact shape of the saturation
curve is complicated by the fact that both the target density nX and the
detection probability T generally depend on the position within the
sensitive volume. Only in the case where the laser beam is defocused
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such as to illuminate the entire sensitive volume with essentially the
same intensity, the photoionization probability can be extracted from
the integral in Eq. (4) and the laser intensity dependence of the mea-
sured post-ionization signal follows the prediction of Eq. (5). While we
have measured saturation curves under these conditions in our la-
boratory, the installation of a VUV laser which is powerful enough to
ensure saturation ionization over a large enough volume is not possible
at the GSI beamline. Therefore, the laser beam was more tightly focused
in the experiments reported here, leading to saturation curves that do
not exactly follow the prediction of Eq. (5). Examples for such curves
measured for atoms and molecules sputtered under SHI irradiation are
shown in Fig. 2, where the post-ionization signal measured under ir-
radiation with 4.8 MeV/u 197Au26+ ions is plotted against the laser
pulse energy measured by the internal intensity monitor of the laser.

Two observations are immediately evident. First, it is seen that the
photoionization process of all particles shows no indication of satura-
tion. The plots are made in a double-log fashion, where the linear de-
pendence predicted by Eq. (5) should manifest as a straight line with
slope 1. It is seen that straight lines with this slope (solid lines in Fig. 2)
can indeed be fitted to the curves measured for Ge2 as well as GeO and
Ge2O. The apparent scatter of the data points is the same for all signals
and must therefore be due to fluctuations in the UNILAC pulse current.
For Ge atoms, on the other hand, we observe a steeper increase, cor-
responding to a slope of about 2 (dotted line in Fig. 2). This findings are
quite surprising, since the ionization potential of Ge atoms (7.88 eV) is
below the photon energy used here, so that single photon ionization of
these atoms should be possible and was indeed previously observed
[36]. The published value of the GeO ionization potential (11.1 eV
[56]), on the other hand, makes single photon ionization of these

molecules from their electronic ground state impossible. The same ar-
gument excludes dissociative ionization of larger clusters like Ge2O2 as
the source of the detected GeO+ ions. Practically the only possibility for
a GeO+ signal arising from single photon absorption at 157 nm is a
neutral GeO∗ precursor molecule which is emitted in a metastable
(electronically or vibrationally) excited state, thereby lowering its ef-
fective ionization potential. Effects of this kind have indeed been ob-
served for some sputtered clusters [57,58]. Alternatively, it is possible
that the detected signal is generated by a resonance enhanced two
photon ionization process, where the first (excitation) step is saturated,
leading to an apparent single photon absorption characteristic.

The question remains why the Ge atom signal does not follow the
linear dependence predicted for a single photon absorption process.
Inspection of similar curves measured for In and Bi atoms sputtered
from the respective metal surfaces as shown in Fig. 3 reveals the same
slope as observed for Ge atom. If the laser beam profile remains un-
changed upon changing the laser intensity, the linear relation predicted
by Eq. (5) must hold for the measured signal as well, since the integral
in Eq. (4) becomes proportional to the total laser pulse energy at low
laser intensities. As far as the photoionization process is concerned, a
deviation from Eq. (5) is possible if either the detected signal originates
from (possibly resonance enhanced) dissociative ionization of larger
molecular entities such as, for instance, sputtered clusters. In fact, this is
a common observation if non-resonant multiphoton ionization is used to
detect the sputtered neutral species. Under these conditions, it was
demonstrated [59] that the apparent photon order of the ionization
process (i.e., the slope in plots like Fig. 2) can be modified at low laser
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intensities due to signal contributions arising from sputtered clusters.
In order to examine this point further, we look at the signals which

were generated in-situ under keV ion impact onto the same surface. The
resulting laser intensity dependence measured for Ge atoms and clusters
is shown in Fig. 4. For comparison, similar curves obtained with the
same setup for Mo, Bi and Bi2 particles have been included. Again,
deviations from the predicted linear dependence are found, although
the ionization potentials of Mo (7.18 eV), Bi (7.35 eV) and Bi2 (7.34 eV
[60]) are all clearly below the photon energy used here.

It is seen that all curves look very similar and, in particular, exhibit
approximately the same slope of 1.5 (indicated by the dashed lines in
Fig. 4). We have included the curve measured for molybdenum here,
since it is known that Mo atoms exhibit an extraordinarily high SPI
cross section at 157 nm [27], and the photoionization of Mo should
therefore be saturable at the laser intensities achievable here. Conse-
quently, the corresponding curve shows a clear saturation plateau with
a constant signal at laser pulse energies above 1mJ, which agrees with
previously measured ionization efficiency data for Mo [27]. Also in this
case, however, the plot indicates a slope of about 1.5 at low laser in-
tensities. The saturation intensity measured previously for Ge is about a
factor 40 higher than that of Mo [27,36], thereby suggesting that the
post-ionization efficiency for Ge atoms which is reachable here should
be of the order of only a few percent. This issue will be further discussed
below.

Comparing the keV data measured here with those obtained pre-
viously using a more powerful 157 nm laser, one finds a significant
difference. While the saturation curves published in Ref. [27] exhibit a
strictly linear dependence on the laser intensity over four orders of
magnitude, the curves measured here all show a steeper increase at low
laser intensity as noted above. Since both data sets were acquired with

practically the same ToF spectrometer under the same bombarding
conditions (5 keV Ar+ ions impinging under 45° with respect to the
surface normal), the laser intensity dependence measured here must be
influenced by changes in the laser beam profile as a function of the set
laser intensity. This is in principle possible, since the intensity was
varied by changing the discharge voltage of the laser, which may result
in modifications of the discharge geometry. Apparently, the beam
profile modifications influence the signals measured under keV and SHI
bombardment in a different way, leading to different apparent slopes in
both experiments. This finding indicates differences in the number
density profile →n r( ) entering Eq. (4), which may be caused by differ-
ences between the emission angle and velocity distributions of the
sputtered neutral particles. This point needs to be clarified in future
experiments where those distributions are measured, which are, how-
ever, outside the scope of the present paper.

From the above discussion, we assume the dependencies measured
for all sputtered atoms shown in Figs. 2–4 to reflect the expected single
photon ionization behavior. Then, the question arises why the laser
intensity dependence of germanium (oxide) clusters sputtered under
SHI irradiation appears to be flatter. It is of note that this effect is not
observed for metal dimers like In2 or Bi2 or metal oxide clusters like
In2O, as seen in Fig. 3. A close inspection of the isotope distribution
reveals that the signal labeled “Ge2” in Fig. 2 contains other, not well
resolved signals as well. In the same way, the signal labeled “GeO” is
found to contain two clearly resolved contributions from GeO and
GeOH molecules. Unraveling the two, one finds that the true GeO de-
pendence resembles that of the Ge atoms, while the GeOH signal fol-
lows the linear intensity dependence indicated by the solid lines. For
Ge2O, on the other hand, no contribution from Ge2OH is found. At
present, it remains an open question what produces those signals and
why their laser intensity dependence appears to be weak.

3.3. Ionization probability

Due to the inherent difficulty to assess the exact value of the post-
ionization efficiency αX

0 , the evaluation of absolute ionization prob-
ability values from the direct comparison of measured secondary ion
and neutral signals via Eq. (1) is difficult. In principle, one combines
Eqs. (1) and (2) to obtain

=
+ +

+ −
+ −

+ −

S X
S X S X S X

α ( )
( ) ( ) ( )X

,
,

1
α

0
x
0 (6)

In order to eliminate the post-ionization efficiency, we again utilize
the comparison of data generated under SHI impact with those mea-
sured in-situ under 5 keV Ar+ bombardment. This way, relative values

+ − + −[α ] /[α ]x
MeV

x
keV, , are determined at the accelerator beam line, which

can then be quantified by measurements of + −[α ]x
keV, performed in our

laboratory at home. For a dynamically sputter cleaned germanium
surface bombarded by 5 keV Ar+ ion, previously measured data of this
kind already exist [36]. Using the same protocol here, we find the in-
tegrated secondary ion and post-ionized neutral signals listed in
Table 1. All signals were normalized to the projectile impact rate and
correspond to a singly charged primary ion current of 1 nA.

Comparing the resulting SIMS/SNMS signal ratio obtained for Ar+

bombardment with that measured previously [36], we can extract the
post-ionization efficiency for sputtered Ge atoms and Gen clusters up to
n=4. It is seen that the post-ionization efficiency obtained here in-
creases with increasing cluster size from ∼1% for Ge to ∼9%, ∼13%
and ∼19% for Ge2, Ge3 and Ge4, respectively. This finding reflects the
general observation that the photoionization cross section increases
with increasing cluster size [61]. In fact, the αGe

0
n values found here

almost exactly follow the SPI cross sections determined from the sa-
turation behavior of the SPI process [36]. In principle, we can now use
these values to determine the ionization probability for Ge atoms and
Gen clusters sputtered under SHI irradiation. For Ge atoms, we find a
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Fig. 4. Laser intensity dependence of a) Ge atoms and Gen clusters and b) Mo,
Bi and Bi2 sputtered from the respective solid material under irradiation with
5 keV Ar+ ions. The solid lines represent a dependence according to IL1.5.
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value of α+=3×10−3, which is more than an order of magnitude
higher than that found under keV bombardment. As seen in Table 1, a
similarly enhanced ionization probability is also found for Ge2 and Ge3
clusters. Due to the unresolved signal contributions in the spectra
measured for these species, the post-ionization signal determined here
must be regarded as an upper limit of the true SNMS signal, rendering
the α+-values listed in Table 1 lower limits to the true ionization
probability. For Ge4, the signal is masked by Ge3Om signals and
therefore not detectable under SHI irradiation. The same holds for the
negative secondary ion signals of Ge atoms and all Gen clusters, so that
the corresponding values of α− cannot be calculated here, but in any
case they must be small compared to the respective α+.

These findings clearly indicate that the ionization mechanism under
electronic sputtering conditions must be different from that occurring in
a keV impact induced collision cascade. In that respect, it should be
emphasized that the ionization of a sputtered particle ultimately re-
quires electronic excitation. Under nuclear sputtering conditions, the
energy transfer between the projectile and the solid proceeds in form of
(mostly elastic) atomic collisions, thereby primarily generating fast
lattice dynamics in form of a collision cascade, which will then couple
energy into the electronic sub-system via inelastic collisions and elec-
tronic stopping of all moving particles. The excitation generated this
way will be rapidly spread within the solid, so that only that part which
remains localized in the cascade volume for a long enough time period
until sputter emission occurs (typically a few hundred femtoseconds up
to about a picosecond) can contribute to the ionization of sputtered
atoms [62]. Under electronic sputtering conditions as investigated here,
on the other hand, the primary energy transfer occurs via electronic
stopping of the projectile. In that scenario, sputtering occurs as a

consequence of energy transfer from the heated electronic sub-system
to the cold lattice via electron-phonon coupling. A common approach to
describe the resulting energy dynamics is the two temperature model,
where the electronic sub-system is treated as a hot electron gas with
temperature Te, which is heated by the electronic energy loss of the
projectile. The energy dynamics of the system are then described in
terms of two coupled heat conduction equations for the electron and
lattice temperatures, respectively. In this scenario, sputtering occurs
when the solid material is heated above its critical temperature.

An important feature of the two temperature electronic sputtering
model is that – due to the fact that the primarily heated system is the
electronic system – the electron temperature never falls below the lattice
temperature. As a consequence, whenever the lattice temperature is
high enough to facilitate the emission of particles, it is at least as high in
the electronic sub-system. In other words, sputtered particles always
originate from surface regions which are still electronically excited.
With that reasoning, it is easy to imagine that the ionization probability
of a sputtered particle can be higher than under nuclear sputtering
conditions, where most of the transient electronic excitation generated
by the projectile impact has already dissipated into the bulk of the solid
by the time sputtered particles start leaving the surface [62].

For germanium oxide molecules, a definitive statement regarding
the ionization probability is difficult. The reason is that these clusters
are practically not detected as post-ionized neutrals under either MeV
or keV bombardment of a dynamically sputter cleaned surface, making
a quantitative determination of their ionization probability impossible.
Since at least the ionization probability measured in keV sputtering
experiments depends critically on the oxidation state of the surface, it is
not possible to enhance the respective signals via oxidation of the
surface without changing α+. Under SHI irradiation, one finds a posi-
tive SIMS/SNMS signal ratio> 0.9 for all detected GenOm clusters. It is
clear, however, that these values must overestimate the ionization
probability, since the photoionization of these species is likely not sa-
turated (as seen for GeO and GeO2 in Fig. 2). In any case, it appears that
the germanium oxide clusters produced by electronic sputtering feature
much higher ionization probabilities than the bare germanium clusters
and are predominantly emitted as positive or negative secondary ions.
Comparing the positive and negative secondary ion spectra, one finds
different sequences of GenOm cluster signals, with the m-distribution for
a specific value of n peaking at higher values for negative ions. While
the negative SIMS spectrum exhibits maximum intensities at [GeO3]−,
[Ge2O5]−, [Ge3O7]−, [Ge4O9]− and [Ge5O11]−, respectively, max-
imum signal is observed for [GeO]+, [Ge2O2]+, [Ge3O4]+ [Ge4O6]+

and [Ge5O8]+ in the positive spectrum. Obviously, the branching be-
tween positive and negative ion polarity depends on the composition of
the sputtered cluster. Similar results have been found for [MenOm]+,−

clusters measured under keV sputtering conditions for different metals
Me and were interpreted in terms of a “lattice valence” of the Me atoms
in their solid environment [50,63]. In this model, maximum positive or
negative secondary ion intensity should be observed for [MenO(v+1)n/

2]− and [MenO(v−1)n/2]+ clusters, respectively, and neutral clusters
would be predicted to center around [MenOv⋅n/2]0. Empirically, one
finds the lattice valence v from the values mmax observed for positive
and negative ions via

=
++ −

v
m m

n
max max

(7)

With the values tabulated in Table 2, one finds v∼ 1.9, indicating
that the clusters emitted under SHI impact originate from a germanium
oxide matrix with approximate GeO stoichiometry. In principle, this
finding is surprising, since the keV spectra taken from the same, dy-
namically sputter cleaned surface exhibit much less oxidic contribu-
tions. A possible interpretation of this finding would be that the signals
detected under SHI irradiation originate from residual oxide patches at
or beneath the surface, which exhibit a high electronic sputter yield and
contribute much stronger to the measured spectra than the pure

Table 1
Integrated signals of neutral Ge atoms, Gen and GenOm clusters emitted from a
dynamically sputter cleaned germanium surface under irradiation with
4.8MeV/u 197Au26+ and 5 keV Ar+ ions, respectively. The data were nor-
malized to the respective projectile current of 1.1 nA (SHI) and 75 nA (Ar+).
and are given in accumulated cts/rep per nA. The quantity α+ depicted in the
rightmost column of each section denotes the ionization probability of sput-
tered particles as defined by Eqs. (1) and (6) in the text, where the data dis-
played for 5 keV Ar+ projectiles were taken from Ref. [36] and used as a re-
ference in order to calculate the values displayed for 4.8MeV/u Au26+.

4.8MeV/u Au26+ 5 keV Ar+

SN SI+ SI− α+ SN SIMS+ SIMS− α+

Ge 397 220 – 3.6E−03 135 1.2267 – 9.00E−05
GeO 53 1017 – 0.08 0.13 –
GeO2 – – 375 – – 2.9
GeO3 – – 484 – – 0.63
Ge2 9 215 – 8.5E−02 18.7 0.21 – 1.00E−03
Ge2O 39 429 28 0.33 0.53 0.03
Ge2O2 – 906 35 – 0.05 0.03
Ge2O3 – 150 81 – – 0.11
Ge2O4 – – 176 – – 0.09
Ge2O5 – – 322 – – 0.04
Ge3 4 5 – 7.2E−02 6.1 0.09 – 2.00E−03
Ge3O 6 103 – 0.04 0.11 –
Ge3O2 2 98 – 0.17 – –
Ge3O3 – 115 – – – –
Ge3O4 – 179 45 – – –
Ge3O5 – 43 45 – – –
Ge3O6 – – 68 – – –
Ge3O7 – – 181 – – –
Ge4 – – – 1.4 0.03 – 3.50E−03
Ge4O3 2 17 – – – –
Ge4O4 2 28 – – – –
Ge4O5 1 36 5 – – –
Ge4O6 5 75 19 – – –
Ge4O7 – – 2 – – –
Ge4O8 – – 10 – – –
Ge4O9 – – 70 – – –
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germanium crystal. This would also explain the relatively large ap-
parent electronic sputter yield, which appears to be surprising for a
pure germanium solid, since this material is known to be quite inert to
SHI induced radiation damage even if amorphized [64]. The detection
of a sizeable signal of post-ionized neutral GeO molecules would be in
line with such an interpretation.

4. Conclusions

The experiments performed here show that the material sputtered
from a dynamically cleaned germanium surface under irradiation with
swift heavy ions is predominantly composed of neutral Ge atoms.
Comparing the signal levels measured for 4.8 MeV/u Au26+ ions with
those obtained in-situ under 5 keV Ar+ irradiation of the same surface,
one finds an apparent sputter yield ratio of about 5 between SHI and
keV ion bombardment. However, one needs to be careful to interpret
the measured SNMS signal ratio in terms of sputter yields, since the
emission velocity and angle distributions of neutral atoms ejected under
electronic and nuclear sputtering conditions may differ. The ionization
probability of the sputtered Ge atoms is found to be<1%, indicating
that the overwhelming majority of the sputtered material is ejected in
the neutral state. The probability for a sputtered Ge atom or Gen cluster
to be emitted as a positive secondary ion is, however, by more than an
order of magnitude larger than that for the same particles sputtered
under keV impact, while the negative secondary ion signals of these
species are negligibly small.

Besides bare germanium atoms and clusters, one finds prominent
signals of GenOm oxide clusters emitted under SHI irradiation, which
are much smaller or even negligible under nuclear sputtering condi-
tions. These oxide clusters are almost exclusively detected as positive or
negative secondary ions, indicating a relatively high ionization prob-
ability of these species. The branching between positive and negative
charge state depends on the cluster composition, with the optimum
number m of O atoms delivering the largest signal for a given Ge nu-
clearity n being larger for negative than for positive ions. Using a
published secondary ion formation model, these values can be related
to the composition of the emitting matrix at the surface [63]. The re-
sults indicate that the material ejected under electronic sputtering
conditions may originate from an oxidic matrix with approximate GeO
stoichiometry. We interpret these findings such that the SHI bom-
bardment must predominantly lead to electronic sputtering of small
native oxide grains or patches remaining even at (or below) a dyna-
mically sputter cleaned surface. A further evaluation of this question
would require the use of alternative concepts to generate a practically
oxygen-free germanium crystal. Corresponding efforts are currently
under way and will be implemented during future beam time experi-
ments.
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