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Abstract

Using a new ultra-high vacuum system we were able to measure ion-induced Auger electron spectra with high

resolution for atomically clean amorphous Si surfaces. Measurements were performed with Ne9þ and Ar16þ ions at

5 MeV/u, Xe15þ and Xe31þ ions at 1.78 MeV/u as well as with incident electron at the two speeds, corresponding to

2.7 keV respectively 1.0 keV. The ion-induced spectra show peaks due to multiple ionization, indicating 7- or 8-fold

ionization in the center of ion tracks for fast Xe ions. The Auger peaks are shifted and broadened with respect to the

electron reference data. This is an indication for the nuclear-track potential and for hot electrons being present during

the decay of the Auger states. � 2002 Published by Elsevier Science B.V.

1. Introduction

The high electronic energy loss of fast heavy
ions leads to various modification effects in solids
[1–4] and different explanations for the basic track-
production mechanisms have been proposed. The
corresponding scenarios are Coulomb explosion
due to the mutual repulsion of ionized target at-
oms [1], spontaneous lattice relaxation due to long-
lived repulsive states [5] and the thermal spike due
to electron–phonon coupling [6] or individual ion–
electron collisions [7]. These mechanisms may
finally yield an unordered atomic motion and if a
critical local lattice temperature is exceeded, per-
manent atomic rearrangement may result on a
time scale of 0.1–10 ps. Currently, the pathways of

the electronic energy dissipation and the coupling
between electronic and atomic degrees of freedom
are largely unknown. Thus, for a better under-
standing of the basic mechanisms, a sound knowl-
edge on the short-time evolution of the nuclear
track is necessary.
In previous investigations of convoy electrons

and Auger electrons, we could distinguish between
the appearance of a nuclear-track potential in
polypropylene and mylar [8–11], related to Cou-
lomb explosion, and high electron temperatures
pointing to the thermal-spike mechanism in
graphite as well as in graphite-like amorphous
carbon. The nuclear track potential, resulting from
ionization and charge separation in the ion track,
leads to decelerated convoy electrons [10,11] and
Auger electrons [8,9,11]. The corresponding posi-
tive potential attracts electrons and repels posi-
tively charged light target ions [12].
Contrary to the two polymers, for semi-

conductors (graphite and amorphous carbon) no
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indications of a nuclear-track potential could be
found. Instead, the Auger structures for these
materials show a broadening that increases with
increasing projectile charge. This broadening
could directly be related to the electron tempera-
ture during the Auger decay at the center of the
track [11,13]. Recently, similar results have been
obtained by Caron et al. for amorphous C at
higher ion velocities [14].
Thus, some insulators behave completely dif-

ferent from semi-metals or metals. Therefore, the
question arises what is the importance of neutral-
ization and heat conduction inside ion track in
semiconductors. In this paper, some first and pre-
liminary answers to this question will be given. Si
Auger-electron spectra taken with a new ultra-high
vacuum setup will be presented. After an explana-
tion of the setup and the experimental methods,
electron- and ion-induced Si-Auger spectra and a
first analysis of the data are presented.

2. Experimental method

The experiments have been performed with fast
highly charged particles at velocities of 6–10% the
speed of light (at 1.78 and 5 MeV/u) delivered by
the heavy-ion cyclotron of the Ionenstrahl-Labor
(ISL) at the Hahn–Meitner-Institut Berlin. The
setup is described in the following and a scheme of
the target station is displayed in Fig. 1.
The setup consists of three different vacuum sys-

tems. A double differential pumping stage reduces
the pressure from typical values of 10�7 mbar in
the cyclotron beam line down to about 10�10 mbar
in the main chamber. Two four-jaw slits systems
are used to collimate about 50% of the beam in-
tensity (100–300 nA) to a spot size of 2 mm. A
stripper foil (approximately 100 lg/cm2 C) inside
the differential pumping stage allows to switch
rapidly to a beam with a quasi-equilibrium charge-
state distribution. In the present investigation, this
method was used for 5 MeV/u Ne9þ and Ar16þ and
1.78 MeV/u Xe31þ ions. These ion charge states
have been interpolated using the casp computer
code [15]. In the case of Xe31þ a direct determi-
nation of the charge-state distribution has also
been performed using a dipole magnet after the

cyclotron and a similar stripper foil (55 lg/cm2

Al). The interpolation result of qmean ¼ 30:75 [15]
is in good agreement with the experimental result
of 30:86� 0:08. The use of equilibrium charge-
state distributions has the advantage that there is
no significant depth dependence of the electronic
target excitations.
The preparation chamber is used to exchange

targets and to clean and analyze the sample sur-
faces. Target heating up to a several hundred �C
may be performed and the desorption of surface
atoms may be monitored using a residual-gas ana-
lyzer. An Ar sputter ion gun is used to clean the
targets. Ten to 30 min of Ar sputtering do usually
yield an atomically clean surface. A new sample is
etched chemically prior to mounting on the ma-
nipulator and the following initial Ar sputtering
lasts for about 10 h. The surface crystal structure
may be analyzed in this chamber using the low-
energy electron-diffraction technique (LEED). A
computer-controlled manipulator allows for all
three translational motions as well as for a rota-

Fig. 1. Experimental setup consisting of three vacuum cham-

bers. The most important attached devices are indicated in the

scheme and discussed in the text.

706 G. Schiwietz et al. / Nucl. Instr. and Meth. in Phys. Res. B 193 (2002) 705–712



tion around the manipulator axis (u-rotation) and
a tilt of the sample (H-rotation). After the prepa-
ration procedures, the z-motion of this manipula-
tor is also used to reach the sample position inside
the main chamber.
The main chamber as displayed in Fig. 1 is

equipped with four particle and radiation sources
and with two particle analyzers. The X-ray, UV
and Ar-ion sources as well as the energy-dispersive
neutral-atom analyzer of the main chamber are
not used in the present investigation and shall not
be mentioned furthermore. The chamber consists
of a 2-fold magnetic shielding to reduce the earth
magnetic field by factors between 110 at the
boundary and 170 at the center of the chamber.
This low magnetic field is necessary for angle- and
energy-dispersive measurements of low-energy
electrons. The electron spectrometer is an electro-
static 45� parallel-plate system with an energy
resolution of about 1.7% in the present investiga-
tion. Electron intensities are measured in the pulse
counting mode using a micro-sphere plate detec-
tor. The spectrometer may be rotated around the
center of the main chamber. In this work, spectra
were taken for a detection angle of 135� with re-
spect to the incident beam, corresponding to 45�
with respect to the surface normal. As has been
shown in a previous work [16], Auger electrons
ejected in backward directions (135�) are induced
directly by the projectile (in the central track re-
gion). A remaining fraction of about 20% is related
to d-electron cascades in Si.
During the experiments, the ion beam is focused

at the center of the chamber with a precision of
about 0.3 mm for the central beam spot position.
The same precision is reached for the beam from
the electron gun. The electron beam-spot size is
about 1 mm for target currents of 10 lA. Thus, the
electron beam is used to test the sample at the
center of the ion irradiated spot.
Boron doped (<1 X cm) Sih111i samples have

been used. After sample heating, a 7� 7 recon-
struction was observed using LEED. In this work
we present results for amorphized Si samples. The
amorphization was performed using 5 keV Arþ

ions from the sputter gun. After a few minutes no
LEED spot could be observed anymore. Further-
more, it was verified that there is no crystallization

due to the irradiation with the fast heavy ion
beam.
Pumping in the main chamber is performed

with a magnetic and standard turbo-molecular
pump in series connected to a diaphragm pump. A
liquid nitrogen cooled Ti-sublimation pump is also
used during the cyclotron experiments. Since the
residual gas in the chamber is dominated by H2

(typically followed by CO and then H2O), experi-
ments can last for several hours before the next
sputtering cycle of the sample is needed. The sur-
face composition was monitored using electron-
induced Auger spectra. It turned out that the
relative peak height of the Si-LVV Auger line
drops when surface contaminations of any type are
present. We estimate that the all-over contamina-
tion of the Si surface is below 3% for the sum of all
heavier elements (C, O, . . .). Ion- and electron-in-
duced electron spectra obtained with these atomi-
cally clean Si surfaces are presented and analyzed
in the next section.

3. Spectra and data evaluation

Fig. 2 displays an electron spectrum for 2.7 keV
electrons incident on amorphous Si. For reference
purposes, the electron spectra are taken at the
same speed as the incident ions. The measured
intensity as shown in the graph is proportional to
the doubly differential electron yield d2Y =dXdE
times the detected electron energy Ee, since the
electron energy resolution is energy dependent
corresponding to DE ¼ 0:017Ee. Primary electrons
hit the target surface under an angle of 45� with
respect to the surface normal (see Fig. 1) and the
electron detection angle is the same as in the ion
experiments (45� with respect to the surface nor-
mal and 90� with respect to the electron beam). It
is noted that the data in Fig. 2 represent an aver-
age of several individual spectra obtained during
the Ar16þ-ion experiment. Typically two electron
spectra have been taken directly after sputter
cleaning of the sample and two spectra after each
experimental run (including 4–10 spectra) with
fast ions. This method has some advantages. We
always have well-controlled surface conditions dur-
ing the ion experiments and the electron reference
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spectra are taken under exactly the same condi-
tions as the ion-induced electron spectra. Com-
parison of such electron spectra taken with three
different Si samples during four beam times within
one year indicate an uncertainty of DE ¼ �0:15 eV
for the electron energy scale.
The electron-energy spectrum in Fig. 2 shows

several structures superimposed on a continuous
background due to decelerated projectile electrons
and secondary electrons. This continuous contri-
bution extends below the Auger peak structures
and merges into the so-called cascade peak (CP) at
energies around 10 eV. These low-energy electron
are most sensitive even to small magnetic or elec-
tric fields, as they result, e.g. from surface poten-
tial differences in the surrounding of the sample
holder. Consequently, we find the largest intensity
variations of �15% (over several months and for
different sample holders) for the cascade peak.

Three Auger structures, 2pVV, 2p2VV and
2s2pV, are visible in all electron spectra. The
dominant Auger peak 2pVV is due to single ion-
ization of the 2p subshell of Si. One valence elec-
tron (V) fills the vacant 2p level and transfers the
energy to another valence electron (V) which then
is ejected. The 2pVV structure is accompanied by
two electron-energy loss peaks due to collective
excitations. These bulk and surface plasmon peaks
(BP and SP) are about 17 and 10 eV below the
main peak, respectively. The 2p2VV Auger peak at
about 103 eV is due to double ionization of the 2p
shell, as attributed already in a pioneering work by
Schmidt et al. [17]. Only two valence electrons take
actively part in this Auger decay, but the reduced
screening inside the 2p shell shifts the peak energy
in comparison with the 2pVV transition by about
14 eV. The 2s2pV structure at about 44 eV is
barely visible in this plot, but it appears in all
electron-induced spectra. Here, a 2s vacancy is
filled by a 2p or valence-band electron and the
other active electron is ejected. A possible 2sVV
decay of the 2s vacancy was never observed by us.
This indicates that the 2s2pV transition rate ex-
ceeds the one for the 2sVV transition by at least a
factor of 15, consistent with tabulated Auger co-
efficients [18].
Fig. 3 displays normalized Si 2pnVV Auger-

electron structures for 5 MeV/u Ar16þ ions and
projectile electrons of equal velocity on amor-
phous Si. The electron data are obtained from the
spectrum in Fig. 2. Subtraction of a continuous
background and iterative separation of the con-
tributions for single, double and triple L-shell
ionization has been performed with the datasets. A
multi-parameter fit function was used for the de-
termination of the background. Three fit parame-
ters were determined from the slope of the spectra
at energies above the 2pnVV structures. After
multiplicative adjustment of the fit function to the
data in the energy range between 50 and 60 eV,
three other fit parameters are optimized. They
were used to fit the low-energy part of the spec-
trum to properly account for the continuous
distribution of secondary electrons and the cor-
responding cascade-electron contribution. With
this procedure, the residual Auger spectra, as dis-
played in the graph, include also the corresponding

Fig. 2. Electron-energy spectrum for incident electrons on Si.

Three Auger structures, the cascade peak (CP), a bulk and a

surface plasmon energy-loss peak (BP and SP) are indicated in

the plot.
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Auger-electron-induced cascade structure. With
minor changes of the parameters we could fit all
electron- and ion-induced spectra. At energies
below the plasmon shoulder, the background
subtracted spectra are independent of the primary
particle. Those electrons have suffered a few in-
elastic collisions far from the particle path and
therefore should be independent on the projectile
species. This confirms the fitting procedure. It is
emphasized that these spectra close to the Auger
peak maximum are very insensitive to the details
of the subtracted background (even a linear back-
ground, if adjusted carefully, gives reasonable re-
sults in most cases).
The separation of the 2pnVV Auger structures,

as shown in Fig. 3, is based on the assumption that
the different peaks may roughly be transformed
into each other by applying a linear scaling of the
energy axis and intensity. Although such a scaling
should not be valid for structures in the electron

energy-loss distribution, the general trends should
be well described. In a first step, a copy of the
spectrum is reduced in intensity and the energy
axis is stretched by about 15% to fit the 2p2VV
peak. The difference of the original spectrum and
the copy gives than a first estimate of the 2p1VV
peak. Afterwards, the resulting peak spectrum is
fitted to the highest 2pnVV Auger structure and
subtracted from the original spectrum. The differ-
ence is treated in the same way until all Auger
components are separated. Further iterations do
not improve the quality of the separation for the
spectra analyzed in this work.
From the figure it is seen that the spectral in-

tensities as well as the line positions depend sig-
nificantly on the type of projectile. These two
parameters as well as the line width have been
extracted from the spectra for the different pro-
jectiles and will be discussed in the next section.

4. Results and discussion

Fig. 4 displays the three Auger peak parame-
ters extracted from ion- and electron-induced
spectra as, e.g. shown in Fig. 2. The quantities in
Fig. 4 are plotted as a function of the electronic
perturbation parameter or interaction strength
P ¼ jqeff j=vp, as it appears in quantum mechani-
cal matrix elements for localized excitations, for
ionization as well as plasmon production. The
projectile velocity in atomic units is denoted vp,
and the effective charge qeff is set equal to the mean
particle charge state for electrons and the lighter
ions. For 1.78 MeV/u Xe15þ (qeff ¼ 22) and Xe31þ

(qeff ¼ 32) ions we have performed rough estimates
considering the corresponding shell radii of the
projectile shells and the target 2p shell. The error
bars in this plot indicate all-over estimates of the
uncertainty for each data point.
In Fig. 4(a) relative yields Yn are given for

2pnVV Auger ejection due to multiple ionization of
the Si-2p subshell. These yields are given by the
integrated Auger intensities for 2pnVV divided by
the sum over all 2piVV transitions. Energy inte-
grations have been performed with a lower energy
limit equal to 50% of the Auger peak energy.
Corrections for Auger cascades (a singly ionized

Fig. 3. Si Auger-electron structures for incident electrons and

Ar ions after background subtraction and iterative separation

of the contributions for different degrees of L-shell ionization.
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2p-shell follows each 2p2VV decay) [9,16], for the
energy dependent mean free electron path and for
d-electron cascades (fast d-electrons may produce
about 20% single 2p vacancies at the sample sur-
face) [16] have not been applied. The dashed lines
are results of least-squares fits, guided by theory
[11,19]. The curves for 2pnVV are proportional to
P 2n�2 for small values of the perturbation param-
eter P (perturbation limit of the independent
electron model) and for large values of P they
reach a saturation value. An exception is the curve
for 2p2VV transitions, where the additional offset
value of 3% at P ¼ 0 is assigned to shake-off pro-

cesses. Saturation for n-fold ionization indicates
the minimum degree of inner-shell ionization at
the center of the track as follows from theory [11].
Considering the four valence-band electrons which
are much easier to ionize, saturation of the relative
2p3VV or 2p4VV intensity is a strong hint for 7- or
even 8-fold ionization in the center of the ion
tracks in Si. Thus, there is a high degree of ion-
ization directly after the interaction of the projec-
tile with the target-electron system.
In Fig. 4(b) the full width at 85% of the peak

height is displayed for the 2pnVV Auger peaks (for
n ¼ 1 . . . 3). The usual 50% value (full width at half
maximum) would not be accurate enough for the
present spectra with strongly overlapping Auger
structures. The width of the Auger lines increases
roughly linear with P and the peak broadening
reaches about 2 eV for P ¼ 3:8. To within the ex-
perimental uncertainty, the slope of the fit curves is
identical for the three Auger structures, pointing
to a common reason for the broadening of the
Auger lines due to an increased perturbation by
the projectile. In previous investigations of graph-
ite and graphite-like amorphous carbon, such a
broadening could be related to the electron tem-
perature inside ion tracks which influences the
structure of the Auger peak [11,13,14]. A quanti-
tative determination of electron temperatures
requires a more refined analysis, but even the in-
terpretation is not so clear for the present case as
will become obvious in the subsequent discussion.
In Fig. 4(c) the energy shift of ion-induced

Auger lines relative to the corresponding electron-
induced spectra is displayed. The peak shifts in-
crease monotonically with the interaction strength
P and reach about 2 eV for P ¼ 3:8. As can be seen
from Fig. 3, the ion-induced spectra are shifted
towards lower energies. Macroscopic charging of
the B-doped Si sample can be excluded, since no
indication of a peak shift could be found for in-
cident electrons at different beam currents. Thus,
we attribute the measured shift in Fig. 4(c) to the
nuclear-track potential induced by the positive
charges due to ionization in the center of the track.
Auger electrons are decelerated when they leave
such a charged region.
From our previous measurements of this effect

for polypropylene and mylar [8,9], we estimate

Fig. 4. Auger peak parameters as a function of the perturba-

tion parameter qeff=vp. (a) Fractional multiple ionization yield;
(b) peak width and (c) Auger peak-energy shift.
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that the initial track potential directly after the
interaction with the projectile will be about 200 V
for Xe31þ ions. Thus, the measured shift of only
2 eV is strongly influenced by the time dependent
electronic neutralization of the track. A time de-
pendent potential, however, may also lead to a
broadening of the Auger structures as shown in
Fig. 4(b). Therefore, we take the present results as
evidence for nuclear-track potentials in Si, but the
determination of the electronic heat inside tracks
awaits detailed simulations of the spectral shape of
the Auger peaks.
Note that the first investigation of electron- and

ion-induced Si-L Auger spectra by Schmidt et al.
[17] has focussed on multiple ionization and no
line shifts or broadenings have been reported. In a
subsequent work by Koyama et al. [20], both a line
shift and a broadening have been observed for a
very small incident angle with respect to the target
surface. This finding can be related to an enhanced
neutralization time due to electrons escaping from
the surface or due to the influence of surface states
on the neutralization mechanisms. Thus, to our
knowledge the present work is the first one to
determine this charge-state effect for normal inci-
dence conditions.

5. Conclusions

In this work we have presented a new ultra-high
vacuum system for investigations of atomically
clean targets. Auger measurements with excellent
reproducibility have been performed for elec-
trons, Ne9þ and Ar16þ ions at 5 MeV/u and with
230 MeV 129Xe15þ and 129Xe31þ ions. The analysis
allows to distinguish spectra due to multiple ion-
ization of the Si-2p subshell. The saturation of the
intensity ratios shows that there is at least 7-fold
ionization in the center of the ion tracks, directly
after the interaction with Xe projectiles.
A preliminary analysis of the Auger peak

positions and widths has revealed an interesting
result. For the first time, a material has been in-
vestigated that shows a peak-energy reduction as
well as also a peak broadening for ions at normal
incidence. Both effects increase with the projectile
charge. The increasing shift points to a nuclear-

track potential. The increasing width, however, is
an indication of a hot electronic system, but it may
also be influenced by the nuclear-track potential
decaying with time. Thus, a refined analysis is
necessary to separate both effects and to derive
quantitative results for the mean excitation energy
inside ion track of Si.
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