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Significant yields of fast, monoenergetic Al+, Al2+, and Al3+ are directly recoiled from Al�100� during
bombardment by low energy Si+ ions. The large fraction of multiply charged particles is in contrast to the
secondaries formed during bombardment by noble gas ions. The production of multiply charged Al is attributed
to electron promotion during hard collisions between the electronically nearly symmetric Si and Al atoms, and
subsequent shake-off processes. The experiments enable a quantitative determination of the absolute yields of
various charge formation mechanisms.
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Low energy ions that impact a solid surface can remove
material by sputtering, which produces slow secondary par-
ticles through a collision cascade, or by direct recoil �DR�,1
which involves the emission of a fast particle following a
hard collision between the incident ion and a surface atom.
Inner-shell promotion during hard ion-atom collisions is a
well-established process that has been investigated since the
mid-1960s.2–7 The excitations are enhanced in symmetric or
nearly symmetric collisions due to an overlap in the elec-
tronic states.8–11 Multiply charged ions can result from these
excitations during the sputtering of solids, but few of them
survive the collision cascade to be emitted from the surface.
Hence, it is difficult to ascertain and quantify particular
charge formation mechanisms from sputtering experiments.
In contrast, DR ions have well-defined trajectories and ener-
gies.

In the work reported here, large yields of multiply charged
Al ions are generated through DR by the impact of low en-
ergy Si+ projectiles. This observation is in sharp contrast to
the relatively small yields of multiply charged ions found in
the sputtering of Al. Si+ ions from 1000 to 5000 eV were
incident onto an atomically clean Al�100� surface in a con-
figuration that favors DR. The nearly symmetric projectile-
target �P-T� combination leads to an inner-shell excitation
during the hard Si–Al collision, instead of during a subse-
quent target-target �T-T� collision in the sputtering cascade.
The particles are emitted quickly from the outermost atomic
layer so that the excitation can survive a possible decay via
interaction with the substrate. Instead, multiply charged ions
are created when the excited states decay above the surface.
The mechanism is verified by the observation of an energy
threshold for the process, and by spectra of the emitted Au-
ger electrons. This arrangement enables the production of
fast, monoenergetic multiply charged ions, and can be used
to clearly separate the processes involved so that the thresh-
olds can be precisely determined and the contributions of
various ionization mechanisms can be quantified.

Si ions were produced from a Colutron ion source. SiCl4
vapor was leaked into a quartz cylinder, and a plasma was
formed by electron emission from a 0.5 mm diameter thori-
ated tungsten filament. A 0.05 mm thick Pt foil with a
0.25 mm2 aperture was spot welded to the Ta anode to mini-
mize erosion of the anode from Cl species in the plasma.
This arrangement produces Si+, Cl+, and SiCl+. The Si+ ions

were mass separated with a velocity filter, focused by two
Einzel lenses and guided by deflection plates into the main
UHV chamber. Typically, 15 nA of Si+ were produced in a
3.0 mm2 spot at the sample. There were three stages of dif-
ferential pumping between the ion source and the main
chamber, which had a base pressure of 6�10−11 Torr that
rose to 1.1�10−10 Torr during the measurements.

The Al�100� sample was cleaned by repeated cycles of
800 eV Ar+ sputtering and annealing at 470 °C for 10 min.
The surface purity was checked with Auger electron spec-
troscopy and the surface order and alignment were moni-
tored with low energy electron diffraction.

Ions and electrons emitted from the sample were mea-
sured with a Comstock electrostatic analyzer �ESA� mounted
on an adjustable turntable and operated in the constant pass
energy mode. The pass energies were set to 200 and 40 eV
for ions and electrons, respectively, which give resolutions of
8.0 and 1.6 eV. The incoming beam was aligned along the
�001� azimuth, and the ions were incident at 22.5 deg with
respect to the surface plane and collected after scattering at
45 deg into the specular angle.

The absolute ionization probabilities of scattered Si and
recoiled Al were measured independently with time-of-flight
�TOF� spectroscopy.12 It was found that 100% of the scat-
tered Si was neutralized, which is expected because of its
large ionization potential. Fast Al ions were observed in the
TOF spectra, however, which result from the process de-
scribed here.

Figure 1 shows the positive ion spectrum collected during
bombardment by 2000 eV Si+. There are three main features,
each of which has two components. The spectrum was nu-
merically fit to a combination of six Gaussians under particu-
lar constraints �detailed below�. Note that the actual line
shapes are not necessarily Gaussian, but the fits do match the
experimental data reasonably well. The following analysis
confirms that the three features represent Al1+, Al2+, and Al3+

ions, while the two components in each feature represent
different trajectories.

A binary collision of 2000 eV Si+ with an Al atom would
produce a DR with approximately 1000 eV of kinetic energy,
although the actual trajectories involved are more complex
and involve more than a single surface atom. The general
position of the two components at the highest energy �in the
range of 800–1200 eV� is thus consistent with the expecta-
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tions for DR. The need for two components can be explained
by considering the two types of trajectories displayed in the
inset to Fig. 1. A simple estimate by molecular dynamics
gives values for the separation of the components that are
roughly consistent with the measured difference of 170 eV.

Multiply charged ions would appear at an apparently re-
duced kinetic energy, since the ESA actually provides a mea-
sure of the kinetic energy per charge. To verify this interpre-
tation, six Gaussian components were used to fit the
spectrum in Fig. 1 in the following manner. First, the two
highest energy components were fit independently and as-
sumed to represent the energy distribution for DR Al+ that
can be explained purely by kinematics. Next, the middle
doublet was fit by dividing the positions and widths of the
first two components by two, and then optimizing the total
area of the components while keeping their relative areas
fixed. This basically assumes that the middle two peaks are
due to Al2+, and that the kinematics are identical to those
which produce Al+. Similarly, the lowest energy peaks were
fit by dividing the positions and widths by three to represent
Al3+. The good correspondence between the fits and the ex-
perimental data supports the interpretation of multiply
charged Al.

This procedure was then applied to spectra collected with
incident energies from 1000 to 5000 eV, and the data was
consistent over the entire range with the notion of singly,
doubly, and triply charged species. A summary of the data is
presented in Fig. 2, which shows the absolute intensity of
each of the charge states as a function of the incident ion
energy. The yield of all of the ions initially increases with
energy, and reach maxima between 2000 and 3000 eV. Note
that the drop-off of all the ion yields at the highest energies is
most likely a consequence of the kinematics of the DR pro-
cess, but this region far above the threshold requires further
study. An important distinction between the charge states is
that while there is some Al+ formed down to the lowest
incident energy used �1000 eV�, the production of Al2+ and
Al3+ have thresholds at around 1300 eV.

The Al+ ions produced below 1300 eV must be ionized by

a different process, which is presumably resonant charge
transfer �RCT� as discussed previously.13 The data of Ref. 13
show that the RCT ionization probability of Al emitted in
this configuration is on the order of 1%–2%, which would be
detectable by the ESA. The formation of Al+ by RCT does
not show an abrupt increase with energy,13 however, which
indicates that the excess Al+ yield above 1300 eV is also a
result of the inner shell excitation. An estimate based on
comparison with RCT indicates that the Al+ production by
inner shell excitation is very efficient, accounting for about
20% of the total DR yield for 2000 eV Si impact. An analy-
sis such as this, in which the RCT is separated from inner-
shell processes, can be used for the quantitative determina-
tion of the contributions of each ionization mechanism.

The formation of multiply charged Al can be understood
by considering that each of the trajectories shown in the inset
to Fig. 1 includes a hard collision of the incident Si atom
with the Al atom that is emitted. In trajectory 1, the incident
Si makes a grazing collision with a surface atom, followed
by a hard collision to induce DR. In trajectory 2, a hard
collision is made by the initial impact, followed by a grazing
collision along the exit trajectory. Such hard collisions can
have a small enough distance of closest approach between
the Si and Al that charge promotion forms an excited state,
which subsequently leads to multiply charged Al ions.

Figure 3 shows a correlation diagram for the Si–Al sys-
tem calculated with GAUSSIAN 98. The Al 2p interacts with
the Si 2p just below, so that the Al 2p is promoted above the
Fermi level when the distance between the atoms is less than
�0.42 Å. A threshold for the production of excited Al is thus
expected for an impact energy that correlates to this distance
of closest approach. A careful analysis of the 1200–1500 eV
data �not shown� indicates that no Al2+ is produced below a
value of energy/charge=340 eV, so that the threshold of 2p
hole formation is approximately 680 eV. An Al atom emitted
with 680 eV corresponds to a 1360 eV Si–Al collision that
has a distance of closest approach of 0.41 Å, which is con-
sistent with the correlation diagram.

The promotion of an Al 2p electron would leave the Si
and/or Al atoms in an excited state that involves one or two

FIG. 1. �Color online� Spectrum of the ions emitted when
2.0 keV Si+ is incident onto Al�100� along the �100� azimuth,
shown along with a fit to the data �see text�. Inset: Two possible
trajectories that lead to DR.

FIG. 2. �Color online� Yield of each of the charge states shown
as a function of the incident ion energy.
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2p holes. The holes would subsequently decay by an auto-
ionization or Auger process and emit electrons. This is illus-
trated by the data shown in Fig. 4, in which spectra of the
emitted electrons are shown for incident Si and Ar ions.
When using Ar projectiles, there are three main features, la-
beled Al-I, Al-II, and Al-III, at 63.7, 56.9, and 49.9 eV, re-
spectively. These represent Al Auger electrons emitted due to
de-excitation of Al with a single 2p hole14. When using Si
ions, however, there are two additional features at 76.0 and
85.7 eV. The feature labeled Al-IV at 76.0 eV is consistent
with the de-excitation of Al that initially had two 2p holes.3

The peak labeled Si-I at 85.7 eV represents the decay of
excited Si that had one 2p hole. Note that additional peaks
are expected during the Auger decay of Si, including one at
�76 eV, but they would all be much smaller than the Si–I
peak and are thus not observed. Analysis of the energy de-
pendences of multiply charged Al ions close to the 2p hole
excitation threshold and the associated Auger electron spec-
tra leads to the following tentative conclusions regarding the
Al charge formation processes.

The most likely mechanism leading to the formation of
Al2+ is one in which Al is emitted as an excited neutral with
one 2p hole �2p53s23p2�. If a single 2p hole is formed, the Al
would exit the surface as a neutral because the 3p levels
would be rapidly filled from the Al valence band. The life-
time of a single 2p hole in Al is about 190 fs,15 which is
sufficiently long that the excited DR atom can escape the
sample but short compared to the transit time to the ESA.
After escape, the hole decays, leading to the production of Al
ions. Al+ can be created by a single Auger decay, and Al2+ by
an Auger decay with a shake-off process, i.e., two electrons
are emitted during the deexcitation. The latter process can be
quite effective, leading to comparable intensities for Al+ and
Al2+. The probability for a multiple deexcitation via shake-
off for Al with one 2p hole has been estimated at 0.35.16 It is
also quite likely, although not directly proved in this experi-
ment, that two shake-off electrons are emitted during the
decay to produce Al3+. Such a process is energetically pos-
sible and is not contradicted by the electron spectra, as the
emitted shake-off electrons would be hidden in the low en-
ergy background. The slight shift of the maximum in the
Al3+ signal to higher Si incident energies in Fig. 2 is likely
due to the higher energy needed to form Al3+.

Another possibility is that multiply charged Al ions origi-
nate from the decay of double 2p holes, which are created
simultaneously during the hard Si–Al collision. As indicated
by the Al-IV peak �2p43s23p2→2p53s3p�3P�� in Fig. 4,
some of the recoiled Al exits the surface as Al+ with two 2p
holes, but then decays along the exit trajectory to Al2+

through L2,3MM Auger emission. The ejected electrons form
the Al-IV peak.3 It is unlikely that Al2+ would survive, how-
ever, as the Auger decay time of excited Al2+ �2p53s3p�3P��
should be on the order of the 190 fs lifetime of a single Al 2p
hole.15 The excited Al2+ would thus further disintegrate to
Al3+ �2p53s3p→2p6�. Electrons would be emitted from this
decay at about 50 eV,17 but would not be detected as they
would be buried under the Al-III peak. This could be an
effective mechanism of Al3+ formation, but the low intensi-
ties of the relevant transitions in the Auger spectra suggest
that this is probably a less important contribution to the Al3+

intensity.
Note that a similar transition but with an initially neutral

two 2p-hole state �2p43s23p3→2p53s3p2� would lead to
Al2+ in the ground state �2p53s3p2→2p63s� and possibly to
Al3+ by shake-off processes. Such a transition is in principle
possible, but the corresponding Auger electron peak ex-
pected at about 82 eV �Ref. 18� is clearly not observed.

It is thus concluded that in the DR of Al with Si projec-
tiles, singly charged Al ions are formed with probabilities on
the order of 20% by the decay in vacuum of excited neutral
Al with a single 2p hole. A majority of the multiply charged
Al2+ is formed with similar high efficiencies from the same
excited Al by shake-off processes.

The origin of multiply charged metallic ions formed dur-
ing sputtering is a long-standing issue in secondary ion mass
spectrometry �SIMS�.15,19–25 In related SIMS studies, the in-
cident particles were generally noble gas ions with energies
from 1 keV to 1 MeV. Multiply charged secondary particles
were attributed to electron promotion during symmetric

FIG. 3. �Color online� Correlation diagram for a Si–Al
collision.

FIG. 4. �Color online� Electrons emitted from Al�100� during
bombardment by 2 keV Si+ and Ar+ ions. The incident angle was
67.5 deg with respect to the surface normal, and emitted elctrons
were measured along the normal.
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T-T collisions.26,27 The ratio of the yields of singly, doubly
and triply charged ions is typically 100:10:1.20,28–30 The large
number of doubly and triply charged ions observed in our
experiment is thus quite unusual.

This disparity results from the different ways that multiple
charged particles are generated and in the ways they survive.
When a noble gas ion initially collides with the surface, the
efficiency of electron promotion in the P-T collision is small
because of the dissimilar electronic structures of the collid-
ing atoms. Inner-shell holes in the target atoms can be made,
however, following T-T collisions in the sputtering cascade,
and multiply charged particles would then be created through
Auger decay, but most of these sputtered particles have low
velocities and are likely to be reneutralized before escaping.
Higher incident energies are thus needed in order to enhance
the yields of multiply charged ions in SIMS.

In our experiment, Si+ is employed as the incident par-
ticle. Si has an electronic configuration very close to that of
Al, so that the Si and Al 2p levels repel each other because
of the Pauli exclusion principle, with the Al level moving up
and the Si level moving down. This enables one or two 2p
holes to be created effectively during the P-T collision, even
at a few kilo-electron-volt incident energies, without signifi-
cant formation of holes in the Si.

Note that several previous investigations reported multi-
ply charged ions in DR.31–35 They involved mismatched
projectile-surface systems, however, so that the only mecha-
nism to produce an inner shell hole is a level crossing during
a very close P-T encounter ��0.2 Å�, which requires higher
energy �typically 10 keV or above�. Thus, in these studies
singly charged ions were the primary product and the yield
of doubly and triply charged ions was small.

We have shown that direct recoils in the nearly symmetric
Si–Al system are very efficient at producing fast, monoener-
getic multiply charged ions even at relatively low impact
energies. The simplicity of the DR trajectories facilitates the
identification and quantification of the ion formation mecha-
nisms. In particular, this arrangement enables a separate
quantitative determination of the absolute yields of Al+ by
resonant charge transfer and Auger processes, and the abso-
lute yield of Al2+ by shake-off. The shake-off mechanism
was found to be very efficient, yielding Al2+ with a probabil-
ity on the order of 20% of the total recoil yield.
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dation �Grant No. CHE-0091328� and by the Czech Acad-
emy of Sciences �Grant No. A1067401�.
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