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Transmission of low-energy 0+ ions through ultrathin films of Ar, Kr, and Xe
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We present a systematic study of the transmission of low-energy ( (10 eV) 0+ ions through ultrathin
films of Ar, Kr, and Xe. The ions are produced by electron-stimulated desorption from an oxidized
W(100) crystal; they desorb from the surface in directions close to the surface normal with a peak kinetic
energy of -7 eV and their yield, mass/energy, and angle are measured with a digital electron-stimulated
desorption ion angular distribution (ESDIAD) detector. Rare gases are condensed at -25 K onto the
oxidized W(100) crystal and their film thickness is determined by means of thermal-desorption spectros-
copy. The 0+ ions desorbed in the presence of a rare-gas film have to pass through the film before
reaching the detector. We find that 10% of 0+ can be transmitted through 1.6 atomic layers of Ar, 2.9
ML of Kr, and 4.0 ML of Xe. From the 0+ signal attenuation by films thicker than 2 ML we derive at-
tenuation cross sections of 6.0X10 "cm for Ar, 2.2X10 "cm for Kr, and 1.5X10 "cm for Xe.
For Xe, we observe indications that the angular distribution of the ions changes due to large-angle
scattering, and for Kr (and previously for Xe) we measure a shift in the energy distribution towards
lower energies; we interpret this to be due to elastic forward scattering of the oxygen ions by the Xe
atoms. We attribute the attenuation of the 0+ in the films mainly to elastic backscattering; we suggest
that either a high neutralization probability of 0+ in the Ar film (charge transfer) or an Ar structure
different from fcc (such as blocking of 0+ by Ar) is the reason for the strong attenuation of 0+ in Ar.
We find greater attenuation per monolayer for thicker films than for the first monolayer; we correlate
this with the fcc structure of the rare-gas films. We discuss the energy loss of the primary electrons in
the rare-gas film, the effect of the adsorption of rare gases on the electron-stimulated desorption process,
and the possibility of preferential 0 desorption through channels in the rare-gas film. We draw con-
clusions from our results concerning the depth of origin of secondary ions desorbed under the influence
of electron, photon, or ion radiation.

I. INTRODUCTION

The interaction of electrons, photons, or ions with
solids can cause the desorption of secondary particles,
e.g., ions or neutrals. Based on measurements like those
by Burnett et al. ,

' it is usually assumed that these secon-
daries stem from the first one or two monolayers of the
solid. The depth of origin of secondary atoms and ions is
an important issue for surface analytical techniques, such
as secondary-ion-mass spectrometry or surface analysis
by resonance ionization of sputtered atoms, which are
generally accepted as giving information about the chem-
ical composition of the topmost surface layer. It is also
fundamental for investigations of desorption induced by
electronic transitions, such as electron- or photon-
stimulated desorption from adsorbates or compound sur-
faces. The question of the depth of origin of secondary
ions (we will not discuss neutrals in this paper) has been
addressed in several theoretical investigations and in a
few experimental papers for metals and oxides. ' ' How-
ever, little work has been done on the question of the
depth origin of ions from insulators, and hence the under-
standing of the elementary processes is rather limited.

Ions produced in a layer beneath the surface can in-
teract with the topmost layers through various elastic or
inelastic processes, such as charge transfer, as has recent-
ly been suggested, and elastic scattering. ' These pro-

cesses can change the energy, trajectory, and charge state
of the ions. However, the interaction of these low-energy
ions ((10 eV) with monolayers or multilayers of various
materials is not well understood. We are currently inves-
tigating the transmission of 1-10 eV ions through films of
rare gases and of molecular adsorbates, ranging from
fractional monolayer to several multilayers in thickness.
In the experiments described here, the ions are produced
by electron-stimulated desorption (ESD) from an oxi-
dized tungsten(100) crystal; this can be viewed as a "small
ion beam accelerator" with a peak energy of -7 eV. The
ions then have to pass through an ultrathin film con-
densed on the crystal (Fig. 1) before being detected by a
position, mass, and energy resolving ESDIAD (electron-
stimulated desorption ion angular distribution) detec-
tor."

In this paper, we present the total transmission yield of
oxygen ions through ultrathin films of argon, krypton,
and xenon as a function of film thickness. Furthermore,
we analyze the angular and the energy distribution of the
transmitted ions. We have chosen rare gases as over-
layers because they represent the simplest physisorption
systems; we expect that there is little electronic coupling
between the adsorbate and the substrate. Furthermore,
the oxide may be considered as a relatively rigid structure
with binding energies between the oxygen and the
tungsten much higher than those between energies be-
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FIG. 1. Schematic of experimental approach.

tween the oxygen and the tungsten much higher than
those between rare gas and substrate. Hence there is no
chemically driven intermixing between the substrate and
the overlayer. The following paper by Klein, Urbassek,
and Vicanek" presents results from a molecular-
dynamics (MD) simulation on the transmission of low-
energy oxygen ions through thin rare-gas films. We com-
pare their results to our experimental data.

II. EXPERIMENTAL SETUP

The experiments are carried out in an ultrahigh vacu-
um chamber (base pressure is ( 10 Pa) that is equipped
with instruments for various surface analytical tech-
niques, such as thermal desorption spectroscopy (TDS),
low-energy electron diffraction (LEED), Auger electron
spectroscopy (AES), and ESDIAD.

The sample, a W(100) crystal, is mounted on an assem-
bly that is coupled to a closed-cycle helium refrigerator,
which enables us to cool the sample to 20 K. The sample
can be heated by radiative heating and electron-beam
heating with a tungsten filament mounted behind the
sample. The W crystal is cleaned by heating and sputter-
ing. It is oxidized at 860 K in an 02 atmosphere
(5 X 10 Pa) for 10 min, a procedure that produces a
thin oxide film on the crystal. ' ' '

The oxide surface prepared in this way exhibits a
(1X3) LEED structure. The surface is essentially clean
as determined by means of AES with a small trace of car-
bon as an impurity, and we assume the stoichiometry to
be about WO2 3, based on the results of earlier investiga-

12, 13

The overlayer gases are dosed via a leak valve through
a directed doser equipped with a capillary array plate
onto the cold crystal. This procedure allows precise dos-
ing from fractional monolayer to multilayer coverages of
the gases. We measure the exposure in units of Langmuir
(1 L= 1.33 X 10 4 Pa s); however, since our ion gauge is

not calibrated the absolute exposure value may not be ac-
curate. The purity of the gases is checked in the gas
phase by mass spectrometry and after adsorption by
AES. An upper limit of the contamination is estimated
to 0.5%.

Electron bombardment (300 eV) of the clean oxidized
W(100) surface results in the desorption of oxygen ions
that can be detected with our digital ESDIAD detector.
This consists of a set of four high-transparency planar
grids of which all except the second are grounded, a stack
of five microchannel plates, and a resistive anode encoder
that allows direct digital acquisition of two-dimensional
data. The mass/energy resolution is achieved by pulsing
the primary electron beam, which provides a start pulse
coincident with desorption from the target, and gating
the retarding potential grid G2 which allows ions of Aight
time t& to strike the detector [time-of-fiight (TOF)
method]. Since most ions desorb with kinetic energies of
a similar order of magnitude (i.e., a few eV), ions arriving
at different times at G2 can be identified as having
different masses, and within one mass, as having different
kinetic energy. Typical electron pulse lengths are 0.1 ps
with average electron currents of & 1 nA, and total elec-
tron fiuences are —2X10' cm (beam area: —1 mm );
the Right time for 0+ is about 3 ps. Angle-integrated ion
count rates are of the order of 2X10 s '. The polar an-
gle of detection (under field free conditions around the
crystal) ranges from 0' to 22' (0 is normal to the surface).

The application of a positive bias voltage to the sub-
strate compresses the angular distribution of the desorb-
ing ions so that even ions that desorb with an angle larger
than 22' can be detected. The larger the initial polar an-
gle of desorption and the higher the initial kinetic energy
of the desorbing ion, the higher the sample bias that is
necessary to attract the ion into the detector. For in-
stance, ion trajectory calculations show that a sample
bias of +100 V enables the detection of a positive ion
with a kinetic energy of less than 7 eV if it leaves the sur-
face with an angle of desorption (polar angle) of less than
70' relative to the surface. Unfortunately, the application
of a sample bias makes the quantitative determination of
the angular distribution of the desorbing ions more
diKcult, because it distorts the ions trajectories and
causes electric-field inhomogeneities between the sample
and the detector; it furthermore does not allow deter-
mination of the kinetic-energy distribution of the ions
with the ESDIAD/TOF detector. Hence a substrate bias
of +100 V is applied in cases where we want to deter-
mine a quantity close to the total 0+ desorption yield,
and of 0 V when we want to determine the angular or en-
ergy distribution.

In summary, the ESDIAD detector allows mass, ener-
gy, and angle-resolved measurements of the 0+-ion yield.

We can detect ESD ions also with the mass spectrome-
ter with its ionizer turned off. This enables us to confirm
the total yield of ions and their mass and angular distri-
bution. The disadvantage of this method is that it re-
quires higher electron current fiuences due to a lower
response function of the mass spectrometer and a smaller
solid angle of detection, compared to the ESDIAD detec-
tor.
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III. RESULTS

A. Oxygen-ion emission from the oxidized W(100) crystal

~ ~

Electron-stimulated desorption from the oxidized
W(100) crystal leads to a very reproducible normal emis-
sion o mf 0+ (maximum variation of —10% in yie d and

10 +angular distribution for different oxidations). The 0
beam has an angular full width at half maximum
(FWHM) of —14'. The desorption yield and angular dis-
tribution do not change significantly ( ( 10%) upon bom-
bardment with electron Auences up to 1X10' cm
which is much larger than any fluence used in the de-
scribed experiments. The pattern does not change
beyond experimental uncertainty as a function of temper-
ature between 20 and 50 K. We can, therefore, conclude
that the oxide layer is very stable and yields reproducible
emission of 0+ upon electron bombardment. We
confirm the identification of the ions as 0+ with the mass
spectrometer. As can be seen in Fig. 2, only 0+ is
present in the desorption spectrum. We have also

fi ed the angular distribution with the mass spec-
trometer, measuring the yield as a function o t e az-
imuth angle of the sample; the FWHM is 15+2 . The en-
ergy isr distribution of the ions can be measure with t e
ESDIAD detector by applying a retarding voltage on
grid 62 and is discussed in detail later.

The emission of 0+ from this surface is in agreement

and Yates found strong normal 0+ emission from W(100)
exposed to 02 at 100 K and annealed at 950 K.' Prigge,
Niehus, and Bauer also reported strong normal emission
of 0+ for annealing temperatures of around 950 K of an
02 predosed W(100) surface. ' They furthermore report a
mean energy of the 0+ of about 7 eV.

Th ESD rocess of 0+ from oxidized tungsten can be
understood by means of a model that has been deve ope
for hi hly ionic maximal valency oxide surfaces. ' ' eor ig

W4 W5,incom ngoming electron can ionize W core leve s, p,
Au eretc.), which can be filled through an interatomic uger

mechanism. Subsequent charge transfer from a neighbor-
ing 0 ion will return the W to its original (positive)
charge state and can result in the formation of a positive

0 ion. The repulsive nature of this configuration may
lead to the ejection of O+ from the surface. Since the 0+
ions are found to desorb normal to the surface we assume
that the desorbing 0 ions come from binding sites on
top of W atoms.

B. TDS of rare gases on the oxidized W(100) crystal

We determine the rare-gas coverage by TDS. Mono-
layer identification is possible if the desorption peaks
from the first monolayer and subsequent layers occur at
different temperatures. Then the relation between cover-
a e and exposure can be measured and calibrated.

As an example, we show in Fig. 3 uncorrected (non-
background-subtracted) TDS spectra for Kr adsorbed on
the oxidized W(100) crystals. Three peaks are separated;
we identify the high-temperature peak, n&, as the mono-
layer peak. The monolayer peak shifts down in tempera-
ture with increasing exposure and saturates at an expo-
sure of 0.03—0.04 L, and the second layer peak, o.2, starts
growing after completion of the monolayer peak. Final-
ly, the multilayer peak (peak at the lowest desorption
temperature, y) starts to grow and continues to increase
with increasing exposure. The integrated intensity pro-
portional to the coverage) after background subtraction
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FIG. 2. Mass spectrum measured with the mass spectrometer
in the ion detection mode of ESD from oxidized W(100).
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FIG. 3. TDS (thermal desorption spectra) of krypton on oxi-
dized W(100), (a) low exposure range, (b) high exposure range.
Note that the temperature scale is not linear. L=0.04 L; 2
ML =0.08 L. See text for peak identification.
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increases linearly with exposure. Opila and Gomer' in-
vestigated the thermal desorption of Kr from oxygen
predosed W(110) and came to conclusions about the peak
identification similar to our interpretation. Similar inves-
tigations have been performed for Ar and Xe.' Details
of the TDS measurements and their interpretation are
discussed in detail in a separate paper.

Experimental studies of the growth morphology of
condensed rare-gas films on transition-metal surfaces in-
dicate a layerwise growth. ' Our data are consistent with
the growth of rare gases in a layer-by-layer fashion also
on our oxidized W(100) surface. This is supported by the
separation of the first, second, and multilayer peaks and
the decrease in peak temperature with increasing layer.
Also, the areas of the first and second layer peaks are
similar for Kr and Xe, which indicates that the surface
atom densities of the first and the second layer are the
same. For Ar, the TDS data suggest that the atom densi-
ty of the first layer may be slightly lower than that of the
second layer. Detailed bilayer experiments involving two
rare gases support a layer growth mode, and are dis-
cussed elsewhere.
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C. Oxygen-ion desorption through thin Slms
of Ar, Kr, and Xe

The total, angle-integrated 0+ yields as a function of
overlayer coverage of Ar, Kr, and Xe obtained with a
bias voltage of +100 V on the crystal are depicted in
Figs. 4-6. All data have been obtained at a substrate tem-
perature of 25 K with the ESDIAD detector, for a pri-
mary electron energy of 300 eV and a total electron
Auence of -2X10' cm . The various data points
represent different measurements on the same film, as
well as measurements on difFerent films, some of which
were annealed close to the desorption temperature prior
to measurement. The measurements are reproducible,
not only on the same film, but also on different films, and
annealing does not cause any systematic changes. In sub-
sequent measurements of the 0+ yield on the same rare-
gas film, we do not observe any dependence of the yield
on the electron Auence, which indicates that radiation
damage does not afFect our results. We have obtained
similar attenuation curves using the mass spectrometer as
the detector instead of the ESDIAD detector which
confirms the presented results.

It can be seen that some 0+ ions survive transmission
of more than one monolayer of rare gas: The yield de-
creases to 67% after 1 ML of Ar, 63% after 1 ML of Kr,
and to 67% after completion of 1 ML of Xe. The signal
decreases to 10%%uo of the value from the clean oxidized
surface after 1.6 ML of Ar, 2.9 ML of Kr, or 4.0 ML of
Xe. As can be seen in Figs. 4(b), 5(b), and 6(b), the yields
decrease exponentially in the high coverage regime.

For Kr and Xe, we have investigated in more detail the
angular and energy distribution of the 0+ ions after pas-
sage through the rare-gas film. The FWHM of the angu-
lar distribution of the 0+ desorption beam, measured
with a sample bias of 0 V, does not change beyond experi-
mental uncertainty (+1') as a function of overlayer cover-
age for Kr and Xe up to 3 ML, as shown in Fig. 7. Due
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to limited signal-to-noise ratio, no measurements were
made at higher coverage.

As mentioned in the experimental section, a difference
of the measured attenuation cross section derived from
measurements made with zero-volt sample bias as com-
pared with +100-V sample bias is indicative of large-
angle scattering, because ions scattered in the film by
large angles cannot reach the detector for 0-V substrate
bias. The application of a substrate bias of +100 V
causes most of the ions to be deflected into the detector
(Sec. II) and the measured yield is higher. We have ob-
served such a deviation for Xe, shown in Fig. 8. The sig-
nal decreases faster for those measurements performed
with a sample bias of 0 V than for those done with + 100
V. Furthermore, for a sample bias of 0 V we depict the
yields for two different 0+ energies, one around 6 eV, the
other around 8 eV, each with an energy width of about 1

eV. Although the data are noisy, the attenuation seems
slightly stronger for the faster oxygen ions, which could
indicate that some fast ions have scattered elastically and
become slow ions. It is worth noting that the difference
in attenuation occurs for film thicknesses above 2 ML; we

argon coverage (ML)

FIG. 4. (a) Total 0+ yield as a function of argon coverage
(sample bias is + 100 V). Lines, see text. (b) Same data as semi-
logarithmic plot; the line is the exponential curve fit (see text).
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FIG. 5. (a) Total 0 yield as a function of krypton coverage (sample bias is + 100 V). Lines, see text. (b) Same data as semiloga-
rithmic plot; the line is the exponential curve fit (see text).
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discuss this later. For Kr, the scatter in the data is too
large to allow similar conclusions.

Finally, we analyze the energy distribution of the 0+
ions, measured with a retarding field method, after pass-
ing through the overlayer of Kr or Xe, and compare
them to the distribution of 0+ from the clean surface
[Figs. 9(a) and 9(b) for Kr; see Sack, Akbulut, and
Madey for Xe]. No measurable change occurs for a Kr
overlayer measured with a sample bias of 0 V. However,
upon applying a sample bias of +100 V (which attracts
into the detector ions that are scattered by large angles),
we observe that the mean energy decreases for both Kr
and Xe layers [Fig. 9(b); Fig. 2 in Sack, Akbulut, and
Madey ]. This indicates that only those ions that are
scattered by large angles (detected only in the +100-V
case) lose a significant amount of energy on their passage
through the film, not those measured for 0-V bias. It is
very important, however, that the change in the kinetic-
energy distribution is only seem for films thicker than 2
ML. This means that for thinner films, we do not have
experimental indication that ions which can desorb from
the surface as ions have lost a significant amount of their
kinetic energy. Again, the coverage over which a deter-
mination of the kinetic energy is possible is limited to the

energy range depicted due to low signal-to-noise ratio at
higher coverages.

Note that the planar design of the ESDIAD detector
allows only detection of the kinetic-energy component
perpendicular to the detector (and to the surface) and
neglects the parallel component. For 0-V sample bias
and small desorption angle this effect is negligible. For
100-V sample bias, it leads to seemingly lower measured
energy values for ions which desorb with large polar an-
gles. In order to evaluate the contribution of this effect
to the low-energy peak in the 0+ energy distribution
[Fig. 9(b)] we have performed model calculations in
which we assume various angular distributions of the ions
and estimate their energy as measured by the planar
detector. Although there is a low-energy shoulder in the
simulated energy spectra, we have not seen a peak in the
energy distribution around 3.5 eV as seen in the experi-
mental data. We conclude that although the detection
geometry leads to an artifact seen at lower energies, the
peak shown in Fig. 9(b) [and similar data for Xe (Ref. 22)]
relates to particles that have lost energy.

Since Ar leads to such strong attenuation of 0+, simi-
lar energy and angle-resolved measurements were not
possible for Ar for films thicker than 2 ML due to a low
signal-to-noise ratio.
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FIG. 9. Energy distribution of the O+ ion after passage
through a Kr film of various coverage (in monolayers), mea-
sured by the retarding-field method. (a) 0-V sample bias and (b)
+100-V sample bias. All yields are normalized to 1 at their
maximum. See text for explanation.

IV. DISCUSSION

A. Electron transport through the rare-gas film
and the ESD process

First, we evaluate the effect of energy loss of the pri-
mary electrons in the rare gas on the observed 0+ at-
tenuation. It has been reported that gas phase ionization
cross sections for rare gases by 300-eV electrons are
2.2X10 ' cm for Ar, 2.8X10 ' cm for Kr, and
4X10 ' cm for Xe. This means that the electrons
have not lost a major fraction of their kinetic energy on
their passage through a rare-gas film of thickness up to 6
ML, assuming an a,verage energy loss per ionization (8'
value) of about 25 eV. Furthermore, the electron-
stimulated desorption of 0+ does not depend strongly on
the primary electron energy around 300 eV. Hence we
assume that the effect of the electron-beam attenuation in
the rare-gas overlayer on the 0+ desorption process can
be neglected. Note that the electron scattering probabili-
ty from the oxidized W(100) surface could be modified by
the rare-gas overlayer, so that the Aux of electrons
changes as a function of film thickness. However, we ex-
pect this effect to be too small to explain the attenuation
observed here.

The electron Auence used in the described measure-
ments is very low, 2X10' cm 2. This (and the fact that
we have not observed any dependence of the measured
parameters on the electron fiuence) ensures that the prob-
ability that an 0+ ion desorbs through an area in the
rare-gas film that is perturbed by the passage of a previ-
ous electron is very low. However, a more important is-
sue is whether the same electron that causes the ESD of
an oxygen ion has also disturbed the rare-gas film, e.g. ,
through excitation or ionization of a rare-gas atom. The
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excitation of the rare-gas atom could lead to the forma-
tion of metastables or dimers in the rare-gas film, or to
the desorption of a rare-gas atom, which could affect the
interaction of the oxygen ion with the rare-gas film. Al-
though the ionization cross sections mentioned above
seem large enough for this process to occur, one has to
remember that not every ionization will lead to dimer
formation or rare-gas desorption, because excitations are
strongly quenched when the rare-gas is adsorbed on a
surface. In fact, it has been reported that the total Xe
desorption cross section from an oxide surface is only
3 X 10 ' cm . ' Furthermore, the large mass difference
between oxygen and the rare gases allows rare-gas atoms
that have been excited by the primary electron beam to
move only a small distance during the time it takes for
the oxygen ion to travel through the rare-gas film: If we
assume an energy of 0.5 eV for xenon atoms, then they
will move (1 A in the time it takes for 0+ to travel
through a xenon film 2 ML thick. Since the xenon atoms
interact with each other they will most probably be scat-
tered back and forth, so that the idea of there being a
window in the rare-gas film through which 0+ can es-
cape without significant interaction with the rare-gas
atoms is unlikely. Although we do not exclude the possi-
bility of 0+ desorption through a disturbed film, it seems
improbable that this affects the measured parameters
significantly.

Another source of disturbance of the rare gas could be
the ionization and/or excitation by secondary electrons
emitted from the oxide under impact or the primary elec-
trons. In order to evaluate this effect we have measured
the secondary electron yield and energy distribution from
the clean oxidized W(100) surface. In Fig. 10, we show
the number of secondary electrons leaving the surface per
primary electron as a function of the sample bias. The
secondary electron yield is 1.1 (for a sample bias of 0 V),
and only about 25%%uo of the secondary electrons have en-
ergies larger than 25 eV, which is of the order of the ener-

gy required for a rare-gas ionization ( W value). Hence we
conclude that secondary electrons from the oxide do not
affect the rare-gas film significantly and are, therefore,
not a problem in our measurements.

Based on ESD measurements from the uncovered oxi-
dized crystal (d =0) we derive an oxygen-ion desorption
yield on the order of 10 ions/electron, in agreement
with earlier work. ' It is possible that the adsorption of
an overlayer on the oxidized W surface affects the ESD
process such that excited states are quenched due to W-
RG or 0-RG interactions (RG=rare gas), which would
lead to changes in the yield of 0+, as has been suggested
previously. ' Whereas this may be a problem for low
rare-gas cover ages, we assume that the oxygen-ion
desorption yield does not change strongly upon adsorp-
tion of the rare gas for coverages higher than 1 ML, since
the rare-gas atoms interact only weakly with the surface.

B. Rare-gas film structure and O+ transport
through the film

If the rare-gas films were not homogeneous in thick-
ness but had small holes due to vacancies or defects (e.g. ,
grain boundaries) extending through the film, one could
speculate that the oxygen ions observed in the presence of
a rare-gas film are those desorbing through holes. There-
fore, the measured attenuation length might not be corre-
lated to physical processes occurring during the transport
of the 0+ through the film, but to the closing of holes
with increasing exposure. However, there is strong ex-
perimental evidence that rare gases grow in a layer-by-
layer fashion. ' ' Also, in some experiments with vari-
ous coverages of Ar, Kr, or Xe we anneal the films at a
temperature close to the thermal-desorption temperature
and compare the 0+ yield to that derived from the unan-
nealed films. No difference in yield is observed ((5%%uo).

Since the binding energy of the rare-gas layers decreases
with increasing layer number (see Fig. 3, also Ref. 20), we
expect that if islands and holes were present in the freshly
deposited films, they would be reduced upon annealing
and thereby decrease the 0+ yield. Hence we do not
think that preferential 0+ desorption through holes in
the rare-gas film is a significant factor in our experimen-
tal results. This is also supported by the molecular-
dynamics simulations by Klein, Urbassek, and Vicanek:"
As is discussed below, they model the elastic scattering of
0+ in the rare-gas films assuming a perfect fcc structure
without holes due to defects, and they find excellent
agreement with the experimental data, suggesting that
desorption through holes does not play a significant role
in the experiments.

Since we observe 0+ desorption with an angular distri-
bution centered about the surface normal, it is highly un-
likely that the 0+ desorb from edge sites, because this
often leads to desorption in off-normal beams. ' This is
important because 0+ desorption from edge sites which
might not be covered by the first or second rare-gas layer
could be seen as a reason for the low attenuation in the
first two monolayers.

But why is it that oxygen ions can penetrate rare-gas
films several monolayers thick? To answer we recall that
bulk rare-gas solids are known to be fcc structures, as
shown in Fig. 11; the layer structure can be described as
A-B-C. We have drawn the lattice to represent Kr, and
the radius of the atoms to be the distance of closest ap-
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layer B layer C layer A

FIG. 11. Rare-gas fcc (111) structure. The atomic radii
represent the 7-eV turning point in the 0+-Kr interaction, the
atomic spacing represents the Kr lattice. See text.

proach of 0+ to Kr. The latter value has been derived by
Klein, Urbassek, and Vicanek" from the potential-energy
surface published by Guest et al. : They estimate the
distance for a potential of 7 eV (our 0+ peak kinetic en-
ergy) for KrO+, R(V =7 eV) to be about 1.55 A. There-
fore, the circles represent a geometrical area that cannot
be penetrated by the 0+ ion. Rather than looking dense
for the oxygen ions, the rare-gas film has channels
through which the oxygen ions may move; note that the
ionic radius of 0+ is only 0.22 A. It can be seen that
even after completion of the second layer, there are still
channels normal to the surface through which the 0+ ion
could escape without much interaction with the rare-gas
atoms. Only after the completion of the third layer are
these channels closed, and the oxygen ions must change
their trajectory in order to penetrate the film. Hence we
suggest that some form of channeling allows the 0+ ions
to transmit the rare-gas film without significant energy
loss or change of trajectory for coverages up to 2 ML, as
has been observed in our measurements; beyond 2 ML,
channeling perpendicular to the surface is hindered due
to the fcc growth of the rare-gas solid, and some of the
ions lose kinetic energy on their passage through the film
or change their trajectory [see Fig. 9(b), Fig. 8]. We fur-
thermore suggest that this could be the reason why, for
all three rare gases, the attenuation is less for the first two
monolayers than for the multilayer range. (Note that if
the rare-gas films grew in the hcp structure on the oxi-
dized W(100) surface, ' there would be channels for film
thicknesses even beyond 2 ML.)

In fact, we can compare the channel size with the
transmission yield of 0 through one or two monolayers
of rare gas. We can estimate the percentage of 1 ML of
RG which is blocked for 0+. For this we determine
from the potential-energy surfaces for 0+-RG (Ref. 11)
the internuclear distance R at which the potential be-
tween 0+ and the rare gas has the value of the peak
kinetic energy of the oxygen ions, 7 eV. Then we assume
that per rare-gas atom, the area blocked for the 0+ ion
corresponds to a circle with radius R(V=7 eV). Com-
paring the blocked area to the unit cell of the rare-gas
atom in the solid, we can derive the percentage of the

with N being the total 0+ Aux reaching the detector,
NRo is the rare-gas number density (atomslunit volume),
o,„ is the attenuation constant, and d is the rare-gas film
thickness. We can then write

4=4&o exp( NRGa, „zd )—

with No being the total 0+ Aux desorbing from clean ox-
idized W(100). If

d (( I /NRoo, „
then Eq. (2) can be approximated by

4 =@0(1 NRo o,„d ) .— . (4)

We have to be aware of the fact that this model is only
valid if our system can be described by Poisson statistics.
The fact that we observe layerwise growth of the rare-gas
films violates Poisson statistics and can lead to deviations
from the expected exponential attenuation within each
monolayer. Also, if for fractional monolayer thicknesses
the rare gases adsorb on preferential sites, this could lead
to further deviations. Finally, it is important to

rare-gas area that is blocked for 0+. For all rare gases
this percentage is of order 50%; the percentage of 0+
that is transmitted through the first monolayer of rare
gas is of order 60%. We suggest that there exists a corre-
lation between the channel size and the transmission
yield.

Note that we observe changes in the energy distribu-
tion of 0+ as a function of film thickness [Fig. 9(b)]. This
implies that the collision parameters, such as energy and
angle, for elastic scattering events may be different in the
first monolayer from those in a higher layer. If the elastic
scattering cross sections are a strong function of energy
and angle, then this could be another reason for the
change in attenuation per monolayer with increasing film
thickness.

The differences in attenuation of the 0+ yield in the
fractional monolayer range [see Figs. 4(a), 5(a), and 6(a)]
may be a consequence of the growth mode of the rare-gas
film. It has been reported for Ar adsorbed on MgO(100)
that, for fractional monolayer coverages, the rare-gas
atoms adsorb on preferential substrate sites (commensu-
rate overlayer structure), whereas upon completion of 1

ML the rare-gas film ignores the substrate structure and
grows in its favored fashion, a fcc (111)structure (incom-
mensurate growth). This could lead in the fractional
monolayer regime to an attenuation that varies as a func-
tion of thickness: For instance, if the first atoms are ad-
sorbed on sites where they are very effective in attenuat-
ing the 0+ ions, then the 0+ yield should decrease
strongly at very low coverages, and then less as one
monolayer is completed, since the rare-gas atoms are
pushed into an fcc structure.

For thicker films ()2 ML for Kr and Xe; ) 1.5 ML
for Ar) we describe the transport of the oxygen ions
through the rare-gas film by a transport model that is
based on Poisson statistics of the collisions:

ae
G p
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remember that this model is strictly valid only for binary
collisions, not for multiple collisions.

From Figs. 4(b), 5(b), and 6(b) we observe exponential
attenuation for films thicker than about 2 ML (1.3 ML
for Ar). For this thickness range we derive the attenua-
tion constant using the expression

a(in+)
RG

(5)

which is obtained from Eq. (2). The attenuation con-
stants can be derived from the slopes of the lines in Figs.
4(b), 5(b), and 6(b), using number densities of 2.66X10
cm for Ar, 2. 17X10 cm for Kr, and 1.64X10
cm for Xe (bulk values) as follows: 6.0+0.8X10
crn for Ar, 2.2+0.3 X 10 ' cm for Kr, and
1.5+0.2X10 ' cm for Xe.

Since the attenuation in the thick-film regime is ex-
ponential, it seems reasonable to identify the attenuation
constants o.

e p
in this regime as experimental attenuation

cross sections. Note, however, that they are derived at
film thicknesses at which the energy distribution of the
0+ ion is slightly different from that of 0+ from the
clean oxidized W(100) surface. We will use these values
of the cross section in the following discussion.

The application of a bias voltage of +100 V to the
sample attracts not only those ions into the detector that
desorb with a polar angle smaller than 22', but also ions
that desorb with a polar angle considerably larger than
22. Hence these experimental attenuation cross sections
can be influenced by any process in the rare-gas film or
close to the surface that prevents the 0+ ion from reach-
ing the detector.

C. Attenuation model

Now we address the reasons for the attenuation of 0+
in the rare-gas films. We suggest here a model in which
the attenuation of the 0+ signal is caused by the interac-
tion of the oxygen ions with the rare-gas film, rather than
by the filling of holes and defects in the film,

o exp=o tot (6)

~tot ~es+ ~ct ' (7)

Elastic scattering cross sections are known to be large for
small collision energies, and charge transfer between
ion and atom could also be important, dependent on the
specific reaction. We will not consider other inelastic
processes, such as excitation of the overlayer species by
0+, because they are assumed to have rather low cross
sections at the collision energies discussed here. '

In the following, we discuss the various contributions
of elastic scattering and charge transfer to the attenua-
tion.

with o „,being the total 0+ attenuation cross section in
the rare-gas film.

We furthermore suggest that the main scattering pro-
cesses that lead to the attenuation of 0+ are elastic
scattering (es) with scattering angles large enough to in-
hibit the escape of the scattered 0+ from the surface, and
charge transfer (ct):

Eo
(m R~

—m + sin 8) +m + cos8

IRk+Pl

2

l. Elastic scattering

Elastic scattering leads to changes in the trajectory and
the kinetic energy of an oxygen ion. To simplify the fol-
lowing discussion we assume that the 0+ desorb normal
to the surface (the FWHM of the angular distribution is
14 centered on the normal). In the case of scattering by
an angle of 90' or more we expect the ion not to be able
to desorb from the surface; the ion neutralizes and finally
either desorbs as a neutral particle or it may become
trapped in the rare-gas film. If the ion is forward scat-
tered (by an angle (90'), it may desorb from the surface.

The fact that the FWHM of the angular distribution of
0+ (measured for a sample bias of 0 V) does not change
within the experimental uncertainty as a function of cov-
erage up to 2 —3 ML (Fig. 7) indicates that scattering of
surviving ions is rare in this coverage regime; also the
data in Fig. 8 show no indication for large-angle scatter-
ing for Xe films up to 2 ML thick. The angular informa-
tion agrees well with the observation that the kinetic-
energy distribution of these ions does not change upon
penetration of a Kr film less than 2 ML thick (Fig. 9).
However, for thicker films we see evidence for elastic
scattering: the energy distribution changes [Fig. 9(b)],
and the angular distribution changes, as we have con-
cluded also for Xe from the data in Fig. 8. As discussed
above, the ions that change their trajectories have scat-
tered by a rather large angle () 10 ). This result does not
seem surprising, considering the small collision energies
and the large mass difference between the projectile (16
amu) and the target atoms (40, 84, and 129 amu). As is
known from classical scattering calculations, the scatter-
ing angle increases with decreasing impact parameter.
Since the impact parameter range is limited to less than
one half of the rare-gas-rare-gas distance in the film, we
expect to observe scattering by large angles for thicker
films, as reported in Fig. 8. As can be concluded from
Fig. 9(b) and from Fig. 2 in Sack, Akbulut, and Madey,
the energy distribution of the scattered ions has also
changed, which could be either due to a stronger attenua-
tion of the faster ions which we consider as unlikely to
explain the occurrence of the second peak, or to energy
loss of fast ions which thereby become slow ions. The
change is stronger for Xe than for Kr for coverages that
lead to comparable 0+ attenuation (e.g., 2.5 ML of Kr
and 3.3 ML of Xe). However, the energy shift is larger
for Kr than for Xe, which we explain with the larger en-
ergy transfer in an 0+-Kr collision compared to 0+-Xe,
due to krypton's smaller mass.

In fact, it is interesting to compare the observed energy
shift with the result of a simple two-body kinematics cal-
culation for elastic scattering between 0 and the rare-
gas atoms. We calculate the energy loss AE of an 0+ ion
in a collision with a rare-gas atom as a function of the
scattering angle 8 (laboratory system);
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TABLE I. Results of a calculation of the kinematics of elas-
tic scattering. See text for explanations. Collision energy is 7
eV.

0 (degrees)

20
30
40
50
60
70
80
90

AE (eV) for 0 -Kr

0.16
0.35
0.60
0.90
1.2
1.6
1.9
2.2

AE (eV) for 0+-Xe

0.10
0.22
0.38
0.57
0.79
1.0
1.3
1.5

We consider that those ions, that have lost kinetic energy
[see Figs. 10(c) and 10(d)] have changed their trajectory
by an angle of more than 22' (this is the solid angle of
detection under 0-V sample bias). We tabulate the energy
loss in Table I. From Figs. 9(b) and 2 in Sack, Akbulut,
and Madey we estimate the energy loss of the 0+ ions
for Kr to 3+0.5 eV and for Xe to 2+0.5 eV. The energy
losses are slightly larger than those calculated for a
scattering angle of 90 which may indicate that the ener-

gy loss is not the result of one binary collision but of mul-
tiple collisions; however, the ratio of the energy loss in
Kr to that in Xe is very similar to the calculated results.
Note that the energy of the second peak may be shifted
slightly towards lower energy due to the low-energy
shoulder caused by the planar detector design (see discus-
sion above).

So far we have only discussed the energy loss of some
of the oxygen ions in the rare-gas film. Since we have
demonstrated that elastic forward scattering occurs, it
seems reasonable to assume that elastic backscattering
should occur, too. We expect that elastic scattering by
angles large enough to deflect the 0 so that it back-
scatters and subsequently becomes neutralized or trapped
in the solid, is one of the reasons for the attenuation of
the oxygen ions in the rare-gas films.

Klein, Urbassek, and Vicanek have performed a
molecular-dynamics simulation in order to simulate the
elastic scattering of the 0+ ions in the rare-gas films
while ignoring inelastic scattering events. As mentioned
above, they assume an fcc structure for the rare-gas solid
and incommensurate growth of the rare-gas films on the
oxide from coverages above 1 ML. They find Kr films to
have the highest attenuation cross section, which they at-
tribute to the fact that both their backscattering and their
stopping cross sections are high. There is good agree-
ment of the simulation with the experimental data for Kr
and Xe which indicates that elastic backscattering is
indeed the dominant cause for attenuation of the 0+ ions
in the films. The results of their simulation are published
in the following paper. "

While Klein, Urbassek, and Vicanek" find good agree-
ment of the simulation with the experimental data for Kr
and Xe, the experimental data show stronger attenuation
for 0+ through Ar than the simulation indicates. This
suggests that Ar cannot be explained in a model that con-
siders only elastic scattering processes and assumes an in-

commensurate fcc growth of the rare-gas film. It may
point to the importance of another attenuation mecha-
nism not taken into account for in the simulation, such as
charge transfer.

A ++8~ A '+8++ AE, (9)

where A' can be either a ground-state atom A or the
atom in an excited state, and where hE is the energy de-
fect. While the cross sections for resonant charge
transfer (molecule 3 = molecule B) are relatively well
understood and tabulated, the nonresonant case has
mainly been studied for collision energies E, above 50
V 8,9

The cross section, in the most general form, can be
written as

o, f(E, )=2~f P, f(b, E, )b db
0

(10)

with P, f being the probability for charge transfer, b is
the impact parameter, E, is the collision energy, and i, f
is the initial and final state. Rapp and Francis developed
a theoretical model for charge transfer in the non-
resonant case . For the nonresonant case, the cross sec-
tion exhibits a maximum at that energy at which

+c +ct

with ~, being a collision time and ~„related to the energy
defect hE by

~„AE=h . (12)

The cross section decreases towards higher collision ener-
gies due to a decreasing interaction time. For collision
energies below the energy at which this maximum occurs,
Rapp and Francis derive the approximation

10.8Xh' 'Y U,

a0'aE4
(13)

with @=ATE+/13.6eV, Ez ionization potential of B, v,
relative collision velocity, and a0 Bohr radius.

Equation (13) implies that the charge-transfer cross
section is higher for smaller energy defects and decreases
for lower collision energies.

The collision energies that occur in our experiment are
far below the energy at which the maximum in the cross
section occurs (usually on the order of 1 keV).

We depict some energy levels (for infinite atomic sepa-
ration) for single atoms in Fig. 12, derived from the gas
phase ionization potentials of 13.6 eV for 0, 15.8 eV for
Ar, 14.0 eV for Kr, and 12.1 eV for Xe. Shown are pos-
sible transitions involving ground-state atoms or ions,
and transitions involving the excited oxygen state 0*.
The energy defect is smallest for Kr, 0.4 eV. It is strong-
ly endothermic for Ar and exothermic for Xe. Therefore,
in the model of Rapp and Francis, one would expect in a
gas phase collision of 0+ with a rare-gas atom the largest

2. Charge transfer

Charge transfer in ion-atom collisions can be described
by
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A

0+Ar+ 0 +Kr+

2.2 eV 2.4 eU

v 0++Ar
v 0+Kr+

i( 0++Kr
0.4 eV

0 +Xe+
I(~0.5 eV
"0++Xe

i( 0+Xe+

0 102

FIG. 12. Some atomic energy levels of O-Ar, O-Kr, and
O-Xe. See text.

cross section for Kr. We can calculate from Eq. (13)
cross sections for the charge-transfer reactions with the
smallest energy defects (0+ energy: 7 eV):

0 +Ar —+0+Ar+, AE =2. 176 eV

has a cross section of 1.8X 10 ' cm .

0++Kr~O+Kr+, AE =0.382 eV

has a cross section of 1.7X 10 ' cm .

0++Xe~O('D2)+Xe+, bE = —0.483 eV

(14)

(15)

has a cross section of 5.9X 10 ' cm .
Hence the model by Rapp and Francis predicts a very

small charge-transfer cross section for 0+-Ar.
However, one has to caution about the application of

the model of Rapp and Francis: The low-energy approxi-
mation given in Eq. (13) has been developed for collision
energies of ) 100 eV; the validity of the model at 7 eV or
less is questionable. Furthermore, the model does not ap-
ply when the potential-energy surfaces involved in the
charge-transfer process cross; in this case the cross sec-
tions may be higher.

Furthermore, our situation cannot be described accu-
rately by ion-atom collisions. It has been shown that the
energy levels of a rare-gas atom adsorbed on a metal sur-
face differ significantly from those of the free atom, there-
by changing the ionization potential. ' ' For Ar ad-
sorbed on Pt(111), the 5p energy level shifts up in energy
towards the vacuum level by 2.9 eV. Similar effects
should occur for Ar, Kr, and Xe adsorbed on the oxi-
dized W(100) surface. However, energy-level shifts
should also occur for the oxygen ion, thereby canceling
most of the effect of the shifts on the energy defect for
rare-gas coverages of &2 ML. In contrast to monolayer
adsorbates, it seems possible that accidental resonant
charge transfer may occur between 0+ and a thick rare-
gas film with a band structure, because the lowest ioniza-
tion energy of solid argon is 13.9 eV which is very close

to that of 0+, 13.6 eV. However, we observe strong at-
tenuation of 0+ upon passage of 1 —2-ML-thick Ar films,
at which thickness the band structure is not likely to be
developed. Note that there is also the possibility that the
rare-gas film may be excited in the vicinity in which the
O+ desorbs from the surface, due to the interaction of
the primary electrons with the rare-gas film. Free exci-
tons in solid Ar have a lifetime of —10 ' s, which is
longer than the time it takes for the 0+ to pass one
monolayer of Ar, which is 4X10 ' s. The charge-
transfer cross sections could be significantly affected by
the presence of the excitons.

For all of the above reasons, we see little chance to pre-
dict neutralization probabilities accurately for O+ in the
rare-gas film based on the model by Rapp and Francis.
The deviation of the simulation" from the experimental
data for Ar may be caused by some form of charge
transfer, although it seems dificult to understand why
charge transfer should be important for 0+-Ar, which
has a high endothermic energy defect.

The deviation of the simulation could also be due to a
rare-gas structure different from fcc: If the Ar atoms in
the first layer adsorb preferentially on top of W atoms
(which could lead to a lower atom density than the bulk,
as observed by TDS), and if the second layer adsorbs
preferentially on top of oxygen atoms, then the transmis-
sion through the second layer could be lower than
through the second layer of a regular fcc structure, and
this could explain the difference between simulation and
experiment.

V. CONCLUSIONS

With our experimental approach, we have demonstrat-
ed that cross sections for interaction of 7-eV 0+ with
rare gases are suSciently low that some oxygen ions can
penetrate several layers of a rare-gas solid; secondary ions
are detected which originate several layers below the sur-
face. We have found indications for elastic scattering of
the ions in the film. Since the experimental results for Kr
and Xe agree well with the MD simulation by Klein, Ur-
bassek, and Vicanek, "we attribute the attenuation of 0+
in Kr and Xe primarily to elastic backscattering.
Surprisingly, the attenuation is very strong for argon and
also stronger than predicted by the MD simulation so
that we suggest that either charge transfer between 0+
and the Ar film (which has not been taken into account in
the simulation) could be an additional cause for the 0+
attenuation, or, more likely, an Ar structure different
from fcc. We suggest that the deviation of the attenua-
tion from a strictly exponential behavior is an indication
that the fcc structure of rare-gas solids allows some O+
to channel through the first two layers without strong at-
tenuation. We conclude that for the question of depth of
origin of secondary ions from surfaces it is important to
consider the structure of the surface as well as the in-
teraction potential of the ion with the atoms in the sur-
face layer. We should caution that compound surfaces
are usually more densely packed than rare-gas solids, so
that ions desorbing from such surfaces may not penetrate
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as far as it has been observed here. This is the erst in a
series of studies concerning the question of depth or ori-
gin of secondary ions through rare gas layers. Future in-
vestigations will involve other ions (both positive and
negative) through rare-gas layers as well as molecular
overlayers, such as water and ammonia.
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