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lon-surface charge exchange during sputtering and low-energy H scattering from Ar, K,
and Xe layers formed on metal surfaces
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Low-energy H scattering from condensed Ar, Kr, and Xe layers formed on Au has been investigated in
comparison with the sputtering of secondary ions in order to establish a comprehensive picture of ion emission
from surfaces. The hole created in the Ay 8rbital is localized at any coverage, as evidenced by the emission
of sputtered Af and scattered Hions, whereas the Xeb hole is rather delocalized, especially in the
low-coverage regime, so that almost complete neutralization of Xed H" occurs. The nature of the
localization/delocalization of ionic holes in thick rare-gas layers is also examined.
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Particle-surface interactions have attracted considerableant change occurs on an Ar layer, indicating that the Ke 5
attention from both the fundamental and practical points ohole is delocalized due to resonant tunneling to the valence
view. However, one of the most fundamental problems, i.e.pband of Au, especially in the submonolayer-coverage re-
the mechanism of charge exchange, is still poorly undergime, whereas the Ar 8 hole tends to be localized at any
stood. An electron captureor los9 can trigger an internal coverage. The neutralization of 'Hon a thick Xe layer is
evolution in the surface species and thus lead to a variety dadlso different from that on Kr and Ar layers due to hybrid-
processes, such as the fragmentation of a molecule, reactigwation between the Xe b orbitals or the effects of the va-
at the surface, stimulated desorption, vibrational excitationlence band. These findings lead to the conclusion that simple
and so forth. This subject provides a basis for the study ophysisorption can be realized for Ar adsorption, but that
various surface analysis techniques using ions, such as lowgome chemical interaction is involved in the adsorption of
energy ion scatteringLEIS), secondary-ion mass spectros- Xe.
copy (SIMS) and electron- and photon-stimulated desorp- The experiments were carried out in an ultrahigh-vacuum
tion. Thus far, a variety of mechanisms regarding thechamber(base pressure of 10 °mbar) equipped with
formation of ions and their subsequent emission from surfacilities for standard surface characterization. The ion
faces have been proposkd.|f energetically possible, the beams were extracted from a discharge and were mass ana-
most probable and efficient charge-transfer mechanism in thigzed using a Wien filter. In the LEIS experiment, the sur-
case of a metal surface is resonant charge traféfReac- face was bombarded by Heand H" ions with an incidence
tive ions such as Hundergo efficient resonance neutraliza- angle of 20° and the positive ions emitted normal to the
tion on metal surfaces, whereas the neutralization probabilitgurface were detected by means of a hemispherical electro-
is suppressed on highly ionic compound surfaces due to thetatic energy analyzeilESA) operating with a constant en-
localization of the H & hole® The noble-gas ions survive ergy resolution of 2 eV. The ion beam could be chopped by
neutralization considerably even at metal surfaces becausa electrostatic deflector into pulses with width of 100 ns and
they are neutralized mainly via the two-electron Auger pro-frequency of 40 kHz. Thus, the emitted ions were detected
cess. The presence of a large band gap and the high bindifxy the time-of-flight(TOF) technique. The TOF-SIMS mea-
energy of insulating materials play a decisive role not only insurements were made in such a manner that the sample,
the neutralization but also in nonadiabatic electronic transifloated with a bias voltage of500 eV, was irradiated by a
tions. In this context, thin layers of physisorbed atoms omprimary He™ or Ar" beam (2 keV) through a grounded
molecules on a metal surface are of interest. With increasingtainless-steel mesh placed 4 mm above the sample, and the
coverage, the surface electronic properties can be continyositive ions extracted into the field-free region of the TOF
ously changed from metallic to insulating. To date, a largetube were detected with a channel electron multiplier. The
number of SIMS studies have been d&dehut very little  energy distribution of the sputtered ions could be measured
attention has been paid to this point. To the best of myusing the ESA in the TOF mode. To avoid sample damage,
knowledge, moreover, no LEIS studies of physisorbed systhe ion beam current was reduced to below 5 nA/@nd
tems have been performed. Sputtered neutral yields amach measurement was completed within 10 s. A polycrys-
known to be very high for physisorbed systems, and electalline Au foil with a thickness of 20@m was mounted on a
tronic sputtering has been proposed for the erosion procesample holder which was cooled to 10 K by means of a
of thick films2° closed-cycle He refrigerator. The surface was cleaned by

In the present work, the results of a study of the sputteringAr* sputtering at room temperature. The cleanliness of the
of and H" scattering from Ar, Kr, and Xe layers formed on a surface was confirmed from the TOF-SIMS spectra as well
Au substrate are presented. It is shown that the charges the LEIS spectréusingE,=1 keV He"), which revealed
transfer process on Xe changes markedly between submonoe peak other than Au. The one monolayeiML) coverage
layer adsorption and multilayer formation but that no signifi- of the Ar, Kr, and Xe layers was determined from the decay
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FIG. 1. The intensities of sputtered secondary ions as a function
of coverage. Ar, Kr, and Xe layers formed on a polycrystalline Au 1. 2. Energy spectra of Hscattered from(a Ar and (b) Kr

surface were bombarded wity =2 keV Ar' ions and the second- adsorbed on a Au substrate as a function of coverage. The surfaces
ary ions emitted normal to the surface were detected. The intensiti§§ere irradiated with afE,=100 eV H" beam at the incidence angle

at the 5 ML coverage are+normalize_d by multiplying by a factor of ot 29° and the ions scattered normal to the surface were analyzed.
1.5 and 3.2 for Kf and Xr*, respectively. The intensities are normalized through the ion beam current. cps

. L . indicates counts per second.
curve of the Au surface-peak intensity in LEI8sing an

Eo=100€eV H€E beam to minimize the sputtering effg@s as a function of coverage. The intensities are normalized
a function of exposure time, and the film thickness was estithrough the ion beam current. The clean Au surface exhibits
mated on the basis of this value. a broadly humped background, which is caused by the reion-
Figure 1 shows the intensities of sputtered secondary ionigation of H.> With increasing coverage, the surface peak of
as a function of coverage obtained by bombardment wittH" scattered from the adsorbate becomes pronounced rela-
primary Ar" ions (Eo=2 keV). The intensities are normal- tive to the background. The surface peak consists of the elas-
ized to 5 ML coverage. The sputteredAintensity increases tic peak A and two energy-loss peakB, and C. The loss
steeply from the initial stage of adsorption and tends to bepeaks are remarkable for Kr but almost negligible for Ar.
come saturated in the higher-coverage regime. On the othdtis kind of energy loss is caused by the electron-hole pair
hand, very few Xé& ions are emitted at the initial stage and excitation of the surface or the reionization of.HThe in-
then the emission increases gradually in intensity after theéensities of both the background and the surface peak are
first monolayer is formed. The results for Kiie between higher at the Ar surface than at the Kr surface. Note that the
these two cases. The low Xdon emission for submono- surface peak of H appears even with a very low coverage of
layer coverage is caused by the preferential neutralization ohr. The energy spectra of Hscattered from the Xe layer are
Xe* directly adsorbed on the Au substrate. It might be presshown in Fig. 3. The H intensity is considerably smaller
sumed that a contribution in the Alyield, especially at the than that from the Ar and Kr surfaces. The surface peaks are
earlier stage of adsorption, comes from a double excitatiombsent in the submonolayer-coverage regime, and no marked
of Ar** in a close encounter, followed by autoionization far increase of the H intensity occurs for a multilayer of Xe.
from the surface. The doubly charged ions emerge in the To date, a large number of studies of rare-gas adsorption
multilayer regime but their intensities are much smaller tharon metal substrates have been dbhé! It is expected that
those of the singly charged iofhsThis double excitation is the adsorption of rare-gas atoms is much simpler than that of
more efficient in symmetric collision systeffisnd, hence, a other chemically reactive species because of the weak inter-
primary Ar" ion might lead to a high Ar yield. However, action between the adatom and the metal surface. This weak
almost the same evolution curves are obtained for, Ar ™, physical interaction is reflected in the small adsorption en-
and Xe" using primary Hé ions, indicating that the doubly ergy. However, the adsorption energy of Xe on transition-
excited species make very little contribution to the sputterednetal surfaces is quite high, suggesting the existence of in-
ion yields. teractions other than the van der Waals force. Moreover, the
Figure 2 shows the energy spectra of Hons (E, work-function decreasé0.4—1.4 eV upon adsorption of
=100 eV) scattered from the Ar and Kr layers formed on Aurare-gas atontd~# implies the existence of some charge-
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L L band effect?? The hole survives for a much longer time on

= C B A - the surface of molecular solids and, hence, a marked surface

L I 10 cps / nA ML peak of H" due to survival of the resonance neutralization is

L ] observed. The surface peak has so far been observed only for
V ionic compounds with highly ionic bonds, such as alkali-

I ] metal halides and alkaline-earth halides, whereas no appre-

B 10 7] ciable surface peak appears for metals and covalent materi-

als. The H ion probes the local electronic configuration
] around target atoms and‘Hscattering has been successfully
5 | applied to the analysis of the nature of bonding of alkali-
metal adatoms on the basis of ion neutralizaffoithe un-
derlying concept of this approach is that the neutralization

Intensity
7 [

28 probability of the H ions, or delocalization of the valence
- 2 hole, should be related to covalency in bonding, which is
L 15 A defined as the quantum-mechanical sharing of valence elec-
i ; trons (holeg. The highly localized nature of the rare-gag

hole in the thick physisorbed layer clearly shows that the

i 0.5 1 existence of electronic levels at the same energy position is
- 0.257 not sufficient for the occurrence of a resonant electronic tran-
L 0.1 sition and the formation of covalentlike orbital hybridization

is necessary. The occurrence of complete neutralization of
N T T SR R S sputtered Xé and scattered Hshows that the Xe j orbital

0 20 40 60 80 100 120 is not isolated but has some covalent hybridization with the

valence-band orbitals of the Au surface. On the other hand, a
typical physisorption state is realized for Ar on Au, as evi-

FIG. 3. Energy spectra of Hscattered from Xe adsorbed on a denced by the highly localized nature of the Ap Bole in
Au substrate as a function of coverage. The measurements wefB€ submonolayer-coverage regime. The holes in phys-
made under the same conditions as those in Fig. 2. The intensitid§orbed species decay via the Auger process during a lifetime
are normalized through the ion beam current. ~ cps indicates counfs> 10~ **s) that is much longer than that of resonance neu-
per second. tralization (<10 1°s).

Since sputtered rare-gas ions have much heavier mass and
transfer interactions in bonding. The nature of the bonding obmaller kinetic energyf=0-5 eV) than scatteredH their
rare-gas adatoms on metal surfaces has been discussed eriission from the surface provides us with information
tensively in order to elucidate these experimentalabout the behavior of ionic holes over a longer time scale
results®®=?° but some controversies still exist. (10 *-10 %3s). The ion vyield, particularly that of Xe

Ultraviolet photoelectron spectroscogdPS from Xe  increases gradually after the completion of the first mono-
adatoms has been utilized as a powerful probe for investigatayer, which can be ascribed to the ion neutralization effect,
ing variations in the surface electrostatic poterfitalhe ma-  suggesting that the Xegbhole is not perfectly localized even
jor hypotheses in this approach are that adsorbed Xe residésr multilayers on this time scale, as a consequence of the
outside the surface dipole layer and that the Xe levels arbybridization between the Xepborbitals or the band effect
pinned to the vacuum level. Therefore, the binding energy ofrom the substrate.
the Xe 5 level is directly related to the local work function As shown in Fig. 2, the intensity of the'Hons scattered
near the adsorption site. The binding-energy shift observettom Ar and Kr increases in the multilayer regime. This find-
in UPS should be rationalized in terms of not only the initial- ing indicates that M ions scattered from deeper layers can
state effect mentioned above but also a final-state effect arisurvive neutralization and contribute to the surface peak. On
ing from the relaxation process. It should be noted that thehe other hand, no evolution of the Hntensity occurs for a
np° hole state created in rare-gas atoms during sputteringultilayer of Xe because the Hions scattered from the
and scattering of H ions is essentially the same as the finaldeeper layer are preferentially neutralized. The significant
state observed in UPS. Therefore, some insight into the finalifference in the intensity of H among the multilayers of
state electronic configuration or the nature of the bonding ofr, Kr, and Xe cannot be explained simply in terms of qua-
rare-gas atoms on a surface should be obtained from thsiresonant neutralizatiof@RN) because the requirement for
neutralization of the sputtered rare-gas ions and scatteted Hhe occurrenckof QRN (within =5 eV of the H Is level,
ions. 13.6 e\ is satisfied for all target species examined hdne

On metal surfaces like Au, the Hslorbital merges into 3p, 15.8 eV; Kr 4p, 14.0 eV; Xe P, 12.1 e\}. Moreover,
the valence band and forms a resonance state. The lifetime tiie charge-exchange probability of"Hn gas-phase colli-
the valence hole originating from the s hole, as estimated sions is comparable for these target spetieEhe expected
from 7=#A/W where W represents the bandwidth, is quite neutralization probability according to QRN is around 0.5 as
small relative to the ion-surface interaction time (5 far as the localized core levels are concerffeéd Therefore,

X 10 ®s), so that complete neutralization of ldccurs(the  the very highly efficient neutralization of Hon the Xe

Energy (eV)
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multilayer relative to the thick Ar and Kr layers implies that ing trajectory even if it penetrates into the thick Ar layer
the hole is still delocalized to some extent due to the hybrid{even in this case, Hshould be neutralized during the vio-
ization between the Xepborbitals. lent collision via the QRN procegsThe peakB intensity

The energy-loss peak is caused by the electron promotiofiom Kr grows only in the multilayer-coverage regime. This
mechanism via a transient quasimolecular state duringact indicates that a longer travel distarice a longer inter-
collision?®?” Electron excitation occurs along the highly action timé is required for H to capture the electron in the
promoted antibonding orbital, which is formed due to hy-Kr layer and peal8 comes from reionization rather than the
bridization between the Hsland rare-gasp orbitals?® Peak  e-h pair excitation. In this context, the presence of p&k
B (peak C) is caused by one-electron excitatiégimulta-  due to surface scattering on Xe implies that ehptures the
neous two-electron excitatipnin a gas-phase experiment, Xe 5p electron efficiently. The neutrals backscattered from
the probability of target excitatiofe-h pair excitation in-  the solid can be partly reionized during collision with surface
creases in the order Ar, Kr, and X2 The present experi- atoms, resulting in the broadly tailed background in the H
mental result might be explicable along these lines. Howspectra:?2 Such reionized Mlatoms undergo resonance neu-
ever, the reionization of neutralized °His known to tralization during the outgoing trajectory from the surface
contribute significantly to the inelastic surface scattefifiy. and, hence, the intensity of the background should also be
Despite this fact, pealB from the thick Ar layer is very related to the extent of hybridization between the rarergas
small, indicating that Hl is hardly neutralized on the incom- orbitals.
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