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Electronically stimulated desorption of neutral atoms from Ar films on Ru(001):
Desorption mechanisms and energy-transfer processes derived from distributions of kinetic energy

E. Hudel, E. Steinacker, and P. Feulner
Fakultat fiir Physik E20, Technische Universita tMu''nchen, D 80-46 Garching, Federal Republic of Germany

(Received 25 April 1991)

Desorption yields as well as kinetic-energy distributions of desorbing argon atoms were investigated
for pure argon films of variable thickness (annealed and not annealed), and for Ar samples doped with

N2, 02, and NO additives of (a) 1% and 5% concentration in the bulk, and (b) 4 to
~

monolayer on the

surface. The preparation-dependent prevalence of different desorption processes is investigated. Bimo-
dal energy distributions are obtained from clean, annealed samples which are drastically changed by
dopants as well as lattice defects. From thick, annealed samples the yield ratio of fast to slow particles is

found to be 1.6, which is much larger than reported for previous experiments. This indicates that perfect
vacuum conditions are decisive for the study of such systems if mechanistic conclusions are to be drawn.

I. INTRODUCTION

For a large variety of solids electronic excitations
caused by bombardment with photons, electrons, and fast
light ions induce the desorption of particles. The elemen-
tary steps of these DIET (desorption induced by electron-
ic transitions) reactions are (I) the primary electronic ex-
citation, (2) the evolution of this electronic excitation in-
cluding its modification by Auger processes, propagation
through the solid, and localization, (3) the competition
between the decay of the excitation and the acceleration
of nuclei, and finally (4) secondary phenomena like
sputtering of surrounding ground-state material by the
fast particles originating from step (3). Films of rare
gases on metallic substrates have been widely used as
model systems for the investigation of DIET from weakly
bound solids. Several theories have been developed for
the description of the microscopic details of the DIET
process for monolayers as well as for multilayers of rare
gases on metals; these will be sketched in the following.

For monolayers, one established approach is the so-
called Antoniewicz mechanism. ' For physisorbed
species, the basic steps are the primary ionization of an
adparticle, its acceleration towards the surface, neutral-
ization close to the surface, and desorption, if the sum of
its potential and kinetic energies exceeds the binding en-
ergy in the ground state; this means that the lifetime of
the ionic state has to exceed a critical value. ' Different
descriptions have been given of the real and imaginary
parts of the potential for the ionic state which govern the
movement to the surface, and the neutralization, respec-
tively. Another, purely quantal approach explains
DIET from rare-gas monolayers on metals as due to the
squeezing of the wave packet representing the adparticle
by the electronically stimulated initiation of strong in-
teractions with the surface; here, the nuclear accelera-
tion is a consequence of the uncertainty principle. The
experimental tests for all of these theories were cornpar-

isons of measured and calculated distributions of the
kinetic energy X(Ek ) of the desorbing particles, as well
as total desorption yie1ds.

DIET from rare-gas multilayers or rare-gas solids
(RGS's) was shown to be mainly caused by the excitation
of excitons, their diffusion to, and their localization near
the surface. ' Experimentally, excitons can selectively be
excited by photons. For electronic stimulation with fast
ions or electrons, ionization is the prevailing primary ex-
citation. Excitons are then created in secondary steps via
electron-hole recombination processes. The desorption
of particles is the consequence of the relaxation processes
in the solid before, and after the decay of the localized
electronic excitation. For atomic self-trapped excitons all
nearest neighbors of the excited atom are symmetrically
displaced. For the light rare gases Ne and Ar, the in-
teraction causing this displacement is repulsive. If the
exciton is localized at the surface, this electronically ex-
cited atom is instantaneously repelled into the vacuum by
the forces resulting from its asymmetrical environ-
ment. Electronically excited molecules (Arz excimers)
whose electronically stimulated desorption has been
detected in Auorescence experiments, ' '" are also expect-
ed to be desorbed via this "cavity mechanism. "" Calcu-
lations on this desorption mechanism for Ar atoms as
well as excimers indicate that the kinetic energies of the
desorbing particles are low. ' ' While the predictions for
this quantity vary considerably for different models of the
interaction potentials between the excited atom and the
lattice of the RGS, it is clear that the "center of gravity"
is well below 100 meV for Ar* atoms. ' For excimers, it
is even lower' (according to a recent theoretical study,
desorption of singlet state excimers via that mechanism
can be expected from solid Kr as well, with extremely
low kinetic energies' ). The energy dissipated in the lat-
tice during the expulsion of the particles is of the same
order of magnitude as their kinetic energy, i.e., it is
around the sublimation energy of solid Ar [78 meV (Ref.
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15)]. Sputtering of ground-state material can be exclud-
ed, because this amount of energy is distributed to all
nearest neighbors in nearly equal parts. " ' However,
the calculations predict, for Ar* as well as for Ar2,
strong dependences of the kinetic energy Ek on the num-
ber of nearest neighbors, irrespective of the ansatz for the
interaction potential. ' ' Ek should decrease if the num-
ber of nearest neighbors is reduced, by, e.g. , lattice imper-
fections. ' ' Moreover, DIET of Ar2 species via the cav-
ity mechanism from perfect crystals where the shell of
nearest neighbors is complete has been predicted to be
faster than the vibrational relaxation of the excimers by
the emission of phonons, i.e., the excimers are desorbed
vibrationally hot' (this vibrational excitation arises from
the much smaller Ar—Ar bond length in the excimer
than in the van der Waals crystal ). The subsequent dis-
sociation by radiative deexcitation in the gas phase yields
less fast fragments than for vibrationally cold excimers,
where a total energy of about 1 eV is distributed to the
two Ar atoms. ' For imperfect samples the time of
residence on the surface should be increased, and the ki-
netic energy of the fragments as well. '

A reaction sequence mainly causing DIET of ground-
state atoms from RC+S's has been labeled the molecular
mechanism (Refs. 6 and 10, and references therein).
Here, a molecular self-trapped exciton (i.e., a Xz mole-
cule) is formed, and cooled to its vibrational ground state
by phonon emission inside the lattice. By its dissociative
deexcitation, the excess energy of the order of
1 eV (Refs. 6 and 10) is distributed to the two atoms as
described above. If its dissociative decay happens close
to the surface, the collision cascade initiated by the two
constituent atoms which each have about half an eV of
kinetic energy can cause sputtering of surface
atoms. ' ' If one of the constituents of the molecular
self-trapped exciton is an atom from the surface layer, it
can desorb directly with its full kinetic energy.

Bimodel energy distributions have been observed ex-
perimentally for DIET from RES's. ' ' The high-
energy maximum of them has been assigned to direct
desorption, and the low-energy peak to erosion by col-
lision cascades. ' ' It has been shown that both the
maximum energy release due to the radiative decay of the
excimer, and the sputter yield depend on the crystallo-
graphic environment. ' ' Lattice imperfections are
therefore expected to inhuence %(Ek ) of particles
desorbing via this mechanism as well.

Moreover, the branching into fast and slow particles
reflects differences of the trapping rates for free excitons
in the surface layer, and inside the bulk, respectively, be-
cause localization of the excitation with participation of
atoms from the surface layer causes direct desorp-

8, 10, 19—22

The dissociative neutralization of Ar2+ ionic dimers
was suggested as a second decay channel delivering kinet-
ic energy for desorption and sputtering. ' However,
from our experiments we estimate that the contribution
of this reaction to the desorption of neutrals is small (see
below). For the expulsion of minority species like fast
electronically excited atoms and excimers' ' which we
do not consider in this study, it certainly is important.

Recording N(Ek ) of the outgoing particles obviously is
a powerful method to investigate the microscopic details
of the DIET process, and to verify different theoretical
approaches, for monolayers as well as for multilayers of
rare gases on metals. So far, only one experiment has
been done for monolayers; its results are in good agree-
ment with calculations. For multilayers, data from
three different experiments exist which show severe
discrepancies concerning the height and the position of
that maximum which is related to direct desorption, i.e.,
to the atoms from dissociating excimers. ' ' Steinacker,
Feulner, and Menzel reported for solid argon this peak to
be of comparable area as that at low kinetic energy,
whereas O'Shaughnessy et al. obtained for it only a frac-
tion of 12—14% of the total desorption flux in the
spectra of Pedrys et al. , such a maximum is completely
missing. '

From photoelectron spectroscopy it is known that free
excitons in rare-gas solids are preferentially trapped by
the metal substrate and by impurities in the sample.
Therefore, one would expect that all desorption mecha-
nisms involving the diffusion, the trapping, and the decay
of excitons might strongly be affected by impurities, as
well as —for thin layers —by the vicinity of the metallic
substrate. Contaminants in the bulk or on the surface of
the rare-gas films could be the cause for the discrepancies
quoted above. An indication for such a reason are the
different vacuum conditions of the previous experiments.
The data from Ref. 20 were recorded at a base pressure of
less than 1X10 "mbar, those of Refs. 19 and 21 under
less perfect UHV conditions (p (1X10 mbar). How-
ever, at 1 X 10 mbar approximately 2% of a monolayer
are adsorbed from the residual gas within only one
minute.

To investigate the influence of such kinds of "imperfec-
tions" of the RGS's on N(Ez ) of the particles desorbed
by electron impact was the goal of this study. To
separate effects of different origins, the influences on
JV(Ek ) of (a) dopants in the bulk (02, N~, NO), (b) surface
layers of molecules (02, Nz, NO), (c) lattice imperfections
due to insufhcient annealing of the films after dosing at
low temperature, and (d) of the vicinity of the metal sub-
strate were separately monitored.

II. EXPERIMENT

The N(Ek) data were acquired in a UHV chamber
equipped with a combination of a liquid-nitrogen-trapped
diffusion pump, an ion pump, and a titanium sublimation
pump. During the measurements, the pressure was al-
ways below 10 "mbar. Auxiliary measurements on the
segregation behavior of dopants in the RGS's were per-
formed with synchrotron light at the SX-700-I beam line
at BESSY, Berlin (see Sec. III C) in a second chamber.
The vacuum conditions as mell as the sample preparation
techniques utilized in both experiments (see below) were
identical.

X(E&) data of the desorbing particles were recorded
by a time-of-Aight (TOF) apparatus which partly has been
described in Refs. 5 and 20. Its essential components, see
Fig. 1, are (a) a drift tube with three skimmer apertures,
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FIG. 1. Time-of-flight apparatus. See text for details.

internally covered with activated carbon —after cooling
to 74 K the Ar partial pressure in this tube was below
10 ' mbar; (b) a thoriated tungsten filament serving as
electron emitter in front of the entrance skimmer of this
tube; (c) a quadrupole mass spectrometer (QMS) equipped
with an electron impact ionizer of high yield mounted in-
side the tube behind the last skimmer. To record spectra,
the sample was positioned in front of this assembly and
irradiated with electron pulses by biasing the filament
negatively for 5 ps; the electron energy was always 200
eV. The length of the Bight path between the sample and
the ionizer was 32+0.8 cm; its scatter, which is the limit-
ing factor of the energy resolution of this setup, is due to
the axial extension of the active volume of the ion source,
see Fig. 1. The pulses from the channeltron of the QMS
were accumulated with a multichannel sealer (MCS) with
512 channels [in Refs. 5 and 20, a MCS with only 256
channels was used; the energy resolution and the accura-
cy of the calibration particu'larly for the high-energy tail
of X(Ek) obtained here are better than in Ref. 20, see
below]. Its dwell time was set equal to the length of the
electron pulses. The raw data were corrected for the
transit time of the ions through the QMS, and for the
background due to the residual gas pressure inside the
TOF tube. This constant background level was derived
from the time-independent part of the QMS signal be-
tween the electron pulse and the leading edge of the X(t)
trace, and it was in perfect agreement with the signal for
very long flight times, i.e., after the trailing edge of N(t),
see Fig. 2(a) (we emphasize that because of the good
pumping speed of our TOF tube it was not necessary to
subtract any time-dependent background as described in
Ref. 19; the determination of the correct curvature of
such a time-dependent background is dificult and ar-
tifacts can easily be created). To keep the background
pressure low even for excessive gas load, after the dosing
of about 300 layers (see below ) the TOF tube was rapidly

0 I I
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FICx. 2. (a) A typical N(t) spectrum obtained from a 250-ML
thick Ar film. The background was obtained from the range la-
beled B (see text). (b) N(Ek) trace obtained from the data
shown in (a). (c) The spectrum shown in (b) after the applica-
tion of a Fourier smooth.

heated to 130 K, and subsequently cooled to its base tem-
perature. Such cycling perfectly regenerated its pumping
properties.

The TOF data were then converted to X(Ek ) spectra
as described in Refs. 5 and 20 [see Fig. 2(b); after apply-
ing a Fourier smooth, traces as shown in Fig. 2(c) were
obtained]. The correct performance of all computer rou-
tines used for the processing of the data was checked
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with synthetic spectra. The electronic excitation rates
were always low enough to exclude thermal effects, or in-
teractions of the desorbing particles in the gas phase (adi-
abatic expansion). Due to the geometry of the setup, only
particles desorbing within a cone of +0.4 degrees around
the detector axis were collected.

To obtain uniform distributions, all samples were
prepared by dosing gases through a microchannelplate
doser onto the ruthenium (001) substrate cooled to 10 K
by a liquid-helium cryostat. Pure Ar samples, as well as
alloys of argon and molecules, were dosed from either
pure Ar or gas mixtures kept at constant partial pressure
ratios in the inlet system. This was operated under con-
stant How conditions for optimum purity of the dosing
gases (the nominal purities were 98% for NO, and
99.98% for all the other gases). The temperature of the
samples was variable between 10 and 1600 K. Constant
temperatures (+0.05 K) as well as constant ramp rates
from 0.1 to 20 K/s could be maintained by an electronic
controller. ' The substrate was cleaned by heating in ox-
ygen and sputtering with argon. Its cleanliness and crys-
tallographic perfection were checked with low-energy
electron diff'raction (LEED), Auger electron spectroscopy
(AES), and temperature-programmed desorption (TPD)
of Xe [for this adsorbate a maximum is visible in TPD
which is correlated to an incommensurate-commensurate
phase transition; it is strongly suppressed by impurity
concentrations of less than 1% (Ref. 15)].

The calibration of the thickness of the samples was de-
rived from TPD spectra; the film thickness 6 is given in
multiples of the amount of particles which are adsorbed
on the substrate in the first layer [=1 monolayer (ML)].
Pure monolayers were prepared by dosing 10% in excess,
and heating to the minimum in TPD between monolayer
and multilayer desorption. '

III. RESULTS

A. Dependence of N(Ez ) and the desorption
yield on the thickness of the films

In our first experiment we prepared pure argon sam-
ples with thicknesses from 1 ML (preparation as de-
scribed above) up to 250 ML. After dosing, the films
were annealed by ramping the temperature up to 20 K
with 0.5 K/s. From these samples we measured N(Ek)
of the argon atoms desorbed by excitation with electrons
of 200 eV. The results are shown in Fig. 3. The shape of
N(Ek) as well as the desorption yield depend on the
thickness of the films. For less than 7 ML, the distribu-
tions exhibit only one maximum. This maximum lies at
55 meV for the monolayer, and shifts to lower kinetic en-
ergies with increasing 8; simultaneously, the desorption
yield is decreased (see below). For 5 ML, the most prob-
able kinetic energy E& of the desorbing particles is 43
meV. Starting at 7 ML, a second maximum grows in at
385+5 meV, which is strongly enhanced with increasing
film thickness, while its energetic position is unchanged.
For convenience, we will refer to these maxima at =40
and 385 meV as 1. (for low energy), and H (for high ener-
gy) peaks, respectively. In our experiments, saturation

0 ML

0 ML

0 ML

7 ML

5 ML

0
0.0

1 ML

1.00.5
Kinetic Energy (eV)

FIG. 3. Energy distributions of Ar atoms desorbed from Ar
films of various thicknesses. The films were annealed at 20 K
(see text). The heights of the L maxima are normalized to that
obtained for the monolayer; the scaling factors are given in the
figure.
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Ar,
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FIG. 4. Deconvolution of the L and H peaks was obtained by
fitting the trailing edge of the L peak with an exponential decay
function (dotted line; see text).

was obtained at approximately 250 ML. At that cover-
age, the I. peak was at 40 meV.

To evaluate the individual areas of these two maxima,
a line proportional to exp( Ek/E) wa—s fitted to the trail-
ing edge of the L peak, see Fig. 4. For each 6, the pa-
rameter c. was chosen for minimum deviation. We em-
phasize that such an exponential decrease is not the func-
tional dependence on energy expected from the classical
collision cascade model. From this one would expect a
Thompson distribution with an asymptotic behavior like
Ek ' ' such a function exhibited much larger deviations
from the experimental curves than that from Fig. 4. This
could be an indication that the L maximum originates
partly from other processes than sputtering by fast parti-
cles. Also, results of microscopic calculations indicated
that particles indirectly desorbed via the molecular pro-
cess should possess a steeper decrease of N(Ek ) for high
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kinetic energies than predicted by the Thompson formu-
la. ' The parts of N(Ek ) above and below this fitted line,
respectively, were then taken as the contributions of the
two maxima. The results are shown in Fig. 5.

The desorption yield is high for monolayers. In Ref. 5,
an average escape probability P (Ref. 27) of 64% had
been derived for electrons of 200 eV, i.e., the branching
of a primary ionization event into desorption was 0.64.
This value was corroborated here by homogeneously irra-
diating saturated Ar monolayers whose atom density is
known' with electrons of 200 eV, and measuring the
coverage by TPD before and after the bombardment. Us-
ing the ionization cross sections for Ar from Ref. 28, a I'
of 60'P% was derived in very good agreement with the

from
findings of Ref. 5. We therefore take th DIET '

lde yie
rom the monolayer as a standard and refer to it by set-

ting it to unity in the following figures. For films that are
5 ML thick, the desorption yield is reduced to a value of
about 0.12 times the yield for one monolayer. The yield
passes through a minimum between 5 and 7 ML, and
rises again if 8 is increased beyond 7 ML. Add' '

1

dosing then enhances both maxima. For 250 ML, the to-
tal desorption yield is larger than that for the monolayer
by a factor of 1.8, and the ratio of the L and H
1:1.6 (for the d

e an areas is
or t e derivation of these ratios, we assume equal

angular distributions for all of these contributions; the
validity of this assumption is discussed in Sec. IV A).

B. Inhuence of annealing

e

In Ftg. 6, %(Ek ) spectra obtained from samples of 50
and 250 ML do sed at 10 K, and from samples annealed
after dosing as described above, are compared. For both
coverages, the overall desorption yield is larger for those
samples which were annealed after dosing. For the films
which had not been annealed, the L maximum was found
to be shifted to lower kinetic energy by =10 meV. The
branching into fast and slow particles is also affected.
Compared with the annealed films, the L peak is less

Fi . 6.
strongly depleted than the H maximum t 385 V,

ig. . Coverage-dependent yield measurements exhibit-
e a delayed decrease of the desorption yield between 1

and 7 ML for these films, compared to those which had
been annealed at 20 K. At 5 ML, annealing was found to
decrease the desorption yield by a factor of 2.7, and to
shift the peak energy from 48 to 43 meV.

C. In@uence of N2, 02, and NO impurities,
(a) doped into the bulk, and (b) adsorbed

on the surface, on X(Ek ), and on the desorption
yield obtained from Ar Slms

To ino investigate the inhuence of impurities on DIET
from Ar films, two different types of samples were
prepared and studied. Version (a) was alloys of Ar and
the diatomic molecules N2, 02, and NO. These films
were prepared by dosing mixtures of Ar and the respec-
tive dopant simultaneously onto the sample through the
microchannelplate doser. Samples with dopant concen-
trations of 1% and 5% were used for the N (Ek ) experi-
ments. The temperature of the substrate during the expo-
sure was 10 K. Version (b) was pure, not annealed Ar
films which h ad been covered with surface layers of the

e y osingdoping gas. These surface layers were prepared b d
an amount of the second constituent onto the Ar film
such that coverages in the range of 0.25 —0.5 ML were
obtained.

The type (a) samples were checked with angular-
resolved electron
do

tron spectroscopy for segregation f th
pants in the surface region. For nominal bulk concen-

trations of 1 o, Auger spectra for normal and g
ang es were recorded. To obtain maximum sensitivi-

ty, the hoton enp ergies were set to the m resonances of
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Number of l ayers
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FIG. 5. Relative contributions of (X) fast (H maximum), and
0) slow particles (L maximum) to the desorption yield for an-

nealed Ar films of various coverages (the lines are only intended
to guide the eye and do not represent a functional dependence).

FIG. 6. Comparison of Ar X{E&)curves obtained from Ar
films annealed at 20 K, and films dosed at 10 K. The inset
shows the range from 0 to 0.2 eV kinetic energy on an expanded
energy scale.
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tion
the respective molecules. For nominal b lku concentra-
ions of 50% [which were not used for our N(Ek investi-

gations reported here], angular-resolved ultr
'

1 hu ravioet p o-
oe ec ron spectroscopy (UPS) spectra were taken. Here,

a photon energy of 150 eV was selected to mi
an ree pat o the photoelectrons and to optimize the

urface sensitivity. For samples with [Ar]:[X]=1:1,de-

observe
p eted concentrations of the dopants on the s fon e sur ace were
o served for all of the three molecular ases. Wh

e u samples density fractions close to the nomi-
nal concentration of 50%%uo were found (with absolute pho-
toionization cross sections taken from Ref. 29 a
elastic mmean free paths for the electrons estimated from
total ionization cr
Ref. 28) the sur

oss sections for electron impact from
e sur ace concentration was found t b 1

% for mtrogen, 25%%uo for oxygen, and 22% for nitric
owever, the frac-oxide. In the case of [Ar]:[X]=99:1 h

tions o ost and dopants were observed t b 'dve o e i entical
or e u and for the surface. We assume that these

results hold also for the films
'

h
[Ar]:[X]=95:5.

e ms with fractions

The N(E ) tr aces obtained for Ar atoms from such
50-ML-thick allo e
shown in Fi

y and surface-covered sam les
in Figs. 7—9. For comparison, N(Ek) for Ar ob-

p es are

tained from a pure Ar film of 50 ML d dose at 10 K is
shown at the top in each figure.

pea is al-It is obvious that for the doped films the H e k
'

ace, it is completely suppressed (Fig. 7). For bulk mix-

e Ar

zo NQ

LNO

0
0.0 0.5 1.0

Kinetic Energy (eV)

FIG. 8. Ar ener gy distributions from Ar samples (50 ML)
doped with 1% and 5%, respectively, of NO in the bulk, and
from films of pure Ar covered with 0.5 ML of N
ace. or comparison, a N(Ek ) trace obtained from a clean Ar

sample dosed at 10 K is shown at the top.
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en in

0.5 ML of ox en onyg the surface. For comparison a N(E )

trace obtained from
k

at the top.

'
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FICz. 9. Ar ener gy distributions from Ar samples (50 ML)
doped with 1% and 5% res ec '

the bulk and from
&, respectively, of molecular nitrogen inh, d from films of pure Ar covered with 0.5 ML of ni-

trogen on the surface. For comparis N(E'
on, a k trace obtained

from a clean Ar sample dosed at 10 K '
hIs s own at the top.



8978 E. HUDEL, E. STEINACKER, AND P. FEULNER

Ar

(e)

1.00.5
K inet ic Energy (eV)

FIG. 10. Influence of extended irradiation of alloyed Ar/02,
N2 samples with electrons; exposures q: (b), (d) q &20 pAs, (c)
q=635 @As, (e) q=105 pAs. (a) For comparison, a N(Ek)
spectrum obtained from a clean Ar sample dosed at 10 K is
shown.

tures with 1% of NO, a rest of the H peak is still visible,
see Fig. 8. If the NO concentration is raised to 5%, it
vanishes; but it is clearly discernible for 0.5 ML of NO on
the surface, though at slightly lower Ek =355 meV.
Surprisingly, 1% of N2 increases the H peak beyond the
height obtained for pure, not annealed Ar samples (see
Fig. 9; the increase of I., however, is still larger). 5% of
N2 in the bulk deplete the H maximum, and 0.5 ML on
the surface suppress it.

The areas under the traces in Figs. 7—9 indicate that
the total Ar desorption yields are strongly affected by
dopants as well. With the exceptions of 1% of 02 in the
bulk, and 0.5 ML of N2 on the surface (see Figs. 7 and 9),
the DIET yields are higher for these alloyed or covered
samples than for the pure Ar films. Because of the de-
pleted H intensity, this means that the L maximum is in-
creased in most of these cases. Coverage-dependent yield
measurements, which have been performed for samples
with 5% of 02 in the bulk, exhibited leveling off of the
desorption rate at about 7 ML only, i.e, saturation occurs
for much thinner films than for pure Ar samples, which
indicates that for these alloys the diffusion of the primary
excitation is suppressed.

During the electron bombardment of the samples with
bulk dopants we noticed changes of the shapes of N(Ek),
see Fig. 10. Extended irradiation caused spectra which
were similar to those obtained from pure, not annealed
Ar films, see Fig. 10. Particularly the H peak reappeared,
though its fraction even for very high electron doses was
always below that from samples of pure Ar. The electron
doses which were necessary to partly cancel the inhuence
of molecular dopants were larger for 02 than for N2, see
Fig. 10.

We mention that small amounts of neutral Ar dimers
were detectable for the clean as well as for the alloyed
samples (for films of pure Ar, the Arz signal was lower
than the Ar signal by a factor of 1.8X10 ). The N(EI, )

traces from these were centered at about 30 meV for the
alloys; for samples of pure Ar, Ek was slightly lower.
The width was around 50 meV. Admixtures of 5% of
NO and 02 increased the dimer signal by a factor of 3;
5% of Nz had no inhuence on the desorption yield.

IV. INTERPRETATION AND DISCUSSION

A. Films of pure argon

The observed variations of N(E& ), as well as of the to-
tal desorption yield with film thickness, can be interpret-
ed in terms of the mechanism presented in the Introduc-
tion. N (Ek ) and yield data for monolayers have been dis-
cussed previously. In particular, the desorption yield
data obtained here corroborate those of Ref. 5. The
N(Ek ) trace is similar too, but the maximum is shifted to
lower Ek by 5 meV, and the contribution of the trailing
edge is slightly smaller than in Ref. 5; at EI, =0.2 eV, the
relative desorption yield obtained here is only 81% of
that in Ref. 5. The origin of these discrepancies is not
completely clear to us. Similar deviations for the multi-
layer data (see below) indicate that due to the better ener-

gy resolution obtained here the energy scale given in
Refs. 5 and 20 has to be corrected; the Ek values given
there probably are too high by about 10%. We em-
phasize that the critical quantity of our experimental set-
up, i.e., the length of the TOF tube, was determined very
carefully in the present study.

Both DIET mechanisms suggested for monolayer sys-
tems, the Antoniewicz process ' as well as the quantal
approach, require the vicinity of the metal surface. One
could imagine that even for thin multilayer systems fast
particles originating from monolayer processes in the first
layer on the metal might erode overlayers by sputtering.
Considering the monolayer N(Ek) spectra, and the
sputter yield versus excitation depth results given in Fig.
1 of Ref. 16 (the results of Ref. 17 are comparable, the
yields being lower by about 30%), we estimate that such
contributions will be important only for films of less than
5 ML. The dip of the DIET yield versus film thickness
for samples of 5 —7 ML, see Fig. 5, most probably is due
to this decrease of the contribution from the monolayer
mechanisms, and to a delayed onset of the multilayer pro-
cesses which all involve the evolution of excitonic excita-
tions (see above). The larger electron stimulated desorp-
tion (ESD) signal at 5 ML from the films which have not
been annealed probably stems from dilute areas of the Ar
film where the contributions of the monolayer mecha-
nisms via collision cascades is still strong, i.e., it is a
consequence of the inhomogeneous thickness of such
samples. We emphasize that even for the annealed sam-
ples the minimum of the L, maximum is obtained beyond
e=5 ML. This indicates contributions of DIET process-
es originating at the metal-RES interface for this cover-
age range as well. Because sputtering by particles stem-
ming from the first layer on the metal can be excluded
(see above), we tentatively explain these by an An-



ELECTRONICALLY STIMULATED DESORPTION OF NEUTRAL ATOMS. . . 8979

toniewicz sequence involving ions created in the second
or third layer above the metal interface which still feel
strong attraction by their image force.

For a better understanding of the contributions of the
exciton-based mechanisms to the ESD signal for films of
various thicknesses we briefly summarize the time scales
which are important for their dynamics. The primarily
created free excitons in solid Ar have a mean lifetime of
about 10 ' s until they self-trap. An atomic self-
trapped exciton on the surface can immediately [i.e., in
about 10 " s (Ref. 12)j lead to desorption via the cavity
mechanism, ' ' while desorption via the molecular pro-
cess requires complete vibrational relaxation of the in-
volved molecular self-trapped exciton for maximum ki-
netic energy of the fragments. ' ' In Ar, this vibra-
tional relaxation takes about 0.5X10 s. For dipole-
allowed transitions, the lifetime of the electronic excita-
tion until its radiative decay is also of the order of
nanoseconds. " However, photoelectron studies have
shown that all these excitations can be quenched by the
substrate, as well as by impurities, via long-range
Forster-Dexter energy transfer processes. ' ' The re-
lated relaxation time for the first layer on the metal
(where deexcitation by charge-transfer reactions adds to
the Forster-Dexter energy transfer ) is about 10 ' s;
for excitations more remote from the metal interface, it
decreases like d, with d the spacing between the sur-
face of the substrate and the excited particle. ' This
was confirmed by photoemission measurements of Ophir
et al. where the dependence of the photoemission yield
from RGS's on metals for excitation of excitons could be
explained in terms of exciton diffusion, and energy
transfer to the substrate by the mechanisms quoted
above. This means that for thin layers the fast cavity
process is less strongly quenched by energy transfer to
the metal than the slow molecular mechanism. This is
corroborated by PSD (photon stimulated desorption) data
which for thin films show the prevalence of surface exci-
tons for DIET, which mainly cause desorption via the
cavity mechanism. We therefore conclude that the
N(EJ, ) trace for annealed films of 5 ML, as well as the L
section of the trace for 7 MI. (see Fig. 3}, represent main-
ly the kinetic-energy distribution due to DIET via the
cavity process with some contributions from reactions of
the Antoniewicz type. The most probable energy,
PI, =43 meV, is well within the energy range obtained by
the model calculations in Ref. 12. We emphasize that
particularly the L part of the 7-ML curve in Fig. 3 is in-
dicative of the curvature of the interaction potential be-
tween the excited atom and the lattice of the RGS, be-
cause contributions from sputtering by fast particles orig-
inating either from ion-metal interaction, or decaying ex-
cimers (the H peak is still small, see below), should be
negligible.

The H peak in N(Ek } at 385 meV which grows in if e
exceeds 7 ML has been assigned previously to direct
desorption via the molecular mechanism from decaying
excimers. ' ' For clean, well-annealed samples of more
than 50 layers it contributes about 62% to the total
desorption yield. Our results in Sec. III C show convinc-
ingly that the previously mentioned discrepancies con-

cerning its area are certainly due to surface or bulk con-
taminations stemming from insufficient vacuum condi-
tions. The peak energy is constant at 385 meV, irrespec-
tive of the density of crystallographic defects, see Sec.
III B, and of the presence of dopants which deplete it (ex-
cept for the energy shift caused by NO which will be dis-
cussed below in Sec. IVB). However, if dissociation of
Ar2 molecules in the gas phase which are desorbed via
the cavity process would make an important contribution
to this maximum, the most probable energy should
strongly depend on the preparation of the sample. The
reason is that the time of residence of the excimers on the
surface, which governs via the degree of their vibrational
relaxation the maximum kinetic energy of the fragments
created in their radiative decays, strongly depends on sur-
face imperfections. ' From these findings we conclude
that the H peak stems from vibrationally relaxed exci-
mers which decay on the surface of the RGS, i.e., it is due
to the direct desorption channel of the molecular mecha-
nism. Its sensitivity to (a) the vicinity of the metal, and
(b) impurities can be easily understood by the long life-
time of the excitation which is necessary for the vibra-
tional relaxation. In Ref. 10, fluorescence light of the M
band at 9.7 eV which is indicative of radiative deexcita-
tion of vibrationally cold Ar2 molecules was seen only
for 6) 60 ML. This is not in direct contradiction to our
results, because deexcitation by radiation is not a prere-
quisite for the molecular process. If such an excimer
which is already cooled to its ground state by phonon
emission (a reaction which is faster than the radiative de-
cay, see above) dissociates by energy transfer to the metal
via the Forster-Dexter process, identical N(E& ) spectra
as for the radiative decay will be obtained, but no 9.7-eV
fluorescence light will be observed.

The H peak is found here at lower kinetic energy than
in Refs. 19 and 20. The diA'erence between our present
result and that given in Ref. 20 is of the same magnitude
as the deviations obtained for the monolayer (see above);
it is explainable by an incorrect calibration of the energy
scale in Ref. 20. In Ref. 19, the high-energy peak was
found at 460 meV for excitation with electrons, and at
540 meV for stimulation with He+. We have no explana-
tion for this discrepancy. We emphasize that our result
(385 meV) would fit the theoretical energy distribution
obtained from molecular dynamics calculations in Ref. 19
better than the experimental data given there.

The increase of the L maximum in N(Ek ) which paral-
lels that of the H peak must be due to indirect desorption
via sputtering by the fragments of dimers dissociating un-
derneath the surface. ' '' ' Comparing its areas for
5 ML, where the cavity process dominates, ' and 250
ML, we conclude that the L peak for the latter coverage
is governed by collision cascade processes. In Ref. 16,
the sputter yield as a function of the decay depth of the
dimer has been calculated (see Fig. 5 in Ref. 16). Assum-
ing that for thick layers sputtering is the only contribu-
tion to the L maximum, we estimate from the L:H ratio
of 1:1.6 that the probability for molecular trapping of ex-
citons in annealed samples is enhanced on the surface by
a factor of =7 compared to the bulk, i.e., the surface is
an effective exciton trap (if we include the contribution of
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the cavity mechanism to the L maximum, which, by
definition, means trapping of excitons in the first layer,
this number would be even increased). In Ref. 22, an
enhancement of the trapping rate in the surface layer by
a factor of 4.7 was derived from the surface desorption
yield (our H maximum) obtained in Ref. 19, and electron-
ic transport properties. This number seems to be not
significant because the data in Ref. 19 most probably are
influenced by impurities (see above). In the presence of
molecular overlayers localization of the electronic excita-
tion would enhance the I. and not the H peak (see Figs.
7 —9, and below), i.e., we expect the total desorption yield
given in Ref. 19 to be increased, the contribution of the H
maximum however to be decreased by contaminants.
This is corroborated by the finding that application of
our evaluation procedure sketched above, which is based
on the ratio of both maxima and the sputtering properties
alone, to the Ar data of Ref. 19, gives a surface enhance-
ment for the trapping of only =2.

All the previous publications on DIET via the molecu-
lar process also discuss the possibility of both direct
desorption and collision cascade mediated erosion by the
decay of ionic dimers (Ref. 10, and references therein).
The amount of kinetic energy, which is liberated by curve
crossing from the bonding part of the Ar2+ to the anti-
bonding branch of the Arz potential, which causes disso-
ciation into Ar* and Ar of the dimer, should be similar to
that obtained for the decay of Arz, though not identi-
cal. ' The constancy of the energetic position of the H
maximum irrespective of the preparation and the film
thickness in our opinion rules out such a decay channel.
We mention that efforts to detect Ar2+ in the RGS by
photon spectroscopy failed. We think that the reason
for this is that the charge in the solid is not localized on a
dimer, but on a trimer, or even on larger entities. This is
supported by calculations for ionic clusters, which favor
the trimer, and for larger clusters even the Arz+ as clus-
ter kernels. Because of the larger Ar—Ar bond lengths
and the smaller binding energy per atom of these polya-
tomic ionimers, the energy liberated at the decay is re-
duced compared to Arz +, and is distributed among more
atoms. We therefore conclude that such processes could
contribute only to the L, but not to the H maximum.

From samples not annealed after dosing, E& for the L
contribution is decreased, see Sec. III B. In the collision-
cascade model the position of the sputter maximum of
the energy distribution is proportional to the binding en-
ergy of the atom on the sample surface. ' ' ' In the
case of defects the binding energy is smaller than for a
perfect sample. This means that the sputter peak should
be shifted to higher energies by annealing. However, this
enhancement of EI, can also be understood by the in-
crease of the kinetic energy of the atoms desorbed via the
cavity mechanism. The computer simulations of Ref. 12
showed that the kinetic energies of the desorbing atoms
are lower for incomplete shells of nearest neighbors. This
means that annealing again should shift E& of the L peak
to higher energy. For layers of medium thickness, both
effects might contribute to the observed differences in en-
ergy. For thick layers with saturated desorption yield,
the first mechanism is expected to dominate as discussed

above. The generally reduced desorption yield observed
for samples not annealed after dosing must be due to the
reduced diffusion length of the excitons. A not annealed
sample has more defects than an annealed one and so the
mean free path for excitations is shorter. Therefore the
probability for an exciton to reach the surface and be
trapped there decreases, and its decay cannot contribute
to DIET.

The saturation behavior of the desorption yield with
increasing 0 which is a consequence of the spatial exci-
ton density due to diffusion is similar to that observed in
Ref. 10. The total desorption yield derived by compar-
ison of the N(EI, ) from monolayers and multilayers is
surprisingly low compared to studies where fast light ions
were used for the electronic excitation. ' With gas phase
data for the ionization cross section we obtain 0.25
desorbing Ar atoms per incident electron. This is much
less than obtained with excitation by light ions or fast
electrons. ' ' ' This finding would be understandable if
the angular distributions would be very different for
monolayers and multilayers, i.e., if DIET would be
peaked in forward direction from monolayers and isotro-
pic from multilayers. However, for the particles which
are indirectly desorbed via the molecular mechanism cal-
culations of Garrison and Johnson' predict angular dis-
tributions which are only 30 wide [full width at half
maximum (FWHM)]. In our experiment we could
change the exit angle only by +5'. This did not change
the L:H ratio, whereas the depletion of the signal when
recording off the surface normal was compatible with the
widths given above. The angular distribution of DIET
from Ar monolayers has not been measured. Data from
physisorbed NzO where the mechanism of stimulated
desorption should be similar, and where a FWHM of 66
was found, ' indicate that the angular distribution for
the monolayer should be broader than that for the multi-
layer. We therefore believe that the value given for the
desorption yield above is not too small. The fact that it is
so much lower than those for penetrating particles must
be explainable by diffusive draining of excitons from the
surface part of the film, where they are created, to its in-
terior and finally to the substrate. We recall that the pri-
mary electrons of 200 eV lose their energy completely
within a layer of about 40 A on top of the RGS because
of their large ionization cross sections. No efforts were
made to calculate their resulting spatial density distribu-
tion (for excitation with electrons of higher energy, such
a study for Ar is reported in Ref. 40).

B. Alloys, and surface-covered Ar samples

As already pointed out, the discrepancies concerning
the shapes of previously obtained N(E& ) data can be ex-
plained by impurities, the dramatic inhuence of which on
N(EI, ) was shown in Sec. IIIC. Though varying for
different species, they all tend to deplete the H to L ratio,
i.e., the branching into direct desorption from dissociat-
ing excimers. Even the total absence of the H maximum
as obtained in Ref. 21 can be caused by surface layers of
much less than 1 ML. We emphasize that even extended
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bombardment of alloys with electrons does not restore
the high-energy peak completely. This indicates that the
atomic dopants which probably are formed from the pri-
marily incorporated molecules also modify the dynamics
of the microscopic details of the DIET reaction (see also
below). Such influences have previously been observed in
measurements of the luminescence and the total desorp-
tion yield. ' Beyond the conclusion that best vacuum
conditions are required for the investigation of such sam-
ples, we want to understand the mechanisms of these
modifications of X(Ek ) by dopants, at least qualitatively.

Obviously there is a transfer of the electronic excita-
tion from the argon to the additives like in thin samples
from the Ar to the substrate. This transfer probably
proceeds via the Forster-Dexter mechanism. ' '

The better the excitation energies of the interacting
partners coincide, and the closer the particles are, the
more effective is this mechanism; for partners of distance
R, the transition probability is proportional to R
This means that the transition probability strongly in-
creases with the concentration of the dopants. Two ener-

gy regimes are important for our considerations of the
processes in solid Ar: (a) the range from 12.1 to 14.2 eV
for the deexcitation of free excitons in the bulk, which
govern the transport of electronic excitation to and from
the surface, and (b) the range from 9.7 to 12.1 eV for vi-
brationally relaxed and relaxing excimers in the surface,
which contribute by their decay to the H peak. The time
scales which are important here have been mentioned in
Sec. IV A.

Other possible processes than electronic deexcitation
via long-range dipole processes with the additives are
charge-transfer reactions, and the formation of tran-
sient molecules from excitonically excited hosts and adja-
cent dopants. Such reactions have been observed in
near-edge x-ray-absorption fine-structure measurements
of the Ar 2p~&z4s

' excitation from Ar/Oz (Ref. 41) and
Ar/NO mixtures (this work). The resonance was then
observed to be broadened and shifted in energy. ' This
was explained by charge-transfer reactions from argon to
the neighboring molecules during the excitation step, '

leading to the formation of (OzAr)* and (NOAr)* inter-
mediates. Such results were not obtained for alloys of Ar
and N2. We assume that similar processes can proceed
for valence excitations as well, because the energetic posi-
tions of the Ar 4s final state are nearly identical. ' ' The
auxiliary UPS measurements described in Sec. III C
showed that the 1~ level of 02 as well as the 2m of NO
can be ionized by an Ar (n = 1) exciton; for the ionization
of the NO 2m. even the energy of a vibrationally cold Arz
suKces. However, ionization of a N2 molecule by deexci-
tation of an Ar(n =1) exciton is impossible (see also Ref.
10); but the available energy is sufficient for neutral elec-
tronic excitations which will be discussed in the follow-
ing.

For these excitations, we consider the energy range be-
tween 12.1 and 14.2 eV first. It is particularly important
for N2, because NO and 02 will be preferentially ionized.
For gas-phase N2, many dipole allowed, nondissociative
transitions from the ground state X 'X+ to excited states
with 'X„+ and 'II„symmetry lie in this region. For en-

ergies below 12 eV there is only one transition for N2..
a 'II +—X 'X+ at 8.5 eV. It is dipole forbidden (g~g).
For 02 there is one dipole-allowed transition in this ener-

gy range (B X„+—X X ) which leads to dissociation.
With this information we can try to interpret the ob-

served results. Obviously two different processes are im-
portant. The first is the transition of the excitation ener-

gy from the argon to the additive in the bulk of the RGS;
it causes shortening of the mean free path of mobile exci-
tations, and reduction of the number of excitations which
are available for DIET near the surface. This concept
has been derived before by Reimann, Brown, and
Johnson from erosion yields obtained from Ar films con-
taining small amounts of oxygen. ' The second process
concerns the enhancement of the localization probability
for the excitons in the surface layer and the modification
of the processes which supply the kinetic energy for the
desorption of particles. Localized Ar2 excimers, e.g. , can
be deexcited before they are vibrationally relaxed, and
the H maximum can be suppressed. In addition, fast
fragments of dissociating molecules or excited complexes
of molecules and rare-gas atoms could contribute espe-
cially to the sputtering channel. In the following we as-
sume that for samples with l%%uo of additives influences on
the transport, and for samples partially covered with
molecules trapping and desorption phenomena are pref-
erentially important. Samples doped with 5'Fo should
show a combination of both.

1% of Oz or NO lead to a reduction of the desorption
yield, although surface layers of both gases enhance the
yield (the results for oxygen are in good agreement with
those from Ref. 10). This means that oxygen and nitric
oxide reduce the mean free path of excitations in the
bulk, probably via their ionization by the free excitons
and, possibly, the formation of transient ionic clusters.
On the other hand, 1'7o of nitrogen in the bulk enhances
the yield although from N2 covered samples it is consider-
ably depleted, indicating that no additional process which
could contribute to the transfer from electronic to kinetic
energy is introduced by this dopant. Obviously, ioniza-
tion of the additives is much more important than neu-
tral, nondissociative excitations as in the case of N2. The
reason for the enhancement of the DIET yield by 1% Nz
is not clear. Since the Ar signal is nearly as large as from
annealed pure argon samples we tentatively explain this
phenomenon by deactivation of lattice defects by N2 mol-
ecules; this implies that the trapping probability of an ex-
citon at a lattice defect is larger than at a N2 molecule.
The conspicuous reduction of the yield by 5%%uo N2 (and
the fast increase during electron bombardment) possibly
is due to Nz-Nz neighbors. The localization probability
at these van der Waals dimers could be larger than at sin-
gle molecules in the argon matrix. They would preferen-
tially trap the excitons, and be dissociated and made
ineffective as well. However, our data base is by far too
small to unambiguously identify such processes; measure-
ments of the fluorescence light would be a necessity for
their assignment.

The suppression of the H peak by surface layers can
easily be understood, because all the molecules investigat-
ed here can sink electronic excitation within the energy
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range above 9.7 eV either by getting ionized or excited,
see above. We emphasize that for N2 the rate depletion
for the a 'H ~X 'Xz transition due to the dipole selec-
tion rules is widely canceled in the near-field regime im-
portant for the Forster-Dexter mechanism.

The causes for the enhancement of the I. maximum
however are dubious. Reimann, Brown, and Johnson'
observed luminescence from Ar/02 and Ar/Nz layers
which were related to the decay of the electronically ex-
cited state of ArN* and ArO*, respectively. This is an
indication of the formation of intermediates after frag-
mentation of the added molecules (we emphasize that dis-
sociation of the nitrogen molecule via quenching of Ar
excitons seems very unlikely in agreement with Ref. 10;
however, Nz can well be dissociated by our fast electrons
of 200 eV). In Ref. 10, the luminescence light was ob-
served to increase with the ion exposure of the sample,
i.e., ArN* and ArO* were formed in secondary steps.
The formation and decay of such mixed dimers of Ar and
fragments of molecules cannot be the reason for the
enhanced desorption yield obtained here for NO and 02
from the start of the irradiation, whereas extended bom-
bardment causes its leveling off. Possibly the decay of ex-
cited compounds of Ar and the molecules, or larger clus-
ters of these might be important. The maximum at 355
meV which is seen for 0.5 ML of NO on the surface, but
not for 5%%uo of NO in the bulk, and not for condensed NO
either, could be indicative of direct desorption by the
decay of such Ar-NO entities.

We have shown that even for high electron doses the
spectra characteristic for samples of clean Ar were never
completely restored. This indicates that the atoms aris-
ing from the dissociation of the molecular additives

infIuence energy diffusion and desorption as well; these
findings are in good agreement with the luminescence
data from Ref. 10.

In summary, we have investigated the inhuence of the
metallic substrate, of crystallographic defects as well as
of impurities on the desorption yield and the distributions
of kinetic energy of desorbing Ar atoms for argon films.
We found that the desorption rate fractions due to
monolayer-derived DIET, molecular and cavity mecha-
nism, respectively, strongly depend on film thickness.
For the molecular mechanism, the branching into direct
desorption and sputtering is a function of impurity and
lattice defect density, which both suppressed the part of
X(Ek) related to the direct process. The influence of
different molecules on the yield and N(Ek ) can be under-
stood at least qualitatively. We conclude that the inves-
tigation of these "bulk" samples requires vacuum condi-
tions that are as good as, or even better than, those com-
monly available in surface science experiments.
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