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Excitation-energy transfer and metastable-particle desorption from electron-bombarded Xe films
with Nz and CO top layers
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We report experimental results on the desorption of metastable particles from N2- and CO-covered
solid Xe films induced by the impact of 6—26-eV electrons. The resemblance between the yield functions
of the metastable particles and that of UV photons from a pure Xe film indicates that the desorption is a
bulk-mediated process. We propose a mechanism for metastable-particle production based on a well-
known gas-phase energy-transfer process between Xe* and N, (or CO): primary electrons create exci-
tons which then transfer their energy to ground-state N& (or CO) molecules on the surface, producing
metastable molecules, which can desorb.

I. INTRODUCTIQN

Recent experiments have shown that electronic excita-
tions in rare-gas (RG) solids initiate secondary processes
such as luminescence and particle desorption. ' The
desorbed particles include rare-gas atoms themselves, '

surface-adsorbed atoms, ' and the fragments of the ad-
sorbed molecules. In our experiments, low-energy elec-
trons of 6—26 eV impinging on a RG solid create the pri-
mary excitations (i.e. , an exciton or a hole). The primary
excitations in the RG solid are mobile and known to
evolve through two competitive channels (a) direct
radiative decay to the ground state, and (b) relaxation
and localization which eventually leads to desorption or
redshifted light emission. Distorted local environments
like the surface, lattice imperfections, and impurity parti-
cles enhance the exciton (and the hole) trapping and lo-
calization. Surface-localized excitations are the precur-
sor states for atomic and molecular desorption.

The formation and localization of surface excitons and
their subsequent relaxation processes leading to desorp-
tion are especially sensitive to surface conditions and con-
taminations. Even experiments that concern only pure
RG crystals have to consider the effect of possible con-
taminations from ambient gases. As early as in 1976,
Ackermann et al. have observed that the quenching
effect on the luminescence yield from Kr films was in-
creasing with time due to surface contamination from the
10 -mbar background. Since the desorption process is
strongly correlated with the luminescence process, we
also expect surface contamination to affect the desorption
yields. The effects of impurities and their quenching
mechanisms can be investigated by adding controlled
amounts of "contaminants" like N2 and CO into the bulk
or onto the surface of RG crystals, in order to modify
systematically the desorption and luminescence features.

Two types of energy transfer to adsorbates have been
discussed previously: ' (i) diffusion of free excitons to the
surface leading to "collisionally induced" energy transfer

to adsorbed particles, and (ii) energy transfer via dipole-
dipole interaction from trapped excitons to adsorbants.
The question of contamination-related quenching and
trapping of excitons and holes has stimulated recent in-
vestigations of N2- and 02-doped Ar films, one observing
the luminescence and total desorption yield and the oth-
er one studying the kinetic-energy spectra of desorbed Ar
atoms. Our approach is in a way complementary since
we are interested in new reaction channels opened only
by adding the second species. We focus on the interac-
tion which can lead to surface adsorbate desorption via
lattice excitations. An example of such a process is the
case of metastable xenon (Xe*) desorption from a multi-
layer Kr film covered by a monolayer of Xe.' The
desorption is not observed with a comparable rate from
either pure crystals. Two reaction channels are thought
to lead to Xe* desorption: (i) the primary excitation of a
Xe atom at a lattice site with Kr neighbors, and (ii) the
excitation transfer from a bulk Kr exciton to a surface Xe
atom. In both cases, the Xe' is ejected along a repulsive
potential-energy surface.

In this paper, we describe and discuss similar experi-
ments with N2 and CO adsorbed onto Xe crystals. This
substrate is chosen because it produces only UV photons
under the bombardment of low-energy ((30 eV) elec-
trons; no metastable particles (MP's) are observed by
bombarding pure Xe solids. ' However, we show that
considerable MP desorption occurs from N2- and CO-
covered solid Xe films. From the energy analysis, we
conclude that the detected particles are N2 in the 3 X„+

and CO* in the a H metastable states. Comparison of
the yield functions for the MP with those of the UV pho-
tons from a pure Xe film indicate that the desorption is a
bulk-mediated process. We propose a mechanism for MP
production based on a well-known gas-phase energy-
transfer process between Xe* and ground-state Nz (or
CO): primary electrons create excitons which then
transfer their energy to ground-state N2 (or CO) mole-
cules on the surface producing desorption of metastable
diatomic molecules.
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II. EXPERIMENT

The experimental arrangement has been described in
detail previously. Briefly, a well-collimated electron
beam produced by a 127' cylindrical monochromator im-
pinges on a target consisting of a RG film having a thick-
ness lying between 5 and 100 ML and a 1-ML diatomic
overlayer. The target is condensed on a Pt(111) crystal
held at 20 K under UHV conditions. The Pt crystal sur-
face is cleaned by electrical heating with and without the
presence of oxygen; its degree of crystallinity is measured
by low-energy electron diffraction. The electron beam
has a resolution of 60 meV full width at half maximum
(FWHM) and its energy can be varied between 0.1 and
100 eV depending on the adjustment of the electron
lenses. The electron energy with respect to the vacuum
level is determined by measuring the onset of the target
current as a function of the voltage applied between the
Pt(111) crystal and the monochromator. The absolute
electron energy scale is accurate within +0.3 eV.

UV luminescence and desorbing MP's are detected
with a large area (45 cm ) microchannel plate (MCP) ar-
ray; the MCP array is superimposed on a position-
sensitive anode for current measurement with angular
resolution. Grids in front of the MCP, which are succes-
sively biased positively and negatively, repel all charged
particles. The use of a pulsed electron beam allows us to
measure time-of-Aight spectra and restrict the origin of
counted events when recording yield functions. With
pulse durations of about 10 ps chosen for the present ex-
periments, the time-of-Aight signal provides a discrimina-
tion between photons and heavy metastable particles
while providing the velocity distribution of the latter.
The path length (d) between the target and the MCP is
5.2+0. 1 cm. This parameter is related to the energy
E(t}of the MP's by the relation

2

E(t)= M d
(1)

2 t

where M is the mass of the MP (28 amu for Nz and CO)
and t is the time of fiight. From this relation, we find

(2)

for the resolution in translational energy of the MP's.
Using bt =5 ps we calculate +11% at 20 meV and
+25% at 200 meV. As we shall see, this resolution is fur-
ther decreased by the noise level at low energies. With
the present electron-beam intensity (j ~ 1 nA/mm;
E ~ 30 eV), we can neglect the interactions between
electron-beam induced excitations in the target. This
condition is corroborated by the shape of the yield func-
tions for Kr and Xe excitons. '

The features of the MCP are relevant in the present
context and deserve a short discussion. We use a pile of
three standard MCP's (Galileo} with an Inconel metallic
coating facing the sample. According to the manufactur-
er, the UV detection efficiency without a high-yield pho-
tocathode coating lies around 5 —10 /o for photon ener-
gies above of 10 eV and drops by about three orders mag-

nitude for 8-eV photons. The low secondary-electron
emission coefficient for photons is due to their weak in-
teraction with the bulk which results in a rather large
penetration depth. On average, the electrons will be ex-
cited far away from the MCP surface and only a small
fraction of them will be able to leave the bulk and start an
electron cascade. On the other hand, an incoming
metastable-particle transfers its excitation energy via an
Auger-type process to a single electron close to the sur-
face. Thus, the efficiency should be high if the transfer-
able energy exceeds the local work function (metal elec-
trode or lead glass inside a channel, both covered by
background molecules). We expect that the excitation
energy released in the Auger process is determined by the
Franck-Condon factors for transitions between the meta-
stable state and different vibrational levels of the ground
state. Consequently, a threshold for MP detection cannot
be given unambiguously, but as a reference value we men-
tion a recent experiment detecting CO (a II) with a 0-
0—transition energy of 6.01 eV. Above this threshold,
we also expect some variations of the sensitivity of the
MCP depending on the transferable internal energy of the
MP. For the Nz and CO* states measured in the present
experiment, these variations should be small since both
states have about the same internal energy and Franck-
Condon factors to the ground state when they strike the
detector. However, the relative magnitudes of the signals
between Nz and CO are affected by variations in the ex-
perimental conditions between different experiments re-
sulting in an estimated error of 20% for reproducing the
intensities.

III. RESULTS

Considerable signal due to metastable nitrogen-
molecule (Nz ) desorption is observed in the case of a N2
ML on top of a 50-ML Xe film [Fig. 1(a)]. The yield
function of the N2 [Fig. 1(a)] shows only broad features
compared to the energy resolution of the incident elec-
tron beam. The threshold at -7.0 eV is followed by a
peak with its maximum at 9.8 eV and a FWHM of about
3 eV. The MP yield increases again with energy starting
from 15 eV and reaches a plateau at 22 eV. The shape of
the yield function for Xz resembles very much that for
UV luminescence from the pure Xe film, which is given
for comparison in Fig. 1(b). The MP and UV-photon
yields have very similar energy thresholds and peak
features. Shown in Fig. 2 is the time-of-Aight data for 1

ML of N2 condensed on 50 ML of Xe (thereafter referred
to as 1Nz/50Xe) recorded with 10- and 25-eV electron
beams. Both spectra have the same vertical gain and ex-
hibit the same time-of-Aight profile. The curve in the in-
set represents the kinetic energy spectrum of the MP's
obtained by transforming curve (a) using Eq. (1). The
maximum in the energy distribution appears to lie around
20 meV (i.e., within the error limit). In such spectra, the
noise level increases drastically at lower energies due to
diminishing signal-to-noise ratio with increasing Right
times. The vertical arrow in the inset points to the ener-

gy of the peak in (a).
The interpretation of the MP signal as due to Nz is
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IV. DISCUSSION

Both N2 and CO are physisorbed on the RG surfaces
with an estimated binding energy of less than 200 meV. '

The interaction is of van der Waals type and thus the
molecules are expected to be lying Hat on the surface in
order to minimize the average distance. The CO mole-
cule should bind stronger to the surface because of its
higher polarizability and permanent dipole moment. A
herringbone in-plane structure has been proposed for
N2/Xe/Ag(111) (Ref. 14) as well as for N2/graphite
CO/Ag(111). '

First, it should be noted that CO desorption from CO
chemisorbed on Pt(111) has been observed in electron-
stimulated desorption (ESD) experiments with electron
energies of about 200 eV. Since CO is chemically bound
to the Pt (terminal or bridge site) in this case, bond break-
ing by interaction with primary electrons is the basic
desorption mechanism. However, with a RG layer
placed between the CO layer and the Pt crystal (as in our
experiment), the character of adsorption changes from
chemical to physical and the CO desorption processes
become different.

A successful model for MP desorption from RCx solids
is the "cavity expulsion" mechanism introduced at first
for Ar crystals. ' The excited atom or molecule located at
the surface (as a trapped exciton) experiences a slightly
repulsive interaction with all neighbors and this repulsive

potential propels the excited species into vacuum. Inside
the bulk, this repulsion would lead to a cavity around the
excited particle. Quantitative calculations' were able to
predict details of the Ar* desorption and the absence of
cavity expulsion of Kr* from Kr crystals. A propensity
rule states that in RG crystals with negative- (positive-)
electron affinity the excited particle is (is not) expelled
owing to the repulsive (attractive) interaction of the
excited-orbit electron cloud with the neighboring atoms.
In our case with a two-layer N2/Xe system, neither calcu-
lations nor estimates concerning the fate of a N2 or a
CO* in the surface layer are available. However, the
question to address in the first place dealing with mixed-
species films is the following: How can we describe a pro-
cess starting with a low-energy electron which leads to a
localized excitation at a particular adsorbed particle?

As shown in Fig. 1, the yield function for N2 from
1N2/50Xe tracks that for UV photons from a pure 100-
ML Xe film. The resemblance in the two yield functions
and the Xe thickness dependence of the N2 yield indicate
that MP desorption is a bulk-mediated process. Bulk ex-
citons are able to carry the initial excitation energy to the
surface. In order to determine the reaction path from a
Xe bulk exciton to a desorbing N2, a comparison with
gas-phase results on the excitation transfer in Xe* + N2
reactions is helpful. Experimental results' ' have been
reported on low-energy collisions of metastable Xe
( P2 0) and ground state N2 (X 'X +) with state selective
detection of the excited N2. Due to spin conservation, N2
is excited into the triplet manifold, and the patterns of ra-
diative decay within that system give clear evidence that
the N2 state produced in the collisions is almost ex-
clusively B II in a small range of vibrational levels
around the resonance energy. A potentia1 energy picture
is successfully applied to explain the observed distribu-
tion of N2 states after Xe ( P) impact. The potential-
energy curves are constructed from a number of experi-
mental results on the Xe-N2 system. In the exit channel,
one has a set of curves, each containing an additive con-
stant given by the respective vibrational level. These
curves are generally quite Aat in the outer region
(r )3.5 —4 A) and rather steep and repulsive for smaller
distances. In the entrance channel, due to the large ra-
dius of the Xe 6s orbital, the interaction is starting at
larger distance (r=4 —4. 5 A) and some branches show
local minima. The reaction proceeds via curve crossings
and is exoergic or slightly endoergic.

A similar gas-phase reaction' ' for CO and Xe ( P0 2)
produces initial excitation of the a' X+ and d 6 states
in the collision. Both excited states then decay to the
metastable a II state. The overlap of the wave functions
of upper and lower state determines that only little ener-

gy is kept as vibrational energy in the a state, even if
there is a larger amount of it in the a' and d states. The
vibrational populations for energy transfer from Xe
( PD 2 ) to N2 and CO molecules are given in Table I.

At higher collision energy, CO and N2 show different
reaction behavior. Elevated kinetic energy of the scatter-
ing particles results in a higher vibrational excitation of
the CO(a', d) product. The cross section for the higher
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TABLE I. Vibrational levels of excited N& (CO) states popu-
lated after gas-phase collision of the respective ground-state
molecule with Xe ( Po&). Only substantially populated levels
are listed. The levels of the first state of every pair [Nz (B),
CO(a'), and CO(d)] are determined by the collision process and
always near-resonant, while the second state [Nz ( A), CO(a)] is
reached after radiative decay of the former (Franck-Condon
transitions).

Vibrational levels

N, (a'rr, )

N, (W 'X„')
CO (a'X+)
CO (a H)
CO (d 5)
CO (a 'll)

Xe ('P, )

Sa

2—3'
11'

0—1'
6a

0—1'"

Xe ('P, )

10-11'
6—8'
20-21
2 —3'
15-16
2—3'

'From Ref. 19.
Calculated (as transition probabilities) using RKR potentials

[Nz (Ref. 27), CO (Refs. 28 and 29)].

vibrational excitation increases with kinetic energy. In
contrast for Nz, the increased scattering energy does not
result in a higher vibrational excitation of the Nz (B)
product. It follows that the kinetic energy after the col-
lision is higher for N~ than for CO excited molecules.

In analogy to these gas-phase results, we are tempted
to consider an energy transfer from the Xe substrate to
the diatomic molecule as a result of a "collision" between
a Xe exciton and an adsorbed molecule M on the film sur-
face. The energy values of the excited states of the
molecular adsorbates are only slightly changed from gas
phase to (physisorbed) condensed phase [see Ref. 22 for
Nz and CO] and the lowest bulk exciton energy for Xe is
60 meV higher than the respective P~ energy. Thus, an
excitation transfer similar to the gas phase is proposed
for the rnetastable-molecular desorption in the bilayer
film. Within this model, the process at the film surface is
seen as a "half-collision process" since there is no nuclear
motion of the reaction partners in the incoming channel,
The starting point of this half-collision process is the ex-
cited complex RG*-M at the surface with the nuclei at
their ground-state distance. At this point, the bulk exci-
ton of energy E,„becomes localized around the RG atom
due to a distorted environment. The electronic energy
transfer from the surface exciton to the adjacent ad-
sorbed molecule (either N~ or CO) via potential-energy
curve crossing changes the excited complex to RG-M'.
The excess energy available after the energy-transfer re-
action is

Eo =E,„E(n,u j), — (3)

where n, v, and j represent electronic, vibrational, and ro-
tational (or librational) quantum numbers of the energy
state E of the surface molecule. If Eo exceeds the binding
energy D, of M, desorption is energetically possible, but
in order to comply with momentum conservation, a num-
ber of phonons have to be created (or absorbed) in the
process. The relations for energy and momentum conser-
vation for a molecule M desorbing with momentum p and
mass I are written as

2

Eo D—c = +g Ra)(k; ),
I

(4)

0=pM+ g haik;+%K, (5)

where k; is the wave vector of the ith phonon and K is a
reciprocal lattice vector. The wave vector of the exciton
is neglected. The kinetic energy of the desorbing mole-
cule is therefore a question of intramolecular vibrational
excitation and phonon statistics. Shortly, a bulk exciton
diffusing to a surface Xe atom places the Xe-molecule
system into the starting position of the half-collision pro-
cess. Along with the excitation transfer the molecule
separates away from the Xe atom on a particular exit-
potential-energy surface. If the molecule gains sufficient
kinetic energy to overcome the physical binding barrier
[i.e., if Eo+g; fico(k; ) )D, ], it desorbs.

The previously mentioned gas-phase studies can be
used to explain the yield difference between Nz and CO in
our experiments. According to Eqs. (3)—(5), molecules
which populate the highest vibrational level [i.e., having
large E(n, u, j)] will gain less kinetic energy from the re-
action. If the kinetic-energy term in Eq. (4) is negative,
the molecule cannot directly desorb from the surface.
According to Table I, the CO molecules are created at
the surface with more vibrational energy than Nz mole-
cules. Moreover, the slight increase in the anisotropy of
the intermediate excited state (i.e., RG-M*) for CO, due
to its permanent dipole moment, could partition more en-
ergy into rotational states and further reduce the energy
available for translational motion in comparison to Nz.
This energy partitioning could be responsible for the CO*
yield being about 1 order of magnitude smaller than the
Nz yield as shown in Figs. 1 and 3.

The vibrationally excited adsorbates that cannot sur-
pass the energy barrier in the first step, have another op-
tion for desorption: bond rupture through energy transfer
from the internal vibrational excitation of the molecule to
the adsorbate-surface bond. If the adsorbed molecule is
in a vibrational energy level which is degenerate with
some continuum state of the surface-molecule bond, cross
over into the latter state will lead to desorption of the
molecule in a lower vibrational level. The feasibility of
this mechanism has been demonstrated experimentally
and theoretically. In our case, the molecules on the
surface are initially excited to high vibrational levels of
the metastable electronic states (Table I). Assuming that
the radiative decay on the surface of our films is similar
to the gas-phase processes, the lifetime of the Nz (B)
state [4—8 ps (Ref. 27)] is more than six orders of magni-
tude larger than the periods of intramolecular vibrations
and molecule-surface modes. It is therefore sufficiently
long to allow desorption via transfer of vibrational energy
to molecule-surface modes. According to the Aight
time in Fig. 2, the B state decays to the metastable 3 X„+
state on its way to the detector. For CO, radiative decay
lifetimes of the a' and d states in the order of 3 ps (Ref.
29) and 5 ps, ' respectively, also allow sufficient time
for the energy transfer. Essentially CO (a) will be detect-
ed in this case.
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However, there are other competing energy-transfer
processes in the condensed phase that reduce the initial
vibrational populations. In a N2-doped Xe solid, the
deexcitation of excited-state vibrational energy is possible
either directly in EU =1 steps as multiphonon emitting
process or indirectly in AU =2 steps by exchange interac-
tion with a ground-state molecule at a neighboring site,
e.g. , N2(A, u)+N2(X, u')~N2(A, v —2)+N~(X, v'+2), '

and releasing less energy to phonon modes. For a closely
packed surface layer the latter process is expected to be
fast compared to the electronic deexcitation. Generally,
this reaction is important for molecules and states if it is
quasiresonant in energy, as for CO (a', d —X) in contrast
to N2 (8 —X). The higher rate for relaxation by ex-
change presumably leads in terms of the bond-rupture
model to a lower desorption yield. Thus, this energy-
transfer process again tends to decrease the CO' desorp-
tion yield compared to N2 and appears to be consistent,
with our observation.

Finally we note that, although excitation-energy
transfer from solid Xe to an adsorbate molecule appears
as the dominant mechanism leading to MP desorption, it
is not necessarily the only one. Direct electronic excita-
tion of the adsorbate by incident electrons could also pro-
pel N2 in vacuum by cavity expulsion. ' As mentioned
previously, this mechanism is usually not expected to be
operative on a surface having a positive-electron affinity,
but it is quite probable, however, that our "single" dia-
tomic layer presents imperfections where clustering and
double layering occurs. At those imperfections MP emis-
sion in vacuum would occur near diatomic neighbors
where cavity expulsion may be more favorable. In fact,
recent experiments' performed with the present ap-
paratus indicate that appreciable N2 and CO yields are
produced by 6—26-eV electrons impinging on multilayer
N2 and CO films, respectively. The Nz production starts
at 7.0 eV whereas the threshold for CO* is only observed
around 8.5 eV. A close look at the MP yield functions in
Figs. I and 3 reveals that the threshold for N2 lies about

0.6 eV below that for CO* desorption. This difference
may be due to the different energy thresholds for produc-
ing N2 and CO*. Since below 8 eV Xe production is
weak, the Nz signal below that energy may be (at least
partly) due to the cavity-expulsion mechanism. Accord-
ing to the CO multilayer results' such a signal should be
completely absent below 8.5 eV in the present data.

V. CONCLUSION

We have found that desorption of metastable N2 and
CO' molecules is induced by the impact of 6—26-eV elec-
trons on single layers of N2 and CO, respectively, con-
densed on Xe substrates. These results and earlier ones
on the Xe/Kr system, ' as well as those of a study on
negative-ion desorption from HzO, CzD6, and C6D6 ad-
sorbed onto RG films, have shown that the RG films are
very effective as a buffer for the excitation-energy transfer
to adsorbants. In all above-mentioned systems the meta-
stable particle signal is increasing with the thickness of
the RG film, up to the penetration depth of electrons and
excitons. Desorption due to interaction of RG bulk exci-
tations and surface molecules is much stronger than
desorption due to direct interaction of primary electrons
with molecules in the surface layer. Based on our obser-
vations, we propose the following physical picture for the
desorption of metastable species from atoms and mole-
cules physisorbed on RG substrates: (i) the primary elec-
tron beam creates excitons in the RG film, (ii) excitons
diffuse within the film modifying the initial energy depo-
sition distribution, and (iii) the excitons created on or
diffused to the surface transfer their energy to the surface
molecules leading to desorption of metastable molecules.
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