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Electron-Stimulated Desorption Enhanced by Coherent Scattering
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The electron-stimulated 0 desorption yields from 02 condensed on a thick rare-gas (Ar, Kr, or Xe)
film are reported. It is shown that coherent scattering of electrons in the rare-gas film dramatically
enhances the 0 yields near the Bragg reAection energies.

PACS numbers: 79.20.Kz, 31.70.Ks, 34.80.GS, 79.90.+b

We report electron-stimulated 0 desorption (ESD)
yields from 02 condensed on thick rare-gas (Ar, Kr, or
Xe) films previously condensed on a Pt substrate. The
0 yield from 02/Ar/Pt increases by an order of magni-
tude as the Ar layer thickness increases from 8 to 32
monolayers (ML). We show that this enhancement
arises from an indirect process involving coherent elec-
tron scattering in the rare-gas (RG) film. We further
demonstrate that the 0 yield via this indirect coherent
process is two orders of magnitude greater than that
from the direct process near the Bragg refiection (BR)
energies. We conclude that this dramatic enhancement
of the indirect process arises from the standing-wave
character of the electronic wave function near the BR
energies.

The ESD 0 yields from 02/RG/Pt are measured as
a function of electron energy for 02 coverages in the
range 0.02-1.0 monolayers (ML) and RG thicknesses in

the range 1-32 ML. The apparatus has been described
previously. ' The incident angle of the electron beam is
20 from the surface, and the 0 ions are measured by
a quadrupole mass spectrometer positioned at 70' from
the surface. The film thicknesses are estimated to within
20% by a method described previously. A rare gas is
condensed near its sublimation temperature on a clean Pt
ribbon, and the 02 gas is condensed onto the RG film at
17 K. Electron transmission spectra (ETS) data reveal
that the RG films are essentially ordered, since BR mini-
ma are observed around 5 and 9 eV for Ar, 4, 7, and 9
eV for Kr, and 2.5, 5, and 7.5 for Xe. In contrast, Xe
films prepared well below the sublimation temperature
do not exhibit BR minimum in ETS. Data also indicate
that the Ar films seem to be more ordered than the Kr
and Xe films.

Figure 1 shows the ESD 0 yields from 02 (0.1

ML)/Ar(1-32 ML)/Pt as a function of incident electron
energy. As the Ar thickness increases, the three features
at 6, 18, and 24 eV grow faster than the remainder of
the spectrum, and at large thicknesses ( & 20 ML) dom-

inate the spectrum. The 0 yields at these three ener-
gies are plotted as a function of the Ar thickness in Fig.
2. Similarly prepared 02/Kr/Pt samples give qualitative-
ly similar results, but with the following quantitative
diAerences. The 6-eV feature for Ar is narrower than
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FIG. 1. Comparison of the ESD 0 yield curves obtained
from 02/Ar/Pt with a constant (O. l ML) 02 coverage and vari-
able (1—32 ML) Ar thicknesses. The shaded areas indicate
our estimated contributions due to the direct process.
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h f K (Fig. 3). The rate of increase in the 0
yield with RG layer thickness (i.e. , the slope in Fig. is

3 times larger for Ar than for Kr. The separation of the
f~rst two features are 12.2 eV for Ar, but only 10.5 eV
for Kr.

The spectral shape of the 6-eV feature depends on the
RG the thickness and structural order of the RG layer,
and the O. coverage. It is broad and symmetric at small
RG thicknesses, but sharp, asymmetric, and shifted to
lower energy at larger thicknesses ~ ig.(Fi . I). It is much
Ilari ower at smaller 02 coverages (so

' ' "g.lid curves in Fig. 3)
than at larger coverages (dotted curves in F'g.Fi . 3). The
dependence on the RG can be seen in I.ig. 3, and on the
structural order of the RG in I.ig. 4.

The experimental results described above can be ex-
plained in terms of three processes which we call the
direct (D), elastic-indirect (EID), and inelastic-indirect
(IID) processes. In the D process, an incident electron
collides with an 02 on the surface and produces an 0
directly. In the EID process, an incident electron at an
energy below the first electronic-excitation energy (first
E„)of the RG, passes through the 02 layer without loss
of energy, undergoes quasielastic multiple scattering in
h RG and returns to the surface, where it coiiiues with

an 02 and produces 0 as in the D process. The
process is identical to the EID, except that the electron
upon initial entry into the RG film, suAers loss of energy
by electronically exciting the RG. At electron energies
above the first E,„, the inelastic mean free path in RG
films is very short (= 10 A).

The 0 yields via these processes are proportional to
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FIG. 4. ESD 0 yield curves obtained from Oq(0. 1 ML)/
Xe(20 ML)/Pt prepared at 40 K (top) and 1 ond 17 K (bottom).
Also shown are ESD 0 ield curves from 02 gas (dottedyi
curves) (from Ref. 6).
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I=IG. 3. Comparison of the ESD 0 yield curves obtained
with a constant rare-gas (Ar or Kr) thickness (20 ML) but
with difTerent 02 coverages, 0.03 ML (solid curves) and 1.0
M L (dot ted curves).
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the following expressions:

D~ecr(E), EID~ [1 —BaB)(E)]PB(RG,r, E)Oa(E),

IID~ [I —eau)(E)]P,„(RG,E,„,E)Pa(RG, r, E —F,„)ecr(E—E„).
Here, E denotes the incident electron energy, B the 02
coverage, and cr(E) the 0 yield cross section from 02
on the RG film. cr(E) is assumed to be independent of
the RG thickness beyond 7 ML, because the effects of
neutralization and the image-charge force due to the PT
substrate die out rapidly with film thickness, and the
effects of polarization due to the RG become constant
with film thickness. The factor [I —Hcral(E)] gives the
probability of passing through the 02 layer with loss of
energy, where crB~(E) is equal to a sum of the elastic
backscattering and the total inelastic cross sections of
02. Because of this factor, the EID and IID contribu-
tions should decrease relative to the D contribution with

increasing Oq coverage. PB(RG, r, E) denotes the proba-
bility of the electron returning to the surface, which de-

pends on the RG, the RG thickness (r), and the electron
energy in the film. P,„(RG,E,„,E) denotes the elec-
tronic-excitation probability of the RG film by electron
impact at energy E Since crB~(E.) and P,„(E) are slowly

varying functions of E, the E dependence of the D,
EID, and IID contributions are primarily determined by
cr(E) and PB(E). Because of the short inelastic mean
free path, the 0 yield, Y(RG, r, E), below and above
the first E„are given by Y =D+ EID and Y=D+ IID,
respectively.

Figure 2 shows that the 0 yields at 6, 18, and 24 eV
all increase as the Ar layer thickness increases. Equa-
tion (1) indicates that this relationship exists because of
the two indirect processes. The data provide two other
criteria to verify our model; if Eq. (1) is true, (i) the
peak-to-peak energy difference between the EID and I I D
features should be equal to one of the E„of the RG
film, and (ii) the relative intensities of' these EID and
IID features at E~ and E~+E„should satisfy the rela-
tion

Y(Ep+ E,„,r) —Y(Ep+ E,„,r')

Y(E, , r) —Y(E, .')
=constant with thickness, (2)

where T. and r' are two different RG thicknesses. The 6-
and 18-eV features in Fig. 1 satisfy both criteria. Their
peak-to-peak energy separation (12.2-+0. 1 eV) agrees
with the lowest two E„(12.1 and 12.2 eV) of solid Ar.
Evaluation of Eq. (2) by use of the 8- and 20-ML data
gives 0.24, and by use of the 20- and 32-ML data gives
0.28. The 6- and 24-eV features satisfy the intensity cri-
terion [0.71 vs 0.70 in Eq. (2)]; however, the energy cri-
terion cannot be demonstrated because experimental
constant-final-state (CFS) energy-loss spectra are not
available. CFS spectra are required in this case because
the 24-eV feature corresponds to excitation in the Ar

continuum. The above analysis verifies Eq. (I) and also
establishes that the 6-, 18-, and 24-eV features observed
for 02(0. 1 ML)/Ar(32 ML) arise predominately from
the EID, IID, and IID processes, respectively. Similar
analysis for 02/Kr shows that the peak around 6.5 eV for
02(0.03 ML)/Kr(20 ML) is dominated by the EID pro-
cess, but that around 8 eV for 02(1.0 ML)/Kr(20 ML)
is dominated by the D process.

Satisfaction of Eq. (2) confirms our previous assump-
tion that a(E) should be independent of the RG thick-
ness beyond 7 ML. The spectral shape of a(E), or the D
contribution, is expected to be similar to the 0 yield
from 02 gas, except for the relative magnitude of the
contributions below 10 eV and above 17 eV. Below 10
eV, the 0 arises through a charged 02 intermediate
[via the dissociative attachment (DA) process]; but
above 17 eV, through a neutral 02* intermediate [via
the dipolar dissociation (DD) process]. Polarization of
the thick RG layer reduces the 0 yield via the DA pro-
cess, but enhances that via the DD process, compared
with that for 02 gas. ' Our estimates of the D contribu-
tion, indicated in Fig. 1 by the shaded areas, are based
on the above considerations. The intensity ratio EID/D
= [1 —Sera~]Pa for 02(0. 1 ML)/Ar(32 ML) is about 70
at the peak energy of the 6-eV feature, which is about 1

eV lower than the peak energy of the D contribution.
Assuming that [I —BaB~] for 8 =0.1 is about 0.8, we es-
timate that Pq is around 90. For thicker and more or-
dered Ar films, we expect even larger values of Pg.
Since the maximum PB obtainable by incoherent multi-
ple scattering is around 2, coherent scattering must be
playing a dominant role.

The spectral shape of the 6-eV feature for the different
RG films can be correlated with the BR minima ob-
served in ETS data. The 6-eV line shape from a disor-
dered Xe film is virtually identical with that from 02 gas
[Fig. 4(b)]. Since cr(E) is virtually identical in the
5-10-eV range with that from 02 gas, PB(E) for the
disordered film must be nearly invariant with E over this
same energy range. However, Pa(E) for the ordered
film must vary over this energy range, since the line
shape of the ordered Xe film differs from that for 02 gas
[Fig. 4(a)]. The 6-eV line shape for Ar depends on the
O2 coverage [Fig. 3(a)], and at the lower coverage (0.03
ML), it is narrower than a(E) [Fig. 3(a), solid curve]
and its peak is shifted to lower energy (Figs. 1 and 3).
All these suggest that PB(E) for Ar is strongly enhanced
near the first BR minimum around 5 eV. The peak for
Kr at the lower 02 coverage is also shifted to lower ener-

gy [Fig. 3(b)]; however, the line shape is wider than
cr(E) apparently because two BR energies (4 and 7 eV)
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partially overlap with cr(E). The 0 yield is enhanced
for Ar more strongly than for Kr, because the first BR
minimum for Ar is closer to the peak of cr(E), and
perhaps also because the Ar film is more ordered. This
analysis indicates that Pa(E) is enhanced near BR ener-
gies, especially strongly near the first BR minimum.

It is well known that for a perfect crystal the electron-
ic wave functions just above and below the energy band
gaps, which arise from the BR's, have standing-wave
character. '' We conclude that this standing-wave char-
acter is responsible for the large enhancement of PB near
the BR energies. The increase of Pq with RG thickness
is also consistent with this since the standing-wave char-
acter should increase with RG thickness. However, this
raises an interesting question. How does a relatively
small increase in the amplitude of the electronic wave
function (i.e. , at most a factor of 2 due to the standing-
wave character) cause such a dramatic increase in the
0 desorption yield (a factor of 10 )?
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