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Stimulated Desorption by Surface Electron Standing Waves
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The total electron-stimulated desorption yield of Cl1 ions from the Cl-terminated Si(111) surface
is shown to exhibit fine-structure oscillations as a function of incident electron beam direction.
demonstrate that this fine structure is consistent with quantum-mechanical scattering and interfere
the incident electron. Comparison of experimental data to a qualitative theory reveals the site o
excitation responsible for desorption, and the ground-state atomic bonding geometry of the deso
The data are consistent with desorption initiated by an excitation localized on the Si atom bonded
[S0031-9007(99)08922-X]
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Materials modification by electron or photon beams an
the desorption of surface-bound species induced by el
tronic transitions are phenomena of both technologic
and fundamental importance. The physics of desorpti
induced by electronic transitions, particularly electron
stimulated desorption (ESD) [1], is the basis for electro
beam induced processes in materials growth and etch
lithography, hot-electron induced defects in devices, rad
tion damage, and is important for other disciplines, in
cluding astrophysics [2]. Stimulated desorption is also
concern in many traditional surface probes such as ph
toemission, low energy electron diffraction (LEED), an
electron microscopy since it results in damage. One iss
central to understanding stimulated desorption is the re
tionship between the atomic and electronic structure o
surface species and its desorption probability. The m
jority of effort in experimental and theoretical ESD ha
focused on the mechanisms of desorption following exc
tation, of which the two most prominent are the Menze
Gomer-Redhead and Knotek-Feibelman mechanisms [3
These models have motivated the description of the d
sorption cross sections as the product of the excitation (
elastic electron-solid scattering) cross section and the to
desorption or escape probability.

An aspect of stimulated desorption that has receiv
much less attention is diffraction of the incident electro
beam. Interference of the direct (or unscattered) electr
wave with waves elastically scattered from the crystal la
tice forms a “standing wave,” with spatially localized max
ima and minima in the incident electron density. Wheth
a particular site on a surface experiences a maximum
minimum depends on the wavelength (energy) of the ele
tron, the direction of incidence relative to the crystal axe
and the arrangement of atoms in the lattice [see Fig. 1(a
Since the probability of desorption is proportional to the in
cident electron density at the site of the “absorber” (the s
of the electronic excitation leading to desorption), the t
tal ESD cross section should depend upon the local atom
structure and thek vector of the incident wave.
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d
ec-
al
on
-

n-
ing,
ia-
-
a
o-

d
ue
la-
f a
a-
s
i-
l-
,4].
e-

in-
tal

ed
n
on
t-
-
er
or
c-
s,
)].
-

ite
o-

ic

Electron diffraction has been previously observed to
fect photon-stimulated desorption (PSD) measureme
through the extended x-ray absorption fine-structure
fect [5,6]. These studies suggested that total ion yie
could be used to gather structural information. How
ever, further studies were not pursued since desorp
induced by secondary electrons contributed significan
to the signal of interest [7]. Structural characterizatio
of surfaces using stimulated desorption has therefore b
limited to measurements of the ion desorption trajectori

FIG. 1. (a) Illustration of the scattering geometry in the soli
The incident electron wave is denoted byk0 and by k in the
solid (corrected for the inner potentialV0). Scattering angles
and vectors are described in the text. (b) Schematic diag
of the experimental apparatus (see text).
© 1999 The American Physical Society
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Electron-stimulated desorption ion angular distributio
(ESDIAD) are related to the initial state bonding geom
try because desorption trajectories typically follow bon
axes [1,8]. While ESDIAD has been successful in me
suring the bonding geometry of several adsorbate syste
it gives no direct information regarding bond distance
As a consequence, ESD has not been a widely utiliz
probe of surface structure, when compared to other s
face spectroscopies.

In this Letter, we report experiments demonstrating, f
the first time, that total ESD yields show fine structure
a function of incident electron direction and energy. Th
fine structure is consistent with scattering and interferen
of the incident electron to form a surface standing wa
in the initial stateof the desorption process. Compariso
of experimental data to a qualitative model reveals t
bonding geometry of the atomic site whose excitation
responsible for initiating the desorption process. Electr
standing-wave stimulated desorption is potentially a po
erful technique for surface structure determination, and
illuminating the relationship between localized states a
excitations leading to desorption.

Our measurements were carried out in an ultrahig
vacuum system (base pressure2 3 10210 torr) equipped
with a rotating sample mount, a pulsed low energy (5
100 eV) electron gun, and a time-of-flight (TOF) mas
spectrometer. Figure 1(b) is a schematic of the expe
mental geometry. We have chosen Cl-terminated Si(11
as a model system for this study, since the surface str
ture and electronic properties are well known [9–12
The n-type Si(111) substrates were cleaned by heating
1300±C for 10 sec, then were cooled to 450±C and ex-
posed to1 3 1027 torr of Cl2 for 1000 sec. Previous
studies have shown that these preparation conditions y
a well-ordereds1 3 1d surface terminated by one mono
layer of Cl atoms [13]. The sample was mounted such th
the parallel component of the electronk vector pointed in
the substratef1̄1̄2g direction (a mirror plane) at azimuth
f ­ 0±. The electron gun has a fixed 45± polar angle of
incidence relative to the sample normal. Data were a
quired by leaving the electron gun and TOF spectrome
fixed, while the sample was rotated in azimuth. To ensu
total ion collection, an extraction field pulse of2125 V
was applied between the sample and the TOF entrance
immediately following the electron pulse. The desorptio
rate was measured by integrating the area under the1

TOF peak. The electron energy threshold for produci
Cl1 ions was measured to be 17 eV. To minimize cont
butions to the fine structure from secondary electrons, d
were acquired as close to the threshold as possible, in
range of 20–40 eV.

Figure 2 shows the total Cl1 ion yield measured as a
function of sample azimuth, at an electron energy of 25 e
At the top of Fig. 2, the raw data (circles) are shown wi
a smooth fitted background curveI0, modeling the desorp-
tion rate in the absence of incident beam diffraction. T
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FIG. 2. The total Cl1 ion yield measured as a function o
sample azimuthf, for a fixed polar angle of incidenceu ­
45±, and an electron energy of 25 eV. Top: Raw data (circle
with a smooth fittedI0 curve (solid line). Bottom: Raw data
(circles) and symmetry-averaged (solid line)x function.

fitted I0 curve is a weak function of azimuth, due
changes in the overall system detection sensitivity as
sample is rotated. The data are reproducible, with ide
cal fine structure observed on several samples, and ex
mirror planes in registry with those of the (111) substra
The oscillatory part of the datax ­ IyI0 2 1 character-
izes the deviation fromI0 due to diffraction, and is shown
in the lower part of Fig. 2. The rawx function is then
symmetry averaged. Care must be taken to prevent
introduction of spurious structure into the data when av
aged in this manner. In our case, averaging introduced
structure which is not evident in the raw data. In Fig. 3
symmetry-averagedx functions are plotted for data ac
quired at selected electron energies near threshold, a
with calculations discussed below. Quantum-mechan
scattering and interference is expected to be a functio
the electron energy, as observed. The peak-to-peak am
tude ofx is roughly 8% at 25 eV andthe angular struc-
ture contains information about the bonding geometry
the absorber.

The measuredx functions can be subjected to structur
analysis analogous to that used in angle-resolved ph
electron diffraction [14,15]. To demonstrate the structu
origin of the observed fine structure, we have compa
our data to a calculation assuming that the ESD rate
proportional to the probability of finding the incident ele
tron in the vicinity of the absorber located atRa, or I ~

cpsRadcsRad, wherecsrd is the incident electron wave
function in the presence of the surface. In the absenc
scattering, the electron wave function isc0srd ­ expsik ?

rd expf2zyl cossudg, wherek is the electron wave vec
tor, corrected for refraction through the inner potentialV0
3349
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FIG. 3. Symmetry-averagedx functions measured at severa
incident electron energies, with single-scattering cluster calc
lations obtained by Eq. (1). (a) Si absorber; (b) Cl absorb
The peak-to-peak amplitudes of the data and calculatio
have been normalized for display, with calculations offset f
clarity.

[14]. The right-hand exponential represents attenuation
the incident plane wave from inelastic scattering process
where the mean-free path is2l, z is the distance normal to
the surface traveled in the solid, andu is the angle between
k and the surface normal. To first order in the scatterin
the electron wave function in the presence of the surfa
3350
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csRad ø c0sRad

1

NX
i­1

c0sRidfeff
eikjRi2Raj

kjRi 2 Raj
e2jRi2Rajyl, (1)

where theRi are bond vectors of theN lattice atoms in
the cluster surrounding the absorber atRa. The curved-
wave scattering factorfeff is obtained using the separable
propagator method of Rehr and Albers [16] and reduc
to the usual atomic scattering factor

fsud ­
X

,

s2, 1 1deid, sinsd,dP,sss cossudddd (2)

askjRi 2 Raj ! `. The complex scattering phase shift
d, were calculated using theFEFF 7.0 package developed
by Rehret al. [17]. Our model evokes several simplify
ing approximations: (1) only single-scattering terms a
included, (2) the interaction with the absorber is assum
to occur at a point, (3) the absorber potential is ignore
and (4) the effect of lattice vibrations is neglected. Whi
admittedly simplified, this model reproduces the esse
tial features of the relevant physics. Calculations we
performed with a 1028-atom ideal Cl-terminated Sis111d-
s1 3 1d cluster (Cl-Si distance 2.03 Å [18]), containing
all atoms within a 20 Å radius hemisphere of the absorb
The inner potentialV0 was fixed at 16 eV, and the inelas
tic mean-free path was chosen to be 5 Å.

A previous study of Cl1 PSD from Si(111) assigned
the excitation responsible for desorption to a Cl3s to va-
lence antibonding transition [11]. It was not possible
achieve a good match between calculation and experim
assuming that the excitation interaction is localized on t
Cl atom. A very good match between theory and expe
ment was obtained, however, for excitation localized
the Si atom bonded to Cl. Figures 3(a) and 3(b) sho
symmetry-averaged data plotted with the results of calc
lations assuming Si and Cl absorbers, respectively. T
qualitative agreement between the Si absorber model
data is very good. Since there is no density of states
calized on Si at a binding energy of 17 eV (correspondi
to the threshold energy), desorption does not appear to
initiated by a valence to antibonding, ionization, or Aug
event. We therefore assign the excitation responsible
Cl1 desorption to a shakeup or shakeoff event involvin
valence states localized on the Si atom. One or two ho
are then transferred to the Cl, and reversal of the Madelu
potential ejects the ion.

Having shown the existence of fine structure in ES
rates with incident beam direction and energy, establish
its origin in quantum-mechanical scattering and interfe
ence of the incident electron, and demonstrated the
selectivity of the data, we briefly discuss possible app
cations of this new technique. Beyond the applicabili
to determining the relationship between localized exci
tions and stimulated desorption, our method can contrib
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to our understanding of other electron-surface probe
most notably Auger electron spectroscopy [15,19], whe
knowledge of incident beam diffraction (IBD) effects is
necessary for the quantitative interpretation of data. Som
studies have concluded that IBD is negligible compared
exit beam diffraction [20], while others maintain that IBD
is important [19,21]. Since stimulated desorption does n
suffer from detectable diffraction of the outgoing ion, i
offers a way to measure incident beam diffraction inde
pendent of exit beam effects. Our data would suggest th
standing-wave effects may cause variations in the Aug
emission of up to 10% between different bonding sites.

While no one analysis technique can claim to determin
unambiguous structural information in general, we believ
this method has some unique features, and offers an
triguing complement to current techniques. Application
include systems not suitable for traditional probes suc
as LEED or photoelectron diffraction, such as radiation
sensitive materials. Since ESD is sensitive to surface m
nority sites, this technique may be applied to the structur
characterization of dilute adsorbates and defects. Final
stimulated desorption is not a passive technique, since m
terial is actively removed from the surface during analysi
The data presented here demonstrate that, in principle
is possible to choose the incident electron energy and
rection to preferentially desorb atoms from specific surfac
bonding sites and affect a degree of control over electro
stimulated processes in materials growth and catalysis.

In conclusion, we have observed fine structure in th
electron-stimulated desorption yield of Cl1 ions from the
Cl-terminated Si(111) surface with incident beam direc
tion. This fine structure is consistent with scattering an
interference of the incident electron wave in the initia
state of the desorption process. Comparison of the da
with a simple model reveals the excitation site to be loca
ized on the Si atom bonded to Cl. Electron standing-wav
stimulated desorption is potentially a useful techniqu
for illuminating the relationship between atomic struc
ture and stimulated desorption, and for surface structu
determination.
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