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Eley–Rideal reaction of O ¿ with oxidized Si „100…
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The reaction of 10–60 eV O1 ions with a silicon oxide thin film produces scattered O2
2. Isotopic

labeling experiments demonstrate that the O2
2 product is formed by an abstraction reaction and not

by physical sputtering. Energy and angle resolved detection reveals a correlation between the
scattered and incident particle momenta, indicative of a direct process in which the incoming
oxygen atom reacts with an adsorbed oxygen atom through an Eley–Rideal mechanism. ©2000
American Institute of Physics.@S0021-9606~00!70737-9#
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Over the last few decades, extensive research eff
have uncovered many fundamental processes at the
surface interface.1–3 Scattering experiments have been
strumental in elucidating how an incident particle’s ener
and approach geometry affect its probability of reaction w
a surface target.4 At thermal energies~,1 eV!, molecules
frequently scatter, trap, or chemisorb on a surface. In
hyperthermal energy regime (100– 102 eV), chemical barri-
ers are easily surmounted, and dissociative scattering, a
abstraction, and charge transfer are often observed.3,5,6 At
collision energies above 102 eV, processes such as implant
tion and sputtering dominate.

Reactions at surfaces are often categorized as occu
through one of two mechanisms: Langmuir–Hinshelwo
~LH! or Eley–Rideal~ER!.7 In the LH mechanism, both re
actant species are trapped on the surface and become
mally accommodated before they react to form a product
the ER mechanism, an incident gaseous particle reacts
rectly with a surface adsorbate. In the past few years, m
intermediate mechanisms have been proposed that fall in
tween these two extrema.8 Hot atom precursors are trappe
but not thermally accommodated before they react, e.g.,
drogen abstraction on various surfaces.9–12 In a scattering-
mediated ER mechanism,13 an incident atom undergoes
single collision with the substrate, abstracting a neighbor
adsorbate on the outbound trajectory.

Most ER reactions have been studied using molec
beam techniques, where incident energies are limited
few electron volts.1,14,15 Consequently, the majority of ER
reactions that have been studied to date are exother
Many oxide surfaces are considered nonreactive becaus
the large binding energy of oxygen with the surface. Nev
theless, hyperthermal energy ions possess sufficient kin
energy to activate an endothermic ER reaction. Maaz
et al. reported that hyperthermal energy NO1 ions abstract
oxygen atoms from O/Al~111! via an ER mechanism; thi
occurs in spite of the 6.8 eV endothermicity.16

The interaction of hyperthermal energy O1 with a SiOx

surface is relevant to the low-earth orbit environment, wh
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energetic oxygen atoms and ions continuously bombard
tective coatings, e.g., SiO2 on orbiting spacecraft.17 Further-
more, oxygen plasma processing in the microelectronics
dustry is frequently used to etch and to deposit oxide fil
on silicon.18,19 Despite these important technological app
cations, a fundamental understanding of the reactivity of
perthermal energy O1 with silicon oxide is lacking. Experi-
mental evidence is presented here to show that 16–60 eV1

ions directly abstract atomic oxygen from SiOx via an ER
mechanism, to form scattered O2

2.
The experimental apparatus comprises three differ

tially pumped chambers. In the source chamber, a Colu
ion source produces O1 ~;96% 4S ground state! in a CO2

plasma.20 The ions are extracted, focused, and accelerate
1300 eV before being mass selected through a Wein filte
small aperture separates the source and buffer chambers
flection optics within the buffer chamber remove any ne
tralized hyperthermal particles. A second aperture serve
an entrance to the main chamber, wherein the ions are de
erated to 10–60 eV before striking the surface. The m
chamber pressure remains at 6310210Torr while the O1 ion
beam delivers current densities of 40–120 nA/cm2.

Scattered ionic products are mass and energy analy
with a rotatable, differentially pumped detector that includ
a cylindrical electrostatic analyzer, a quadrupole mass sp
trometer, and a pair of microchannel plates for single-part
detection. Ap-doped Si~100! surface (R50.01– 0.02V cm)
was cleaned by chemical oxidation followed by buffered H
dipping to produce a hydrogen-terminated Si surface.21 The
sample was introduced into the main chamber though a lo
lock. Annealing to 900 °C produced a clean, well-order
(231) structure as revealed by low energy electron diffra
tion. Thin silicon oxide films were grown on the Si~100!
surface with 15–60 eV O1 beams at 45° incidence relative t
the surface normal. Todorov and Fossum have reported
40–200 eV O1 ions incident on Si~100! produce a 40-Å-
thick oxide film;22 the film thickness saturates when the ra
of oxygen deposition equals the rate of etching/sputteri
Chung and co-workers found that the electron energy l
spectroscopy spectra of a silicon oxide film, grown w
300 eV O1 ions ~dose: 331015 ions/cm2! on Si~100!, re-
sembled that of a thermally grown silicon oxide layer.23,24

During O1 ion deposition, both positively and nega
il:
9 © 2000 American Institute of Physics
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tively charged scattered products~Si1, SiO1, O2, and O2
2!

are detected. The intensity of the O2
2 signal is an order of

magnitude lower than the measured O2 signal. Scattered O1

is not observed, indicating efficient neutralization along
inbound trajectory.25 Neutralization of O1(4S) exclusively
forms O(3P), since a transition to the O(1D) or O(1S) state
is spin forbidden for a one-electron transfer.

The yield of scattered O2 and O2
2 increases with

O1 dose, as the oxide film develops. After a dose
131016O1 ions/cm2, both anion yields reach a steady-sta
value. Thereafter, the composition of the outermost layer
the oxide film does not appear to change with increasing1

exposure. Notwithstanding, prior studies suggest that the
derlying layers of the film continue to be oxidized by th
incident O1 beam until the film reaches its saturation thic
ness after a dose of 331017 ions/cm2.23 Only scattering re-
sults collected at 300 K in the steady-state regime (d
.131016) are presented here. Figure 1 shows the O2

2 yield
versus O1 kinetic energy. The threshold for O2

2 emergence
occurs at 1661 eV.

Isotopic labeling experiments help to define the origin
each oxygen atom in the O2

2 product. An isotopically pure
Si16Ox film was grown using a mass-selected16O1 beam.
After a 16O1 dose of 131016 ions/cm2, scattering com-
menced with a mass-selected18O1 beam. Figure 2 shows th
kinetic energy distribution of scattered O2

2 for each isotopic
combination. For all18O1 incident energies~up to 60 eV!
and scattering angles studied~45°–135°!, .98% of the scat-

FIG. 1. O2
2 yield as a function of O1 collision energy. O1 is incident at 45°

on an oxidized Si~100! surface. The appearance threshold for O2
2 is 16

61 eV. The curve is drawn to guide the eye.
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tered O2
2 appeared at a mass equal to 34 u. Therefore, O2

2 is
produced when one oxygen atom from the incident ion be
(18O) combines with one oxygen atom from the silicon oxi
layer (16O). The lack of signal corresponding to32O2

2 and
36O2

2 precludes physical sputtering and projectile recombi
tion, respectively, as possible mechanisms for O2

2 formation.
Further evidence to discard physical sputtering as a via
mechanism for O2

2 production is the observation that no a
preciable O2

2 signal appears when 70 eV Ne1 bombards the
SiOx surface.

A variety of mechanisms can describe the association
a projectile and a surface oxygen atom to form O2

2, yet most
can be eliminated in consideration of the experimental e
dence. In a LH mechanism, an incoming oxygen atom wo
trap on the surface, become thermally accommodated,
fuse to a neighboring adsorbed oxygen atom, react, and
sorb as O2

2. The O2
2 product would then be expected t

emerge with a translational energy distribution in therm
equilibrium with the surface. As Fig. 2 demonstrates, t
translational energy distribution of emerging O2

2 is ex-
tremely nonthermal. Furthermore, Fig. 3 shows that the m
kinetic energy of scattered O2

2 correlates strongly with the
incident O1 kinetic energy. Therefore, the projectile (18O)

FIG. 2. Translational energy distributions of O2
2 produced from 30 eV18O1

incident at 45° on a Si16Ox thin film. Signal was collected at a 90° scatterin
angle for the three conceivable O2

2 masses~32, 34, and 36 u!. Note that the
mass 32 and 36 spectra constitute less than 2% of the total O2

2 signal.
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must be reacting before it has a chance to thermally acc
modate with the surface, eliminating a LH mechanism.

An alternative two-step mechanism is collision induc
desorption of adsorbed oxygen, followed by gas-phase a
ciation of the sputtered oxygen anion with a scattered oxy
atom. A similar mechanism has been proposed for the p
duction of Cs~X!1 clusters (X5Si, SiO, OH2, OH) in the
scattering of Cs1 on water-covered silicon.26 However, in
the case of O2

2, a gas phase association reaction would g
erate significant vibrational excitation in the O–O stretc
Vibrationally excited O2

2 is unstable and will suffer electro
autodetachament ifn.3 (Evib.0.46 eV) and dissociation
if Evib.4.13 eV.27 Consequently, O2

2 must be formed at the
surface; in this way, the reaction’s excess energy is
channeled exclusively into molecular vibration but al
can be distributed into lattice excitations and product tra
lation.

The only plausible mechanism left for O2
2 formation is

an abstraction reaction. The question remains, however,
whether the incident oxygen directly or indirectly abstra
an adsorbed oxygen atom. Examination of the product an
lar distribution as a function of incident angle helps to d
tinguish between these two cases. The angular distributio
O2

2 was measured for 45 and 60 eV O1 ions, at incident
angles of 30° and 45°. For either O1 energy, the shape of th
O2

2 angular distribution changes dramatically with incide
angle. The peak of the O2

2 angular distribution shifts toward
the surface normal with increasing angle of incidence. F

FIG. 3. Mean translational energy of scattered O2
2 product vs O1 kinetic

energy. O1 is incident at 45° on an oxidized Si~100! surface. The mean
energies are derived from a weighted average over all in-plane scatt
angles.
-

o-
n

o-

-
.

ot

-

to
s
u-
-
of

t

r-

thermore, O2
2 ions that scatter to glancing exit angles emer

with considerably more energy as the angle of inciden
increases.28 This strong correlation between incident and
nal scattering angles is consistent with a single collis
event. The scattering distribution resulting from a hot-ato
precursor mechanism would be uncorrelated with incid
angle, because memory of the incident particle direct
would be lost in the first two collisions of the hot oxyge
atom with the highly corrugated surface. It is conceivab
that an angular correlation could persist if the incident ox
gen atom underwent a single collision with the substrate
immediately abstracted an adsorbed oxygen atom on the
going trajectory. Indeed, preliminary trajectory calculatio
confirm that it is possible for an incident oxygen atom
either directly abstract an adsorbed oxygen~ER!, or to un-
dergo a scattering-mediated ER mechanism. These sim
tions suggest that both pathways are capable of yielding2

2

with less than 0.5 eV in vibrational energy, i.e., stab
against electron autodetachment.

In summary, angle-, energy-, and mass-resolved de
tion of O2

2 emerging from the reaction of O1 with SiOx ,
implicates a direct or scattering-mediated Eley–Rid
mechanism. This study represents the first experimental
dence of hyperthermal atomic ions abstracting oxygen ato
from an oxide surface.
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