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Eley—Rideal reaction of O * with oxidized Si (100)
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The reaction of 10-60 eV Dions with a silicon oxide thin film produces scatteregl. @sotopic
labeling experiments demonstrate that the @oduct 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 mechani&®00©
American Institute of Physic§S0021-96060)70737-9

Over the last few decades, extensive research effortsnergetic oxygen atoms and ions continuously bombard pro-
have uncovered many fundamental processes at the gasttive coatings, e.g., Skn orbiting spacecraft. Further-
surface interfacé>® Scattering experiments have been in- more, oxygen plasma processing in the microelectronics in-
strumental in elucidating how an incident particle’'s energydustry is frequently used to etch and to deposit oxide films
and approach geometry affect its probability of reaction withon silicon®1° Despite these important technological appli-
a surface targét.At thermal energieg<1 eV), molecules cations, a fundamental understanding of the reactivity of hy-
frequently scatter, trap, or chemisorb on a surface. In th@erthermal energy Owith silicon oxide is lacking. Experi-
hyperthermal energy regime (30102eV), chemical barri- mental evidence is presented here to show that 16-60eV O
ers are easily surmounted, and dissociative scattering, atot@ns directly abstract atomic oxygen from §i®@ia an ER
abstraction, and charge transfer are often obsetvédit ~ mechanism, to form scattered, O
collision energies above 1@V, processes such as implanta- ~ The experimental apparatus comprises three differen-
tion and sputtering dominate. ftially pumped chambers. In the source chambgr, a Colutron

Reactions at surfaces are often categorized as occurridq” source produces O(~96% “S ground statein a CO,
through one of two mechanisms: Langmuir—HinshelwoodP asmé” The ions are extracted, focused, and accelerated to
(LH) or Eley—RidealER).” In the LH mechanism, both re- 1300 eV before being mass selected through a Wein filter. A

actant species are trapped on the surface and become th&f2ll aperture separates the source and buffer chambers. De-
mally accommodated before they react to form a product. Ifi€ction optics within the buffer chamber remove any neu-
the ER mechanism, an incident gaseous particle reacts diralized hyperthermal particles. A second aperture serves as
rectly with a surface adsorbate. In the past few years, mang"” entrance to the main chamber, wherein the ions are decel-
intermediate mechanisms have been proposed that fall in b rated to 10-60 eV before striking the surface. The main

hamber pressure remains at 80 °Torr while the O ion
tween these two extrenfaHot atom precursors are trapped © ; -
P bp beam delivers current densities of 40—120 nAjcm

but ot thermally accommc_)dated befg;:z they react, g hy- Scattered ionic products are mass and energy analyzed
ﬂgg;?ezbétéacrzZghg?,i:;%“gﬁsinsclf;f:m a{tl(?mausnc(;iétrer(l)r;gi- a with a rotatable, differentially pumped detector that includes

. o . f . 9 . a cylindrical electrostatic analyzer, a quadrupole mass spec-
single collision with the substra}te, abstracting a nEthborInqrometer and a pair of microchannel plates for single-particle
adsorbate on the outbound trajectory. detection. Ap-doped S(100 surface R=0.01-0.022 cm)

Most ER reactions have been studied using m°|eCUIa\5vas cleaned by chemical oxidation followed by buffered HF

beam techniques, msere incident energies are limited to Gipping to produce a hydrogen-terminated Si surfdche
few electron volts:** Consequently, the majority of ER g5 mje was introduced into the main chamber though a load-
reactions that have been studied to date are exotherm%ck_ Annealing to 900°C produced a clean, well-ordered
Many oxide surfaces are considered nonreactive because Pix 1) structure as revealed by low energy electron diffrac-
the large binding energy of oxygen with the surface. Neverion. Thin silicon oxide films were grown on the ($00)
theless, hyperthermal energy ions possess sufficient kinetig,face with 15—60 eV Obeams at 45° incidence relative to
energy to activate an endothermic ER reaction. Maazoughe surface normal. Todorov and Fossum have reported that
et al. reported that hyperthermal energy N@ns abstract 40-200 eV J ions incident on S1L00 produce a 40-A-
oxygen atoms from O/AL1l1) via an ER mechanism; this thick oxide filmZ? the film thickness saturates when the rate
occurs in spite of the 6.8 eV endothermicify. of oxygen deposition equals the rate of etching/sputtering.
The interaction of hyperthermal energy’ @vith a SiQ,  Chung and co-workers found that the electron energy loss
surface is relevant to the low-earth orbit environment, wherepectroscopy spectra of a silicon oxide film, grown with
300 eV O ions (dose: 3x10%ions/cnt) on Si100), re-
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FIG. 1. O, yield as a function of O collision energy. O is incident at 45° 0 4 8 12 16
on an oxidized 3iL00) surface. The appearance threshold for @ 16
+1 eV. The curve is drawn to guide the eye. 02' Translational Energy (GV)

FIG. 2. Translational energy distributions o @roduced from 30 eVéO*
tively charged scattered produc{Si*, Sio", O, and 0) incident at 45° on a $f0, thin film. Signal was collected at a 90° scattering
are detected. The intensity of the, Gignal is an order of angle for the three conceivablg;%asses{32, 34, and 36 )JJ\lo'te that the
magnitude lower than the measured €ignal. Scattered o) mass 32 and 36 spectra constitute less than 2% of the tgtalighal.
is not observed, indicating efficient neutralization along the
inbound trajectory> Neutralization of O(*S) exclusively
forms O@P), since a transition to the &D) or O(*S) state  tered Q appeared at a mass equal to 34 u. TherefogeisO
is spin forbidden for a one-electron transfer. produced when one oxygen atom from the incident ion beam

The yield of scattered O and G increases with (*80) combines with one oxygen atom from the silicon oxide
O" dose, as the oxide film develops. After a dose oflayer (°0). The lack of signal corresponding 60, and
1x 100" ions/cnt, both anion yields reach a steady-state®®0, precludes physical sputtering and projectile recombina-
value. Thereafter, the composition of the outermost layers ofion, respectively, as possible mechanisms fgrf@mation.
the oxide film does not appear to change with increasifig O Further evidence to discard physical sputtering as a viable
exposure. Notwithstanding, prior studies suggest that the urmechanism for @ production is the observation that no ap-
derlying layers of the film continue to be oxidized by the preciable Q signal appears when 70 eV Ndombards the
incident O" beam until the film reaches its saturation thick- SiO, surface.
ness after a dose of>810" ions/cnt.?® Only scattering re- A variety of mechanisms can describe the association of
sults collected at 300 K in the steady-state regime (dose projectile and a surface oxygen atom to form, @et most
>1x10') are presented here. Figure 1 shows they@ld can be eliminated in consideration of the experimental evi-
versus O kinetic energy. The threshold for,Oemergence dence. In a LH mechanism, an incoming oxygen atom would
occurs at 161 eV. trap on the surface, become thermally accommodated, dif-

Isotopic labeling experiments help to define the origin offuse to a neighboring adsorbed oxygen atom, react, and de-
each oxygen atom in the Oproduct. An isotopically pure sorb as Q. The O, product would then be expected to
Sit%0, film was grown using a mass-selecté®D beam. emerge with a translational energy distribution in thermal
After a %0" dose of 1x10%ions/cnt, scattering com- equilibrium with the surface. As Fig. 2 demonstrates, the
menced with a mass-select§®* beam. Figure 2 shows the translational energy distribution of emerging, ds ex-
kinetic energy distribution of scattered,Jor each isotopic tremely nonthermal. Furthermore, Fig. 3 shows that the mean
combination. For alf®O" incident energiegup to 60 e\  kinetic energy of scattered Ocorrelates strongly with the
and scattering angles studiétb°—1359, >98% of the scat- incident O kinetic energy. Therefore, the projectilé®Q)
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12 thermore, Q ions that scatter to glancing exit angles emerge
with considerably more energy as the angle of incidence
increase$? This strong correlation between incident and fi-
nal scattering angles is consistent with a single collision
event. The scattering distribution resulting from a hot-atom
precursor mechanism would be uncorrelated with incident
angle, because memory of the incident particle direction
would be lost in the first two collisions of the hot oxygen
atom with the highly corrugated surface. It is conceivable
that an angular correlation could persist if the incident oxy-
gen atom underwent a single collision with the substrate and
immediately abstracted an adsorbed oxygen atom on the out-
going trajectory. Indeed, preliminary trajectory calculations
confirm that it is possible for an incident oxygen atom to
4 either directly abstract an adsorbed oxydé&iR), or to un-
dergo a scattering-mediated ER mechanism. These simula-
B tions suggest that both pathways are capable of yieldipng O
with less than 0.5 eV in vibrational energy, i.e., stable
against electron autodetachment.

In summary, angle-, energy-, and mass-resolved detec-
tion of O, emerging from the reaction of Owith SiQ,

=
1 1 I
—&—
—&—
—&—
—&—

O, Mean Translational Energy (eV)
(@)
B
-

0 I I I I I I implicates a direct or scattering-mediated Eley—Rideal
0 10 20 30 40 50 60 70 mechanism. This study represents the first experimental evi-
dence of hyperthermal atomic ions abstracting oxygen atoms
O+ Kinetic Energy (eV) from an oxide surface.

FIG. 3. Mean translational energy of scatteregd @oduct vs O kinetic = 4§6u2%pgg ]Ioorg;h.e Alr F?rtl:le Oﬁlce Olf %Clegtlfll_% Reseha reh
energy. O is incident at 45° on an oxidized @D0) surface. The mean ( -98-1-0020s gratefully acknowledged. The authors
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