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Molecular-beam techniques have been used to probe the sticking dynamics of molecular oxygen
on Si(100) surfaces. The initial sticking probability S, is measured with Auger-electron spectrosco-
py as a function of surface temperature T for various incident energies E;. At E;=0.09 eV, where
the trapping-desorption process is dominant, S, decreases with increasing T,. This fact indicates
that sticking is predominantly a physisorption-mediated process. On the other hand, at E;=0.9 eV,
Sy increases with increasing T;. Since the direct inelastic-scattering process is dominant at this en-
ergy, this fact suggests that sticking occurs via direct access to molecular chemisorption which will
successively go on to dissociative adsorption. Finally, we discuss a mechanism of sticking in terms

of an electron transfer from Si to the incident O,.

I. INTRODUCTION

Dissociative adsorption of molecular oxygen O, on Si
surfaces, so-called sticking, is now of considerable in-
terest and importance in understanding the early stages
of Si oxidation. In the last decade, the process of dissoci-
ative adsorption of O, on Si has been studied by static
methods' 7 at low surface temperatures 7,, while
dynamical processes of sticking have been less stud-
ied.* 719 Schell-Sorokin and Demuth' proposed that dis-
sociative adsorption proceeds via a physisorbed molecu-
lar state, because in the electron-energy-loss-spectroscopy
(EELS) measurement on Si(111) surface at 20 K, phy-
sisorbed O, was observed simultaneously with dissociated
oxygen atoms. The physisorbed state disappeared at 65
K. The buildup of the dissociative adsorptions even at 20
K seems to indicate that the potential barrier of the pre-
cursor for dissociation is very small. On the other hand,
chemisorbed O, has been proposed as precursor to disso-
ciation above 100 K by several other groups.>”*7 Ibach,
Bruchmann, and Wagner? first observed chemisorbed O,
on Si(111) and Si(100) surfaces at T, =100 and 300 K by
EELS measurements. They interpreted it as the peroxy
radical theoretically proposed by Goddard et al.!!
Edamoto et al.? also recognized very small amounts of
the same band at 300 K on Si(111), and postulated ap-
proximately one electron-transferred state, or mono-
valent anion for chemisorbed O,. Umbach and his colla-
borators* observed slowly decaying molecular species on
Si(111) at 150 and 300 K in the O(1ls) x-ray photoemis-
sion spectra. As a metastable precursor to stable dissoci-
ated adsorption, a perioxide bridge configuration was
considered. Silvestre and Shayegan’ estimated 40+15
meV activation energy for the conversion from such pre-
cursor to dissociation on Si(111) in their work-function
measurement.

Quite few dynamical approaches to the understanding
of dissociative absorption of O, on Si(100) have been
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made with a molecular-beam technique.®”!° Yu and El-
dridge® measured kinetic processes of the reaction of O,
followed by vaporization of SiO at high T, above 800°C
using short pulses (17 us) of O, beams. They found that
the O, reaction (dissociative adsorption) probabilities
with Si(100) at T, =950°C increased from 0.01 to 0.4
when the normal energies, E,, of the total incident ener-
gies E; (with E, =E;cos’0;) were increased from 0.01 to
1.0 eV. On the other hand, D’Evelyn, Nelson, and Engel’
measured initial sticking probability S, of Si(100) as a
function of T for various E; ranging from 0.1 to 0.6 eV
at an incident angle 6, =75° (thence E, <0.04 eV). They
found two different channels to dissociative adsorption
characterized by T, rather than by E; or E,: For
T, <500-600 K, S, decreased with increasing T,
whereas for T, > 600 K, S, increased with increasing T.
They postulated that at low T, the dissociative adsorp-
tion is mediated by the physisorption of O,, while at high
T, a direct dissociative adsorption proceeds without pass-
ing through any precursor state. However, because of
the limited time resolution in their detection systems, nei-
ther the O, desorption from the physisorption wells nor
the direct inelastic scattering were directly detected. The
chemisorbed O,, which has been studied with static
methods mentioned above, was not involved as possible
precursors to dissociation because it was thought that
electron spectroscopic evidence for such chemisorbed
molecular species was less convincing on Si(100).

Two scattering processes, trapping desorption and
direct inelastic scattering, have been well established in
beam experiments!? for various combinations of incident
atoms or molecules and surfaces. Trapping desorption
takes place at lower E;, while direct inelastic scattering
predominantly occurs at higher E;. Simultaneous mea-
surements of scattering and sticking are expected to re-
veal the expected two channels to dissociative adsorption
of O, on Si: the physisorption-mediated channel and the
direct channel. In this work S is measured as a function
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of T, for various E;, and trapping probabilities are mea-
sured simultaneously. The trapping desorption predom-
inantly occurs at E;=0.09 eV, where S, is found to de-
crease with increasing T,, whereas the direct inelastic
scattering predominantly occurs at E; =0.9 eV, where S,
is found to increase with increasing T,. Thus sticking at
high E; proceeds via another channel without physisorp-
tion. Finally, we discuss the mechanism of dissociative
adsorption in terms of electron transfer from Si to the in-
cident O,, namely an intermediate negative-ion state, for
both channels.

II. EXPERIMENT

E; of the O, beam was varied from 0.09 to 0.9 eV by
seeding O, into He at a 1:10 ratio through a heatable
quartz nozzle with a diameter of 0.05 mm. The O, beams
were skimmed, chopped, and directed into the main
chamber. The O, beams at the sample position had a di-
ameter of 1.7 mm and the pulse width was 15 us. The
base pressure of the main chamber was (6-8)X107!!
Torr and it increased to 3X 107 !° Torr when the beam
was introduced. The chamber is equipped with two
quadrupole mass spectrometers (QMS, ,); the QMS, is
used for monitoring incident beams and also the partial
pressures of O, in order to obtain a relative flux of the
beam, and the QMS, is utilized for detecting scattered
O,. The flight distance between the sample and an ioniz-
ing volume of the QMS, is 95 mm.

The oxygen coverage O after O, beam irradiation was
measured by Auger-electron spectroscopy at the center of
the beam spot on Si surfaces. For the thin oxide layer
below 1 monolayer (ML; 1 ML=6.78 X 10'* cm~2) cov-
erage, oxygen coverage is proportional to the Auger in-
tensity ratio of J(O(KLL))/I(Si(LVV)). 1 ML oxygen
coverage was determined referencing an I(O(KLL))/
I(Si(LVV)) intensity ratio measured at 20 L (1 L=1
X107 Torrs) background O, exposures through a vari-
able leak valve, where the rapid oxygen uptake becomes
dull at 1 ML coverage.? This was based on the experi-
mental fact that the oxygen uptake curve plotted as
I(O(KLL))/I(Si(LVV)) intensity ratios with back-
ground O, gas was quite similar to the
I(O(KLL))/I(Si(LVV)) intensity ratios obtained by
Ibach et al.?

Time-of-flight (TOF) distributions and angular distri-
butions of scattered O, from Si(100) surfaces were mea-
sured by the QMS,. The angular distributions were ob-
tained by rotating the sample around a rotational axis
with fixed angles of 60° between the incident beam and
the QMS,. Rotating the sample instead of rotating QMS,
may result in inevitable changes of angular resolutions
and also in changes of E, from point to point in angular
scans. Since the flight distance is larger than the 1.7 mm
beam diameter at the surface for 6; =0° incidence, the an-
gular resolutions are approximately fixed over the angles
from ;= —15°-60°. If the scattering of O, is dominated
by the trapping-desorption process, the TOF distribution
will be generally fitted to a single Maxwell-Boltzmann
distribution whose temperature is approximately equal to
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T,, and the angular distribution will obey a cosine distri-
bution. Therefore, a deviation from the cosine distribu-
tion may be due to the direct inelastic-scattering pro-
cess.!? Because of certain ambiguities inherent to the
sample rotation for the angular scans, we will have to be
satisfied with deduction of qualitative trapping probabili-
ties from the angular distributions.

The samples used in the present experiment were
Si(100) wafers (p type, 10 Qcm) with 15 mmX17 mm
rectangles. The Si(100) surfaces were pretreated by
chemical etching in hydrogen fluoride solutions and were
subsequently oxidized in HCI-H,0, solutions to protect
the surfaces against carbon contamination. The sample
was flashed to 1100 K in the UHV chamber to remove
the oxide layer. Ar™ sputtering (incident angle 6; of 70°
from the surface normal, 2 pA, 4 kV) followed by anneal-
ing at 1100 K were generally sufficient to produce clean
surfaces with a C((KLL)) to Si((LV¥V)) ratio of less than
0.01. The samples were always flashed out to ensure a
clean surface prior to each observation. T, was con-
trolled by direct Ohmic heating through the samples and
monitored by a Chromel-Alumel thermocouple and also
by an infrared pyrometer. Other experimental details
have been reported elsewhere.!®

III. RESULTS AND DISCUSSION

Sticking kinetics of O, on the Si(100) surface are deter-
mined from the oxygen coverage versus O, irradiation
curves, which were measured systematically as a function
of T, over the range from 300 to 900 K and as a function
of E; ranging from 0.09 to 0.9 eV. Examples of such
curves at 7, =300 K are shown in Fig. 1. It is apparent
that the sticking probabilities S (S =d©/2Xflux Xdt)
decreased with increasing ©. The initial sticking proba-
bility S, (corresponding to dissociative adsorption on the
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FIG. 1. Ratios of I(O(KLL)) to I(Si(LV¥)) vs O, beam ex-
posure (2@ T') curves, where ® is the incident-beam flux and T
is the accumulated exposure time. 1 monolayer oxygen cover-
age was determined referencing the I(O(KLL))/I(Si(LVV)) in-
tensity ratio at 20 L background O, exposures.
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clean surface above 300 K), was determined from the ini-
tial slope of the oxygen coverage versus O, beam expo-
sure curves. Because of the lack of the absolute beam
flux, S, cannot be determined absolutely, and relative
values are obtained. Rather scattered S, values have
been reported ranging from 2X 10" % to 0.2 at 7, =300 K
in static measurements,'* while S, =0.01 was reported in
beam measurements at 7, =300 K.’

The T, dependence of S, for E;=0.09, 0.3, and 0.9 eV
shows quite an interesting feature as demonstrated in Fig.
2. For E;=0.09 eV, S, decreased with increasing T, for
the entire range from T, =300 to 900 K. For E;=0.3 eV,
S, are found to be approximately constant or slightly in-
creased. On the other hand, for E;=0.9 eV, S, increased
quite sharply with increasing 7,. An apparent decrease
in S, was obtained above 800 K, which was due to SiO
desorption.® "1 At E;=0.9 eV and 6,=71°, S, was
found to be smaller than S, at 6; =0°, suggesting that S,
cannot be simply scaled by either E; or E,. The overall
trend of S, observed in Fig. 2, seems to be somewhat
different from the original plots of S versus T, curves by
D’Evelyn, Nelson, and Engel.” They observed a
minimum S, around 7, =500-600 K for the tested ener-
gy range E; from 0.08 to 0.6 eV. Our curves for E; =0.09
and 0.3 eV in Fig. 2 appear to be similar to the curves ob-
tained by Engstrom and Engel'® after replotting their
original data. These different 7, dependences of S
curves seem to indicate that different mechanisms are
operative depending on E; for dissociative adsorption be-
tween 0.09 and 0.9 eV. Here we consider that sticking at
E;=0.09 eV proceeds via physisorption followed by sub-
sequent chemisorption of O, at any T, whereas sticking
for E;=0.9 eV proceeds via direct access to chemisorbed
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FIG. 2. Initial sticking probability S, vs surface temperature
T, for the three different beam energies. The solid lines are ob-
tained by a least-squares fit to Eq. (2).
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O,. Hereafter, the former sticking 1is called
physisorption-chemisorption-mediated sticking, or PC
sticking, and the latter is called direct chemisorption-
mediated sticking, or DC sticking. For E;=0.3 eV, the
behavior of S, is a mixed process of both PC and DC
stickings. These two T, dependent channels of sticking
are directly confirmed by measurements of the scattering
process as follows.

The angle-resolved TOF spectra of scattered O, were
measured over a wide range of conditions of T, and E;.
Figure 3 shows one example of TOF spectra obtained at
T,=300 K, 6,=30° and 6,=30°. The upper spectrum
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FIG. 3. Time-of-flight distributions for scattered O, from
Si(100) at 7,=300 K. (a) Time profiles of the incident beams;
(b) time-of-flight distributions of scattered O,. The short-
dashed curves display a Maxwell-Boltzmann distribution
characterized with T, for the trapping-desorption component.
The TOF curve, which obeys the Maxwell distribution, can be
given by L, (t)= A, /t*exp[ —(m /2kT,)(L /t)*], where L is a
flight distance. The long-dashed curves display a shifted
Maxwell-Boltzmann distribution for the direct inelastic-
scattering component, which is given by I;(t)=A,/
texp[ —(m /2kT,;) (L /t—v,)*]. The curve for E;=0.3 eV in
Fig. 3 shows the best-fit curve for I(¢)=1,,(¢)+1,(t) for the pa-
rameters, T,=331 K, L =0.095m, vy=648m /s, A, =0.43,
and A, =0.97. Here, each curve has been convoluted with the
incident-beam profile.
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FIG. 4. Angular distributions for scattered O, from Si(100) at
T,=1000 K. Each point is an accumulated intensity of the
TOF distribution of scattered O,, and its intensity is normalized
to the cosine component for each E;. The cosine part for each
E; has been referenced with the ratio of the direct inelastic com-
ponent to the trapping-desorption component in the respective
TOF spectrum obtained at 6; =0°.

was obtained for E;=0.09 eV, and the lower one for
E;=0.3 eV. The solid curves (a) show time profiles of
the incident beams at the sample. The short-dashed
curves display a Maxwell-Boltzmann distribution charac-
terized by a T, for trapping desorption. The long-dashed
curves indicate a shifted Maxwell-Boltzmann distribution
for direct inelastic scattering. For E;=0.09 eV, it is clear
that TOF distribution of scattered O, comprises only one
component, which can be fitted with the Maxwell-
Boltzmann distribution characterized by T,. Therefore,
the scattering of O, is dominated by the trapping-
desorption process at E;=0.09 eV. On the other hand,
at E; 0.3 eV, TOF spectra of the scattered O, are clear-
ly bimodal, suggesting that both trapping-desorption and
direct inelastic-scattering processes take place.

Figure 4 shows the angular distributions of O, scatter-
ing at T, =1000 K. For E;=0.09 eV, the angular distri-
bution is almost cosine at T, =300-1000 K, while for
E;20.3 eV, the distributions show a clear deviation from
a cosine distribution to a lobular pattern in the specular
direction. This result confirms again that the O, scatter-
ing is dominated by the trapping-desorption process at
E;=0.09 eV. On the other hand, the lobular pattern to-
wards specular angles indicates that the direct inelastic-
scattering process is involved in the O, scattering for
E;20.3 eV. The deviation from the cosine increases with
increasing E;. This means that direct inelastic scattering
becomes dominant for larger E;. For a tentative evalua-
tion of trapping probability from Fig. 4, we changed the
scattered intensities to the flux values, because the values
in Fig. 4 were measured as a density rather than a flux,
and we assumed that the flux of the direct inelastic com-
ponent of the out-of-plane scattering is half the intensities
of the in-plane scattering, following Kuipers et al.'’
Here, the cosf curve is normalized by the ratio of the
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trapping-desorption component to the direct inelastic-
scattering component in the TOF spectra at 8, =0°. Asa
result, Py, at T,=1000 K were estimated to be 0.98
(0.97), 0.71 (0.71), and 0.11 (0.02) at E;=0.09, 0.3, and
0.9 eV, respectively, where the values in parentheses are
Pi,p at 300 K. The values estimated in this way should
be considered to be showing only a qualitative measure
for the trapping probability because of inevitable error in
the polar plots of the scattered yield arising from sample
rotation instead of the detector. Qualitatively speaking,
for E;=0.09 eV, the trapping probability is very large,
while for E;=0.9 eV, it is extremely small. For E;=0.3
eV, the trapping probability seems to be somewhat small
compared with E;=0.09 eV. The temperature effect of
the trapping probability is small. These features are well
compatible with the TOF spectra obtained for the corre-
sponding E;.

Therefore, from the results of TOF and angular distri-
butions, we conclude that the scattering of O, at E;=0.9
eV is dominated by direct inelastic scattering, whereas at
E;=0.09 eV, trapping desorption dominates. Then, it is
quite clear that sticking at E;=0.09 keV, where S, is
characterized as a decreasing function with increasing T
as shown in Fig. 2, occurs via physisorption. On the oth-
er hand, sticking at E;=0.9 eV, where S, is character-
ized by an increasing function with increasing T, occurs
rather directly, i.e., sticking proceeds in a single collision
process with the surface, competing with both the direct
inelastic scattering and the trapping into the physisorp-
tion well.

For a mechanism of O, sticking on Si, we invoke a
short-lived O, state as an intermediate precursor just
before completing the dissociation of O,. This is based
on static investigations of chemisorbed molecular oxy-
gen,” * as reviewed in the Introduction, e.g., a peroxy
radical or a peroxide bridge which was assigned to be ap-
proximately one electron-transferred state.®> For such
O, intermediates, we have to note that alkali-metal
atoms on Si can enhance sticking probability very
dramatically’®"!® by a factor of 10*-10°. For this
enhancement in S, O, formation was suggested to play a
key role.'® The lowering of surface work functions due to
metal-atom depositions may make the electron transfer
from the surface to the incident O, easier, as compared
when the surface is clean. Quite recently, O, was
directly detected in the grazing incident 02+ ion beam
scattering from Si(100).2° This fact strongly suggests that
O, is a possible precursor for dissociation. In addition
to these facts on Si surfaces, such a negative-ion state has
recently been invoked in studies on metal surfaces to ex-
plain the dissociative adsorption of O, on Pt (Ref. 21) and
Ag (Ref. 22), O, evolution in O, scattering from Ag,?
and the vibrational excitations of scattered NO from
Ag.?* Holloway and Gadzuk?® theoretically gave a gen-
eral basis of the role of intermediate negative-ion states as
channels for both dissociative adsorption and vibrational
excitations of scattered molecules using the trajectory
theory for the relevant potential-energy surfaces.

A kinetic scheme of dissociative adsorption of O, on
Si(100) may thus be described as follows:
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where O,(g) , O,(a), and Si-O~ refer to the gas phase O,,
physisorbed O,, and dissociatively chemisorbed species,
respectively. The DC sticking follows the channel,
0,(g)—0, (a)—>Si-O~, assuming the rapid conversion
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of O, (a) to Si-O™ at T, R 300 K and at clean surfaces,
and PC sticking follows the channel, O,(g)—0,(a)
—0, (a)—Si-0 ; S, is the DC sticking probability, k,
the rate of desorption, and k, the rate of dissociative ad-
sorption from relaxed O,(a). Once the resonantly
prepared O, state has been relaxed to O, (a) at the sur-
face, the reverse transitions from O, (a) to O,(a) or to
0O,(g) may be small due to the large activation energy,
while dissociation of O, (a) to Si-O™ may be fast, taking
into account dissociative adsorption even at 20 K.! As-
suming Arrhenius forms for the relevant rate constants
and also for S;, So( T, E;,0;) can be given by

So(T,,E;,0,)=SNE,,0;)exp[ —E 4,(E,;,0;) /KT, 1+ P, (E;,6,) {1+ v, /v,exp[ —(E,—E,)/kT,1} 7', (2)

where E  (E;,0;), E;, and E, are activation energies for
DC sticking the desorption, and the adsorption, respec-
tively. The physisorption-mediated sticking has been
well discussed in the context of the kinetic model, Eq. (2),
by several groups,"®° who concluded that E,>E, if
P, is insensitive to T,. But D’Evelyn et al.’ did not
agree with this assumption and disputed that such a de-
crease in S, with increasing T, should be ascribed to
Py, However, P, were found to be rather insensitive
to T, above 300 K as mentioned above. Therefore, we
still prefer the conventional kinetic process that the T,
dependence of sticking, which proceeds via physisorp-
tion, is mainly determined in the competitive process be-
tween sticking and desorption. The S, curve for
E;=0.09 eV in Fig. 2 can be best fitted to Eq. (2) for
E;—E,=21 meV and v, /v, =225, assuming S;=0.01
and SJ=0 (the solid line at E;=0.09 eV in Fig. 2). Previ-
ously,’? we also obtained similar results for E,—E, and
v4/v, in the measurement of the O, desorption from the
physisorption well, which can be considered as a com-
petitive process to sticking.

The DC sticking at E; =0.9 and 0.3 eV is promoted by
a charge transfer from Si surfaces to the incident O, to
form O,”. From the S, versus 7, curves in Fig. 2, we
can estimate E g, and SJ, which characterize this electron
transfer in a collision of O, with Si surfaces. Using al-
ready evaluated values for E;-E, and v, /v,, and scaling
So with a value of 0.01 at 300 (Ref. 9) and E;=0.09 eV,
Eg4. and S at E;=0.9 and 0.3 eV were estimated by
means of a least-squares fit of the data in Fig. 2 to Eq. (2).
The results are summarized in Table I. In order to facili-
tate the direct comparison of S; between E; =0.9 and 0.3
eV, the experimental values of S,; at 300 K are also tabu-

TABLE 1. Best-fitted parameters S and E;, at E,=0.9 and
0.3 eV, and experimentally determined S, at 300 K. For these
parameters there exists a relation, S; =SJexp(— Eg;, /kT,).

E, (eV) S9 Eg. (meV) S,
0.9 0.028 23 0.0120
0.3 0.015 45 0.0026

[

lated. The solid lines for E;=0.9 and 0.3 eV in Fig. 2 are
the best fitted ones with the parameters given in Table I.
S, at E;=0.9 eV is larger than that at E;=0.3 eV by
about a factor of 5. This increase in S; with increasing
E; is found to be due to both terms of exp(—E;, /kT)
and SJ. A Fermi distribution function instead of the
Boltzmann distribution function for S; gave almost the
same values for E;, to those in Table L.

The electron-transfer process from surfaces to incident
O, may be adequately described with two-dimensional
(Z,R) (Z, the position of O, with respect to the surface;
and R, the internuclear distance between two oxygen
atoms in O,) potential-energy surfaces (PES), implicitly
involving the orientation of O, and phonon coordinates.
The importance of the implicit coordinates were particu-
larly discussed by Luntz et al.?' for O, sticking on
Pt(111), where a temporary negative-ion state was also in-
voked for direct or quasidirect sticking. In order to un-
derstand the physical origin of Eg, schematic one-
dimensional representation of the diabatic PES as a func-
tion of R are shown in Fig. 5. Measurable electron
transfer is anticipated when the O, potential curve
crosses O,+e ™ potential curves at the region of zero-
point vibrational level. If the O,+e ™ curve (curve 1) for
the transferring electron at Fermi level is not the case of
such curve crossing at the zero-point level, the O,+e "~
curve needs to be lifted to the upper energy region by
AE, , to get crossing at the zero-point energy level (curve
2 or 3). AE,, are uniquely determined, once the relevant
potential-energy curves are fixed. The most favorable
curve crossing will occur at the bottom of the O,+e ™
curve for the highest probability amplitude of R for ei-
ther the case of adiabatic®® or diabatic transition.?>?’
The upward lifting of O,+e~ may be performed by
thermal activation of the transferring electron into the
vacant surface states above the Fermi level. This poten-
tial crossing will vary with Z for different O, trajectories
depending on E;. When the incident O, has the larger
E,, it will approach the surface and then find the better
configuration in PES for electron transfer to occur with
much higher probability.”> Then, AE, or AE, is depen-
dent on E;, and AE, < AE, is anticipated. The electron-
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FIG. 5. Schematic one-dimensional representation of the dia-
batic PES for describing the electron transfer from the Si sur-
face to the incident O,. The diabatic PES is composed of three
diabatic surfaces (from left to right) O,+e~, O,7, and Si-O~
(see text).

transfer probability can thus be proportional to the elec-
tron populations at the energy level of AE, , above Ej
where two curves cross at the bottom of the O,+e~
curve. Considering the continuous distribution of the
surface density of states,”® D (E), the electron population
at E=Ep+AE,, may be approximated in the form
D(Er+AE, ,)exp(—AE, , /kT;) if E 4, is comparable to
kT;. Now, the physical origin of Ey becomes clear,
namely, E 4, is AE| , itself.

The essential point in the present argument is, there-
fore, very similar to the argument in the vibrational exci-
tation of NO on Ag(111).?* In the latter case, Rettner
et al.* observed an activation energy of 0.23 eV, which
is the vibrational energy of NO. This fact was considered
as evidence for electron-transfer-induced vibrational exci-
tation in the NO scattering at the surface. The activation
energy E;, for O, sticking at the Si surface is smaller by
an order of magnitude than that for the vibrational exci-
tation of NO. Such smaller E 4, predicts that the present
electron transfer to O, from Si would be relevant to
direct inelastic scattering from the O, potential with no
vibrational excitations of O,, if it could be detected.

Rettner and Stein?® observed a dramatic increase in S,
with increasing E; for dissociative adsorption of N, on
Fe(111). It was found that S, also increased with de-
creasing T;; a phenomenological activation energy of
E*=—23 meV was obtained at E;=1.05 eV. This ap-
parent negative activation energy was considered to ex-
hibit a precursor to dissociation. The precursor model
was reconciled with the observed activation of S, with E;
by invoking direct access to the intermediate state over-
coming the distributed potential barriers. This scheme
may invoke a rapid relaxation of the intermediate to its
ground state. Our DC sticking scheme of O, on Si for
high E;, therefore, resembles Rettner and Stein’s?
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scheme for N, sticking on Fe(111), because we also in-
voke the direct access to the intermediate O, state fol-
lowed by rapid relaxation to O, (a) as mentioned above.
However, there is a clear difference in phenomenological
activation energies between O,/Si and N,/Fe: The ac-
tivation energy for dissociation of N, on Fe is apparently
negative, while it is positive for O,/Si. The phenomeno-
logical activation energy for sticking via direct access to
molecularly chemisorbed intermediate state should be
considered by dividing the process into two successive
stages, the access to the intermediate state and the subse-
quent dissociation. Resonant dissociation in the latter
process®® might be possible, only when the process could
be truly called “direct” sticking. Perhaps sticking of O,
on Pt(111) (Reg. 21) and on W(110) (Ref. 31) may be the
case. Once in a resonantly prepared O,  on Si, a rapid
relaxation into O, (a) will lead to a finite lifetime, which
may be determined by nuclear tunneling to dissociation
even at such low T, as 20 K,! while it may be limited by
thermal activation to dissociation above 300 K. But if
the surface is already oxidized to some extent, this barrier
becomes so high that neither tunneling nor thermal ac-
tivation occurs, and then some O, (a), whose formation
may be also limited due to the reduced electron popula-
tions for the depletion of surface states by oxygen cover-
age, may be observable even at 300 K. In any case, since
0, (a) eventually changes to Si-O~ definitely at high T
and clean surface, the positive activation energy for stick-
ing of O, on Si may mainly reflect the electron-transfer
process.

In order to distinguish between the dissociation pro-
cess and the temporary negative-ion state, the E; depen-
dence of both saturation coverage and yield of O, (a) at
low T;, and a dependence of those on surface states, i.e.,
whether p or n type, should be further investigated.

IV. SUMMARY

We have studied the dynamics of sticking and scatter-
ing of O, on Si(100) by using molecular-beam techniques.
For E;=0.09 eV, the scattering process is dominated by
the trapping desorption. While for E;=0.9 eV, it is dom-
inated by direct inelastic scattering. The sticking or dis-
sociative adsorption of O, showed quite different T
dependences in low and high E; corresponding to scatter-
ing measurements. For low E;, a decrease in S, with in-
creasing T is observed, while for high E;, an increase in
S, with increasing T, is observed. The sticking process
at low E; was proposed to occur via physisorption fol-
lowed by chemisorbed intermediate state of O, (a) from
which sticking takes place. On the other hand, the stick-
ing process at high E; was discussed to occur via direct
or resonant access to the O, state.
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