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Electron-stimulated oxidation of Al(111) by oxygen at low temperatures:
Mechanism of enhanced oxidation kinetics
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In this paper, the enhancement of th¢JAll) oxidation rate by simultaneous oxygen exposures and electron
irradiation is investigated at 90 K using X-ray photoelectron spectros¢gpys) and work-function(WF)
measurements. Electron-beam energies-6£-100 eV and current densities up to g@/cm? are used. No
effect of electron irradiation is found at the initial stages of oxidation. The eftattanced oxidation ratés
only observed at higher Oexposuregabove 100 I, when clusters of aluminum oxide are formed on the
surface. The existence of a moleculay @ecursor state associated with these clusters is proposed, based on
both the surface temperature and beam-energy dependence of the oxidation rate. In addition, charge trapped on
the oxide grains sets up an electrostatic figlidtected by XPS and WF measuremgrgmulating ion
diffusion and further oxide film growth.
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[. INTRODUCTION coefficient at 300 K for oxygen adsorption X380 35
X 107 2,2x 10 2).12714 Numerous studies have pointed to
Electron-stimulated oxidation may lead to fast and con-the strong nonadiabaticity and steric limitations of the O
trollable growth of insulating oxide films:3 Various aspects adsorption process:*® The presence of a molecular precur-
of the effect of electron irradiation on surface processes, suckor state on the surface prior to, @issociation was previ-
as, electron-stimulated desorptiddjffusion? and dissocia- ously postulated, based on the observed temperature depen-
tive electron attachmeht (DEA) have been already dis- dence of the sticking coefficiefit® It was also shown that
cussed in the literature. There is no accepted generalizeslectron irradiation stimulates the transformation of chemi-
theory of electron-stimulated oxidation, most likely due tosorbed O species on the surface to oxidic speCidsn-
the high specificity of the oxidation process to the systermrhanced Al111) oxidation kinetics were observed for simul-
being studied, demanding, in each case, individual considetaneous exposure to water and electrdd®0 eV, 20
ation. wAlcm?) as detected by X-ray photoelectron spectrostbpy
Electron-stimulated oxidation of various semiconductor(XPS). Linear oxide growth kinetics were observed during
surfaces has been carried 6tt?®P showing the enhance- electron irradiation, in contrast to the parabolic rate law ob-
ment of the otherwise low rate of oxidation by the simulta-served for thermal oxidation. This effect was ascribed to the
neous presence of the electron beam and adsorbed water moduction of the temporary negative ion,®, which de-
oxygen molecules. Electron-stimulated oxidation of Si bycomposes with the formation of an OH radical, a strong oxi-
oxygen was carefully studied, showing a resonance in theizing agent. In addition, the presence of a constant electric
dependence of the oxidation rate on the primary beam erfield across the film during the electron-assisted process was
ergy, which corresponded to the onset of the lowest DEAproposed to explain the linear oxide growth kinefits.
transition® Electron attachment to an adsorbegl @ecursor Numerous studies of the work-function change of the
molecule with the formation of a temporary negative ion andAl(111) surface upon oxygen adsorption have been per-
subsequent dissociation were therefore proposed for thfermed in the past’®~® A decrease in the surface work
mechanism of electron-stimulated oxidatfbn. function upon oxygen exposure was reportezhging from
The use of electron beams to stimulate metal oxidation is-0.15 to —0.4 eV at the maximum work-function change
also an important topic. It has been investigated for a numbeupon oxidation. Relatively small values of the work-
of metals, such as, Cu, Nboth—Q +electrong, Al (H,O  function change(and associated with them surface dipole
+electrons), eté ! Detailed studies of Ni11) oxidation —momenj were observed despite the strong electron transfer
have been performed at various temperatures, suggesting thetween adsorbate and Al atoms, and were associated with
operation of a different mechanism for oxidation with andthe small adsorption distances for the O speti@sDespite
without the electron bear?.In the initial stages of Nil11) inconsistencies in the values, observed by different
oxidation, the presence of the electron beam did not influgroups:”®-® a single model involving oxygen adsorption
ence the oxidation kinetics. Electron irradiation was postu-on top and O incorporation into the Al-metal layer was used
lated to produce defect sites at the later stages of oxidatiorip describe the experimental resuif§. The presence of in-
which enhance the oxidation process. This conclusion wasorporatedsubsurfaceoxygen species, a postulate based on
drawn from the fact that oxygen exposures following elec-the work-function decrease, has dominated thinking about Al
tron irradiation resulted in the production of the same totaloxidation in the last 10—15 y®
oxygen coverage as exposures carried out simultaneously In this study we explore the oxide growth mechanism on
with electron irradiation. Al(11)) in the presence of an electron beam. Coupling our
The Al(111) surface is known to exhibit a low sticking spectroscopic methods with work-function measurements
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allows us to correlate changes in the electrostatic surfaceUptake Curves for O, on Al(111) for Various Electron Energies
potential in the process of oxidation with the electron-

stimulated oxidation rate. We correlate the electron energy  * T o ey
threshold in the oxidation rate with dissociative electron at- . | /(g)‘ ¢ .
tachment to @, leading to enhanced oxidation. = /A/‘ 106V
e 3r A ©, 20ev T
g ~
Il. EXPERIMENTAL METHODS g L A/A ® _100ev i
. : 3 / )
The studies were conducted in a UHV champg—3) o | vev |
% 10~ 10 Torr base pressutequipped with XPS, Auger elec- §,
tron spectroscopy, other standard analytical methods, and g r T
rastering electron gun, setup for sample irradiation and work- [ = 5 uAlom?
function (WF) measurements. Details of the mounting and
cleaning procedures for the @fM1) crystal may be found in O —— o0 1300 2000 2500 3000
Ref. 14b). The surface structure and its cleanliness were
checked with low-energy electron diffraction and XPS prior Exposure (L)

to all experimer_wts. ) L . FIG. 1. Uptake curves for oxygen adsorption both with and
The mechanism of the electron-stimulated oxidation withyihout simultaneous electron irradiation are shova. thermal

oxygen was investigated in the surface temperature range gidation at 300 K(b) with 100 eV electrons at 300 Kg) 20 eV at
90-300 K(measured by a typk-thermocouple Oxygen g K, (d) 40 eV at 90 K,(e) 100 eV at 90 K. An electron current
gas(Matheson Co., 99.999% pyreas dosed into a separate density of 5uA/cm? was used for all the measurements.
reaction chamber, isolated from the rest of the systexpo-
sure up to 3000 L, 1E1x10 ° Torrs through a leak . .
valve by back-filling up to x 10~7 Torr pressure(uncor- m%asurements based on the attenuation of the metallic
rected for the ion gauge sensitivity Al"(2p) XPS peak. o

A rastering electron gun was used as a source of electrons Changes in the secondary electron-emission yield were
(beam diameter-0.5 mm) with the primary energy in the recprded in the process of electron—stlmglated oxidation for
range of 0—200 eV and with current densities of up to 20various electron energies. For this, the primary curtgritn
wAlcm?. At this current density the electron interaction with the emitter circuit and collected current, (in the sample
O, molecules in the gaseous phase is negligible. During adcircuit) were measured for each exposure. The value of the
sorption experiments the focused electron beam is scanne&g@condary electron yieldSEY) was established a¥gg
across the crystal surface. The gun setup involves synchro=(1,—1.)/1, (ratio of the secondary and primary currgnts
nization of the beam rastering with a video monitor, allowing The surface work function was measured by recording
visualization of the treated surface area by imaging the cryst-V curves with the electron gun running in the retarding
tal in the secondary electron-emission mode. A retardingield mode, using the standard method for measuring the sur-
field was applied, allowing us to decrease the electron energiace potential changes during adsorption, typically described
to near~0 eV (without beam defocusingMeasurements in  as the “thermionic-diode” method. The measured val(ers
both the fixed primary currentvariable energyand fixed  ergy position of the midpoint of the-V curve in the oxida-
primary beam-energfvariable primary currejtmodes were  tion procesy were then referenced to the work function of
performed. the clean A{111) (4.2 eV Ref. 20 to obtain the magnitude of

_ Inthe experimental setup described above, the interactiofhe apsolute work function during oxidation. Details of this
time of the electron beam with a particular point at the surprocedure can be found in Ref. 21.

face was only 410 8 s (based on the beam diameter and
rastering frequencigsTo check whether the effects observed
here are related to the fast rastering rate of the electron beam,
the measurements were also performed with the broad-beam
electron gun(100—200 eV with a current density in the The oxygen-uptake curvésxpressed as oxide film thick-
10—80uA/cm? range. In this way, we found that the absenceness for electron-assisted oxidation of @f1) were re-
of the effect of the electron beam on the oxidation kineticscorded for various electron beam energies and sample cur-
during the initial stages cannot be attributed to the short liferents. No effect of electron irradiation on the initial sticking
time of the surface oxygen species. coefficient{exposures below 100 L Ref. @@}] was found for

The oxygen coverage resulting from simultaneous oxygeurface temperatures in the 90-300 K range and up to 500
exposures and electron bombardment was measured usiey beam energy |20 uAlcm?). An enhanced oxidation
XPS. The thickness of the oxide layer was estimated usingate in the presence of electrons was observed at higher O
relative attenuation of the metallic §2p) XPS peak in the exposures. Figure 1 shows representative oxygen-uptake
process of oxide growttf taking into account the electron curves for oxidation without electron®pen symbols and
attenuation length (1670.6 A).*° The measurements of the with electrons for a current density of &A/cm?, and beam
O(1s) intensity were correlated with the oxide thicknessenergies of 0—100 eVsolid symbols.

IIl. RESULTS
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Al(111) Oxidation Rates for Various Electron Beam Energies Temperature Dependence of the Electron - Stimulated
Al(111) Oxidation Rate
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FIG. 2. Dependence of the electron-stimulated oxidation (ette ) )
T=90K) on the beam energy. Inset—low energy regifde-15 FIG. 3. Temperature dependence of the electron-stimulated oxi-

. . . i — — 2
eV). The measurements are taken in the retarding field mode. ~ dation rate £,=100 eV)=5 uA/cn). A temperature threshold
near 220 K is observed.

At 300 K, the use of electrons of various energiep to _ o o _
500 eV) during O, exposure was observed to influence thetially similar behavior is seen for the electron energies shown
uptake rate slightly only above exposures ofL500 L (gradual increase of SEY upon oxidatjprtonsistent with
[curves(a) and (b) in Fig. 1]. The uptake curves for oxida- the gradual transformation of the oxidized layer from a con-
tion at 90 K demonstrating increasing oxidation rate withducting film to an insulating film. o
higher electron beam energy are also shown in Fgutves Two patterns of the Work-functlon behavior in the course
(0), (d), and(e) for 20, 40, and 100 eV, respectivéiyfhese ~Of oxidation were observedFig. 5. The work-function
experiments show a significant effect of electron irradiationvariation is displayed vs oxygen coveragee coverage cali-
on enhancing the oxidation kinetics above ane@posure of ~ Pration was performed using uptake curves from Fig.ld
~100 L. the case of thermal oxidation, the work function decreased

The oxidation rate under electron stimulation was definednonotonically for increasing oxide covera@g. 5, circles.
at 90 K asR=(d/d eXp)yin etectrons(46/d €XPlo etectrons The maximum observed work-function decrease is 0.6 eV. In

trast, for the electron-assisted oxidation, the work-
and calculated at the same total oxygen coveragg ( ONUast el 19 ’
~2 ML) for various beam energies. The rate of electron—funCt'og.deireiggT_m'mum at 0.'9fe|\|/ alﬁd—l(j).75 ML, cor-
assisted oxidation was found to depend linearly on the bearff SPonding to pexposurgis followed by an increase,

current density for electron beam energies in the 10—-200 egeaching a work f!J”Ct.iO” higher than for the clean surface by
range. The energy dependence of the oxidation rate for -4 eV as shown in Fig. tsquare} These measurements are

wAlcm? current density is shown in Fig. 2. Separate experi- Secondary Electron Yield for Various Electron Energies
ments were made to detect the low-energy threshold for the
electron-assisted oxidation under the surface conditionsg

. o . D 14} i
where the electron-stimulated oxidation effect is large. Forg E = 100 eV
this, a thermally grown oxide laygi1200 L O, exposure S 120 i

was further oxidized by oxygen and electrons of variable g
beam energy. The threshold in the oxidation was observe(§ 1.0}

for beam energies near 5 eléorrected for cathode work g __a /L

function) as shown in the inset in Fig. 2. § 0.8} /A—~A—A/‘ -
To determine the effect of surface temperature, the oxidai 4/ - /.\./.\.

tion rate was measured for exposures above 12004 ( & 06f “ /' * -

=1.5ML) at progressively lower temperaturésig. 3). A e S To90K \ 20 eV

temperature threshold for electron-assisted oxidation is ob-§ o4r ¢ - B=20eV)

served near 220 K. The increase in the adsorption rate witr?
decreasing surface temperature indicates the involvementc 92— 500 1000 1500 2000 2500
an O, precursor state on top of the oxide laysee Sec. IV.

We investigated the correlation between the secondary
electron-emission yield of the surface in the process of FiG. 4. Changes of the secondary emission yi@&Y) in the
electron-stimulated oxidation at 90 K for various electronprocess of electron-assisted oxidation at 90 KEge= 20 (circles,
energies. Figure 4 shows measured secondary electron yiedd (triangles, and 100 eV(diamond$. The monotonic increase of
as a function of the oxygen exposure By=20 (circles, 40  SEY observed for different beam energies is consistent with the
(triangles, and 100 eV(diamonds. As may be seen, essen- transformation of the substrate into the insulating oxide film.

Oxygen Exposure (L)
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Work Function Changes upon Oxygen Adsorption at 90 K B. Electron-stimulated oxidation

on Al(111) For O, exposures above-100 L at 90 K, a strong en-

— T T T T hancement of the oxidation rate is observed in the presence
T of the electron beam. Our previous high-resolution electron-

i energy-loss study of AL11) oxidation at 300 K demon-
strated that the distribution of the adsorbing O species be-
tween the chemisorbed and oxidic surface phases is
. influenced by electron irradiatiofi.Unlike unassisted oxida-
tion, where oxide formation was negligible below 306,
in the presence of the electron beam oxidation was observed
at lower GQ exposures due to the electron-stimulated trans-
formation of the chemisorbed O to oxidic specttZhus, for
exposures above 100 L, the presence of oxide grains on the
surface is postulated for the electron-assisted process.

100 eV electrons,
| = 5 uA/em?

50| Without Electrons

Work Function (eV )

L 1. Role of the molecular @ precursor

00 05 1.0 1.5 2.0 25 30 35 in the electron-assisted oxidation
Oxygen Coverage © ( ML)

We have observed a temperature threshold for the
FIG. 5. Work-function changes observed for oxidation at 90 K electron-stimulated oxidation rate at 220 K, suggesting the
are shown as a function of the total oxygen coverage: circles—involvement of the molecular Oprecursor state on the sur-
oxidation by G gas without an electron beam; squares—with 100face (Fig. 3). As the temperature is lowered, the coverage
eV electrons (=5 uA/cm?). Measurements were made using 5 and lifetime of the @ precursor will increase under the
x 107%° A current. The coverage calibration is based on the uptakeéteady-state conditions. The presence of this state on top of
curves from Fig. 1. The reversal in the slope of the work-functionthe oxide layer was previously postulated by ultraviolet pho-
change (with electron beam, squajest 0.75 ML coverage toelectron spectroscopy studiésAn analysis of our oxida-
=100 L) corresponds to the beginning of formation of oxide par-tion rate dat& in the Arrhenius fashion indicated a nonacti-
ticles on the surface. vated process, with a difference of desorption and adsorption
energies E;— E,)~(80+8) meV for the molecular precur-
consistent with the enhancement of oxidation kinetics bysor. This type of analysis of the adsorption data was previ-

electron bombardment. ously used and described in detail in Ref(a4
Additional evidence for the proposed precursor state on
IV. DISCUSSION the surface comes from the proximity of the observed

electron-energy threshol@+1eV, Fig. 2 inset to the
threshold value observed for the onset of the cross section for
No changes in the adsorption kinetics were introduced bylissociative electron attgfhment to the gas-phasemol-
the presence of the electron beam in the initial stages dfcule(~4.4 eV at 300 K" A resonance in the dissociative
oxidation (exposures below 100 LT=90-300 K, electron attachment cross section observed around 6.7 eV was as-
energies up to 500 eV Precursor-mediated Qadsorption, ~ Cfibed to the formation of the single compound Ostate
found earlier on Al111), needs to be considered to explain X “Il,. Decay of the temporary negative-ion states may pro-
this result*@® The lack of a significant influence of the elec- ceed through autoionization, with the formation of excited

tron beam on the oxidation rate at low-®xposures may be t% mo".etCLéleg’ or dtgorq[hsgjislfciﬁtri]on with_gllwe formation of
explained in several ways, e excited O and O states* All of the possible species are

(1) The interaction of the electron beam with the precur—moé%trhe?ﬁgvtee magrgtf;éngfﬁtﬁemeﬂgfu'e§é endence of the
sor O, molecule on the surface is negligible, possibly limited P gy dep

. oxidation rate are only observed fop, ®@xposures above 100
by the ava|lable_ flgx of electron®.2 e/s per surface atom L, suggesting that thgmolecular pr&ecufsor state is correlated
or by the short lifetime of the precursor on the surface at I0W,;ith, the formation of oxide grains. They can stabilize the
OXxygen coverages. _ L precursor state itself or the temporary negative ions, formed
(2) The effect of electron-stimulated dissociation of the 535 5 result of the electron attachment process to thm@-

O, precursor, enhancing the oxidation rate is canceled by thgcyle. The lifetime of these ion states is likely to increase on
electron-stimulated desorption of,@recursor, giving a net  top of the insulating oxide grains, which will prevent loss of
zero (or even slightly negativeeffect. the negative charge.
(3) The interaction of the electron beam with the precur-
sor O, molecule significantly enhances the oxidation kinetics ~ 2- Charge storage on the oxide grains and its influence
only after the oxide clusters have formed on the surfa6® on the oxidation rate
L exposure of Q). During the electron irradiation, in addition to dissociative
Experiments using higher electron current densities delivattachment to the precursor molecuiés discussed aboye
ered from a flood gurfup to 80 uA/cm? corresponding to  electrons can also create an electric charge on the oxide
~0.5 e/s per surface atoyrdid not result in an increase of grains. The presence of an electric field across the oxide in
the observed oxidation rate, suggesting that electron fluthe process of electron-assisted oxidation was indicated by
may not be the limiting factor. the rigid shift of both Al(Z) and O(1s) oxidic peaks to

A. Initial stages of oxidation
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lower binding energy and by changes in the work function 4. Possible role of the secondary electrons
(see the following sectignin the oxidation process. XPS in the electronic excitation process
core level Al(2p) and O(1s) oxidic peaks shift rigidiy(up to A comparison of Fig. 4 to Fig. 1 demonstrates the absence

1 eV) in the direction opposite to the one observed during th
thermal oxidation of AE*® Both techniques suggest nega-
tive charging of the growing oxide layer.

%f a correlation between the oxidation rate and the secondary
electron-emission coefficient in the course of the oxide layer

! ; _ . growth. The changes in the secondary electron-emission co-
Possible mechanisms of the effect of the electrostatic fieldicient are consistent with the transformation of the sub-

across the growing oxide film involve partial electron trans-gi ate from conductive to insulating materidiigher value

fer at earlier stages of the molecule’s approach to the chargegd; 5 thicker oxide layerfor all investigated electron beam
surface(i.e., at higher molecule-surface distancasd sub- energies.

sequent participation of the oxide clusters in the dissociation Figure 2 (insed shows an electron-energy threshold for

of the adsorbed molecules. The role of charge storage on thgactron-stimulated oxidation phenomena atBeV. In the
oxide clusters on the kinetics of oxidation will be investi- range of 5—15 eV, a monotonic increase in the oxidation rate
gated in the futuré® occurs. For the various electron attachment processes to the
A number of stable shallow potential We”20 states was 02 molecule, a resonance at low electron ener@‘\%i,th a
proposed to exist at the high internuclear O-O separdfion, falloff of excitation rate above the resonance energy is ob-
which may result from the electron transfer from the chargederved. In contrast, we observed a monotonic dependence on
oxide grains to the antibonding,@nolecular orbitals, lead- the electron energgFigure 2, inset This behavior may be a
ing to the weakening of the O-O bond. For example, theconsequence of the production of the secondary electrons
compound @~ state ¥ 2Hg) formed by electron attachment exhibiting a broad energy spectrum and obscuring or even
at low energies£,=0-1eV) ©=0-3) is reported to lie eliminating the observation of a peak resonance electron en-
below the ground state of fOon the potential-energy €rgy.
diagram?® This result supports the model proposed here with
electron transfer occuring from the charged oxide grains to _ i
the precursor @molecule on the surface. C. Work-function changes upon G, adsorption
We observe that for the unassistedll) oxidation at 90
K the work function decreases linearly by 0.22 eV for a
surface O coverage of 1 MIFig. 5, circle$. In contrast,
The presence of stable charge on the surface of oxid@hen oxidation was carried out in the presence of the elec-
particles results in the formation of an electric field acrossron beam(100 eV, 5uA), the initial decrease of the work
the particle. This field is postulated to play an important rolefunction was followed(after exposure of 100 )Lby anin-
in the process of the metal oxidation, according to thecreaseof 0.4 eV above the value for the clean surface.
Cabrera-Mott theor§®® Electron tunneling from the metal For adsorption of the electronegative oxygen species on
into the broadened and lowered affinity levels of the adsorAl, the decreasing work function was previously interpreted
bate creates an excess negative charge on the outer partasf being due to the production of a subsurface O spétlas.
the growing oxide filnf*® In the coupled current modifica-
tion Of_ this theorf,qb) the bal_am_:e of _eleCtromcel_ECtrons Charging of the Oxide Clusters During Electron-Stimulated
tunneling from the metaland ionic(cation and anioncur- Al(111) Oxidation with Oxygen - Work Function Changes
rent creates an electrostatic potential across the oxide filn
The field stimulates ion diffusion—the rate-limiting step of
the thermal oxide-growth process. The oxide growth stops &
the limiting oxide film thickness, when the value of the field
in each of the unit cells is lower than the corresponding
barrier for ion diffusior?®®? In the case of electron-
stimulated oxidation, the presence of the electrostatic poter(®
tial [up to the breakdown voltage of bulk alumipg3—13)
X 10° V/ecm] Ref. 27], constantly replenished by the electron
beam, removes this limitation and results in the oxidation
kinetics with no saturation of the oxide-growth réig to o e.i:f:’@;e ?

exposures of 2000—3000 L in this stydyBoth cations and (é/’ Q,Di ‘)
) : B

3. Enhanced oxidation rate in the presence of the electric field

Surface Dipole Correspondent Work
Orientation Function Change

I

Chemisorbed
0O, islands

anions are participating in the mass transport in the proces

of Al oxide growth, since mobilities of oxygen and alumi-

num ions are roughly comparabf®® Similar results were FIG. 6. Schematic diagram illustrating the changes in the sur-
obtained for electron-stimulated @AML1) oxidation with  face work function with the dipole orientatiorfa) only chemi-
H,O. This conclusion correlates with the dependence oforbed oxygen is present, giving a positive outward dipole orienta-
the oxidation rate on the electron current density, wherdion and a decrease of the work functigh) lower panel - charging
higher current density produces a larger electrostatic fiel@f the oxide grains reverses the dipole orientation, causing an in-
across the growing layer, inducing a higher oxidation rate. crease of the work function.
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contrast, scanning-tunnel-microscof®TM) studies? indi- V. CONCLUSIONS
cate that subsurface oxygen does not exist during adsorption
of O, on Al(11D at 300 K. The sign of the work-function using oxygen gas was investigated at 90 K for electron en-

change upon adsorptidwithout the electron beanis rather ergies of~0—100 eV and current densities up to B8/cm?.
caused by charge redistribution between the surface atomg,q following conclusions were made.

and adsorbate and depends on the type of bonding formed (1) The enhancement of the electron-stimulated oxidation

The rate of the electron-stimulated oxidation of( 1)

(chemisorbed or oxidjc _ rate of A111) by O, results from a combination of two
The initial decrease of the work functidobserved both ifferent effects.
for oxidation with and without simultaneous electron irradia- (a) The formation of a temporary negative, Oion by

tion) is associated with the polarization of the absorbed spean electron attachment to the molecular oxygen precursor,
cies, creating a net positive outward dipole. Once formeddissociating into the reactive O species and leading to en-
oxide grains(above~100 L exposure may be negatively hanced oxidation kinetics.

charged by the electron beam. This reverses the overall di-  (b) The charging of the outer surface of the oxide grains
pole orientationFig. 6, lower pang| causing an increase of producing on electric field across the grains, promoting the
the work function[linearly with the surface coverag&ig. ionic and electronic transport in the process of oxide film
5)]. The appearance of the oxide grairs100 L O, expo-  growth and leading to increased oxidation rate.

sure and the development of the negative electrostatic po- (2) An energy threshold to the dissociative electron at-
tential on the surface correlates with the increase in théachment to the precursor,@nolecule is observed around 5
electron-assisted oxidation rate. The electrostatic potenti@V; consistent with electron attachment 9.0

further promotes additional oxidation by stimulating ion dif-  (3) The O, precursor electron-assisted dissociation, pro-
fusion, as postulated in the Cabrera-Mott theory of metafUcing an enhanced oxidation rate, is observed only in the
oxidation2® The electric field is kept constant by the supply Presence of the oxide grains on the surface.

of electrons. Thus the fllm th|ckness increases monqtonlt_:ally ACKNOWLEDGMENT

when the electrons are incident on the growing oxide film,

whereas in unassisted oxidation, saturation occurs, causing We thank the Air Force Office of Scientific Research for
ion diffusion to stop. support for this work.
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