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Electron-impact-induced oxidation of Al„111… in water vapor:
Relation to the Cabrera-Mott mechanism

H. D. Ebinger and J. T. Yates, Jr.
Department of Chemistry, Surface Science Center, University of Pittsburgh, Pittsburgh, Pennsylvania 15260

~Received 13 May 1997!

The oxidation of an Al~111! single-crystal surface induced by 100 eV electron bombardment in water vapor
at room temperature has been studied using x-ray photoemission spectroscopy and electron-energy-loss spec-
troscopy. Electron bombardment significantly increases the growth rate and changes the observed growth-rate
law in comparison to the oxidation without the electron beam. The aluminum oxide film grows with linear
rather than parabolic time-dependent kinetics up to a thickness of about 25 Å. After reaching this thickness, the
growth rate slows down significantly. During oxidation the oxide film becomes electrically charged on its
surface and the normal electric field in the oxide remains constant. The results are discussed in the framework
of a Cabrera–Mott type oxidation mechanism.@S0163-1829~98!01303-4#
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I. INTRODUCTION

The substrate temperature is of major importance for s
face oxidation since dissociation of the oxidizing agent, s
face diffusion, and ion migration are thermally activated p
cesses. Therefore, the growth rate and the thickness o
oxide film increase with increasing temperature, while
number of defects shows the inverse behavior. This princ
holds for the oxidation of both semiconductors and met
In semiconductor device technology there is, therefore
high interest in growing oxide films using nonthermal ex
tation pathways. Such pathways include electron-indu
and photon-induced oxidation processes. Nonthermal ac
tion for oxidation is of interest for metals as well, in order
possibly improve the corrosion resistance and protection
the metal substrate.

Energy to overcome activation barriers might be suppl
in a number of ways, one of which is the electron bomba
ment of the surface covered with an oxidizing agent. It
well known that electron bombardment leads to the disso
tion of water molecules by electronic excitation.1,2 Recently
a study using a water film on top of a hydrogen-cove
silicon surface showed that oxidation induced by elect
impact occurs at cryogenic temperatures.3 The dissociation
of the water molecule can be achieved by electron ener
as low as 6 eV.3 The cross section for water conversion
high, making electron impact activation an effective route
surface oxidation. This bears a close relation to other exp
ments in which the oxidation of an oxygen-covered surfa
is induced by the tunneling current between the surface
the tip of a scanning-tunneling microscope~STM!
instrument.4 Both studies clearly show the feasibility of ele
tron stimulated surface oxidation.

The bombardment of a water-ice layer on an Al~111! sur-
face with low-energy electrons converts water into surfa
oxide as well.5 By working at 90 K this process could b
clearly separated from thermally activated surface oxidat
As in the case of silicon, we found a high cross sect
~2.5310216 cm2, 100 eV electrons! for electron-induced
oxidation.5 This cross section is several orders of magnitu
above the cross section for the destructive interaction of e
570163-1829/98/57~3!/1976~9!/$15.00
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trons with aluminum oxide itself.6,7 The oxide layer formed
under electron bombardment of water on Al~111! is an amor-
phous precursor of bulk Al2O3.

5

In this work, we extend our previous measurements at
K ~Ref. 5! to 300 K in order to probe the effectiveness
electron-induced oxidation of Al~111! under practical condi-
tions.

II. EXPERIMENT

The experimental ultrahigh vacuum apparatus~base
pressure52310210 Torr! has been described in deta
previously.8 Briefly, it is a multichamber system permittin
transfer of the Al~111! crystal from a high-pressure dosin
and electron-impact chamber to an analytical section c
taining a hemispherical electron spectrometer for XPS
electron-energy-loss spectroscopy~EELS! measurements
Al Ka x-ray irradiation is used for XPS measurements. F
ther analytical instrumentation, which has not been app
in this study, includes a microchannelplate low-energy el
tron diffraction ~LEED! apparatus, a shielded quadrupo
mass spectrometer, calibrated and collimated gas dosers
a high-resolution electron-energy-loss~HREEL! spectrom-
eter.

Calibration of the binding-energy scale for the electr
spectrometer is made using clean Al and Au surfaces
binding-energy values from Ref. 11. Absolute bindin
energy values are accurate to within60.2 eV. However, the
relative differences between peak energies can be determ
with much better precision by the help of a fitting procedu
The spectrometer was operated at a pass energy of 15
for XPS and 30 eV for the EEL spectra. The takeoff ang
for XPS between the surface normal and the electron sp
trometer is 35° unless otherwise stated.

Two different Al~111! crystals have been employed
this study with diameters of 15 and 12 mm. The first one h
been cut, oriented, and polished in our laboratory while
second one was obtained from MaTeck, Ju¨lich. Both were
oriented to within 0.25 degrees of the~111! direction and
polished to a mirror finish. The crystal was mounted betwe
two W support wires by means of a slot in the crystal ed
Heating was done resistively by passing current through
1976 © 1998 The American Physical Society
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57 1977ELECTRON-IMPACT-INDUCED OXIDATION OF . . .
support wires~up to 25 A!. The surface was cleaned by 1 k
Ar1 bombardment at 400 K and annealed at 670–730 K u
all impurities were reduced to limiting levels. The tempe
ture is measured by a type-K thermocouple.

The oxide growth experiments were done in the hig
pressure cell of the system with the crystal mounted o
liquid-nitrogen cooled manipulator and maintained at 300
by electrical heating using a feedback controller connecte
the thermocouple. Water vapor was supplied by backfill
through a leak valve. For electron bombardment, a bro
beam electron gun~indirectly heated BaO cathode! giving a
uniform flux over the entire crystal surface was employed12

The pressure gauge was arranged in order to have the cr
facing away from the hot ion gauge filament during electr
bombardment. All experiments have been done in a w
background pressure of 531027 Torr ~H2O exposures are
quoted in Langmuirs L where 1 L5131026 Torr s, uncor-
rected for ion gauge sensitivity!, and under 100 ev electro
bombardment with a current density of 10mA/cm2. This
corresponds to a deposited power of only 1 mW/cm2, and
will cause negligible crystal heating. We observe no cha
in the crystal temperature reading when switching on
electron beam.

III. RESULTS

A. Increased oxidation rate
using electron-beam-assisted excitation

Figure 1 shows a comparison of the Al(2p) core-level
region for comparable water exposures with and with
electron bombardment. The oxidation of the aluminum s
face can be followed by the growth of an Al31(2p) core-
level component at about 75 eV binding energy.13–15 The
area of this peak is proportional to the coverage of alumin
oxide on the surface in the low coverage regime. The up
spectrum has been measured after 4500 L of water va

FIG. 1. Al(2p) core-level emission after comparable water e
posures with and without 10mA/cm2 electron bombardment~100
eV!. In the upper spectrum without electron bombardment onl
slight change on the high-binding-energy side of the bulk Al0 con-
tribution corresponding to oxide formation is visible. The lines a
the result of the peak fitting procedure~see text!. The lower spec-
trum involving electron bombardment shows a dominant Al31 sig-
nal from aluminum oxide. The peak area ratios are noted in
figure.
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exposure with the crystal at 300 K. Only slight oxidation c
be seen from the change in signal at 75 eV binding ene
In the lower spectrum we show the Al(2p) core-level emis-
sion after the same treatment but with 10mA/cm2 electron
bombardment~100 eV! during exposure. Electron bombard
ment leads to a much more intense Al31 component corre-
sponding to increased surface oxidation.

Peak intensities of the Al(2p) and the O(1s) signal have
been obtained by fitting Gaussian functions to the spe
and calculating the peak area. The energy dependence o
background intensity,b(E), due to inelastic scattering ha
been taken into account16 by assuming that spectral feature
s(E8) at higher kinetic energiesE8 contribute with a certain
weight constantk to the signal as shown in Eq.~1!:

b~E!5b01kE
E

`

s~E8!dE8. ~1!

The offset parameterb0 is the counting rate at the high
kinetic-energy end of the selected energy range. Assum
Gaussian-like core-level signals,s(E), the integral gives the
error function erf(E). The constantk typically is 0.03, which
means that the background increases typically by 3% go
from the high- to the low-energy side of a loss peak.

The result of the peak fitting procedure is shown in Fig
~solid lines!. The Al(2p) core-level region can be describe
by the Al0 signal from the metal substrate and the Al31 sig-
nal from the oxide film. Since the Al0 peak shows a long tai
towards the high-binding-energy side, we used the sum
two Gaussian functions to model it. The relative intensi
energy position, and half-width has been kept constant
these two peaks, the peak area being the only param
changing during electron-induced oxidation. For spectra
which oxidation has occurred, an Al31 contribution appears
in the spectra that can be described by one Gaussian fun
with varying peak area, binding energy, and half-width. T
same holds for the O(1s) oxygen core-level emission to b
shown later. The Al31/Al 0 peak area ratios obtained from th
fitting procedure are noted in Fig. 1.

The intensity of the Al31 photoemission feature is sma
in the case of H2O adsorption/decomposition without ele
tron bombardment. The O(1s) intensity is more sensitive fo
the characterization of oxide film growth than is th
Al13(2p) feature. Figure 2 shows a comparison of the O(1s)
peak areas with and without electron bombardment dur
water exposure at 300 K. The strong increase in oxygen
take caused by the electron beam compared to water e
sures without the electron beam is clearly visible from t
data. While the growth rate continuously decreases with
creasing time in water vapor as shown here~Fig. 2! and
published,13,17 the electron bombardment in water vap
leads to a linear oxygen uptake versus time. Comparing
slopes at low water exposures, the oxidation in this cas
five times faster when the surface is bombarded with e
trons. Both experiments have been done with the crysta
the same position and under the same heating/cooling co
tions. A detailed characterization of the oxide film grow
during electron bombardment will follow below.
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B. Film-growth mechanism–electron-beam-assisted oxidation

Figure 3 shows the XPS spectral regions of Al(2p) and
O(1s) core-level emission at two stages of film growth f
oxide films of 3.5 and 21 Å thickness. All features that are
importance for the characterization of the film-growth pr
cess are visible in this plot. The top spectrum has been
tained after 30 min and the bottom spectrum after 195 min
electron beam assisted oxidation. The growth of an alu
num oxide layer is visible from two contributions in th
spectrum, the O(1s) oxide peak at about 530 eV and a
Al(2 p)31 peak at about 75 eV binding energy. Both pea
grow and shift to lower binding energies with increasing fi
thickness. The increase of the peak intensities with time
the direction and magnitude of the peak shifts are impor
for understanding the oxide growth mechanism.

FIG. 2. O(1s) peak area as a function of water exposure. Ea
step corresponds to 15 min in 531027 Torr water. Using continu-
ous electron bombardment~10mA/cm2, 100 eV!, the rate and level
of oxygen uptake can be significantly increased for identical H2O
exposure levels.

FIG. 3. Al(2p) and O(1s) core-level emission at two differen
levels of water exposure/electron bombardment. The top spe
correspond to an oxide film thickness of 3.5 Å and the lower spe
to a thickness of 21 Å. Oxidation leads to the buildup of an A31

peak at about 76 eV binding energy and an oxygen peak at a
531 eV. Both peaks grow in intensity and shift to lower bindi
energies with increasing oxidation.
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Figure 4 shows the Al31/Al 0 peak area ratio~open
squares! obtained from peak fitting as a function of surfa
oxidation. Each step corresponds to 15 min in
31027 Torr water vapor using 10mA/cm2 ~100 eV! electron
bombardment. As can be seen by the asymptotic beha
the oxidation slows down significantly after about eight ste
corresponding to 120 min of oxide growth. The same beh
ior is seen in the plot of the film thickness variation al
given in Fig. 4. The thickness has been calculated from
peak area ratio, as will be shown later. The film thickne
increases linearly for the first eight oxidation steps and
minates at an oxide film thickness of about 25 Å. This line
increase is quite different from what has been observed
the oxidation in water vapor without electron bombardme
~see Fig. 2!.13,17

Figure 5 shows the shift of the Al31(2p) and O(1s) peak
energies during film growth for the same experiment, as
termined from peak fitting. Both peaks undergo a continuo
shift to lower binding energies with increasing film thick
ness. At the limiting thickness of;25 Å both have shifted
by 1 eV. The difference in binding energy between bo
peaks however remains constant. A similar trend can be
served for the half-width. It increases continuously with fil
thickness. The solid lines in Fig. 5 follow from a calculatio
assuming a negative charge on the oxide surface, and ta
the potential drop and the final escape depth of the Al(2p)
and O(1s) x-ray excited core-level electrons into account

In Fig. 6 the peak area ratio of the Al31(2p) and the
O(1s) core-level emission is plotted as a function of wa
exposure/electron bombardment. As can be seen this
approaches a saturation value that agrees with the ratio
culated under the assumption of a perfect Al2O3 stoichiom-
etry taking the different sensitivities~Leybold-Heraeus com-
pilation! of the electron analyzer for the two emission lin
into account. The exposure/bombardment time required

h

tra
ra

ut

FIG. 4. Film thickness as a function of water exposure/elect
bombardment. Each step corresponds to 15 min in 531027 Torr
water atmosphere, using electron bombardment~10mA/cm2, 100
eV!. The open squares show the measured Al31/Al 0 peak area ratio
~right ordinate! obtained from peak fitting. The filled circles~left
ordinate! show the calculated film thickness assuming a homo
neous oxide layer. As can be seen the thickness increases lin
with bombardment time up to a thickness of about 25 Å. At th
point the growth mechanism changes and continuing expos
bombardment shows a strongly reduced rate.
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57 1979ELECTRON-IMPACT-INDUCED OXIDATION OF . . .
reaching the saturation value coincides with the shutdo
point for of the oxide film growth shown in Figure 4.

C. Characterization of the thick oxide film

1. Film thickness

The characterization of a 25-Å-thick oxide film grow
under electron bombardment has been carried out using
and electron-energy-loss spectroscopy. This correspond
the maximum film thickness that may be achieved by el
tron assisted growth.

Figure 7 shows a wide energy range spectrum of an ox
film grown under electron bombardment. The total proc
time using a current density of 10mA/cm2 ~100 eV! in 5
31027 Torr water vapor is 200 min. The overlayer spectru

FIG. 5. O1(1s) and Al31(2p) peak position obtained from pea
fitting during surface oxidation. Each step corresponds to 15 mi
531027 Torr water and electron bombardment~10mA/cm2, 100
eV!. Both peaks linearly shift in parallel to lower binding energi
as the oxide film thickness increases. The behavior can be expla
by the formation of O22 ions on the oxide surface.

FIG. 6. Al31(2p)/O(1s) peak area ratio as a function o
exposure/bombardment. Each step corresponds to 15 min
31027 Torr water atmosphere and electron bombardm
~10mA/cm2, 100 eV!. With time the peak area ratio approaches t
theoretical value which is expected for an Al2O3 stoichiometry with
the excitation source and electron energy analyzer employed.
n
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is essentially identical with tabulated spectra for aluminu
oxide and sapphire.11 Beginning at low binding energies th
O(2s) feature is followed by the Al(2p) and Al(2s) core-
level region in which are also exhibited plasmon-loss fe
tures. An Al~KLL! Auger transition~1396 eV kinetic electron
energy! is also seen. At about 530 eV binding energy, t
dominant O(1s) peak is seen~the sensitivity of XPS for
oxygen is five times larger than for aluminum! together with
an aluminum oxide plasmon loss. Finally close to 1 ke
binding energy, the O~KLL! Auger transition appears. Evalu
ation of the peak area ratio between the Al31(2p) and O(1s)
component ~using sensitivity factors from the Leybold
Heraeus compilation! shows that this thick film has the
proper Al2O3 stoichiometry~the change of apparent stoich
ometry during film growth is shown in Fig. 6!.

The determination of the film thickness using XPS inte
sity ratios depends upon the morphology of the alumin
oxide layer, since the signal attenuation differs for an isla
like and a homogeneous oxide film on the aluminum s
strate. Figure 8 shows the peak area ratioI ~Al0!/I ~Al31! of
the two XPS Al(2p) contributions as a function of the pho
toelectron takeoff angleu measured from the crystal norma
~see inset to Fig. 8!. These measurements were made on
same film as in Fig. 7.

If the Al2O3 film covers the surface homogeneously t
formula

F I ~Al0!

I ~Al31!
5

rAl

rAl2O3

MAl2O3

2MAl

exp@2d/l cosu#

12exp@2d/l cosu#G ~2!

should hold. Hereinl denotes the mean free path of x-ra
excited core-level electrons, which is 20 Å to good appro
mation for Al0 and Al31 in bulk aluminum and aluminum
oxide.18 The parametersrAl and rAl2O3

are bulk densities,

and M is the molecular weight. It is assumed that the ph

in

ed

5
t

FIG. 7. Wide-range AlKa excited photoelectron spectrum of
25-Å-thick oxide film grown using electron bombardment. T
spectrum only contains oxygen, aluminum and plasmon excita
related loss features with their combinational losses. Starting at
binding energies the main components are the O(2s) region, the
Al(2 p), and Al(2s) core-level emission with plasmon losses t
wards higher binding energies, the O(1s) core-level emission with
an aluminum oxide plasmon loss, and the O-~KLL! Auger transi-
tion.
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1980 57H. D. EBINGER AND J. T. YATES, JR.
toelectron emission cross section for Al does not differ in
and in Al2O3. As can be seen from the solid line in Fig. 8 th
signal change with variation ofu can be well described with
Eq. ~2! usingd525 Å. We therefore conclude that the mo
phology of the Al2O3 film grown in water vapor under elec
tron bombardment is most likely to be a homogeneous
ichiometric Al2O3 film on top of the aluminum meta
substrate.

It follows from Eq.~2! that the oxide thicknessd is given
by19

d5l cosu lnF11
rAl

rAl2O3

MAl2O3

2MAl

I ~Al31!

I ~Al0! G . ~3!

This relationship was used to establish the thickness sca
Fig. 4.

2. Electronic properties of the thick Al2O3 film

Figure 9 shows the electron-energy-loss spectrum of
minum oxide films grown using comparable water vapor
posures with and without electron bombardment. The ene
of the primary electron beam for excitation is 460 eV in bo
cases. The upper spectrum from the water oxidation still c
tains the aluminum metal surface plasmon loss at 10.9
loss energy, indicating that bare surface areas exist. This
agreement with previous publications on this system,
which an island growth model for oxidation in a water atm
sphere has been favored17 as has been found also for oxid
tion in oxygen gas.20 The most prominent electron energ
loss feature in Fig. 9 is the 15.7 eV aluminum bulk plasm
vb(Al), and its overtones at 31.4 and 46.9 eV. Low-intens
combinational losses of bulk and surface plasmons (vb) are
also barely visible. The lower spectrum, taken after surf
oxidation using electron bombardment, is almost identi
with spectra obtained from sapphire surfaces21 and clearly
indicates heavy surface oxidation. The dominating loss f
ture is the characteristic aluminum oxide plasmonlike lo
vb~Al2O3!, at 23.5 eV. Furthermore, there is a shoulder
about 15 eV loss energy which might be interpreted a
remaining contribution of an Al bulk plasmon. However, t

FIG. 8. Al0/Al31 peak area ratio of the two spectral compone
of the aluminum core-level emission plotted as a function of
takeoff angleu. The variation in the Al0/Al13 ratio can be described
by a homogenous Al2O3 film of thickness 25 Å on top of the alu
minum bulk metal.
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very same spectrum is observed from sapphire samples20 in-
dicating that this feature might be an intrinsic property
bulk Al2O3. The intensity in the low-energy-loss region
strongly reduced, indicating a band gap of about 5.5
width ~see inset, Fig. 9!, which is characteristic for an insu
lating material such as aluminum oxide. The observed m
nitude of the gap width corresponds well to gap energ
measured on sapphire by the same technique.21

IV. DISCUSSION

A. Summary of experimental findings

The experimental findings described in Sec. III are as f
lows.

~1! The O(1s) peak area obtained during oxidation
water vapor increases much faster when bombarding the
face with 100 eV electrons. After comparable exposu
times, a strong Al31(2p) peak has developed using the ele
tron beam, while without bombardment only a small cont
bution of this feature can be observed for comparable w
vapor exposures.

~2! The peak area ratio of Al31(2p)/O(1s) after reaching
saturation thickness is the same as expected from a stoic
metric Al2O3 layer. The variation of the peak area rat
Al0(2p)/Al31(2p) at various electron emission angles c
be described by assuming a homogenous aluminum o
~Al2O3! film with a thickness of 25 Å on top of an aluminum
metal substrate. The electron-energy-loss spectrum obta
from this film is very similar to spectra published for sa
phire surfaces with an oxide bulk plasmon at 23.5 eV lo
energy and a band gap of 5.5 eV.

~3! The Al0(2p)/Al31(2p) peak area ratio, under the a
sumption of a homogenous oxide layer covering the alu

s
e FIG. 9. Electron-energy-loss spectrum~460 eV primary energy!
from comparable water exposures with and without electron bo
bardment. The upper spectrum taken after 4500 L water expo
without electron bombardment contains only aluminum bulk a
surface plasmon losses. It is composed of the 10.9 eV surface
mon and the 15.7 eV bulk plasmon loss and their overtones.
lower spectrum taken after using electron bombardm
~10mA/cm2, 100 eV! shows only the aluminum oxide plasmon lo
at 23.5 eV. Furthermore a band gap of about 5.5 eV~see inset!
appears, showing the insulating property of the resulting film.
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57 1981ELECTRON-IMPACT-INDUCED OXIDATION OF . . .
num substrate, shows a linear time-dependent increase in
ide thickness with ongoing electron bombardment/wa
exposure.

~4! During this growth both the Al31(2p) and the O(1s)
core-level binding energies shift in parallel to lower bindi
energies.

~5! The Al31(2p)/O(1s) peak area ratio increases mon
tonically from zero to the value expected for an Al2O3 sto-
ichiometry.

~6! The film growth rate abruptly decreases after reach
a thickness of about 25 Å. This approximately coincides w
reaching the asymptotic limit of the Al31(2p)/O(1s) peak
area ratio corresponding to the stoichiometry character
of Al2O3. For longer electron-beam-enhanced oxidat
times, no significant growth in thickness and change in p
position is obtained.

From these findings we first of all draw the followin
conclusions.

~1! Electron bombardment of an aluminum surface in w
ter vapor at room temperature leads to the efficient prod
tion of a stoichiometric aluminum oxide film.

~2! The oxide film grows much faster using electron bo
bardment, compared to growth at 300 K in water vap
alone.

~3! The thickness under our experimental conditio
however, does not exceed the value obtained after exten
thermal oxidation in water vapor without electron bomba
ment~not shown!. After reaching about 25 Å film thickness
film growth virtually stops.

~4! The surface oxidation is accompanied by two ma
features, which differ from the behavior observed witho
electron irradiation:~a! The film grows linearly with time
instead of obeying a parabolic rate law found for therma
activated oxidation; and~b! The Al31(2p) and O(1s) core
levels shift in parallel to lower binding energies as t
electron-beam-assisted oxidation occurs.

B. Brief summary of previous studies of thermal
and electron-beam-assisted oxidation of aluminum

At room temperature, water dissociates on both a cl
and an oxygen-covered aluminum surface.22,23The surface is
covered with -OH groups that are stable up to nearly 700
This thermally activated dissociation process is quenche
90 K, and water exists as an undissociated ice film
Al ~111!.5 However, a thin ice film can be efficiently act
vated by 100 eV electron impact, converting the surface
Al2O3 with a high efficiency corresponding to a high cro
section of 2.5310216 cm2.5 In the studies reported here
300 K, either adsorbed H2O in a transient state which exis
prior to dissociation, and/or adsorbed -OH species act a
source of the oxidizing species upon electronic excitation
100 eV electrons. The low gas density of H2O in the growth
experiments excludes H2O excitation in the gas phase b
electron impact.

C. Mechanism of Al2O3 film formation—
thermally activated process

The theory for thermally activated thin film formatio
(d<100 Å) was first described by Cabrera and Mott
1948.24 The driving force in this thickness regime is the ele
x-
r

g
h

ic
n
k

-
c-

-
r

,
ive
-

t

y

n

.
at
n

o

a
y

-

tric field set up by negative oxygen ions on the oxide ou
surface. This field either draws metal cations to the surf
or leads to the migration of oxygen anions to the me
insulator interface. The charge transfer due to ion migrat
has to be balanced by an electron flux from the metal s
strate towards the oxide surface to maintain change neu
ity. Since the insulating oxide layer is sufficiently thin
enough electrons can pass into the film by tunneling to k
the oxide growth process going. The thermally activa
growth rate is considered to be limited by the ion mobilit
However, different views have been published.25

We propose that the electron bombardment of the
drated oxide surface leads by means of electron-impact
duced chemical reaction5 to a higher concentration of oxyge
anions on the oxide surface and in this way increases
oxidation rate. We will present evidence for this interpre
tion below.

Usually in thermally activated oxidation, it is assume
that the potential dropDV across the film is constant durin
the growth process. Thus as the film thickness increases
electric field in the oxide layer decreases. In this case,
potential drop is determined by the position of the electr
affinity level in the oxide relative to the bulk Fermi level i
the metal. Electrons tunnel through the film populating t
affinity level, creating oxygen ions until a potential diffe
ence is set up by the resulting charge accumulation on
oxide surface that shifts the affinity level to the Fermi lev
and terminates the electron flux. The growth of the ox
film, which depends on the individual mobilities, procee
via the transport of metal and/or oxygen ions through
oxide film. In case of Al2O3 strong evidence has been r
ported that dominantly oxygen ions migrate.26 The corre-
sponding particle current densityj is given by

j 5mnE2D
dn

dx
~4!

with m being the mobility of the diffusing ion species,n the
density of ions, andD the ion diffusion coefficient. For thin
films the effect of the electric fieldE dominates in the ion
transport process and the term in Eq.~4! containing the con-
centration gradient,dn/dx, can be neglected.

Assuming a capacitorlike behavior of the metal/oxi
structure with a constant potential dropDV across its thick-
ness, the electric field driving the ionic motion in therma
activated oxidation then decreases with increasing film thi
nessx so thatE5DV/x. Considering the ionic motion being
dominated by the field-induced migration, the film thickne
changes so thatdx/dt}DV/x, and a parabolic growth kinetic
law (x}t1/2) is observed for the thermally activated oxid
tion process.

D. Mechanism of Al2O3 film formation—
electron-beam-assisted oxidation

The growth law observed in our study of an electro
impact-activated oxidation process differs significantly fro
the expected parabolic kinetic film-growth behavior. Ele
tron bombardment of the oxide surface in water vapor gi
a constant growth rate up to a limiting thickness as shown
Fig. 4. Keeping with the Cabrera-Mott field-induced oxid
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growth picture, this behavior corresponds to the presenc
a constantelectric field during the growth phase, caused b
constantsurface coverage of anions at the oxide surfa
This interpretation is confirmed by the observed para
shifts of the Al31(2p) and O(1s) core-level emission peak
with increasing film thickness. Since both peaks shift in p
allel in the same direction~see Fig. 5!, this shift is not caused
by a change in the chemical film composition~like aluminum
hydroxide converting with time into aluminum oxide or vic
versa!. Moreover, we can remove the Al31(2p) and O(1s)
peak shift by heating to 473 K and can then recover the s
by electron bombardment without water exposure afterwa
~not shown!. Therefore, we interpret the observed peak sh
as being due to the accumulation of surface charge as a r
of electron bombardment. The direction of the shift towa
increasing electron kinetic energies shows that the sign
this stored charge on the outer oxide surface is negative.
O(1s) shift towards lower binding energy upon increasi
oxide thickness has been observed before and attribute
charge accumulation as well during thermally activa
oxidation.26 X-ray photoelectron spectroscopy is we
suited to investigate electrostatic potential differences in t
semiconducting and insulating films.27–29

Next we have to consider how charge might be stored
the growing oxide film. Since electrons can be regarded
highly mobile as mentioned above, one would assume
any charge accumulation due to electrons would dissip
rather quickly. Therefore, we propose that the nega
charge is in the form of oxygen ions on the oxide surface
the way described by the Cabrera-Mott oxide growth mod
This interpretation is confirmed by considering another eff
of the electron and x-ray bombardment. At 100 eV prima
beam energy as well as under x-ray bombardment, we
serve a positive sample current towards ground, i.e., m
secondary electrons leave the sample than primary elect
are injected. Therefore, if charge storage due to the bala
of electron arrival and emission occurs in the film, it shou
have a positive rather than a negative sign and the core-l
peak shifts should be in the opposite direction. If, howev
the primary way to accumulate charge is the formation
oxygen ions on the film surface, necessarily the obser
core-level shift to higher kinetic energies will occur.

If this interpretation is correct the peak shifts should f
low from a simple model by again assuming a surface
pacitor consisting of a grounded plate~the substrate!, a di-
electric filling layer ~the oxide film!, and a negatively
charged second plate~oxygen ions on the oxide surface!.
Figure 10 sketches this situation that is identical to the mo
from the Cabrera-Mott theory for thermal oxidation. Inde
the magnitude of the shifts of both peaks can be describe
assuming a linear potential drop between the oxide sur
and the metal/oxide interface with aconstantelectric field of
53106 V/cm in the oxide film independent of film thicknes
This condition follows from aconstantanion charge density
on the oxide film surface during electron bombardment. T
solid lines in Fig. 5 show the result of the calculation taki
the finite elastic mean free path of 20 Å for electrons fro
the Al(2p) level and 15 Å for electrons from the O(1s) level
into account. As can be seen the resulting curves fit the
well.
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This electric-field strength is rather high and of the ord
of the breakthrough field for aluminum oxide films, which
in the range (3 – 13)3106 V/cm.30 Most likely the amount
of surface charge is limited by the dielectric strength of t
oxide material and electron bombardment and breakthro
discharging stabilize the field at an equilibrium value.

Assuming a dielectric constant«510 independent of film
thickness corresponding to a constant film composition,
surface charge densitys can be calculated by

s5««0E5««0DV/x. ~5!

Assuming the formation of O22 ions this density correspond
to a density of oxygen ions of 1.431013 O22/cm2, and a
nearest-neighbor distance of 29 Å if the oxygen ions form
hexagonal lattice. The binding energy per ion can be
proximated by classical electrodynamics, assuming regul
arranged point charges in front of a dielectric layer on top
a grounded metal substrate. With a distance of 3 Å between
point charge and surface of the dielectric~the oxygen ion
radius is 1.4 Å in ionic crystals!, a nearest-neighbor distanc
of 30 Å in the ion lattice and an oxide thickness of 30 Å wi
dielectric constant«510 the binding energy per oxygen io
is 1.6 eV. This number takes the attractive interaction w
the image charges and the repulsive interaction within
oxygen ion lattice into account. While this simple model
certainly a crude picture of the true charge arrangement
the surface electronic structure, the estimated anion bind
energy nevertheless shows that despite the accumu
charge density, the ion layer is well stabilized and our pict
of the charge location is reasonable. A constant density
oxygen ions on the oxide surface results in a normal elec
field E independent of film thickness, and a constant flux
ions through the oxide film. Therefore an oxide growth ra
which is linear in time is obtained.

Interestingly we observe a drop in film growth rate
about 25 Å film thickness. The uptake either completely t
minates or slows down by an order of magnitude. The
tained thickness limit is the same as found when therm
oxidizing the aluminum surface in air, oxygen or wat
atmosphere.24,20,32The natural growth of an oxide film in a
gaseous or liquid environment, in principle, is limited by t
decreasing growth rate with increasing film thickness. Thi
true for the thin film region, where the Cabrera-Mott mod
holds, as well as for higher thickness, where different

FIG. 10. Thin film growth according to the Cabrera-Mo
mechanism~Ref. 24!. Oxygen ions, produced by electron-impa
induced chemistry involving H2O on the surface, lead to a stron
electric field in the oxide layer that drives ionic migration throu
the film. Depending on the specific mobilities, either Al31 ions
move towards the oxide surface or oxygen ions towards the m
oxide interface. The transport of electrons is considered to be in
pendent of the ionic motion and fast in comparison.
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transport mechanisms have to be considered.24 Stimulating
the formation of surface oxygen ions by electron bomba
ment does not lead to unlimited oxidation as well. Beca
of energetic and kinetic reasons the oxidation process
come to an end.

Considering the interaction of oxygen ions on the surfa
on the basis of classical electrodynamics it is evident that
interionic repulsion will exceed the attraction by the ima
charges beyond a certain film thickness because of the fi
dielectric constant of the oxide film. Therefore, for each o
ide thicknessd there is a maximum densitysmax(d) of oxy-
gen ions, which can be bound to the insulator-on-metal s
tem. This maximum density decreases monotonically w
increasing film thickness. Therefore, even if one can sup
sufficient charge to the surface or activate the ion format
sufficiently by electron bombardment, the electric field as
driving force for ion migration will decrease due to a nat
rally decreasing charge density on the oxide surface. H
close the actual charge density comes to the limitsmax(d) is
determined by the balance between ion formation rateI and
the rate of ion migrationM :

ds

dt
5I ~s!2M ~s!

~possibly mechanisms other than ion migration for decre
ing the surface charge density have to be considered in
dition!. In principle, both rates might depend on the cha
density itself. In a simple model the ion formation rate mig
just be given by the electron bombardment rate and there
be independent ofs. The ion migration rate might be pro
portional to the magnitude of the electric fieldE and, there-
fore, be proportional to the charge density as well:

M ~s!5M̃s.

This would lead to a steady-state charge densitysss of

sss5
1

M̃
,

which is independent of film thickness until the film reach
the point where

sss5smax~d!.

From then on the charge density on the surface would
crease with growing film thickness, resulting in a decreas
growth rate starting from this point. In this case the shift
the Al(2p) and O(1s) core-level emission should reflect th
decreasing electric field in the oxide film by a decrease
slope of theDE(d) curve~see Fig. 5!, which is not observed
experimentally over most of the range. Instead of for en
getic reasons, the film growth might also terminate beca
of a change in the growth kinetics. If, for example, the m
gration of ions across the film is considerably hindered ab
a certain thickness, then the growth rate will decrease
well, since less ions per unit time cross the insulator lay
Such an effect might arise if the ionic migration leads ov
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certain paths like grain boundaries or other defect si
which decrease in number when the film grows thicker.

If diffusion along defect sites is the favorable path for io
migration, the growth rate will slow down once the numb
of these defect sites decreases. Diffusion of oxygen ions
ward the surface along grain boundaries is considered to
the dominant transport process at least for high-tempera
oxidation.33 If the oxide growth proceeds as in the case
molecular oxygen in the form of isolated islands which i
terlink after reaching a thickness of about 20 Å,20 then one
could very well imagine a decrease in film growth rate as
observe; since interlinking of these oxide grains could tu
off the oxygen ion flux by removal of their favorable migra
tion path along surfaces.

This effect would be expected to result in an increase inE
near the end of the film growth process as a result of
increase in steady-state charge densitysss and this is indeed
observed in Fig. 5 near the termination of rapid film grow

Below the saturation coverage an excess of O(1s) signal
compared to the proper intensity ratio for Al2O3 is observed.
This might be due to hydroxyl group coverage on Al2O3
cluster surfaces. Reaching saturation thickness coinc
with saturation of the Al13(2p)/O(1s) ratio at a value cor-
responding to Al2O3 stoichiometry, and the removal of th
majority of surface hydroxyl groups from the cluster surfac
as clusters coalesce.

V. CONCLUSIONS

The oxidation rate of an Al~111! surface in water vapor
can be significantly increased by electron bombardmen
the surface with 100 eV electrons at a current density
10mA/cm2. The resulting amorphous aluminum oxide film
with a limiting thickness of about 25 Å, has the corre
Al2O3 stoichiometry and covers the aluminum substrate
mogeneously as determined by XPS. The electronic pro
ties of the produced film are qualitatively the same as
tained from a sapphire surface, exhibiting the oxide plasm
at 23.5 eV loss energy and with a band gap of about 5.5

The observed oxygen uptake and core-level peak sh
can be interpreted on the basis of the Cabrera-Mott mode
thin film growth, assuming the electric field within the oxid
layer is caused by oxygen anions on the oxide surface as
driving force for ion migration. The increase in growth ra
under electron bombardment is caused by electron-be
induced dissociation of adsorbed water molecules and
hanced surface oxygen anion formation. Due to the elec
bombardment the surface coverage of oxygen anions and
cordingly the electric field within the oxide layer is kep
constant at about 53106 V/cm and does not depend on th
thickness of the film. Therefore, the transport of ions throu
the film is independent of thickness as well, and the grow
rate is constant and independent of time. Even though
electric field within the layer does not break down, t
growth terminates when a saturation thickness of about 2
is reached. We interpret the abrupt drop in film growth ra
at this point as being due to a change in the ion-transp
mechanism. Most likely the ions migrate preferentially alo
defect sites such as grain boundary borders or through
partially oxidized regions. Once the film heals out the
paths by Al2O3 cluster coalescence, these paths are no lon
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available and the oxidation rate decreases significantly.
cordingly, we observe the film to reach the Al2O3 stoichiom-
etry in coincidence with the stop in film growth.

A useful application of our study might be the controlle
growth of aluminum oxide films over extended areas by
ing a low-energy electron beam, or possibly in a more loc
ized application by using the tunneling of electrons betwe
an STM tip and the substrate. Finally the modification of t
s,

nd

E
py

c

ag
c-
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n
e

surface oxygen ion density by electron bombardment mi
supply new ways to control the growth of thin oxide films
low temperatures.
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