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Electron-impact-induced oxidation of Al(111) in water vapor:
Relation to the Cabrera-Mott mechanism
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The oxidation of an All11) 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 A. 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 mechanigi80163-18208)01303-4

[. INTRODUCTION trons with aluminum oxide itseff” The oxide layer formed
under electron bombardment of water or{JAl1) is an amor-

The substrate temperature is of major importance for surphous precursor of bulk ADs.°
face oxidation since dissociation of the oxidizing agent, sur- In this work, we extend our previous measurements at 90
face diffusion, and ion migration are thermally activated pro-K (Ref. 5 to 300 K in order to probe the effectiveness of
cesses. Therefore, the growth rate and the thickness of glectron-induced oxidation of A111) under practical condi-
oxide film increase with increasing temperature, while thetOns.
number of defects shows the inverse behavior. This principle
holds for the oxidation of both semiconductors and metals.

In semiconductor device technology there is, therefore, a The experimental ultrahigh vacuum apparat(isase
high interest in growing oxide films using nonthermal exci- pressure=2x10"1°Torr) has been described in detail
tation pathways. Such pathways include electron-inducegreviously® Briefly, it is a multichamber system permitting
and photon-induced oxidation processes. Nonthermal activdaransfer of the A(111) crystal from a high-pressure dosing
tion for oxidation is of interest for metals as well, in order to and electron-impact chamber to an analytical section con-
possibly improve the corrosion resistance and protection ofaining a hemispherical electron spectrometer for XPS and
the metal substrate. electron-energy-loss spectroscogi ELS) measurements.

Energy to overcome activation barriers might be suppliedAl Ka x-ray irradiation is used for XPS measurements. Fur-
in a number of ways, one of which is the electron bombard+ther analytical instrumentation, which has not been applied
ment of the surface covered with an oxidizing agent. It isin this study, includes a microchannelplate low-energy elec-
well known that electron bombardment leads to the dissociatron diffraction (LEED) apparatus, a shielded quadrupole
tion of water molecules by electronic excitatibhRecently —mass spectrometer, calibrated and collimated gas dosers, and
a study using a water film on top of a hydrogen-covereda high-resolution electron-energy-lo§dREEL) spectrom-
silicon surface showed that oxidation induced by electroreter.
impact occurs at cryogenic temperatuteBhe dissociation Calibration of the binding-energy scale for the electron
of the water molecule can be achieved by electron energiespectrometer is made using clean Al and Au surfaces and
as low as 6 e\?. The cross section for water conversion is binding-energy values from Ref. 11. Absolute binding-
high, making electron impact activation an effective route forenergy values are accurate to withirD.2 eV. However, the
surface oxidation. This bears a close relation to other experielative differences between peak energies can be determined
ments in which the oxidation of an oxygen-covered surfacevith much better precision by the help of a fitting procedure.
is induced by the tunneling current between the surface andihe spectrometer was operated at a pass energy of 150 eV
the tip of a scanning-tunneling microscopéSTM)  for XPS and 30 eV for the EEL spectra. The takeoff angle
instrument: Both studies clearly show the feasibility of elec- for XPS between the surface normal and the electron spec-
tron stimulated surface oxidation. trometer is 35° unless otherwise stated.

The bombardment of a water-ice layer on arflAll) sur- Two different A(111) crystals have been employed in
face with low-energy electrons converts water into surfacehis study with diameters of 15 and 12 mm. The first one has
oxide as welf By working at 90 K this process could be been cut, oriented, and polished in our laboratory while the
clearly separated from thermally activated surface oxidationsecond one was obtained from MaTeckliclhu Both were
As in the case of silicon, we found a high cross sectionoriented to within 0.25 degrees of th&@11) direction and
(2.5x10 ® cm?, 100 eV electrons for electron-induced polished to a mirror finish. The crystal was mounted between
oxidation® This cross section is several orders of magnitudewo W support wires by means of a slot in the crystal edge.
above the cross section for the destructive interaction of eleddeating was done resistively by passing current through the

IIl. EXPERIMENT

0163-1829/98/5[)/19769)/$15.00 57 1976 © 1998 The American Physical Society



57 ELECTRON-IMPACT-INDUCED OXIDATION CF . .. 1977

sooo L T T T T T T exposure with the crystal at 300 K. Only slight oxidation can

[ 45?3;0;“?(‘“ be seen from the change in signal at 75 eV binding energy.
| In the lower spectrum we show the Al core-level emis-
] sion after the same treatment but with ﬂA/cmz electron
No Bombardment i bombardment100 e\) during exposure. Electron bombard-
AR*AIL = 0.07 .

] ment leads to a much more intense*Akcomponent corre-

. sponding to increased surface oxidation.
Peak intensities of the Al({@ and the O(%) signal have
ARt . been obtained by fitting Gaussian functions to the spectra
Electron Bombardment ] and calculating the peak area. The energy dependence of the
APIAL =362 background intensityb(E), due to inelastic scattering has
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0 - been taken into accoufitby assuming that spectral features
70 72 74 76 78 80 82 s(E’) at higher kinetic energie&’ contribute with a certain
Binding Energy (eV) weight constank to the signal as shown in EqL):

FIG. 1. Al(2p) core-level emission after comparable water ex-
posures with and without 1@A/cm? electron bombardmen(i.00 -
eV). In the upper spectrum without electron bombardment only a b(E)=bo+ kf S(E")dE’. D)
slight change on the high-binding-energy side of the bulkasin- E
tribution corresponding to oxide formation is visible. The lines are
the result of the peak fitting procedugsee text The lower spec-
trum involving electron bombardment shows a dominarit'Alig- ~ The offset parameteb, is the counting rate at the high-
nal from aluminum oxide. The peak area ratios are noted in th&inetic-energy end of the selected energy range. Assuming
figure. Gaussian-like core-level signals(E), the integral gives the
error function erfE). The constank typically is 0.03, which
support wiregup to 25 A. The surface was cleaned by 1 kV means that the background increases typically by 3% going
Ar* bombardment at 400 K and annealed at 670—730 K untifrom the high- to the low-energy side of a loss peak.
all impurities were reduced to limiting levels. The tempera-  The result of the peak fitting procedure is shown in Fig. 1
ture is measured by a type-K thermocouple. (solid lines. The Al(2p) core-level region can be described
The oxide growth experiments were done in the high-py the AP signal from the metal substrate and the"Asig-
pressure cell of the system with the crystal mounted on &g from the oxide film. Since the Apeak shows a long tail
liquid-nitrogen cooled manipulator and maintained at 300 Kigwards the high-binding-energy side, we used the sum of
by electrical heating using a feedback controller connected t§yo Gaussian functions to model it. The relative intensity,
the thermocouple. Water vapor was supplied by backfillingenergy position, and half-width has been kept constant for
through a leak val_ve._ For electron bombardment, a broadmese two peaks, the peak area being the On|y parameter
beam electron gufindirectly heated BaO cathofigiving @  changing during electron-induced oxidation. For spectra in
uniform flux over the entire crystal surface was employfed. \hich oxidation has occurred, an %l contribution appears
The pressure gauge was arranged in order to have the crystglthe spectra that can be described by one Gaussian function
facing away from the hot ion gauge filament during electronyith varying peak area, binding energy, and half-width. The
bombardment. All experlments haVe been done n a Wateéame hOldS for the O@ oxygen Core_'eve' emission to be
background pressure ofx610~ 7 Torr (H,O exposures are shown later. The A/AI° peak area ratios obtained from the
quoted in Langmuirs L where 1:|:_1><1076 Torr s, uncor- f|tt|ng procedure are noted in F|g 1.
rected for ion gauge sensitivityand under 100 ev electron  The intensity of the AI* photoemission feature is small
bombardment with a current density of A@&/cm’. This  in the case of KO adsorption/decomposition without elec-
corresponds to a deposited power of only 1 mWicand  tron bombardment. The O] intensity is more sensitive for
will cause negligible crystal heating. We observe no changene characterization of oxide film growth than is the
in the crystal temperature reading when switching on they| +3(2p) feature. Figure 2 shows a comparison of the €(1
electron beam. peak areas with and without electron bombardment during
water exposure at 300 K. The strong increase in oxygen up-
ll. RESULTS take caused by the electron beam compared to water expo-
sures without the electron beam is clearly visible from the
data. While the growth rate continuously decreases with in-
creasing time in water vapor as shown héFég. 2) and
Figure 1 shows a comparison of the AHP core-level publishedt®>’ the electron bombardment in water vapor
region for comparable water exposures with and withouieads to a linear oxygen uptake versus time. Comparing the
electron bombardment. The oxidation of the aluminum surslopes at low water exposures, the oxidation in this case is
face can be followed by the growth of an3A(2p) core- five times faster when the surface is bombarded with elec-
level component at about 75 eV binding enetdy*® The  trons. Both experiments have been done with the crystal in
area of this peak is proportional to the coverage of aluminunthe same position and under the same heating/cooling condi-
oxide on the surface in the low coverage regime. The uppetions. A detailed characterization of the oxide film growth
spectrum has been measured after 4500 L of water vapaturing electron bombardment will follow below.

A. Increased oxidation rate
using electron-beam-assisted excitation
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FIG. 2. O(1s) peak area as a function of water exposure. Each FIG. 4. Film thickness as a function of water exposure/electron
step corresponds to 15 min in<5L0~’ Torr water. Using continu- bombardment. Each step corresponds to 15 min %16 7 Torr
ous electron bombardme(it0 wA/cm?, 100 eV}, the rate and level ~Wwater atmosphere, using electron bombardn{@ftuA/cm?, 100

of oxygen uptake can be significantly increased for identicg H €V). The open squares show the measurett /Al° peak area ratio
exposure levels. (right ordinate obtained from peak fitting. The filled circlegeft

ordinate show the calculated film thickness assuming a homoge-
. . . — neous oxide layer. As can be seen the thickness increases linearl
B. Film-growth mechanism-electron-beam-assisted oxidation with bombardnzlent time up to a thickness of about 25 A. At this g
Figure 3 shows the XPS spectral regions of Adj2and  point the growth mechanism changes and continuing exposure/
O(1s) core-level emission at two stages of film growth for bombardment shows a strongly reduced rate.
oxide films of 3.5 and 21 A thickness. All features that are of
importance for the characterization of the film-growth pro- Figure 4 shows the AI/AI° peak area ratio(open
cess are visible in this plot. The top spectrum has been otsquaresobtained from peak fitting as a function of surface
tained after 30 min and the bottom spectrum after 195 min opxidation. Each step corresponds to 15 min in 5
electron beam assisted oxidation. The growth of an alumi< 10~ Torr water vapor using 1@2A/cm? (100 eV) electron
num oxide layer is visible from two contributions in the bombardment. As can be seen by the asymptotic behavior,
spectrum, the O(4) oxide peak at about 530 eV and an the oxidation slows down significantly after about eight steps
Al(2p)3* peak at about 75 eV binding energy. Both peakscorresponding to 120 min of oxide growth. The same behav-
grow and shift to lower binding energies with increasing filmior is seen in the plot of the film thickness variation also
thickness. The increase of the peak intensities with time an@iven in Fig. 4. The thickness has been calculated from the
the direction and magnitude of the peak shifts are importaneak area ratio, as will be shown later. The film thickness
for understanding the oxide growth mechanism. increases linearly for the first eight oxidation steps and ter-
minates at an oxide film thickness of about 25 A. This linear
increase is quite different from what has been observed for
R the oxidation in water vapor without electron bombardment
531.7 eV (see Fig. 213
O(1s) Figure 5 shows the shift of the Al(2p) and O(1s) peak
energies during film growth for the same experiment, as de-
termined from peak fitting. Both peaks undergo a continuous
shift to lower binding energies with increasing film thick-
ness. At the limiting thickness of 25 A both have shifted
by 1 eV. The difference in binding energy between both
peaks however remains constant. A similar trend can be ob-
served for the half-width. It increases continuously with film
thickness. The solid lines in Fig. 5 follow from a calculation
assuming a negative charge on the oxide surface, and taking
the potential drop and the final escape depth of the g)(2
. and O(3Xs) x-ray excited core-level electrons into account.
Binding Energy (eV) In Fig. 6 the peak area ratio of the 3&(2p) and the
FIG. 3. Al(2p) and O(3) core-level emission at two different O(1s) core-level emission is plotted as a function of water
levels of water exposure/electron bombardment. The top spect@*Posure/electron bombardment. As can be seen this ratio
correspond to an oxide film thickness of 3.5 A and the lower spectr@PProaches a saturation value that agrees with the ratio cal-
to a thickness of 21 A. Oxidation leads to the buildup of aA*Al culated under the assumption of a perfeciQyl stoichiom-
peak at about 76 eV binding energy and an oxygen peak at abo@try taking the different sensitivitigé eybold-Heraeus com-

531 eV. Both peaks grow in intensity and shift to lower binding pilation) of the electron analyzer for the two emission lines
energies with increasing oxidation. into account. The exposure/bombardment time required for

XPS Counts (arb. units)
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FIG. 7. Wide-range AK «a excited photoelectron spectrum of a

FIG. 5. O1(1) and AP*(2p) peak position obtained from peak 25-A-thick oxide film grown using electron bombardment. The
fitting during surface oxidation. Each step corresponds to 15 min irspectrum only contains oxygen, aluminum and plasmon excitation
5x 107 Torr water and electron bombardmefi0 wA/cm?, 100 related loss features with their combinational losses. Starting at low
eV). Both peaks linearly shift in parallel to lower binding energies binding energies the main components are the gp(2gion, the

as the oxide film thickness increases. The behavior can be explainéd(2p), and Al(2s) core-level emission with plasmon losses to-
by the formation of @~ ions on the oxide surface. wards higher binding energies, the @GfIcore-level emission with
an aluminum oxide plasmon loss, and the(K2d) Auger transi-

reaching the saturation value coincides with the shutdow{o-

point for of the oxide film growth shown in Figure 4. ) ) ) ) ) )
is essentially identical with tabulated spectra for aluminum

oxide and sapphirE Beginning at low binding energies the
C. Characterization of the thick oxide film O(2s) feature is followed by the Al(g) and Al(2s) core-
level region in which are also exhibited plasmon-loss fea-
o ] ) ) tures. An A(KLL) Auger transition1396 eV kinetic electron
The characterization of a 25-A-thick oxide film grown energy is also seen. At about 530 eV binding energy, the
under electron bombardment has been carried out using XPR,minant O(k) peak is seerithe sensitivity of XPS for
and electron-energy-loss spectroscopy. This corresponds Bygen is five times larger than for aluminuitogether with
the max?mum film thickness that may be achieved by elecyn” 3juminum oxide plasmon loss. Finally close to 1 keV
tron assisted growth. _ binding energy, the LL) Auger transition appears. Evalu-
Figure 7 shows a wide energy range spectrum of an oxidgsjon of the peak area ratio between théAPp) and O(s)
f!lm grown under electron .bombardmen; The totall proces%omponent (using sensitivity factors from the Leybold-
tlme_tésmg a current density of 10A/cm* (100 eV} in 5 eraeys compilationshows that this thick film has the
X 10" Torr water vapor is 200 min. The overlayer spectrumproper ALO; stoichiometry(the change of apparent stoichi-
ometry during film growth is shown in Fig.)6
oas| T T T T T ] The determination of the film thickness using XPS inten-
theoretical value for ALO . sity ratios depends upon the morphology of the aluminum
GRS . oxide layer, since the signal attenuation differs for an island-
like and a homogeneous oxide film on the aluminum sub-
iy strate. Figure 8 shows the peak area rafidl%/1 (AI®") of
the two XPS Al(2) contributions as a function of the pho-
toelectron takeoff anglé measured from the crystal normal
N (see inset to Fig. )8 These measurements were made on the
same film as in Fig. 7.
If the Al,O5 film covers the surface homogeneously the
formula

1. Film thickness
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FIG. 6. AF(2p)/O(1s) peak area ratio as a function of hould hold. Herein\ denotes the mean free path of x-ray

exposure/bombardment. Each step corresponds to 15 min in . S A .
x10~7 Torr water atmosphere and electron bombardmentexc'md core-level electrons, which is 20 A to good approxi-

) Y . .
(10 wAlcm?, 100 eVj. With time the peak area ratio approaches therm’_‘t'o?8 for AP and AF* in bulk aluminum and alum!num
theoretical value which is expected for an,@4 stoichiometry with ~ 0Xide:™ The parameterp, and pa 0, are bulk densities,
the excitation source and electron energy analyzer employed. andM is the molecular weight. It is assumed that the pho-
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FIG. 8. AI%AI®" peak area ratio of the two spectral components Electron Energy Loss (eV)

of the aluminum core-level emission plotted as a function of the £ g Electron-energy-loss spectry#60 eV primary energy
g +3 o ; e

takeoff anglef. The variation in the AYAI " ratio can be described o comparable water exposures with and without electron bom-

by a homogenous A0; film of thickness 25 A on top of the alu-  pargment. The upper spectrum taken after 4500 L water exposure

minum bulk metal. without electron bombardment contains only aluminum bulk and

o . . ) surface plasmon losses. It is composed of the 10.9 eV surface plas-
toelectron emission cross section for Al does not differ in Almon and the 15.7 eV bulk plasmon loss and their overtones. The

and in ALO;. As can be seen from the solid line in Fig. 8 the lower spectrum taken after using electron bombardment
signal change with variation af can be well described with (10 uwA/cm?, 100 eV} shows only the aluminum oxide plasmon loss
Eq. (2) usingd=25 A. We therefore conclude that the mor- at 23.5 eV. Furthermore a band gap of about 5.5(e¥e inset
phology of the A}O; film grown in water vapor under elec- appears, showing the insulating property of the resulting film.
tron bombardment is most likely to be a homogeneous sto-

ichiometric ALO; film on top of the aluminum metal very same spectrum is observed from sapphire saffiites

substrate. , i . dicating that this feature might be an intrinsic property of

b 'é follows from Eq. (2) that the oxide thickness is given bulk Al,O;. The intensity in the low-energy-loss region is

y strongly reduced, indicating a band gap of about 5.5 eV

width (see inset, Fig. 9 which is characteristic for an insu-

3) lating material such as aluminum oxide. The observed mag-
nitude of the gap width corresponds well to gap energies
measured on sapphire by the same technfque.

This relationship was used to establish the thickness scale in

Fig. 4.

par Mo, 1(AI%)

d=\ co% In| 1+ .
pao, 2Mar 1(A9)

IV. DISCUSSION
2. Electronic properties of the thick AD; film
. A. Summary of experimental findings
Figure 9 shows the electron-energy-loss spectrum of alu-

minum oxide films grown using Comparab|e water vapor ex- The experimental findings described in Sec. Il are as fol-
posures with and without electron bombardment. The energlpws.

of the primary electron beam for excitation is 460 eV in both (1) The O(ls) peak area obtained during oxidation in
cases. The upper spectrum from the water oxidation still conwater vapor increases much faster when bombarding the sur-
tains the aluminum metal surface plasmon loss at 10.9 eVace with 100 eV electrons. After comparable exposure
loss energy, indicating that bare surface areas exist. This is itimes, a strong Ai"(2p) peak has developed using the elec-
agreement with previous publications on this system, irtron beam, while without bombardment only a small contri-
which an island growth model for oxidation in a water atmo-bution of this feature can be observed for comparable water
sphere has been favorédis has been found also for oxida- vapor exposures.

tion in oxygen gag’ The most prominent electron energy  (2) The peak area ratio of Al(2p)/O(1s) after reaching
loss feature in Fig. 9 is the 15.7 eV aluminum bulk plasmon saturation thickness is the same as expected from a stoichio-
wp(Al), and its overtones at 31.4 and 46.9 eV. Low-intensitymetric AlLO; layer. The variation of the peak area ratio
combinational losses of bulk and surface plasmang) @re  Al°%(2p)/AI3*(2p) at various electron emission angles can
also barely visible. The lower spectrum, taken after surfacde described by assuming a homogenous aluminum oxide
oxidation using electron bombardment, is almost identicalAl,O3) film with a thickness of 25 A on top of an aluminum
with spectra obtained from sapphire surf&teand clearly metal substrate. The electron-energy-loss spectrum obtained
indicates heavy surface oxidation. The dominating loss feafrom this film is very similar to spectra published for sap-
ture is the characteristic aluminum oxide plasmonlike lossphire surfaces with an oxide bulk plasmon at 23.5 eV loss
w,(Al,Oy), at 23.5 eV. Furthermore, there is a shoulder atenergy and a band gap of 5.5 eV.

about 15 eV loss energy which might be interpreted as a (3) The AP(2p)/AI®*(2p) peak area ratio, under the as-
remaining contribution of an Al bulk plasmon. However, the sumption of a homogenous oxide layer covering the alumi-
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num substrate, shows a linear time-dependent increase in ottic field set up by negative oxygen ions on the oxide outer
ide thickness with ongoing electron bombardment/watesurface. This field either draws metal cations to the surface
exposure. or leads to the migration of oxygen anions to the metal/
(4) During this growth both the AI"(2p) and the O(%) insulator interface. The charge transfer due to ion migration
core-level binding energies shift in parallel to lower binding has to be balanced by an electron flux from the metal sub-
energies. strate towards the oxide surface to maintain change neutral-
(5) The AR*(2p)/O(1s) peak area ratio increases mono- ity. Since the insulating oxide layer is sufficiently thin,
tonically from zero to the value expected for an,@4 sto- enough electrons can pass into the film by tunneling to keep
ichiometry. the oxide growth process going. The thermally activated
(6) The film growth rate abruptly decreases after reachingrowth rate is considered to be limited by the ion mobility.
a thickness of about 25 A. This approximately coincides withHowever, different views have been publisiféd.
reaching the asymptotic limit of the Al(2p)/O(1s) peak We propose that the electron bombardment of the hy-
area ratio corresponding to the stoichiometry characteristidrated oxide surface leads by means of electron-impact in-
of Al,O,. For longer electron-beam-enhanced oxidationduced chemical reactiomo a higher concentration of oxygen
times, no significant growth in thickness and change in peaknions on the oxide surface and in this way increases the

position is obtained. oxidation rate. We will present evidence for this interpreta-
From these findings we first of all draw the following tion below.
conclusions. Usually in thermally activated oxidation, it is assumed

(1) Electron bombardment of an aluminum surface in wa-that the potential dropV across the film is constant during
ter vapor at room temperature leads to the efficient producthe growth process. Thus as the film thickness increases, the
tion of a stoichiometric aluminum oxide film. electric field in the oxide layer decreases. In this case, the

(2) The oxide film grows much faster using electron bom-potential drop is determined by the position of the electron
bardment, compared to growth at 300 K in water vaporaffinity level in the oxide relative to the bulk Fermi level in
alone. the metal. Electrons tunnel through the film populating the

(3) The thickness under our experimental conditions,affinity level, creating oxygen ions until a potential differ-
however, does not exceed the value obtained after extensiwnce is set up by the resulting charge accumulation on the
thermal oxidation in water vapor without electron bombard-oxide surface that shifts the affinity level to the Fermi level
ment(not shown. After reaching about 25 A film thickness, and terminates the electron flux. The growth of the oxide
film growth virtually stops. film, which depends on the individual mobilities, proceeds

(4) The surface oxidation is accompanied by two mainvia the transport of metal and/or oxygen ions through the
features, which differ from the behavior observed withoutoxide film. In case of AJO; strong evidence has been re-
electron irradiation:(@) The film grows linearly with time ported that dominantly oxygen ions migrafeThe corre-
instead of obeying a parabolic rate law found for thermallysponding particle current densifyis given by
activated oxidation; an¢b) The AB*(2p) and O(s) core

levels shift in parallel to lower binding energies as the _ dn

electron-beam-assisted oxidation occurs. j=pnE-D (4)
B. Brief summary of previous studies of thermal with u being the mobility of the diffusing ion species,the
and electron-beam-assisted oxidation of aluminum density of ions, and the ion diffusion coefficient. For thin

At room temperature, water dissociates on both a cleafilms the effect of the electric fielE dominates in the ion
and an oxygen-covered aluminum surfa&& The surface is  transport process and the term in £4). containing the con-
covered with -OH groups that are stable up to nearly 700 Kcentration gradientin/dx, can be neglected.

This thermally activated dissociation process is quenched at Assuming a capacitorlike behavior of the metal/oxide
90 K, and water exists as an undissociated ice film orStructure with a constant potential drdy/ across its thick-
Al(112).° However, a thin ice film can be efficiently acti- ness, the electric field driving the ionic motion in thermally
vated by 100 eV electron impact, converting the surface t@ctivated oxidation then decreases with increasing film thick-
Al,O; with a high efficiency corresponding to a high crossnessx so thatE=AV/x. Considering the ionic motion being
section of 2.5¢107 % cn?.% In the studies reported here at dominated by the field-induced migration, the film thickness
300 K, either adsorbed J@ in a transient state which exists changes so thatx/dt=AV/x, and a parabolic growth kinetic
prior to dissociation, and/or adsorbed -OH species act as law (x><t'?) is observed for the thermally activated oxida-
source of the oxidizing species upon electronic excitation byOn process.

100 eV electrons. The low gas density of®in the growth

experiments excludes J@ excitation in the gas phase by D. Mechanism of ALOs film formation—

electron impact. electron-beam-assisted oxidation

The growth law observed in our study of an electron-
impact-activated oxidation process differs significantly from
the expected parabolic kinetic film-growth behavior. Elec-

The theory for thermally activated thin film formation tron bombardment of the oxide surface in water vapor gives
(d=<100 A) was first described by Cabrera and Mott ina constant growth rate up to a limiting thickness as shown in
19482* The driving force in this thickness regime is the elec-Fig. 4. Keeping with the Cabrera-Mott field-induced oxide

C. Mechanism of ALOj; film formation—
thermally activated process
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growth picture, this behavior corresponds to the presence of ionic adlayer
aconstantelectric field during the growth phase, caused by a
constantsurface coverage of anions at the oxide surface.
This interpretation is confirmed by the observed parallel I
shifts of the AP*(2p) and O(1s) core-level emission peaks ~ AIR* 0%
with increasing film thickness. Since both peaks shift in par- | l
allel in the same directiofsee Fig. 5, this shift is not caused
by a change in the chemical film compositigike aluminum
hydroxide converting with time into aluminum oxide or vice  FIG. 10. Thin fim growth according to the Cabrera-Mott
versa. Moreover, we can remove the 3(2p) and O(%k) mechanism(Ref. 24. Oxygen ions, produced by electron-impact
peak shift by heating to 473 K and can then recover the shifinduced chemistry involving 0 on the surface, lead to a strong
by electron bombardment without water exposure aﬁerward§|ectl’ic field in the oxide Iayer that drives ionic migration through
(not shown. Therefore, we interpret the observed peak shiftdhe film. Depending on the specific mobili_ties, either*Alions
as being due to the accumulation of surface charge as a resfiP"e _towards the oxide surface or oxygen ions tc_)wards the rr_letaI/
of electron bombardment. The direction of the shift towardsox'Ole 'merface'.Th.e transport of eleCt.ronS 'S Co.ns'dered to be inde-
) . _ . . endent of the ionic motion and fast in comparison.
increasing electron kinetic energies shows that the sign i
this stored charge on the outer oxide surface is negative. The Thjs glectric-field strength is rather high and of the order
O(1s) shift towards lower binding energy upon increasing of the breakthrough field for aluminum oxide films, which is
oxide thickness has been observed before and attributed {g the range (3—13%10° V/cm.3° Most likely the amount
charge accumulation as well during thermally activatedof surface charge is limited by the dielectric strength of the
oxidation®® X-ray photoelectron spectroscopy is well oxide material and electron bombardment and breakthrough
suited to investigate electrostatic potential differences in thinlischarging stabilize the field at an equilibrium value.
semiconducting and insulating film§:2° Assuming a dielectric constaat= 10 independent of film
Next we have to consider how charge might be stored irthickness corresponding to a constant film composition, the
the growing oxide film. Since electrons can be regarded asurface charge density can be calculated by
highly mobile as mentioned above, one would assume that
any charge accumulation due to electrons would dissipate o=eeoE=e80AV/x. ®)

rather quickly. Therefore, we propose that the negativenssuming the formation of & ions this density corresponds
charge is in the form of oxygen ions on the oxide surface ino a density of oxygen ions of 1410 O /cn?, and a
the way described by the Cabrera-Mott oxide growth modelnearest-neighbor distance of 29 A if the oxygen ions form a
This interpretation is confirmed by considering another effechexagonal lattice. The binding energy per ion can be ap-
of the electron and x-ray bombardment. At 100 eV primaryproximated by classical electrodynamics, assuming regularly
beam energy as well as under x-ray bombardment, we olarranged point charges in front of a dielectric layer on top of
serve a positive sample current towards ground, i.e., mora grounded metal substrate. With a distant8 & between
secondary electrons leave the sample than primary electrom®int charge and surface of the dielectttbe oxygen ion
are injected. Therefore, if charge storage due to the balanadadius is 1.4 A in ionic crystaJsa nearest-neighbor distance
of electron arrival and emission occurs in the film, it shouldof 30 A in the ion lattice and an oxide thickness of 30 A with
have a positive rather than a negative sign and the core-levelielectric constant =10 the binding energy per oxygen ion
peak shifts should be in the opposite direction. If, howeverjs 1.6 eV. This number takes the attractive interaction with
the primary way to accumulate charge is the formation ofthe image charges and the repulsive interaction within the
oxygen ions on the film surface, necessarily the observedxygen ion lattice into account. While this simple model is
core-level shift to higher kinetic energies will occur. certainly a crude picture of the true charge arrangement and
If this interpretation is correct the peak shifts should fol- the surface electronic structure, the estimated anion binding
low from a simple model by again assuming a surface caenergy nevertheless shows that despite the accumulated
pacitor consisting of a grounded platihe substrae a di-  charge density, the ion layer is well stabilized and our picture
electric filling layer (the oxide film, and a negatively of the charge location is reasonable. A constant density of
charged second platoxygen ions on the oxide surfgce oxygen ions on the oxide surface results in a normal electric
Figure 10 sketches this situation that is identical to the modefield E independent of film thickness, and a constant flux of
from the Cabrera-Mott theory for thermal oxidation. Indeedions through the oxide film. Therefore an oxide growth rate
the magnitude of the shifts of both peaks can be described byhich is linear in time is obtained.
assuming a linear potential drop between the oxide surface Interestingly we observe a drop in film growth rate at
and the metal/oxide interface withcanstantelectric field of  about 25 A film thickness. The uptake either completely ter-
5x 10° V/cm in the oxide film independent of film thickness. minates or slows down by an order of magnitude. The ob-
This condition follows from aonstantanion charge density tained thickness limit is the same as found when thermally
on the oxide film surface during electron bombardment. Thexidizing the aluminum surface in air, oxygen or water
solid lines in Fig. 5 show the result of the calculation takingatmospheré*2°32The natural growth of an oxide film in a
the finite elastic mean free path of 20 A for electrons fromgaseous or liquid environment, in principle, is limited by the
the Al(2p) level and 15 A for electrons from the Of)Llevel ~ decreasing growth rate with increasing film thickness. This is
into account. As can be seen the resulting curves fit the datiaue for the thin film region, where the Cabrera-Mott model
well. holds, as well as for higher thickness, where different ion
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transport mechanisms have to be considéfe8timulating  certain paths like grain boundaries or other defect sites,
the formation of surface oxygen ions by electron bombardwhich decrease in number when the film grows thicker.
ment does not lead to unlimited oxidation as well. Because If diffusion along defect sites is the favorable path for ion
of energetic and kinetic reasons the oxidation process wilmigration, the growth rate will slow down once the number
come to an end. of these defect sites decreases. Diffusion of oxygen ions to-
Considering the interaction of oxygen ions on the surfacevard the surface along grain boundaries is considered to be
on the basis of classical electrodynamics it is evident that théhe dominant transport process at least for high-temperature
interionic repulsion will exceed the attraction by the imageoxidation® If the oxide growth proceeds as in the case of
charges beyond a certain film thickness because of the finitmolecular oxygen in the form of isolated islands which in-
dielectric constant of the oxide film. Therefore, for each ox-terlink after reaching a thickness of about 2G%hen one
ide thicknesd there is a maximum density,,,,{d) of oxy-  could very well imagine a decrease in film growth rate as we
gen ions, which can be bound to the insulator-on-metal sysabserve; since interlinking of these oxide grains could turn
tem. This maximum density decreases monotonically withoff the oxygen ion flux by removal of their favorable migra-
increasing film thickness. Therefore, even if one can supplyion path along surfaces.
sufficient charge to the surface or activate the ion formation This effect would be expected to result in an increasg in
sufficiently by electron bombardment, the electric field as thenear the end of the film growth process as a result of an
driving force for ion migration will decrease due to a natu-increase in steady-state charge densityand this is indeed
rally decreasing charge density on the oxide surface. Howbserved in Fig. 5 near the termination of rapid film growth.

close the actual charge density comes to the limj,(d) is Below the saturation coverage an excess of (dignal
determined by the balance between ion formation reaed  compared to the proper intensity ratio for,@ is observed.
the rate of ion migratiorM : This might be due to hydroxyl group coverage on,@y

cluster surfaces. Reaching saturation thickness coincides
do with saturation of the AI3(2p)/O(1s) ratio at a value cor-
—=1(0)—M(0) responding to AIO; stoichiometry, and the removal of the
dt majority of surface hydroxyl groups from the cluster surfaces

as clusters coalesce.
(possibly mechanisms other than ion migration for decreas-
ing the surface charge density have to be considered in ad-
dition). In principle, both rates might depend on the charge V. CONCLUSIONS
density itself. In a simple model the ion formation rate might The oxidation rate of an AL11) surface in water vapor
just be given by the electron bombardment rate and thereforgan be significantly increased by electron bombardment of
be independent ofr. The ion migration rate might be pro-

tional to th itude of the electric fididand. th the surface with 100 eV electrons at a current density of
portional to the magnitude of the efectric fiexdand, there- 10 uAlcm?. The resulting amorphous aluminum oxide film,
fore, be proportional to the charge density as well:

with a limiting thickness of about 25 A, has the correct
Al,O5 stoichiometry and covers the aluminum substrate ho-

M(o)=Mo. mogeneously as determined by XPS. The electronic proper-
ties of the produced film are qualitatively the same as ob-
This would lead to a steady-state charge densityof tained from a sapphire surface, exhibiting the oxide plasmon

at 23.5 eV loss energy and with a band gap of about 5.5 eV.
The observed oxygen uptake and core-level peak shifts
1 can be interpreted on the basis of the Cabrera-Mott model of
Uss_ﬁ’ thin film growth, assuming the electric field within the oxide
layer is caused by oxygen anions on the oxide surface as the
driving force for ion migration. The increase in growth rate
under electron bombardment is caused by electron-beam-
induced dissociation of adsorbed water molecules and en-
To= Tmal d). hanced surface oxygen anion formation. Due to the electron
s bombardment the surface coverage of oxygen anions and ac-
From then on the charge density on the surface would desordingly the electric field within the oxide layer is kept
crease with growing film thickness, resulting in a decreasingonstant at about:810° V/cm and does not depend on the
growth rate starting from this point. In this case the shift ofthickness of the film. Therefore, the transport of ions through
the Al(2p) and O(Js) core-level emission should reflect the the film is independent of thickness as well, and the growth
decreasing electric field in the oxide film by a decrease irrate is constant and independent of time. Even though the
slope of theAE(d) curve(see Fig. 5, which is not observed electric field within the layer does not break down, the
experimentally over most of the range. Instead of for energrowth terminates when a saturation thickness of about 25 A
getic reasons, the film growth might also terminate becausks reached. We interpret the abrupt drop in film growth rate
of a change in the growth kinetics. If, for example, the mi-at this point as being due to a change in the ion-transport
gration of ions across the film is considerably hindered abovenechanism. Most likely the ions migrate preferentially along
a certain thickness, then the growth rate will decrease adefect sites such as grain boundary borders or through only
well, since less ions per unit time cross the insulator layerpartially oxidized regions. Once the film heals out these
Such an effect might arise if the ionic migration leads overpaths by A}O; cluster coalescence, these paths are no longer

which is independent of film thickness until the film reaches
the point where
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available and the oxidation rate decreases significantly. Acsurface oxygen ion density by electron bombardment might
cordingly, we observe the film to reach the,@} stoichiom-  supply new ways to control the growth of thin oxide films at

etry in coincidence with the stop in film growth. low temperatures.
A useful application of our study might be the controlled
growth of aluminum oxide films over extended areas by us- ACKNOWLEDGMENT

ing a low-energy electron beam, or possibly in a more local-
ized application by using the tunneling of electrons between The full support of the Air Force Office of Scientific Re-
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