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Abstract

The effects of water vapour pressure on oxidation kinetics of aluminium have been studied using X-ray photoelectron
spectroscopy ( XPS) and three-way parallel factor analysis (PARAFAC). While the first technique is a powerful
experimental tool for surface oxidation studies, the PARAFAC technique is a sophisticated analytical tool for
analysing XPS data. The XPS Al(2p) and O(1s) core level have been used to follow the oxide film growth on clean
surfaces at room temperature as a function of oxidation time (ranging from 1 to 60 min) and pressure of water vapour
(ranging from 2.0×10−6 to 6.5×10−4 Pa). The growth of thin oxide films on aluminium surfaces has been found to
follow the Cabrera–Mott inverse logarithmic law in all pressure ranges studied. The pressure effects have shown that
the defect formation reaction at the oxide film/gas interface is the rate determining process in the aluminium oxidation.
The pressure dependence of oxidation kinetics can be explained on the basis of metal vacancies in the defect structure
of thin aluminium oxide films. © 1999 Published by Elsevier Science B.V. All rights reserved.
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1. Introduction studies exists on the interaction of aluminium with
oxygen and water vapour [1–10], the structure
and composition of the oxide film overlayer stillThe structures of thin oxide films on aluminium
remain largely unknown.surfaces are of great interest because of their highly

The oxidation kinetics of a metal are determinedpassivating properties, which make aluminium an
by a number of processes, which fall into twoimportant material in a wide range of practical
groups: atomic transport through the oxide film,applications where corrosion-resistant capability is
and reactions at one or both interfacesrequired. In ambient conditions, the interaction of
(metal/oxide film and oxide film/gas). The domi-clean aluminium surfaces with oxygen or water
nant type of defect in the oxide structure definesvapour results in a thin amorphous oxide over-
the mechanism and the direction of the transportlayer. However, because of a low oxidation rate
process; its concentration determines the oxidationand very thin oxide film (<5 nm), use of sophisti-
rate. If the rate-determining reaction occurs at thecated analytical tools is necessary to investigate
oxide film/gas interface, the oxidation will be athe oxidation process. Although a number of
pressure-dependent process, in which the type of
defect can be determined from the interfacial reac-* Corresponding author. Fax: +1-519-661-3709.

E-mail address: thando@surf.ssw.uwo.ca (T. Do) tion. Hence, an investigation of pressure depen-
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dence of oxidation kinetics may provide useful designed preparation chamber attached to the XPS
spectrometer at pressures ranging from 2.0×10−6information on the structure of oxide films as well

as the oxidation mechanism. For thin aluminium to 6.5×10−4 Pa through six levels ( level number
1 to 6 corresponds to 2.0×10−6, 7.8×10−6,oxide films, earlier works of Cabrera and Mott

[11] showed that the oxidation kinetics of alumin- 1.3×10−5, 6.5×10−5, 1.3×10−4, and 6.5×
10−4 Pa) and exposure times from 1 to 60 min atium can be described by an inverse logarithmic

law. Several later studies [12–20] on the oxidant 15 time levels: every minute from 1 to 10 min,
after that for 15, 20, 30, 45 and 60 min. After(CO, O2 and other gases [12], O2 [13–19] and

H2O [19,20]) pressure dependence of aluminium exposure to water vapour, under ultra-high
vacuum ( UHV ) conditions, the sample was trans-oxidation did not, however, lead to a model of

oxide film structure which could satisfactorily sup- ferred back into the XPS analytical chamber for
collecting XPS spectra. All XPS spectra wereport the inverse logarithmic law.

In the present work, the growth of a thin oxide obtained using a Surface Science Laboratories
SSX-100 spectrometer equipped with a monochro-film as a result of the interaction of water vapour

with clean aluminium surfaces has been studied as matic Al Ka (1486.6 eV ) X-ray source; the binding
energy scale was calibrated to give an Au(4f7/2)a function of exposure time and pressure using the

X-ray photoelectron spectroscopy ( XPS) tech- photoelectron line position at 83.98 eV. The UHV
system of the XPS spectrometer was maintainednique. The effects of exposure time and pressure

on the oxide film growth can be separately exam- at a base pressure of 4.0×10−7 Pa; the partial
pressure of water in the residual gas detected byined by using the three-way parallel factor analysis

(PARAFAC ) technique to analyse the experimen- using a Dycor Electronics quadrupole mass spec-
trometer was always less than 1.0×10−8 Pa, whichtal XPS data. As a result, a defect model for thin

aluminium oxide film has been proposed to explain allows one to keep the aluminium surfaces in the
XPS analytical chamber clean for at least 30 minthe pressure dependence of the oxide growth and

the observed inverse logarithmic oxidation kinet- after Ar+ ion bombardment. The pass energy of
the hemispherical analyser was maintained atics. In this model, metal vacancies are the dominant

defect in the thin aluminium oxide film, and the 50 eV, giving a constant energy resolution of
0.57 eV. The uptake of oxygen on aluminiumdefect formation reaction at the oxide film/gas

interface determines the oxidation kinetics. surfaces, as a result of its interaction with water
vapour at room temperature, was monitored by
following the changes in intensity of the XPS
Al(2p) and O(1s) photoelectron lines.2. Experimental
Representative series of XPS Al(2p) and O(1s)
spectra obtained after exposing clean aluminiumPolycrystalline aluminium (99.999% purity) was

supplied by Alcan Aluminum Ltd., Kingston, surfaces to water vapour at a pressure of 10−6 Pa
are shown in Fig. 1. There was no charging effectOntario. Specimens were polished to a 0.05 mm

Al2O3 finish, degreased ultrasonically, and observed for all thin oxide films grown on alumin-
ium surfaces under the exposure conditionsannealed in vacuum (573 K, 30 min). Before expo-

sure to water vapour the sample surface was described above [21]. The centroid of the adventi-
tious reference C(1s) peaks was observed atcleaned in situ by Ar+ ion bombardment (3 keV,

10 min) with an incident angle off-surface normal 286.20±0.05 eV, which satisfactorily agrees with
values obtained in an earlier round-robin studyof 55° and an ion dose of ~3×1014 ions cm−2;

this is the minimum Ar+ ion dose estimated to [7]. A Shirley background subtraction [22] was
performed for all spectra as data preprocessing.produce satisfactorily clean aluminium surfaces.

The surface cleanness was confirmed by the The PARAFAC method was then used to analyse
the XPS Al(2p) and O(1s) spectra. Through theabsence of an oxygen O(1s) peak in a high reso-

lution XPS spectrum. Clean surfaces were then use of PARAFAC analysis, the XPS Al(2p) and
O(1s) spectra shapes can be decomposed based onexposed to water vapour in a separate custom-
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on the photoelectron intensity (of the ith line) can
be characterised by two multiplication coefficients
or factors f

ti
and f

pi
, the XPS intensity affected

simultaneously by these two variables, IZ,tp(E ), can
be expressed as:

IZ,tp(E )=∑
i=1
n

IZ,i(E) f
ti

f
pi
+e

tp
(E) (1)

where n is the number of component peaks present
in the spectrum, IZ,i(E ) is the contribution of the
ith component peak from element Z at kinetic
energy E, and e

tp
(E ) is the error term. The sim-

ilarity of Eq. (1) to the mathematical model of theFig. 1. Representative series of XPS Al(2p) and O(1s) spectra
PARAFAC analysis [25,26 ] is the main groundsobtained after exposing clean aluminium surfaces to water
for application of this to XPS data. The numbervapour at a pressure of 2.0×10−6 Pa through 15 levels of expo-

sure time from 1 to 60 min. of factors in the PARAFAC analysis corresponds
to the number of component peaks present in the
analysed XPS spectra. By applying the PARAFACthe variation of peak components through both

oxidation time and pressure parameters. The prin- technique to analyse a set of XPS data, one can
separately obtain these quantities in Eq. (1):ciples of the PARAFAC analysis and its applica-

tion to analysing XPS spectra are described in IZ,i(E ), f
ti

and f
pi

(factor loadings), as a function
of kinetic energy E (or equivalent bindingdetail elsewhere [23].
energy BE), exposure time t and pressure p,
respectively.1

Two XPS data matrices were built up from all3. Results and discussion
Al(2p) and O(1s) spectra taken through the ranges
of exposure time and pressure studied: one withExposing the clean aluminium surfaces to water

vapour results in growth of an oxide overlayer, dimensions of 90×15×6 for Al(2p) data, and the
other with dimensions of 94×15×6 for O(1s)which causes not only an attenuation of the photo-

electron intensity originating from the metal sub- data. The PARAFAC analysis on these two data
matrices has shown that the XPS Al(2p) and O(1s)strate, but also a shift in binding energy of the

photoelectron line aluminium in the underlaying spectra can be characterised by three and four
factor peaks [21,23], each of which is characteristicmetallic lattice to oxidised aluminium in the over-

layer. This gives rise to a new spectral peak in the of a particular surface reaction process. These
results are represented in Fig. 2 and can be sum-XPS spectrum, an oxidic component. Increasing

exposure time results in a decrease in intensity marised as follows. The PARAFAC solution for
the Al(2p) data (Fig. 2a–c) has shown that, besidesof the Al(2p) metallic binding energy at

72.80±0.05 eV, and increases of the Al(2p) oxidic two easily definable single factor peaks, i.e. the
metallic at BE of 72.9 eV and the oxidic at BE ofcomponent, binding energy at 75.87±0.05 eV, and

the O(1s) photoelectron line, binding energy at 75.8 eV, an additional double-maximum factor
peak is found with two components: one at BE of532.30±0.05 eV (see Fig. 1).

In the first-principles model [24], the XPS inten- 72.4 eV (Hy) and the other at BE of 75.4 eV (Ox)
(see Fig. 2a). The first is identified as due tosity is a multiplicative model, in which the effects

of a set of several physically independent variables
on the intensity are described as the product of

1 The factor loading as a function of kinetic energy E from
individual effects from each variable. Thus, assum- the PARAFAC analysis is represented further as a factor peak,
ing that the effects of two independent physical which may also be decomposed into components, e.g. by curve

fitting techniques using ‘classical’ line shapes.variables, such as exposure time t and pressure p,
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O1, O2 and O3 assigned as due to oxygen in a
water molecule is located at a BE of 533.85 eV,
which is close to the value observed by Szalkowski
[4]; the BE position (532.36 eV ) of the component
OH in O1 and O2 factor peaks is found to be
close to the value reported for XPS (O1s) peaks
for some aluminium hydroxides [33]. Changes in
the factor loading of these components as a func-
tion of exposure time and pressure (Fig. 2e and f )
have established that several surface processes are
occurring during the interaction of water vapour
with aluminium surfaces [21]: (1) the interaction
of OH with the metal surface; (2) the conversion
of OH to lattice oxygen and the subsequent oxide
nucleation and growth; and (3) the incorporationFig. 2. The PARAFAC solutions for the XPS Al(2p) data (three
of OH groups into this oxide lattice. The chemi-factor peaks): (a), (b) and (c) and the O(1s) data (four factor
sorbed OH groups on metal surfaces characterisedpeaks): (d), (e) and (f ).
by factor peak O1 [O1: (OH+W ), Me; Fig. 2d ]
show a strong pressure dependence (Fig. 2f ). By
contrast, the incorporation of OH groups intointerface aluminium hydride, and the second is

due to the oxidised aluminium. The assignment of oxide lattice, which is described by factor peak O2
[O2: (OH+W ), Ox; Fig. 2d ], is a pressure inde-the component at lower BE to an aluminium

hydride is based on theoretical work of Gupta and pendent process. The association of OH groups
with water molecules in two factor peaks, O1 andBurger [27], and experimental work of Paul and

Hoffmann [28] as well as others [29–32]. The O2, is likely due to a recombination reaction of
OH groups: 2OH=H2O+O, which can be usedassociated component at higher BE has been con-

cluded to be an oxidised form of aluminium based to explain the peak area ratios between these two
components, measured as 2.1 and 1.9, respectively.on analysis of peak areas combined with a reaction

which relates it to the hydride component. These Also, the associated water molecules in oxide com-
ponent peaks are of a different nature. While theidentifications are supported by the changes in

factor loadings as a function of exposure time and water molecule in the factor peak O3 results from
an interaction of aluminium with OH groups, thepressure (Fig. 2b and c); detailed discussions are

presented in Ref. [23]. PARAFAC analysis of other in the factor peak O4 is related to a reaction
between aluminium hydride and OH group. WhileO(1s) data (Fig. 2d–f ) has shown that all factor

peaks in the PARAFAC solution have a dual the preceding conclusions were discussed in a
previous paper [21], a much more detailed analysisfunctionality: an oxide (Ox) or hydroxide (OH)

component at a lower binding energy and a hydrate of the resultant oxide structure has followed fur-
ther analysis of the data. This is discussed below.component ( W or W∞) at higher binding energy

(Fig. 2d). The identifications of these components The atomic ratio of oxygen and aluminium
atoms in the overlayer can be determined by theare based on a number of experimental works

[4,10,33] and considerations of possible reactions ratio of the corrected XPS intensities of oxygen
and aluminium photoelectron lines. Using the[21], in which these components are involved to

give an observed peak association (dual function- results of the PARAFAC analysis on both XPS
Al(2p) and O(1s) data obtained previously, theality). As an example, the component Ox found

at a BE of 531.78 eV, in both O3 and O4 factor atomic ratios between oxygen and aluminium in
the oxide overlayer can be calculated for anypeaks, is likely due to oxygen in an aluminium

oxide lattice as proposed by McCafferty and selected components in the factor peaks. Fig. 3
represents the atomic ratios r for total quantitiesWightman [10]; the component W in factor peaks
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completely dissociative, giving atomic hydrogen
and hydroxyl species on surfaces [5]. The latter
converts further totally with relative ease through
place exchange into an oxide ( lattice) oxygen at
low flux of impinging water molecules. As a result,
under low pressure conditions, the total O/Al ratio
reflects that in the oxide lattice (see Fig. 3a). The
fact that these ratios are larger than the stoichio-
metric ratio 1.5 might indicate either an excess of
oxygen atoms or a deficiency of aluminium atoms
in the oxide overlayer. As shown further in this
paper, a detailed analysis of data has proven that
the latter is the most possible case because of the
presence of aluminium vacancies. As the pressure
increases, the conversion of chemisorbed hydroxyl
groups to oxygen oxide becomes a rate-determin-
ing process, which leads to an accumulation of
chemisorbed hydroxyl groups on the metal surface.
This corresponds to an increase in factor loading
with pressure of the factor peak O1 (see Fig. 2f ).
Also, such an increase in surface hydroxyl explains
the higher total atomic ratios at higher pressure,
as seen in Fig. 3b and c; this may result in some
participation of the hydrates or hydroxyl groups
in bonding in the oxide structure. At middle pres-

Fig. 3. The corrected XPS intensity ratios between O(1s) and sures, where the maximum of interface aluminium
Al(2p) photoelectron lines calculated for selected components hydride is observed (pressure level 3 and 4,
in the PARAFAC solutions (see text) for water vapour pressure Fig. 2c), the obtained atomic ratios are lower than
at: (a) 2.0×10−6, (b) 6.5×10−5 and (c) 6.5×10−4 Pa.

that in bulk Al2O3 (Fig. 3b). At higher pressure,
the other product of the hydrolysis reaction, i.e.

of oxygen and aluminium atoms measured in the atomic hydrogen, may enter the metal surface as
overlayer on aluminium surfaces (filled circles), an interstitial hydride; thus, the surface structures
and for the atomic ratios for oxygen and alumin- formed at higher pressure differ significantly from
ium that are a discrete part of the lattice2 structure those at lower pressure.
of the aluminium oxide (open circles) for selected Assuming the exponential character of the
pressures. Oxygen as lattice oxide can be distin- attenuation of photoelectron emerging from a sub-
guished from hydroxyl and water in the strate covered by a uniform overlayer with thick-
PARAFAC factor peaks O3 and O4 [21]. ness x, the XPS intensities of various component

From Fig. 3, the overlayer grown on aluminium peaks in the XPS Al(2p) and O(1s) spectra can
surfaces clearly shows different oxide structures be expressed as follows [34]:
under different pressures of water vapour. It is
known that at room temperature the adsorption

IAl(Me)=I2Al(Me) expC− x

lOx(EAl,Me)sin(w)D (2)of water molecules on clean aluminium surfaces is

2 The term ‘lattice’ refers here and further to the primary
oxide structure, which is assumed to have a stoichiometric com- IAl(Ox)=I2Al(Ox)G1−expC− x

lOx(EAl,Ox)sin(w)DHposition of aluminium oxide (Al2O3) and does not suggest that
the structure is well ordered at an early stage; it could be consid-
ered as amorphous. (3)



443T. Do, N.S. McIntyre / Surface Science 440 (1999) 438–450

Table 1
Parameter values used in the literature for calculating oxide filmIO=I2O G1−expC− x

lOx(EO)sin(w)DH (4)
thickness on aluminium surfaces

Density (g cm−3) IMFP (nm)where IAl(Me) is the XPS intensity of metallic alu-
minium atoms from the substrate, IAl(Ox) and IO Aluminium metal 2.70 [35] 2.20a Al(2p)are the XPS intensities of oxidised aluminium and 2.58b Al(2p)
oxygen atoms from the overlayer; the superscript Aluminium oxide 3.5a–3.9 (for c-Al2O3) [35] 2.40a Al(2p)
index ‘2’ on the right-hand side of the intensity 2.82b Al(2p)

2.09b O(1s)terms denotes the corresponding intensities from
pure aluminium metal or oxide; lOx(EAl,Me), a Values used by Strohmeier [36 ], r assumed to be 1.5.
lOx(EAl,Ox) and lOx(EO) are the inelastic mean free b Values calculated from Tanuma et al. [37,38].
paths (IMFP) of metallic aluminium Al(2p),
oxidic aluminium Al(2p) and oxygen O(1s) photo-

chiometric ratio r; in the literature these are usuallyelectron, respectively, in the oxide overlayer with
assumed (r and dOx) or estimated based on second-relevant kinetic energies EAl,Me=1416.9 eV,
ary measurements (IMFPs). From Eq. (5), usingEAl,Ox=1414.0 eV and EO=957.4 eV; w is the
parameter values presented in Table 1 Strohmeierelectron take-off angle with respect to the sample
[36 ] derived a formula for calculating the oxidesurface (35°). These XPS intensities of pure alu-
thickness on aluminium surfaces. It should beminium metallic and oxide are given as:
noted that in Strohmeier’s formula the oxide over-I2Al(Me)=nAl(Me)lMe(EAl,Me)K/SFAl , I2Al(Ox)=nAl(Ox) layer is assumed to be in the form of c-Al2O3, inlOx(EAl,Ox)K/SFAl and I2O=nOlOx(EO)K/SFO;
which the atomic ratio r is 1.5. Further, dividingwhere the atomic concentrations of aluminium
both sides of Eqs. (2) and (4), and substitutingatoms in metal, aluminium atoms in oxide and
the oxide thickness x from Eq. (5) leads to theoxygen atoms in oxide respectively are nAl(Me)= following equation:dMeNA/MAl, nAl(Ox)=dOxNA/(MAl+rMO) and

nO=dOxNAr/(MAl+rMO); dMe and dOx are densities RO
r

=R
SF

R
l
RAl+

R
SF

dL

R
M

of aluminium metallic and oxide; NA is Avogadro’s
number; MAl and MO are molar masses of the
elements aluminium and oxygen; r is the O/Al

×C1−AR
M

R
l

dL
RAl+1B1−1/RlD (6)stoichiometric ratio; lMe(EAl,Me) is the IMFP of

aluminium metallic Al(2p) photoelectron in alu-
where RO and RAl are the ratios of XPS intensities,minium; SFAl and SFO are the sensitivity factors
RO=IO/IAl(Me) and RAl=IAl(Ox)/IAl(Me); R

SF
is theof Al(2p) and O(1s) photoelectron lines, 2.49 and

ratio of sensitivity factors, R
SF
=SFO/SFAl; R

l
is0.60, respectively; and K is an instrumental param-

the ratio of IMFPs, R
l
=lOx(EO)/lOx(EAl,Me); dL=eter. Assuming lOx(EAl,Me)#lOx(EAl,Ox), a combi-

dOxlOx(EO) and R
M
=lMe(EAl,Me) (MAl+rMO)/MAl.nation of Eqs. (2) and (3) provides the following

As mentioned above, increasing exposure timeequation for the thickness of oxide overlayer x:
results in growth of an oxide overlayer, which

x=lOx(EAl,Me)sin(w) causes an attenuation of the metallic Al(2p) photo-
electron signal from the substrate, i.e. a decrease
of quantity IAl(Me). The corresponding increase in×lnCdMe(MAl+rMO)

dOxMAl

lMe(EAl,Me)

lOx(EAl,Ox)

IAl(Ox)
IAl(Me)

+1D.
the oxygen uptake on aluminium surfaces results
in an increase of the O(1s) photoelectron intensity,(5)
represented by IO, as well as an increase in intensity
of the oxidic component in the Al(2p) spectrum,In Eq. (5), there are three quantities, which

cannot be directly measured, the density dOx of the represented by IAl(Ox). Then, the ratio RO essentially
represents the quantity of oxygen atoms presentoxide overlayer, the IMFP of photoelectrons in

the oxide, lOx(EAl,Me) or lOx(EAl,Ox), and the stoi- in the overlayer and the ratio RAl represents growth
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of the oxide overlayer on aluminium surfaces; growth of the oxide overlayer characterised by
RAl. The difference between the two ratios in Fig. 4different ratios can be calculated by selecting

appropriate components in the previously obtained is a measure of non-lattice oxygen (i.e. all oxygen
atoms not bounded into the primary oxide lattice)PARAFAC factor peaks. Now, some interesting

conclusions can be drawn from an examination of in the overlayer, which would be in the form of
OH groups or water molecules. The ratio RO/rthe ratio RO/r as a function of RAl. Fig. 4 shows

variations of the RO/r ratios with changes of RAl calculated for the lattice oxide oxygen seems to
change linearly with RAl at the end of its range incalculated for two different oxygen quantities: (a)

total oxygen from the total XPS O(1s) intensity, each pressure series. Fig. 5 shows these results for
all studied pressures, where the solid line representsand (b) lattice oxide oxygen from the oxide compo-

nents in the PARAFAC factor peaks O3 and O4 a regression line in each series. From Eq. (6), if
the variation of the second term in this equationfor three pressures (selected as in Fig. 3); data for

the atomic ratio r is taken from Fig. 3. From with RAl is very small or can be neglected, the
relationship between ratio RO/r and RAl becomesFig. 4, it can clearly be seen that a significant

amount of oxygen is incorporated as a part of the linear, giving the slope of R
SF

R
l
. Statistical tests,

applied to pairs of slopes, for all pressure seriesaluminium oxide network, which increases with
showed that an average slope can be used to
characterise the linearity of these six lines in Fig. 5.
The average slope, 2.13, yields a value for
R
l
, lOx(EO)/lOx(EAl,Me), of 0.51. This value is lower

than that calculated using data of Tanuma, Powell
and Penn (TPP) [37,38], given in Table 1, i.e.
equal to 0.74. Such a significant difference in value
of R

l
between our experimental estimation and

that calculated using the TPP IMFPs could possi-
bly arise from their use of optical data measured
on anodically grown thin aluminium oxide films

Fig. 4. The ratio RO/r as a function of RAl for total oxygen and
Fig. 5. The ratio RO/r as function of RAl for lattice oxide oxygenlattice oxide oxygen (see text) for selected exposure pressures

as indicated in Fig. 3. for all studied exposure pressures.
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[39,40]; the structure of thin anodically grown to, as shown below, the most severe deviation and
uncertainty in the estimation of thickness.oxide films may be significantly different from that

which grows under our experimental conditions. Eqs. (2)–(4) show that the thickness of oxide
overlayer can be calculated in different ways usingThus, the IMFP data given in Table 1 may not be

suitable for the case of our thin oxide films. Using our available collected XPS data. In order to
eliminate uncertainty due to an assumption forthe value of R

l
=0.51 and a non-linear regression,

the other parameter dL in Eq. (6) can be estimated lOx(EAl,Me), and to compare obtained results, a
relative thickness xrel was used, which is definedfor every pressure series. The obtained best-fit

values for dL as a function of pressure are pre- as the ratio of the calculated thickness to the
IMFP of Al(2p) photoelectron in oxide,sented in Fig. 6. As suggested from Fig. 6, the

parameter dL gradually decreases as pressure xrel=x/lOx(EAl,Me). The collected XPS data allowed
us to calculate the relative thickness by theincreases and becomes constant at high pressure.

It should be noted that the variation of parameter following four methods.
(A) Two peaks fitted: using two componentdL is affected by both the density of oxide overlayer

and the IMFP of O(1s) photoelectron in the oxide peaks, the metallic and the oxidic, to fit the
original XPS Al(2p) spectra by the curve fittinglayer. Once again, the estimated values of parame-

ter dL are smaller than that calculated using data technique and to obtain the RAl ratios. The
assumed data are: the oxide density dOx andgiven in Table 1. From Table 1, assuming the oxide

density as for c-Al2O3, 3.5–3.9 g cm−3, and stoichiometric ratio r as assumed by Strohmeier
[36 ]; the IMFPs are of TPP from Table 1. ThelOx(EO) as calculated from TPP [37,38], 2.09 nm,

the absolute value of dL can be in the range 7.3– oxide relative thickness is calculated from Eq. (5).
(B) PARAFAC-derived Al(2p) ratio: using the8.2, which is much higher than our estimated

value, which varies from 2.0 to 3.4. That means, metallic and the oxidic Al(2p) factor peaks
(Fig. 2a) to obtain the RAl ratios. The assumedunder any assumption, one or both of the oxide

density or lOx(EO) are smaller than those given in data are: the oxide density dOx and the TPP
IMFPs (from Table 1); stoichiometric ratios r areTable 1, and this suggests that the parameters given

in Table 1 may not be valid to characterise the taken from data in Fig. 3; calculations of relative
thickness are based on Eq. (5).thin oxide films grown on aluminium surfaces in

our experimental conditions. In particular, the (C) PARAFAC-derived O(1s) ratio: using the
sum of lattice oxide oxygen components fromassumption of stoichiometric oxide (c-Al2O3) for

the oxide overlayer on aluminium surfaces leads O(1s) factor peaks O3 and O4 (Fig. 2d) and the
metallic Al(2p) factor peak (Fig. 2a) to obtain
the RO ratios. The ratio RO is then used to
determine the oxide thickness by a numerical
method applied to a combination of Eqs. (2) and
(4). The oxide density dOx, IMFPs and the stoi-
chiometric ratios r are as in method B.
(D) dL estimated: using the RAl ratios calculated
as in method B; the oxide relative thickness is
calculated from Eq. (5) using the dL value esti-
mated above.

Fig. 7 shows calculation results for the oxide
growth as a function of exposure time by using
the original XPS data (method A; filled circles)
and several independent sets of data provided from
PARAFAC analysis (methods B, C and D; filled
triangles, open triangles and open rhombs, respec-

Fig. 6. Estimate of dL as a function of exposure pressure. tively) for three selected pressures. Although a
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ratio (1.5) for the oxide overlayer is close to that
observed (see Fig. 3a), particularly at the early
stages. In consequence, the two peaks fitted
method (method A) can be applied for thickness
estimation only under those particular conditions
of experiments.

Our previous work [41] showed that the oxida-
tion kinetics of aluminium are best described by
an inverse logarithmic law. In this work [41] the
effect of water vapour pressure p has been incorpo-
rated with the effect of exposure time t in the
oxidation kinetics by an exposure parameter,
which includes both exposure time and pressure
via a product t×p, and has the unit of Langmuirs
(1 Langmuir=1.33×10−4 Pa s). As shown above,
by using the PARAFAC technique the effects of
exposure time and pressure can be separately
extracted, which are now used to examine the
oxidation kinetics. The rate of oxide growth, theo-
retically, depends on a flux of ions, Jion, across the
oxide overlayer, which can be expressed by a
general equation:

Jion=−Di
dci
dx

+civi (7)

where Di is the diffusion coefficient, ci is the
concentration and vi is the drift velocity of an ion,Fig. 7. Relative thickness, xrel, of oxide overlayer calculated by
which is the diffusing species in the oxide overlayer.four different methods (see text) as a function of oxidation time

t (min) for selected exposure pressures as indicated in Fig. 3. The first term in the right-hand side of Eq. (7) is
Fick’s first law and the other derives from Ohm’s
law; these describe the motion of an ion or chargedsimilar character of the oxide growth is observed

for results obtained by methods B, C and D, the species in the oxide overlayer under its concen-
tration gradient dci/dx and electrostatic field F,use of the assumed data (in methods B and C )

results in an overestimation for the oxide thickness respectively. The electrostatic field, following the
Cabrera–Mott theory of low-temperature oxida-compared with the experimentally estimated data

(method D). By contrast, the oxide thicknesses tion [11], is provided by a constant contact poten-
tial V created by ionised adsorbed oxygen atomsestimated by method A provide different results,

which can clearly be seen at higher pressure in at the oxide/gas interface. If x is the oxide film
thickness, the field strength is given by: F=V/x;early stages up to 10 min (see Fig. 7c). This is

likely due to assumptions made for parameters the drift velocity is proportional to the electrostatic
field: vi=miF, where mi is the ion mobility. For veryused in calculations, the oxide density dOx and

IMFP, as well as to the assumption of stoichiomet- thin oxide films, i.e. x very small, the electrostatic
field becomes very strong; e.g. for a film 5 nmric ratio for the composition of the oxide overlayer.

At lower pressure (Fig. 7a), the oxide thickness thick the field can be of the order of 107 V/cm
[11]. Under these conditions, the concentrationcalculated from two peaks fitted (method A) varies

almost in the same way as that with dL estimation gradient has no effect or can be neglected in the
ion flux and the electrostatic field is the only(method D); this is because the assumed atomic
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driving force for ion diffusion. Also, the field is so
strong that space-charge effects in the oxide over-
layer become negligible; the drift of ions is an
exponential function of the field F [11]:

vi=niaox expA− U

kBTBCexpAqiaoxF

kBT B
−expA− qiaoxF

kBT BD (8)

where ni is the ion jump frequency
(~1012 s−1), aox an interatomic jump distance in
the oxide overlayer; U an activation energy for
diffusion of an ion species with a charge qi, and
kB and T are the Boltzmann’s constant and temper-
ature, respectively. For very thin oxide films,
according to Cabrera and Mott, the field-depen-
dent transport of ions becomes rate-determining
in the oxidation process; the electrons are assumed
to be transported faster through the oxide film by
a number of mechanisms, including quantum tun-
nelling, impurity conduction or Schottky emission.
Thus, using Eqs. (7) and (8) for the condition
qiaoxF/kBT&1, the oxidation rate dx/dt, which is Fig. 8. The relative thickness of oxide films in the form of

inverse-logarithmic expression: 1/xrel as a function of ln(t); theproportional to the ion flux (dx/dt=VJion, where
xrel calculated by method D (see text) for all studied pressures.V is the volume of oxide per diffusing charged
The solid lines represent regression lines.species), is given by:

dx

dt
=Vciu expAx

1
x B (9) the plots of 1/x as a function of ln(t) for all

pressures studied, where the oxide thickness x was
replaced by the relative thickness, xrel, calculatedwhere u is the jump frequency function,

u=niaox exp(−U/kBT ), x1=qiaoxV/kBT is the from the estimated dL value (method D, Fig. 7).
The solid lines in Fig. 8 represent the best-fit linesupper limiting thickness below which the validity

of the concept of field-driven transport is held. It obtained by linear least-squares regression. These
regression lines, with reasonably good correlationcan be shown that Eq. (9) has an approximate

solution: coefficients (≥0.85), confirm then the inverse loga-
rithmic law for the oxidation kinetics and validity
of related assumptions made by theory. On the

Vciut

x
1

=A x

x
1
B2 expA−x

1
x B. (10)

other hand, the experimental data can be better
tested for Eq. (10) by the relation 1/x versusFollowing the same assumptions made by
ln(t/x2). This is because Eq. (10) can be rewrittenCabrera and Mott, Eq. (10) can be simplified
as:to an approximate form: 1/x=−(1/x1)ln(t)+

constant, which represents the well-known inverse 1

x
=

1

x
1

lnA 1

Vciux
1
B− 1

x
1

lnA t

x2B. (11)logarithmic law for oxide growth at low temper-
ature. As evidence for the Cabrera–Mott theory,
a plot of 1/x versus ln(t) should yield a straight Eq. (11) shows that a plot of 1/x versus

ln(t/x2) should yield also a straight line with theline, which provides a slope −1/x1. Fig. 8 shows
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same slope −1/x1 as the plot 1/x versus ln(t). slope of the straight line plotting x versus ln(t).
The limiting thickness can be used to verify theFig. 9 shows the same data from Fig. 8 plotted as

1/x versus ln(t/x2), also with x replaced by xrel. proposed model since in both cases, direct or
inverse logarithmic kinetics, it is required thatOnce again, the experimental results fall on straight

lines as predicted by theory, Eq. (11). Here, the x%xe or x%x1. Our calculations show that, in all
studied pressures, the thickness data satisfy onlysolid lines also represent the best-fit lines from

linear regression; the same values for slopes, the latter condition, thus suggesting the inverse
logarithmic is the best mechanism to describe the−1/x1, were obtained as those from the plot 1/x

versus ln(t) in Fig. 8, with similar correlation oxidation kinetics of aluminium.
As shown above, the pressure effect on oxida-coefficients (≥0.85). Although an alternative form

of thickness versus log(t) can be well fitted to these tion kinetics has been demonstrated in the atomic
ratio (Fig. 3) and the dL parameter (Fig. 6), whichdata (also with similar correlation coefficients), the

direct logarithmic rate may not be considered as represents the structure of the oxide overlayer on
aluminium surfaces. On the other hand, the pres-governing oxidation kinetics. This is because,

according to Hauffe and Ilschner [42], in the sure effects can be examined in more detail by
analysing the pressure dependence of the concen-logarithmic oxidation kinetics, the electron trans-

port through the oxide film is the rate-limiting tration term, ci, in Eq. (11). From Eq. (7), ci
denotes a concentration of diffusing species in theprocess. This leads to a simple expression for oxide

thickness: x=xe ln(t)+constant, where xe is the oxide overlayer. Under an electrostatic field, only
a charged species is able to migrate, which can belimiting thickness and can be estimated from the
one of four possible types of ionic defects in
aluminium oxide. Using the notation system pro-
posed by Kröger and Vink [43], these defects are:
two types of vacancies, aluminium VAl and oxygen
VO, and two types of interstitials, aluminium Ali
and oxygen Oi. For example, consider the case of
a constant concentration of metal vacancies in the
oxide layer under a certain level of water vapour
pressure. In an amorphous network of the alumin-
ium oxide, similar to the crystalline structure, the
metal vacancy can be a vacant position of the
aluminium atom. Assuming that the ‘ideal’ amor-
phous network of the aluminium oxide is stoichio-
metric, the formation of metal vacancies at the
oxide film/gas interface can be described by the
following reactions:

H2O(g)+(surface site)=H2O(ad) (12)

H2O(ad)=OH(ad)+H(ad) (13)

3OH(ad)=2VAl+ +6h · +3OO+3H(ad) (14)

where VAl+ and h · are ionised aluminium vacancy
and electronic hole, respectively (VAL=VAl+ +3h · );
ad denotes an adsorbed state. The first two reac-
tions, (12) and (13), describe the adsorption and
hydrolysis reactions. It has been suggested byFig. 9. The relative thickness of oxide films from Fig. 8
experimental work of Paul and Hoffmann [28],re-plotted in the form of Eq. (11): 1/xrel as a function of

ln[t/(xrel)2]. The solid lines represent regression lines. theoretical calculations of Zhukovskii et al. [44]
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and confirmed by our previous work [21] that the
hydroxyl groups play the role of a precursor in
the oxidation process on aluminium surfaces.
From Eqs. (12)–(14), using the neutrality condi-
tion:

[VAl+ ]=1
3

[h · ]

the concentration of charged defects in the oxide
overlayer can be derived as: ci=[VAl+ ]=Appy, where
Ap is a constant containing the reaction (12), (13)
and (14) constants, p is the water vapour pressure,
and y=3/8. Substituting ci and re-arranging Eq.
(11) yields:

x
1

x
−2 ln(x)=lnA 1

VApux
1
tB−y ln( p). (15)

Eq. (15) can be used with the estimate x1 from
the slope of linear regression lines in Fig. 8 or Fig. 10. The pressure dependence of growth of oxide films on

aluminium surfaces: the relative thickness of oxide films as aFig. 9 to examine the pressure effect on oxidation
function of pressure in the form of Eq. (15) with x1 estimatedkinetics. Plotting [(x1/x)−2 ln(x)] versus ln( p) for
from Fig. 8. The dashed line represents a slope of 3/8, which isa given level of oxidation time (t) should yield a
the theoretical value determined for a pressure dependence of

straight line, which provides a slope as −y. Both oxide growth controlled by surface reaction (14) (see text).
sign and value of y can be used to verify the rate-
determining reaction during water vapour inter- in the network of aluminium oxide is rather unlikely
action with aluminium surfaces. because of the high reactivity of aluminium with

Fig. 10 represents the oxide film thickness data oxygen and the presence of hydrogen atoms, which
replotted in the form [(x1/x)−2 ln(x)] versus ln( p), may be a product of the hydrolysis or oxidation
using xrel in place of x and x1 estimated from reaction; else, the hydroxyl groups in interstitial
Fig. 8, for the levels of oxidation time from very positions, OHi∞, will not be the case because the
beginning, several minutes, to longer exposure, up value of coefficient y would have to be 1/2. On the
to 60 min. From Fig. 10, it is evident that as the other hand, if the pressure effect is limited to
exposure time increases the experimental data tend reactions (12) and (13) only, it would result in a
to fall on a straight line. The slope of the linear linear dependence of the oxide thickness on water
regression line for thickness data after 60 min vapour pressure p. Also, if the electrostatic field is
exposure data was estimated as −0.36, i.e. y= assumed to be uniform across the oxide film (i.e.
0.36; this y value is very close to the theoretical not as Cabrera–Mott’s assumption, F=V/x) and
value of 3/8, i.e. slope of the dashed line in Fig. 10, determined by a surface concentration of ionised
which corresponds to the oxidation kinetics with ad-atoms only, cad, F=cad/(ke0), k and e0 are the
pressure dependence determined by surface reac- dielectric and permittivity constants, it would result
tion (14), i.e. the formation of metal vacancies at in linear, not inverse logarithmic as observed, kinet-
oxide film/gas interface. In consequence, the metal

ics of oxidation [from Eq. (9)].
vacancies can be postulated as dominant defects
in the oxide overlayer on aluminium surfaces. It
should be noted that if the other type of defects, 4. Conclusions
aluminium interstitial Ali or oxygen vacancy VO,

The effects of pressure on the interaction ofwere the major defect in aluminium oxide, the
water vapour with clean aluminium surfaces havecoefficient y would be −3/8 and −1/3, respec-

tively. The presence of an oxygen interstitial, Oi◊, been studied by the XPS technique. Detailed analy-
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