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ABSTRACT: The interaction of water vapor with amorphous
aluminum oxide films on Al(111) is studied using X-ray
photoelectron spectroscopy to elucidate the passivation
mechanism of the oxidized Al(111) surfaces. Exposure of the
aluminum oxide film to water vapor results in self-limiting
Al2O3/Al(OH)3 bilayer film growth via counter-diffusion of
both ions, Al outward and OH inward, where a thinner starting
aluminum oxide film is more reactive toward H2O
dissociation-induced oxide growth because of the thickness-
dependent ionic transport in the aluminum oxide film. The
aluminum oxide film exhibits reactivity toward H2O
dissociation in both low-vapor pressure [p(H2O) = 1 × 10−6

Torr] and intermediate-vapor pressure [p(H2O) = 5 Torr] regimes. Compared to the oxide film growth by exposure to a p(H2O)
of 1 × 10−6 Torr, the exposure to a p(H2O) of 5 Torr results in the formation of a more open structure of the inner Al(OH)3
layer and a more compact outer Al2O3 layer, demonstrating the vapor-pressure-dependent atomic structure in the passivating
layer.

1. INTRODUCTION

The interaction of water with solid surfaces is a topic of great
interest for many important processes, such as corrosion,
heterogeneous catalysis, environmental chemistry, and bio-
logical processes. In particular, the mechanism of the reaction
of water with oxide surfaces has been a subject of intensive
study because of the widespread use of oxides as catalysts,
catalyst supports, and promoters.1,2 Much of the study has been
focused on the surfaces of bulk oxides for understanding the
effect of surface structures and surface defects on the
dissociation of H2O molecules. Generally, H2O adsorbs
molecularly at a perfect oxide surface while dissociatively at a
nonperfect oxide surface (i.e., surface defect sites).1−3 More
recently, there have been extensive studies of H2O adsorption
on ultrathin aluminum oxide films formed on Al or NiAl
surfaces under ultrahigh vacuum (UHV) and non-UHV
conditions,4−9 where the oxide films serve as a surface-science
substitute for macroscopically sized single crystals of alumina
that typically prohibit the application of surface sensitive tools
based on the interactions of matter with charged particles (e.g.,
electrons and ions). Ultrathin oxide films on metal supports,
which can be considered as an “electrically conductive”
counterpart of insulating bulk oxides, represent a unique
combination of material systems with distinct properties that
rely critically on the thickness of the oxide films. It has been
suggested that the surface of thin alumina films is inert toward
H2O dissociation under the low-vapor pressure (<10−7 Torr)
and room-temperature conditions.10−14 However, under the

intermediate pressures (from 10−7 to 10−1 Torr) and at room
temperature, thin alumina films were shown to react with H2O,
which results in additional oxide growth by reaction with
subsurface aluminum atoms.6,8

Water dissociation for many technologically important
processes such as aqueous corrosion and passivation occurs
on the surface of a native oxide thin film that is amorphous in
nature. Al surfaces are known to develop a protective oxide film
upon exposure to oxygen gas at room temperature, and the
properties of this oxide layer are extremely important for Al
corrosion resistance.15,16 A detailed understanding of the
reactivity of aluminum oxide films with H2O is necessary for
developing protective aluminum oxide films that prevent the
metal substrate from dissolution under moisture conditions.
H2O dissociation on aluminum oxide thin films formed on Al
or Al alloys results in the growth of the Al oxide film by reacting
with Al atoms supplied from the substrate. Because H2O
dissociation-induced oxide growth may require the supply of Al
atoms diffusing from the metal substrate through the oxide film
to the oxide surface and/or inward diffusion of oxygen-
containing species through the oxide film, the thickness of the
aluminum oxide film becomes a critical parameter in
influencing the surface reactivity of the oxide film toward
H2O dissociation. Alumina exhibits various polymorphs, and
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previous study has mainly addressed the effect of the surface
structure of crystalline alumina films on H2O dissociation
without much consideration of the effect arising from oxide film
thickness.4,10,12,13,17−20

The focus of our study is to examine the effect of the
thickness of aluminum oxide films on the dissociation of H2O
molecules. We use amorphous aluminum oxide films formed by
room-temperature oxidation of Al(111), for which the oxide
films have negligible growth and thermal strains, no grain
boundaries, and strain-free interfaces with the Al substrate
because of the absence of epitaxial oxide growth. This will
facilitate addressing the effect of the thickness of the oxide film
on H2O dissociation without possible complication from other
effects such as variations in surface structure, grain boundaries,
and interfacial strain, which are typically associated with a
crystalline oxide film on a metal support. The study of
interactions of water vapor with amorphous aluminum oxide
films is particularly relevant to understanding the passivation of
Al surfaces that occurs typically at low temperatures (e.g., room
temperature) with the formation of amorphous aluminum
oxide films. In this work, we investigate the dissociation of H2O
on amorphous aluminum oxide films on Al(111) with a
controlled thickness of the oxide films. Specifically, we monitor
H2O dissociation-induced oxide growth over a preexisting
aluminum oxide film for water vapor dosing at two
representative pressures, i.e., 1 × 10−6 and 5 Torr, in the
low- and intermediate-pressure regimes. Compared to the
extensive study of the oxidation of clean metal surfaces, the
fundamental understanding of the effect of a native oxide layer
on the subsequent oxidation has been significantly less
developed. Our study addresses this issue by examining the
surface covered with a preexisting oxide film that resembles the
presence of a native oxide layer, which allowed for extraction of
the fundamental information about the passivation mechanism
of the oxidized surface, including the reaction path, evolution of
the atomic structure, and limiting thickness of the oxide film.

2. EXPERIMENTAL SECTION
Our experiments were conducted in an ultrahigh vacuum (UHV)
system equipped with an X-ray photoelectron spectroscopy (XPS)
SPECS Phoibos 100, MCD-5 analyzer, low-energy electron diffraction
(LEED), and an argon ion sputtering gun. The Al(111) single crystal
used in the experiment was a top-hat-shaped disc (1 mm in thickness
and 8 mm in diameter). The single crystal, purchased from Princeton
Scientific Corp., was cut to within 0.1 to the (111) crystallographic

orientation and polished to a mirror finish with a purity of 99.9999%.
The single crystal was introduced into the UHV chamber (base
pressure of 2 × 10−10 Torr) for gas dosing and XPS analysis. The XPS
spectra were recorded using a nonmonochromatized Al Kα X-ray
source (hν = 1486.6 eV) with the electron energy analyzer operated at
an anode voltage of 10 kV and an emission current of 30 mA. A
ceramic button heater and type-K thermocouple were used for heating
and temperature recording, respectively. The Al(111) was treated by
cycles of Ar+ bombardment of 20 min at room temperature with an
argon feed gas at a pressure of 5 × 10−5 Torr and an accelerating
voltage of 1 kV, and then annealing at 420 °C for 10 min until no O
signal could be observed using XPS.

Oxygen gas (99.9999% pure) was directly introduced into the
analysis chamber through a variable-pressure leak valve to oxidize the
freshly cleaned Al(111) before water vapor dosing. For monitoring
H2O dissociation in the low-pressure regime [i.e., p(H2O) = 1 × 10−6

Torr], water vapor was directly introduced into the XPS analysis
chamber to react with the oxidized Al(111). For H2O dissociation in
the intermediate-pressure regime (i.e., 5 Torr), water vapor dosing was
performed in an attached side chamber that permitted in situ transfer
of the sample to and from the XPS analysis chamber. Water (18.2
MΩ) was put into a flask and purified with several freeze−pump−thaw
cycles before dosing though two separate variable-pressure leak valves,
one for the XPS analysis chamber and the other for the side chamber.
Gas dosing was conducted at room temperature (25 °C). Ion gauges
were used to measure the gas pressures in the different chambers. The
effect of the ion gauge sensitivity correction was not accounted for
during the pressure measurements because of the minor difference in
the gas correction factors for O2 and H2O. No carbon contamination
was detected by XPS after O2 and H2O exposures.

The freshly cleaned Al(111) surface was first oxidized at room
temperature by molecular oxygen to a limiting thickness of the
aluminum oxide film that depends on oxygen pressure p(O2).

21−23 In
our experiments, oxygen dosing at three pressures [p(O2)], 1 × 10−8, 1
× 10−7, and 1 × 10−6 Torr, was performed, which resulted in three
different limiting thicknesses of the aluminum oxide films. These oxide
films are amorphous in nature, as confirmed by the absence of a LEED
pattern, which is also consistent with the transmission electron
microscopy characterization of the aluminum oxide film formed under
similar oxidation conditions.15,24−26 After the oxide film was confirmed
as having reached its limiting thickness at each p(O2), the oxidized
Al(111) surface was then exposed to water vapor p(H2O) = 1 × 10−6

and 5 Torr. Al 2p and O 1s spectra were recorded to analyze the oxide
film growth induced by O2 and H2O exposures. The binding energy
scale was frequently calibrated by using the Al 2p peak (72.45 eV)
from freshly cleaned Al surfaces. The X-ray flux was constant during
our experiment time (several hours), which was confirmed by
comparing the Al 2p spectra from freshly cleaned Al surfaces obtained
at widely varying times (ranging from several hours to a few days). To

Figure 1. Photoemission spectra of the Al 2p region for a freshly cleaned Al(111) surface (black), oxidized by oxygen exposure (red) at p(O2) = 1 ×
10−8 Torr for 270 min (a), p(O2) = 1 × 10−7 Torr for 240 min (b), and p(O2) = 1 × 10−6 Torr for 240 min (c), which are followed by subsequent
water vapor exposure p(H2O) = 1 × 10−6 Torr (blue) and 5 Torr (magenta).
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minimize the chance of measurement error and to obtain sufficiently
reliable XPS data for quantification, the geometry of the X-ray gun,
sample, and analyzer was kept constant, and all the XPS spectra were
acquired using the same parameters, including pass energy, spot size,
lens mode, and dwell time for the energy step. The accuracy of the
measurements was also cross-checked using two different methods to
quantify the XPS spectra. The equivalent thicknesses of the aluminum
oxide films were first determined from the attenuation of the metallic
Al 2p spectra in the oxide films with the photoelectron attenuation
length for Al2O3 (λ = 16.7 ± 0.6 Å)27,28 by using the formula d = −λ
cos θ ln(A/Ao), where A is the area of the Al metallic peak after O2 and
H2O exposures, Ao is the area of the Al metallic peak from the clean
surface, λ is the inelastic mean free path, and θ is the angle between the
analyzer and the sample surface normal.29 The thicknesses calculated
from the peak attenuation method were also cross-checked using the
ratio of the total oxidic Al 2p and metallic Al 2p intensities in a single
XPS spectrum of the aluminum oxide film to calculate the oxide film
thickness.30−33 Angle-resolved XPS measurements were made by
varying the takeoff angles, i.e., 0°, 30°, and 45°, of the analyzed
photoelectrons with respect to the sample surface normal.

3. RESULTS

The clean Al(111) substrate was first oxidized to the limiting
thickness of an amorphous aluminum oxide film by filling the
analysis chamber with molecular oxygen at room temperature.
Oxygen dosing at three different pressures [p(O2)], i.e., 1 ×
10−8, 1 × 10−7, and 1 × 10−6 Torr, was adopted to form
aluminum oxide films that have limiting thicknesses of ∼2.5,
∼3.8, and ∼5.1 Å, respectively. The oxidized Al(111) surfaces
were then exposed to water vapor at two representative

pressures [p(H2O)], 1 × 10−6 and 5 Torr, for studying H2O
dissociation-induced oxide growth at room temperature. These
two vapor pressures were chosen to represent the low- and
intermediate-vapor pressure regimes to examine if there is a
pressure gap in the reactivity of the amorphous aluminum oxide
films toward the dissociation of water molecules.
Figure 1 shows XPS spectra of the Al 2p peaks obtained from

the freshly cleaned, O2-exposed, and subsequently H2O-
exposed Al(111) surfaces. For the clean Al(111) surface, only
the metallic Al 2p peak is visible. As shown in Figure 1a, the
Al(111) surface was first oxidized by molecular oxygen at p(O2)
= 1 × 10−8 Torr for 270 min to the limiting thickness (∼2.5 Å)
of the aluminum oxide film, which was confirmed by the
saturated intensity of the oxidic Al 2p peak at the higher
binding energy. The oxide-covered surface was then exposed to
water vapor at p(H2O) = 1 × 10−6 Torr, which resulted in a
decreased intensity of the metallic Al 2p peak and an increased
intensity of the oxidic Al 2p peak. This indicates that H2O
molecules dissociated and became incorporated into the oxide
film, leading to additional oxide growth. Exposure of the
oxidized Al(111) surface to p(H2O) = 5 Torr resulted in a
significant decrease in the intensity of the metallic Al 2p and
large increase in the intensity of the oxidic Al 2p peak,
indicating the growth of a thicker oxide film enabled by the
dissociation of water molecules adsorbed at the higher H2O
pressure. A similar trend can be found from the oxidation of the
Al(111) first by molecular oxygen at p(O2) = 1 × 10−7 Torr for
240 min to the limiting thickness (∼3.8 Å) of the aluminum

Figure 2. Thickness evolution of the oxide film on Al(111) as a function of oxidation time, where the Al(111) surface was first oxidized to the
limiting thickness (∼2.5 Å) of the aluminum oxide film by oxygen gas at p(O2) = 1 × 10−8 Torr for 270 min, which was then followed by exposure to
water vapor at (a) p(H2O) = 1 × 10−6 Torr and (b) p(H2O) = 5 Torr.

Figure 3. Thickness evolution of the oxide film on Al(111) as a function of oxidation time, where the Al(111) surface was first oxidized to the
limiting thickness (∼3.8 Å) of the aluminum oxide film by oxygen gas at p(O2) = 1 × 10−7 Torr for 240 min, which was then followed by exposure to
water vapor at (a) p(H2O) = 1 × 10−6 Torr and (b) p(H2O) = 5 Torr.
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oxide film followed by water vapor exposure p(H2O) = 1 ×
10−6 and 5 Torr (Figure 1b), and the oxidation at p(O2) = 1 ×
10−6 Torr for 240 min to the limiting thickness (∼5.1 Å) of the
aluminum oxide film followed by water vapor p(H2O) = 1 ×
10−6 and 5 Torr (Figure 1c). It can also be noted from Figure 1
that the positions of both the metallic and oxidic Al 2p peaks
remain constant for the O2 and subsequent H2O exposures at
the different pressures.
Figure 2 shows the kinetic growth curves of the oxide films

determined from the attenuation of the metallic Al 2p spectra
in the oxide films for the oxidation over a time period extending
to approximately 10 h. The O2 and H2O exposures were
interrupted for XPS measurements. The oxidation started with
a clean Al(111) surface at p(O2) = 1 × 10−8 Torr for 270 min.
As shown in Figure 2a, the aluminum oxide layer reached a
limiting film thickness of ∼2.5 Å at p(O2) = 1 × 10−8 Torr.
Once no further changes in the oxide film thickness were
detected, the surface was then exposed to p(H2O) = 1 × 10−6

Torr, which resulted in additional oxide growth to a limiting
film thickness of ∼4.4 Å after H2O exposure for ∼220 min.
Figure 2b shows the thickness evolution of the oxide film
during oxidation at p(O2) = 1 × 10−8 Torr followed by H2O
exposure at p(H2O) = 5 Torr, which resulted in significant
additional growth to a total thickness of ∼9.2 Å after H2O
exposure for 85 min.
Figure 3 corresponds to the kinetic curves of the oxide film

growth during oxidation of the Al(111) surface at p(O2) = 1 ×
10−7 Torr for 240 min followed by H2O exposure. The
oxidation at p(O2) = 1 × 10−7 Torr resulted in a thicker

limiting thickness (∼3.8 Å) of the oxide film [compared to the
oxidation at p(O2) = 1 × 10−8 Torr as shown in Figure 2]. The
oxide film grew to a total thickness of ∼5.6 Å after subsequent
H2O exposure for 400 min to p(H2O) = 1 × 10−6 Torr (Figure
3a) and of ∼8.9 Å after H2O exposure for 85 min to p(H2O) =
5 Torr (Figure 3b). Figure 4 shows the thickness evolution of
the oxide film from the oxidation of the Al(111) surface at
p(O2) = 1 × 10−6 Torr for 240 min to a limiting thickness of
5.1 Å followed by H2O exposure. The oxide film grew to a total
limiting thickness of ∼5.9 Å after exposure for 400 min to
p(H2O) = 1 × 10−6 Torr (Figure 4a). As seen in Figure 4b, the
oxide film reached total thicknesses of ∼8.2 and 11.6 Å after
exposure for 85 and 145 min, respectively, to p(H2O) = 5 Torr,
indicating that the oxide film growth did not approach the
limiting thickness regime.
The results shown above demonstrate that the amorphous

aluminum oxide films formed from the molecular oxygen
exposure showed reactivity toward H2O dissociation at both
p(H2O) = 1 × 10−6 and 5 Torr, which resulted in additional
oxide growth. This suggests that no pressure gap exists in the
low- and intermediate-pressure regimes of the vapor pressures
examined. However, the amount of the additional oxide film
growth allowed by the H2O exposure depends on the thickness
of the starting oxide film. Figure 5 shows the thickness
evolution of the oxide film upon the H2O exposure, where the
thickness of the starting oxide film is subtracted. Figure 5a
corresponds to the oxide growth allowed by exposure to
p(H2O) = 1 × 10−6 Torr. It can be seen that the oxide films had
an initial fast growth stage followed by the growth to the

Figure 4. Thickness evolution of the oxide film on Al(111) as a function of oxidation time, where the Al(111) surface was first oxidized to the
limiting thickness (∼5.1 Å) of the aluminum oxide film by oxygen gas at p(O2) = 1 × 10−6 Torr for 240 min, which was then exposed to water vapor
at (a) p(H2O) = 1 × 10−6 Torr and (b) p(H2O) = 5 Torr.

Figure 5. Kinetic curves of the additional oxide film growth upon H2O exposure to (a) p(H2O) = 1 × 10−6 Torr and (b) p(H2O) = 5 Torr, where
the thicknesses of the starting films formed from the O2 exposure are subtracted from the total film thickness to highlight the bilayer oxide film
growth permitted by H2O exposure only.
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limiting-thickness regime, indicating that the dissociation of
H2O molecules was initially fast and then slowed as the oxide
film became thicker. It can be noted that the limiting thickness
of the oxide films grown by the H2O exposure depended
inversely on the thickness of the starting oxide film. Figure 5b
illustrates the oxide growth induced by exposure to p(H2O) = 5
Torr, and it can be seen that the oxide films grew to much
larger thicknesses compared to those at p(H2O) = 1 × 10−6

Torr. In the case of the thinner starting oxide films [formed
from the molecular oxygen exposure at p(O2) = 1 × 10−8 Torr
or p(O2) = 1 × 10−7 Torr], the oxide films reached their
limiting thicknesses of 4.4 and 5.5 Å, respectively, after
exposure for 220 min to p(H2O) = 1 × 10−6 Torr (Figures
2a and 3a). The thicker starting oxide film [formed from the
oxidation at p(O2) = 1 × 10−6 Torr] had a slower rate of oxide
growth, and it took ∼400 min to reach a limiting thickness of
5.9 Å upon exposure to p(H2O) = 1 × 10−6 Torr (Figure 4a). A
similar trend can be noted from the oxide film growth by
exposure to p(H2O) = 5 Torr shown in Figure 5b, where the
2.5 Å thick starting oxide film reached its limiting thickness (9.2
Å) after H2O exposure for 85 min at p(H2O) = 5 Torr while
the 3.8 and 5.1 Å thick starting oxide films have not grown to
their limiting thickness regimes after the same amount of H2O
exposure (Figures 2−4). This is particularly obvious for the
H2O exposure of the thickest starting oxide film to p(H2O) = 5
Torr (Figures 4b and 5b), where the oxide film growth did not
show any sign of reaching the limiting growth stage. Table 1
summarizes the thicknesses of the oxide films formed from the
initial O2 exposure followed by a fixed amount of H2O exposure
[220 min for p(H2O) = 1 × 10−6 Torr and 85 min for p(H2O)
= 5 Torr] to highlight the effect of the thickness of the starting
oxide film on H2O-induced oxide growth.

The thicknesses of the oxide films shown in Figures 2−5
were determined using the attenuation of the metallic Al0 2p
XPS peak. As seen in the raw XPS data (Figure 1), the
difference in the intensity attenuation of the metallic Al0 2p
peak induced by O2 (or subsequent H2O) exposure at the
different pressures can be discerned visually. Meanwhile, the
attenuation of the metallic Al0 2p peak is correlated well with
the increase in the intensity of the oxidic Al3+ 2p peak (also
seen in Figure 1). The combination of the intensity evolution of
both the metallic Al0 2p and oxidic Al3+ 2p peaks is mutually
consistent, delivering strong evidence that the behavior of the
H2O-induced oxide film growth shown in Figure 5 is a real
feature. Repeated experiments confirmed the oxide growth
behavior shown in Figure 5 (where the error bars represent the
associated standard deviations determined from the repeated
experiments).
Figure 6 illustrates representative photoemission spectra of

the O 1s core level region acquired from aluminum oxide films
obtained by extended O2 and H2O exposures at the different
pressures. Figure 6a corresponds to the Al(111) oxidation first
at p(O2) = 1 × 10−8 Torr, followed by exposure to p(H2O) = 1
× 10−6 and 5 Torr. The O 1s spectra obtained from the O2
exposure show slight broadening to the high-energy side. In our
experiments, a mass spectrometer was used to monitor the gas
composition. Tiny amounts of H2O were present even for O2
exposure at p(O2) = 1 × 10−8 Torr. However, their partial
pressures were too low to form aluminum hydroxide [i.e., as
confirmed by the absence of a detectable oxidic Al3+ peak in the
H2O oxidation of the bare Al(111) surface34]. The small
asymmetries, as seen in the O 1s spectra obtained from the O2-
exposed surface, suggest the presence of a tiny amount of
adsorbed OH species on the surface. After the H2O exposure,

Table 1. Thicknesses of the Oxide Film Formed First by O2 Exposure Followed by H2O Exposurea

O2 exposure 1 × 10−8 Torr 1 × 10−7 Torr 1 × 10−6 Torr

limiting thickness (Å) of the Al2O3 film from
O2 exposure

2.5 (3.5) 3.8 (5.0) 5.1 (5.6)

subsequent H2O exposure and exposure time 10−6 Torr for
220 min

5 Torr for
85 min

10−6 Torr for
220 min

5 Torr for
85 min

10−6 Torr for
220 min

5 Torr for
85 min

total thickness (Å) of the [Al2O3/Al(OH)3]
bilayer film

4.4 (5.9) 9.2 (9.4) 5.5 (6.4) 8.9 (9.0) 5.7 (6.5) 8.2 (7.9)

thickness (Å) of the Al(OH)3 film 0.2 (0.2) 2 (1.9) 0.2 (0.2) 2 (1.9) 0.2 (0.2) 2 (1.9)
thickness (Å) of the Al2O3 film permitted by
H2O exposure

1.8 (2.2) 4.7 (4.9) 1.5 (1.2) 2.1 (2.1) 0.4 (0.7) 1.0 (0.4)

aTwo values are given; the first one is calculated using the attenuation of the metallic Al 2p spectra in the oxide film, while the second value in
parentheses is obtained using the ratio of the total oxidic Al 2p and metallic Al 2p intensities in a single XPS spectrum.

Figure 6. Photoemission spectra of the O 1s peak obtained from the Al(111) surface oxidized at (a) p(O2) = 1 × 10−8 Torr, (b) p(O2) = 1 × 10−7

Torr, and (c) p(O2) = 1 × 10−6 Torr, which were subsequently exposed to water vapor at p(H2O) = 1 × 10−6 and 5 Torr.
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the O 1s spectra became less symmetrical and showed more
broadening to the higher-binding energy side. Using the same
fitting parameters (e.g., fwhm, L-G%, and asymmetry of the
oxidic peak from the O2 oxidation) does not provide an overall
good fitting to the O1 s spectra obtained after the H2O
exposure, and a second peak at a higher binding energy (BE) of
534.8 eV arises. The major peak has the same BE as the O 1s
spectra obtained from the O2-exposed surface and is thus
attributed to the O in Al−O bonds in Al2O3,

35 and the other
peak has a BE of 534.8 eV that is in good agreement with the
reported values of OH species and is thus attributed to the O in
Al−OH bonds of the aluminum hydroxide [i.e., Al-
(OH)3].

11,14,33,36 The O 1s spectra obtained from the exposure
to p(H2O) = 5 Torr can be deconvoluted similarly into two
peaks, one corresponding to the O in Al2O3 with a BE of 532.5
eV and the other corresponding to the O in OH bonds of
aluminum hydroxide with a BE of 534.2 eV. It can also be
noted that the surface has no undissociated H2O that has a
binding energy of ∼536 eV.36,37

Panels b and c of Figure 6 show the O 1s spectra obtained
from the oxide films formed at p(O2) = 1 × 10−7 and 1 × 10−6

Torr followed by exposure to p(H2O) = 1 × 10−6 and 5 Torr.
Similarly, the O 1s spectra from the O2 exposure have a BE of
532.3 eV, corresponding to the O in Al−O bonds in Al2O3. The
subsequent H2O exposure at p(H2O) = 1 × 10−6 Torr resulted
in the O peak with a BE of 532.3 eV corresponding to the O in
Al2O3 and the OH peak with a BE of 534.8 eV corresponding
to the O in Al(OH)3. For the H2O exposure at p(H2O) = 5
Torr, the O peak associated with the O in Al2O3 shifted to a
higher BE of 532.5 eV while the OH peak associated with the O
in aluminum Al(OH)3 shifted to a lower BE of 534.2 eV. The
positions of the O and OH peaks are also summarized in Table
2. Extensive XPS studies have been reported on the Al−O

system to identify the chemical nature of the various O 1s peaks
found on the surface, and our analyses indicate that the H2O
exposure leads to chemical shifts ranging from a few tenths of
an electronvolt to ∼2 eV. The range of chemical shifts observed
in our measurements is in line with the reported values of XPS
studies performed on the Al−O system.9,11,36,38

To further elucidate the effect of pressure on oxide growth,
we examined the surface oxidation with the sequential O2 and
H2O exposures at three constant pressures, i.e., O2 exposure at
p(O2) = 1 × 10−8 Torr followed by H2O exposure at p(H2O) =
1 × 10−8 Torr; p(O2) = 1 × 10−6 Torr followed by p(H2O) = 1
× 10−6 Torr; and p(O2) = 5 Torr followed by p(H2O) = 5

Torr. Shown in Figure 7 are the O 1s spectra obtained from the
Al(111) surface oxidized at the three constant pressures, which
indicate that the subsequent H2O dosing resulted in peak
broadening to the higher binding energy corresponding to the
OH component for the exposures at the two lower pressures
(i.e., 1 × 10−8 and 1 × 10−6 Torr), but no distinguishable
changes in the O 1s spectra at 5 Torr. This is also constant with
the oxide film thicknesses calculated using the attenuation of
the metallic Al peak or the intensity ratio of the oxidic/metallic
Al peaks. As shown in Table 3, the subsequent H2O exposure
led to slight oxide growth at the two lower pressures but no
additional oxide growth at 5 Torr. Comparing these results with
those shown in Table 1, we can find that the subsequent H2O
pressure can lead to additional oxide growth even with the
same H2O and O2 pressure when the initial oxide film is thin.
However, if the oxide film resulting from the first O2 exposure
becomes too thick, the subsequent H2O exposure does not
result in any additional oxide growth. This is illustrated from
the O2 exposure at 5 Torr followed by H2O exposure at 5 Torr.
In this case, the surface was completely passivated against H2O
dissociation.
The presence of the OH peak suggests that the H2O

exposures resulted in the growth of an Al2O3/Al(OH)3 bilayer
film on the Al(111) surface. The relative position of each oxide
component within the oxide film can be determined by angle-
resolved XPS. Figure 7 shows the spectra of the O 1s peak
obtained from the H2O exposure of the oxidized Al(111) to
p(H2O) = 1× 10−6 Torr for 220 min and p(H2O) = 5 Torr for
85 min, where the thickness of the starting aluminum oxide film
was ∼5.1 Å. The measurements were performed on the oxide
film grown by O2 exposure at p(O2) = 1 × 10−6 Torr because of
its larger thickness (and thus larger surface/interface separa-
tion) compared to those of the oxide films formed at the lower
oxygen pressures, which is conducive to the angle-resolved XPS
determination of the relative positions of the Al2O3 and
Al(OH)3 layers. The intensity of the OH peak became weaker,
and the O/OH peak intensity ratio increased as the takeoff
angle of analyzed photoelectrons was increased from 0° to 45°,
as shown in Figure 8. These results indicate that the O
component was more surface sensitive than the OH
component; i.e., Al2O3 formed as an outer layer and Al(OH)3
as an inner layer. The formation of an inner Al(OH)3 layer
involves inward transport of OH species from the outer surface
to the Al(OH)3/Al interface to form aluminum hydroxide. This
is in accordance with the previous study of H2O-induced
aluminum oxide growth on NiAl(100) covered with a
preexisting native oxide, which showed that new oxide
formation occurred by inward transport of OH anions to the
oxide/alloy interface.9 The formation of such an inner Al(OH)3
layer on the oxidized Al surface (covered with a preexisting
oxide film) differs significantly from H2O oxidation of the bare
Al(111) and NiAl(100) surfaces, on which Al(OH)3 formed as
an outer layer.34,39,40

4. DISCUSSION
The experimental results described above show that the
amorphous aluminum oxide films are reactive toward H2O
dissociation (i.e., 2H2O → 2OHads + H2 gas) that results in
additional aluminum oxide growth. However, the surface
reactivity toward H2O dissociation depends on the thickness
of the starting oxide film. With H2O exposure at both p(H2O)
= 1 × 10−6 and 5 Torr, a thinner starting aluminum oxide film
is more reactive toward H2O dissociation, as shown in Figure 5

Table 2. Binding Energies of O in Al−O Bonds in Al2O3 and
O in Al−OH Bonds of the Aluminum Hydroxide [i.e.,
Al(OH)3] Species in the Oxide Films Resulting from O2
Exposure Followed by H2O Exposurea

pressure
(Torr) O (eV) OH (eV)

O2 exposure 1 × 10−8 532.3 ± 0.02 −
1 × 10−7 532.3 ± 0.02 −
1 × 10−6 532.3 ± 0.02 −

subsequent H2O
exposure

1 × 10−6 532.3 ± 0.02 534.8 ± 0.02

5 532.5 ± 0.02 534.2 ± 0.02
aThe estimated errors in the determined position of the peak
maximum of the fitted peak are ∼0.02 eV, obtained by averaging over a
series of energy values for different oxidation times, and the associated
standard deviation is given.
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and Table 1. Meanwhile, OH species formed by the
dissociation of H2O molecules diffuse through the preexisting
Al2O3 film to the Al2O3/Al interface, which results in the
formation of an inner Al(OH)3 layer via the hydration reaction,
Al + 3OH → Al(OH)3. Such a reaction results in an Al(OH)3/
Al2O3 bilayer structure as shown schematically in Figure 9.

Further oxide growth is enabled by the counter diffusion of OH
species through the existing Al2O3 layer and Al ions from the Al
substrate through the Al(OH)3 layer. Because water vapor
pressure at the inner interface [i.e., Al2O3/Al(OH)3] is low and
Al(OH)3 is a metastable phase and a hydrated precursor to
Al2O3 formation,41 thickening of the outer Al2O3 layer can
occur via dehydration decomposition of the Al(OH)3, i.e.,
Al(OH)3 + Al → Al2O3 + 3H, at the Al2O3/Al(OH)3 interface
region. One can note that the total thicknesses of the bilayer
oxide films are quite small. These thin thicknesses are less than
one unit cell of either Al2O3 or Al(OH)3 and do not maintain a
periodic atomic structure as a crystal. Because the oxide films

Figure 7. O 1s spectra obtained from the Al(111) surface oxidized by sequential O2 and H2O exposures at three constant pressures: (a) 1 × 10−8,
(b) 1 × 10−6, and (c) 5 Torr.

Table 3. Thicknesses of the Aluminum Oxide Film Formed
from the Sequential O2 and H2O Exposures at the Constant
Pressurea

1 × 10−8

Torr
(270 min)

1 × 10−6

Torr
(240 min)

5 Torr
(90 min)

limiting thickness (Å) of the
Al2O3 layer from O2 exposure

2.5 (3.5) 5.1 (5.6) 11.8 (11.9)

subsequent H2O exposure (and
exposure time)

1 × 10−8

Torr
(180 min)

1 × 10−6

Torr
(220 min)

5 Torr
(85 min)

total thickness (Å) of the oxide
film by the combined O2 and
H2O exposure

3.0 (4.3) 5.7 (6.5) 11.8 (11.9)

aTwo values are given; the first one is calculated using the attenuation
of the metallic Al 2p spectra in the oxide film, while the second value
in parentheses is obtained using the ratio of the total oxidic Al 2p and
metallic Al 2p intensities in a single XPS spectrum.

Figure 8. O 1s core level spectra and O/OH intensity ratios measured
at takeoff angles of 0°, 30°, and 45° on the Al(111) surface that was
first oxidized at p(O2) = 1 × 10−6 Torr followed by exposure to (a)
p(H2O) = 1 × 10−6 Torr for 220 min (a and c) and p(H2O) = 5 Torr
for 85 min (b and d).

Figure 9. Schematic illustration showing the effect of the thickness of a
preexisting Al2O3 film on H2O dissociation-induced oxide growth. (a)
A thin starting Al2O3 film formed by exposing the Al(111) to
molecular oxygen at a low p(O2) is more reactive toward H2O
dissociation that induces more additional oxide growth than (b) a
thicker starting Al2O3 film formed at a higher p(O2), where yellow
represents the starting Al2O3 film formed from the first O2 exposure,
light yellow the additional Al2O3 grown from the subsequent H2O
exposure via the dehydration reaction at the Al(OH)3/Al2O3 interface,
and pink the Al(OH)3 formed by the hydration reaction via inward
diffusion of OH species formed by H2O dissociation.
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are amorphous, a duplex structure consisting of approximately
one atomic layer of Al−OH bonds terminated by a surface layer
of Al−O bonds is still physically possible. Even for a crystalline
Al2O3, thin oxide films with a thickness as thin as ∼1 Å were
observed from the oxidation of NiAl(100).42,43

The observed limiting thickness behavior of the thin oxide
film as shown in Figures 2−4 is consistent with the Cabrera−
Mott theory of low-temperature oxidation of metals.23 Via the
operation of this mechanism, the ionic migration is facilitated
by a self-generated electric field resulting from the electron
tunneling between the Fermi level of the parent metal and
acceptor levels of chemisorbed oxygen-containing species at the
oxide surface. Because the tunneling current decreases
exponentially with an increase in the oxide film thickness, the
oxidation essentially stops at a limiting thickness. Our XPS
measurements show that a thinner starting oxide film gives a
faster rate of oxide formation upon H2O exposure under the
same condition (i.e., temperature and vapor pressure),
suggesting that the ionic transport through the existing oxide
film controls the H2O-induced oxide growth. The strength of
the self-generated electric field that drives the ionic migration
for the oxide growth depends inversely on the thickness of the
oxide film, i.e., E = −VM/X(t), where VM is the Mott potential
and X(t) the oxide film thickness. Meanwhile, the tunneling
electron current decreases exponentially with oxide film
thickness.44 Therefore, a thinner starting oxide film results in
a stronger self-generated electric field to reduce the energy
barrier for ion migration, which thus leads to more H2O-
induced oxide growth. This is in line with our experimental
results as shown in Figure 5, where the thinnest starting oxide
film leads to the most additional oxide growth after the same
amount of H2O exposure. These XPS measurements
demonstrate that the thickness of the oxide film is an important
parameter in controlling the dissociation of H2O molecules via
its influence on the self-generated electric field developed
across the existing oxide film that drives ion migration through
the oxide film for oxide growth. Therefore, a thinner starting
aluminum oxide film leads to a faster rate of incorporation of
the adsorbed OH species into the oxide, which in turn results in
a faster rate of dissociation of adsorbed H2O molecules. Figure
9 shows a schematic comparison of the effect of the thickness of
the starting oxide film on the surface reactivity toward H2O
dissociation-induced oxide growth discussed above.
Our XPS measurements of the evolution of the film thickness

upon H2O exposure showed that H2O molecules undergo
dissociation at both p(H2O) = 1 × 10−6 and 5 Torr. This
indicates that there is no pressure gap in the low- and
intermediate-pressure regimes examined here. This is different
from the case with ordered alumina films or bulk sapphire,
which exhibit a pressure gap for interactions with H2O
molecules at room temperatures. For instance, the surfaces of
ordered alumina were found to be inert toward H2O
dissociation for p(H2O) < 10−7 Torr but develop hydroxide
for p(H2O) > 1 Torr.10−14,45 This pressure gap is attributed to
the nearest neighbor H-bonding interactions between adjacent
H2O species at higher coverages, which significantly reduce the
kinetic barrier to H2O dissociation.46 Our results are more in
line with the behavior of alumina thin films grown on NiAl
surfaces, which are reactive toward dissociation of H2O at
intermediate pressures (e.g., 10−7 to 10−1 Torr) and room
temperatures that results in the growth of a disordered alumina
layer initiated at defect sites of the ordered oxide film, although
no aluminum hydroxide formation was reported.4,9 For the

oxidation of Al, the oxide films formed at relatively low
temperatures (T < 200 °C) and low oxygen pressures are
amorphous in nature and exhibit a deficiency of Al
cations.24,30,38,47,48 This is consistent with our XPS measure-
ments of the stoichiometry of the oxide films formed under the
different oxygen pressures, which is approximately Al2−xO3,
where x ≈ 0.24.21 Compared to a well-ordered aluminum oxide
film, the surface of a nonstoichiometric and amorphous oxide
film has a wealth of defective sites that facilitate adsorption and
dissociation of H2O molecules.
While there is no pressure gap in terms of the reaction of the

amorphous oxide films with H2O, the positions of the O and
OH peaks show a clear dependence on water vapor pressure.
As shown in Figure 6, exposure of all the three preexisting
aluminum oxide films to p(H2O) = 5 Torr results in the shift of
the OH peak associated with the O in the Al(OH)3 layer to the
lower BE while the shift of the O 1s peak associated with the O
in the Al2O3 layer to the higher BE compared to the exposure
to p(H2O) = 1 × 10−6 Torr. For oxidation at room
temperatures and relatively low oxygen pressures, the
amorphous aluminum oxide films can be described by a close
packing of oxygen anions with Al cations distributed over the
octahedral and/or tetrahedral interstices with a deficiency of Al
cations.24,30,38,47,48 In general, the amount of a chemical shift
depends on the number of heterogeneous chemical bonds, and
shifting to a larger BE can be attributed to a larger average
coordination number.27,34 The chemical shift to the higher BE
of the O 1s peak associated with the oxygen in the Al2O3 layer
reflects the development of a more compact alumina film with
an increased coordination number at the higher water vapor
pressure [i.e., p(H2O) = 5 Torr].
The peak maxima of the OH peak associated with the growth

of the inner Al(OH)3 layer shift to the lower BE at the higher
p(H2O). This can be understood similarly from the evolution
of the number of heterogeneous bonds in the Al(OH)3 layer.
As shown in Figures 2−4, exposure to p(H2O) = 5 Torr results
in a thicker oxide film (thus a smaller self-generated electric
field across the oxide film), which slows the inward transport of
OH species through the existing oxide film for Al(OH)3
growth. As a result, the Al(OH)3 layer developed at the higher
p(H2O) has a structure (e.g., more dangling bonds because of
the deficiency of OH ions) more open than that of the oxide
film formed under p(H2O) = 1 × 10−6 Torr. This results in a
chemical shift to the smaller binding energy of the OH peak.
Therefore, the evolution of the atomic structure of the
Al(OH)3 layer depends on p(H2O), and a higher p(H2O)
results in a more open structure of the Al(OH)3 layer. These
results show that there is a pressure gap that induces variations
in the atomic structure of the oxide film during the water vapor
exposure; i.e., the Al2O3/Al(OH)3 bilayer film formed in the
intermediate vapor pressure regime has a more open structure
of the inner Al(OH)3 layer while a more compact structure of
the outer Al2O3 layer compared to that of the low-pressure
regime. However, one can note from Figure 1 that the position
of the oxidic Al 2p peak does not change for the O2 and H2O
exposures at the different pressures, suggesting that the overall
concentration of Al cations in the entire Al2O3/Al(OH)3 bilayer
system remains relatively the same.
It is noted from Figure 6 that the O 1s peak associated with

the oxygen in Al2O3 for water vapor exposure at p(H2O) = 1 ×
10−6 Torr does not show a noticeable BE shift from that of the
preexisting Al2O3 films but shifts to a higher BE for water vapor
exposure at p(H2O) = 5 Torr. This difference can be attributed
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to the amount of additional oxide growth permitted by the H2O
exposure at the two water vapor pressures. As shown in Table
1, the additional oxide growth induced by the water vapor
exposure at p(H2O) = 1 × 10−6 Torr is much smaller than that
at p(H2O) = 5 Torr. Therefore, the chemical environment in
the outer Al2O3 is still dominated by the preexisting Al2O3 film
because of the small amount of additional oxide growth at
p(H2O) = 1 × 10−6 Torr, while it evolves to a more compact
atomic structure for the significant additional oxide growth at
p(H2O) = 5 Torr.

5. CONCLUSIONS
We report a comparative study of the room-temperature H2O
dissociation-induced oxide growth on the Al(111) surface
covered with a preexisting amorphous aluminum oxide film. It
is shown that exposing the oxidized Al(111) surface to H2O
results in the formation of an Al2O3/Al(OH)3 bilayer film with
Al(OH)3 as the inner layer. The surface reactivity of the
aluminum oxide film toward H2O dissociation shows a
dependence on the thickness of the starting oxide films; i.e., a
thinner aluminum oxide film is more reactive toward H2O
dissociation. This thickness-dependent surface reactivity for
H2O dissociation-induced oxide growth is attributed to the
thickness-dependent transport of OH and Al ions in the oxide
film. Although there is no pressure gap for the reactions of the
oxide films with H2O in the low- and intermediate-pressure
regimes due to the defective and amorphous nature of the oxide
films, the atomic structure of the oxide films formed shows a
dependence on water vapor pressure. H2O exposure at 5 Torr
results in a more open structure of the inner Al(OH)3 layer and
a more compact outer Al2O3 layer compared to the oxide film
formed at p(H2O) = 1 × 10−6 Torr. However, the overall Al
concentration in the entire Al(OH)3/Al2O3 bilayer remains
relatively constant for the different vapor pressures.
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