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ABSTRACT: The surface oxidation of aluminum is still poorly understood despite its vital role as an insulator in electronics, in
aluminum—air batteries, and in protecting the metal against corrosion. Here we use atomic resolution imaging in an
environmental transmission electron microscope (TEM) to investigate the mechanism of aluminum oxide formation. Harnessing
electron beam sputtering we prepare a pristine, oxide-free metal surface in the TEM. This allows us to study, as a function of
crystallographic orientation and oxygen gas pressure, the full oxide growth regime from the first oxide nucleation to a complete

saturated, few-nanometers-thick surface film.

KEYWORDS: oxide, nucleation, transmission electron microscopy, aluminum, high resolution transmission electron microscopy,
environmental transmission electron microscopy, electron energy loss spectroscopy

B INTRODUCTION

The ability of aluminum to spontaneously form a self-healing
surface oxide is crucial for the metal’s function in a broad range of
applications, yet the full oxide formation process remains poorly
understood. The early stages of oxygen molecule absorption have
been effectively elucidated via surface science techniques (such as
scanning tunneling microscopy),"”” whereas the overall growth
kinetics have been widely studied with macroscopically averaging
surface characterization techniques such as X-ray photoemission
spectroscopy (XPS).”™® In contrast, the intermediate stages of
oxide development, including the mechanism of oxide nucleation
and growth remains elusive due to the lack of atomically resolved
techniques able to directly observe dynamic atomic rearrange-
ments for increasing oxide thicknesses at relevant pressures. This
is a significant challenge as the reactivity of aluminum means that
in situ preparation and high vacuum are required to maintain a
pristine substrate. In addition, the stable native oxide that forms
on aluminum is difficult to remove by reduction® especially when
dealing with delicate samples. In this work, we demonstrate how
state-of-the-art atomic resolution aberration corrected environ-
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mental transmission electron microscope (E-TEM)7 imaging can
address this knowledge gap.

High-resolution electron microscopy studies of aluminum
oxidation are often hindered by the difficulty of preparing a
pristine metal specimen due to aluminum'’s high reactivity with
trace oxygen. Additionally, the high stability of aluminum oxide®
makes it slow to remove using gas-based reduction methods in
the E-TEM, although other metals like Cu”'® and Ni'"'* have
proved amenable to this specimen preparation approach. Here
we show that it is possible to prepare pristine aluminum metal
surfaces in the TEM by condensing the electron beam to produce
a high local electron flux. This removes the native oxide via
electron beam sputtering. Particular crystallographic surfaces can
be prepared in this way allowing a comparison of their different
oxidation behavior as a function of oxygen pressure. Our results
demonstrate how the E-TEM can bridge the gap between surface
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Figure 1. (a) Artist’s illustration showing environmental TEM imaging of an aluminum specimen in an O, gas environment (green = electrons; blue =
oxygen; gray = aluminum). Times stated are from the point of oxygen introduction shown in ¢ (full sequence: SV1). (b—d) Sequential atomic resolution
images of Al sample viewed down the [011] zone axis direction with an exposed (100) surface facet parallel to the electron beam. (b) Shows evidence of
the presence of the initial oxide formed before loading the sample in the TEM. This had already been partially sputtered away due to the high electron
flux >54 000 e A= 5™ so the observed oxide thickness is not representative of the initial oxide shown in Figure S2. (¢) Once the oxide film has been fully
removed the surface is atomically pristine aluminum. (d) 46 s and (e) 184 s after oxygen gas was introduced, the regrowth of aluminum’s self-healing
surface oxide is measured in situ. Scale bar in b—e: 1 nm.
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Figure 2. (a—d) Top: Time-resolved E-TEM images showing key points during layer-by-layer oxidation and oxide growth from an atomically pristine Al
(100) surface facet. Times stated are after oxygen introduction. The full growth sequence can be seen in Video SV1. Bottom: schematic illustrations of
the structures visible in the top TEM images, with enlarged TEM image of the surface region shown below. A 5 X S array of gridlines is used to guide the
eye between experimental image and schematic. (a) First islands nucleate on atomic kinks. Black dashed line shows location of original metal-oxide
interface. (b) Islands grow until the first atomic layer between islands becomes amorphous oxide. (¢, d) Growth proceeds layer-by-layer until a
continuous oxide is formed. The solid—gas interface has moved due to oxygen incorporation from the gas. The FT of d is shown enlarged and inset, with

red circles highlighting the lattice spacing of the intermediate surface oxide (0.263 nm) epitaxial to the native aluminum surface (aluminum (200) lattice
spacing highlighted by purple circles). Aluminum is viewed down Al [011] zone axis direction (T =273 K, pressure: 3 X 107> Torr). All scale bars: 2 nm.

science techniques and bulk characterization, allowing direct study the nucleation and growth mechanisms to near-saturation
linking of atomic scale mechanisms with the macroscopic growth thicknesses for many spontaneously forming surface oxides.
behavior to better understand the oxide formation on aluminum. Figure la, shows a schematic of the E-TEM imaging of an
We envisage that the approach demonstrated in this work, aluminum specimen, prepared by ultramicrotomy, in an oxygen
creating atomically clean facets and then observing their gas environment. High-resolution TEM image sequences
reoxidation in E-TEM, should be a transferrable method to (Figure 1b—d) demonstrate the removal of the native surface
2231 DOI: 10.1021/acsami.7b17224
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Figure 3. (a—d) Top: Time-resolved E-TEM images showing layer-by-layer oxidation and oxide growth from an atomically pristine Al (111) facet.
Times stated are from the point of oxygen introduction which is also the start of the full image sequence (120 s) shown in Video SV2. Bottom: schematic
illustrations of the different structures visible in the TEM images. A S X S array of gridlines is used to guide the eye between experimental image and
schematic. (a) Nucleation of oxide islands at lattice kinks. Black dashed line shows location of original metal-oxide interface. (b) Development of the
oxide islands producing a spalled intermediate phase within the developing oxide (rotated 10° with respect to (200) planes of native aluminum lattice).
(c) Formation of a neck region between islands revealing an unexpected lateral growth mode. Intermediate phase formed has a lattice spacing of 0.283
nm. (d) Uniform coverage of oxide is achieved after which the oxide thickens slowly. All scale bars: 2 nm.

oxide to prepare a pristine metal surface on which to study oxide
formation. We observe that in high vacuum conditions (3 X 10~
Torr), a high flux (greater than 54000 e A= s™" for 5—10 s),
sputters atoms from the material leaving a clean faceted metal
surface.'”"* The high current density of the condensed beam and
the electrically insulating nature of the aluminum oxide can also
produce electrostatic charging, which may further contribute to
the substantial collective mass loss from the surface.*™'® As well
as the loss of native oxide we also observe a tendency for surface
faceting, likely due to the rearrangement of atomic terraces to
minimize surface energy (see Figure S1 for faceting of Al(100)
following oxide removal). The ability to simply and reliably
produce clean faceted metal surfaces with which to study
oxidation in the TEM is likely to be a key tool for future E-TEM
investigations.

Figure 2 shows key steps in the oxidation of a (100) surface
facet at an oxygen pressure of 3 X 107> Torr. Figure 2a shows the
early stage of oxidation where oxide islands nucleate at atomic
terraces on the surface, which act as high surface energy
heterogeneous nucleation sites where oxygen can preferentially
adsorb.'”~"” The oxide islands are then observed to grow
laterally toward one another (Figure 2b, ). Lateral island growth
has previously been observed for copper oxidation by in situ
TEM and is believed to occur via surface diffusion of oxygen
species and preferential adsorption on surface sites at the edges of
islands."”~*° The pristine aluminum facet remains clean, most
likely because adjacent oxide islands act as “sinks” for reacting
species which diffuse across the surface. Aluminum terraces on
the surface are consumed by reactants diffusing to the growth
front.'”"” The majority of theoretical models for aluminum
oxidation assume a uniform vertical growth front and our results
demonstrate that this is not applicable to the earliest stages of

1oee 21
oxidation.
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Figure 2b shows that as the oxide islands continue to grow, a
single atomic plane of aluminum appears to oxidize at the surface
between two islands, visible as a loss of image contrast and
ordering. Soon afterward, a second layer of the surface also loses
contrast, suggesting that oxidation then proceeds layer-by-
atomic-layer into the aluminum. After sufficient time a
continuous semicrystalline layer of oxide ~1.5 nm thick, covers
the surface (Figure 2d), which is close to the saturation thickness
measured by XPS for aluminum at comparable pressures but
higher temperature.“’22 The oxide region appears to retain some
crystalline order, aligned with respect to the aluminum surface
but with increased lattice spacing. The number of atomic planes
of these ordered oxide regions corresponds directly to the
number of aluminum surface planes transformed from the
aluminum lattice (see Video SV1). The inset Fourier transform
(FT) in Figure 2d shows the spacing of this intermediate oxide is
~0.263 + 0.1 nm, which is around a 30% expansion from the
Al(200) spacing of 0.203 nm. Many previous studies have
reported the formation of an intermediate y-Al,O; phase, which
grows with commensurate structure to the parent aluminum
lattice.">**** However, a detailed structural identification
remains elusive, and the structure and stoichiometry of this y-
Al O; intermediate is controversial; likely due to strong
dependency on oxide growth conditions and the fact that the
intermediate phase forms on the nanoscale.”* The increased
spacing of the intermediate oxide phase relative to pure
aluminum is likely due to oxygen incorporation into the
aluminum lattice. The presence of an unidentified aluminum
oxide phase is not unexpected; y-Al,O; is known to show large
structural differences due to variations in stoichiometry,
temperature, pressure, and film thickness.>**> The tully
thickened film shows no long-range crystallinity, consistent
with the expected amorphous oxide structure (see Video SV1).
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Figure 4. Kinetics of oxidation for”” and {100} surface facets of aluminum at oxygen pressures of: 3 X 1075, 3 X 1074 and 3 X 10~ Torr. Oxide thickness
measurements are fit to logarithmic trend lines representing growth of oxides to critical thickness according to the Cabrera—Mott theory. Higher
pressures show faster initial rates of oxidation and lead to oxide films of larger critical thickness. The encircled point at 269 s (0.9 nm thickness) is the
control experiment where the beam was blanked for AI(111) at a pressure of 3 X 107 Torr. The growth observed without electron beam irradiation is
comparable to the same oxidation conditions acquired with continuous electron beam observation (red line, Al(111) at pressure of 3 X 1077 Torr,

electron flux of 11 000 e A™2s71).

Figure 3 shows the same oxidation process, again at an oxygen
pressure of 3 X 107° Torr, but now for a different crystallographic
surface; Al(111). We observe the nucleation of oxide islands at
atomic terraces (Figure 3a), followed by island growth. However,
compared to the Al(100) surface, differences are observed in the
process of growth. On Al(111) the oxide was observed to grow
into the aluminum lattice beneath the island, with part of the
aluminum surface starting to exfoliate, rotating 10° relative to the
bulk. This can be explained by the high dynamic stresses that are
generated in amorphous oxides due to free volume generation
(compared to bulk AI(111)).*° For partially coherent oxide-
metal interfaces, high interfacial stresses may be generated in the
intermediate phases due to the large mismatch in the lattice
spacings for bulk aluminum and the equilibrium y-Al,O; phase
(~0.310 0.1 nm).® In some cases, oxidation occurs first alonga
row of atoms beneath the surface (Figure 3c), rather than the
uppermost atomic plane. This forms a semicrystalline oxide
bridge between two neighboring oxide islands. Convergence of
aluminum oxide islands by “necking” has been observed by
Jeurgens but not with this level of atomic detail.”” The bridge
region is observed to contain an intermediate oxide phase,
aligned parallel to Al(111) planes but with a larger lattice spacing
of 0.283 + 0.1 nm. This lattice expansion on Al(111) (21%) is
smaller than the 30% expansion seen for the Al(111) surface
perhaps due to differences in the way oxygen chemisorbs to the
surface. Flottoto et al. observed that stresses within amorphous
oxides formed on Al(111) facets are considerably higher than for
Al(100).”° They speculated that this was because oxygen
chemisorbed on the close-packed (111) planes forms an ordered
structure which hinders stress relaxation during the oxide growth
process. When all the islands have coalesced the full surface is
covered in an oxide film ~1.5 nm thick. After complete surface
coverage the rate of oxide growth slows; the film gradually
thickens and the semicrystalline intermediate oxide phases
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steadily amorphise completely. The full growth sequences for
AlI(100) and (111) surface facets are available in Videos SV1 and
SV2, respectively.

Figure 4 shows the average thickness of the aluminum oxide
formed on {100} and {111} surfaces as a function of oxygen
pressure (3 X 10,3 X 107% and 3 X 107 Torr). More details of
measuring growth rate are shown in Figure S3. The Cabrera—
Mott theory models low temperature oxidation as driven by the
electric field produced by the charge separation due to the
presence of metal ions at the oxide-gas interface and oxygen ions
at the metal-oxide interface.”" It predicts that oxide growth is
rapid until an oxide completely covers the surface. After this the
oxide film thickens at a slower rate, as a result of the increased
charge separation across the growing oxide layer. All growth
curves we observed follow the same general kinetic trends as
predicted by the Cabrera—Mott theory (Figure 4). The
differences we observe for the early stages of nucleation and
growth are likely due to the unavoidable pressure gradient as gas
is introduced to the column as well as local surface variations
(kinks, steps, etc.) that are not included in the general theory.

The critical thickness of oxide at saturation is dependent on
the oxygen pressure, with higher pressures resulting in quicker
initial rates of oxidation and higher critical oxide thickness.”® At
pressures below 3 X 107> Torr, we observe similar island growth
at surface steps to that illustrated in Figures 2 and 3 (both
observed at 3 X 107° Torr), but at lower pressure the process
occurs over longer time scales. This relationship between critical
oxide thickness and oxygen pressure has been previously
reported in XPS studies,””®”” and is attributed to higher
pressures producing a larger concentration of oxygen molecules
on the surface of the metal which are available for oxidation and
growth, according to Langmuir isotherm behavior.”*** The
higher concentration of adsorbed oxygen at higher pressures also
increases the oxide growth rate by increasing the electric field and
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thus the rate of ionic migration through the oxide.” At the lowest
pressure tested (3 X 1077 Torr), we do not observe any oxide
formation even after 1 h on the AI(100) facet, although the
Al(111) surface reached close to its critical thickness ~0.9 nm
after 600 s. Elemental mapping of the oxide using electron energy
loss spectroscopy (EELS) shows that oxides are oxygen rich at
the metal-oxide interface, but that the oxygen concentration
drops at the oxide—gas interface (Figure S4). The summed EELS
spectrum (Figure SS) also shows that there are no surface
contaminants (such as carbon) in the oxide within the limits of
detectability, (locally <1%).

In all dynamic TEM experiments, it is important to consider
the effect that imaging with the electron beam could have on the
reaction being observed. To prepare the pristine metal surface we
have harnessed electron beam sputtering at high electron flux
(>54 000 e A% s7!) to remove the oxide. To assess the effect the
electron beam could have on oxidation we have prepared the
AI(100) pristine surface in the same way but performed the
experiment at an oxygen pressure of 3 X 1077 Torr “in the dark”;
only imaging after 269 s. The thickness measured with the
electron beam offis in good agreement with that observed for the
continuously imaged surface (0.82 +0.1 nm compared to 0.90 +
0.1 nm with the beam on).

Nevertheless, we note that this agreement between data
obtained for beam-off and beam-on conditions is only obtained
by controlling electron flux below a critical value when imaging
continuously. For a flux above ~12 000 e A™> 57!, we observed
crystallization of the amorphous oxide films (see Videos SV3 and
SV4). Previous work by Popova® and Zhukov’' has observed
that the later stages of aluminum oxide growth can be enhanced
by an applied voltage and for 100 eV electron irradiation.
Nevertheless, the good agreement we find compared to bulk
thickness measurements suggests that this effect is small in our
case. Our measurements of the lattice spacings of this irradiation
induced oxide phase show that it has a crystal spacing of 0.240 nm
for Al(111), a good match to the irradiation induced
intermediate y-Al,Os;, oxide observed previously in oxidized
aluminum.’”*®> However, it differs significantly from the
intermediate oxide layers we observe during our in situ
experiments, supporting our understanding that the electron
beam has a negligible influence on the reaction we observe.

B CONCLUSION

In conclusion, we find that the overall oxide growth behavior we
observe is in good agreement with both surface science
measurements of the early stages of oxidation and with average
data from bulk techniques. By bridging an elusive gap between
the time and length scales of these different methods, E-TEM
allows observation of the full process of metal oxide growth:
providing insights into the different oxidation mechanisms for
different crystallographic surfaces. We reveal that oxidation of
Al(100) occurs via island growth and surface oxidation, whereas
for Al(111), the oxide can grow along an atomic plane below the
uppermost surface layer. This has important implications for
optimizing the corrosion, aesthetic and insulating properties of
aluminum oxide coatings for a wide range of applications. Our
control experiments demonstrate that below a critical electron
flux the effect of the electron beam is negligible. However, by
harnessing electron beam sputtering at high flux, we show that
this E-TEM approach can be applied to study oxide nucleation
even where a material spontaneously oxidizes in ambient
conditions. This provides new opportunities for studying
oxidation, corrosion, and phase transformations for many
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industrially important materials including self-passivating metal-
lurgical systems such as magnesium and titanium, readily
oxidizing catalytic nanoparticles like cobalt, and air-sensitive
electrode materials.
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Experimental methods, EEL spectrum imaging, unfiltered
TEM images (PDF)

Video SV1 showing oxidation of Al(100) at an oxygen
pressure of 3 X 10~ Torr (variable electron flux); stills
from this video are presented in the Figures 1 and 2 (AVI)
Video SV2 showing oxidation of Al(111) (SV2) at an
oxygen pressure of 3 X 107° Torr (variable electron flux);
stills from this video are presented in Figure 3 (AVI)
Video SV3 showing imaging above critical electron flux
(12000 e A2 s7") with instant recrystallization of oxide
(AVI)

Video SV4 showing imaging below critical flux (11 000 e
A% s7") showing no crystallization of oxide (AVI)
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(TEM) transmission electron microscopy; (E-TEM) environ-
mental TEM; (XPS) X-ray photoemission spectroscopy; (EELS)
electron energy loss spectroscopy
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