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1. Introduction

Hydrogen-based technologies require reliable storage systems,
that can withstand harsh conditions, like, for example, high pres-
sure for gaseous hydrogen or high temperature for solid-state

hydrides.[1,2] Stainless steels are standard
and approved materials in stationary hydro-
gen storage tanks[1,3]; however, they suffer
from hydrogen embrittlement. Coatings
can be applied to reduce it by limiting
the ingress of hydrogen in form of atomic
H or protons Hþ and therefore improve the
safety and mechanical reliability of the steel
tanks.[4,5] Thermally stable oxides are
promising candidates as material for
hydrogen barrier coatings.[6] The usage of
Al2O3 and other materials decreases the
atomic H or protons Hþ permeability by
several orders of magnitude compared to
the bare steel substrate.[7] In a recent review
article we summarize the different perme-
abilites reported in literature and possible
approaches to measure them.[8] Thin
Al2O3 or sacrificial Al coatings are also used
as corrosion protection for stainless
steel.[9,10] Al2O3|Al bilayers are reported
as coatings to prevent oxidation of Mg
alloys.[11] Thereby, the metallic Al layer
serves as an adhesion layer and reduces
the mechanical property change between

the substrate and the amorphous Al2O3 layer.
[11] Recently, amor-

phous Al2O3 films were found to possess high damage tolerance
if defects such as flaws can be minimized.[12]

Stoichiometric oxides have low dissociation rates of hydrogen
on their surface to H or Hþ species and low H or Hþ solubility
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Hydrogen barrier coatings are important for future hydrogen economy to enable
materials for applications in hydrogen tanks. In the present study, coatings
consisting of amorphous Al2O3 (�100 nm) synthesized by plasma ion-assisted
deposition on top of crystalline metallic Al (�100 nm) are exposed to 300 bar
hydrogen pressure at 673 K for 6 days. This is done to mimic and accelerate
conditions in hydrogen storage containers for metallic hydrides. They remain
intact after such harsh conditions, although changes do occur. Blister-like
features are observed consisting of a buckled oxide layer while the metallic
Al layer underneath is retracted. As these features are also found for coatings
annealed under 1 bar Ar atmosphere it is concluded that they are not related to
the formation of gas bubbles but they form due to solid-state dewetting. This is
different to literature observation where H2 bubbles are reported as a conse-
quence of interface diffusion of H/Hþ species present due to the initial precursor
used for film deposition. The mechanical properties of the coatings, which are
evaluated from nanoindentation load–displacement curves, change only mod-
erately. Overall, the study shows that Al2O3|Al coatings are suitable candidates
to prevent hydrogen ingress, but dewetting due to long-term exposure at ele-
vated temperatures must be prevented.
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which makes them suitable as hydrogen barrier coatings.[13]

Yamada-Takamura et al. investigated amorphous Al2O3 films
and addressed the importance of the film microstructure, tight-
ness, and defects on the H or Hþ permeation barrier perfor-
mance.[14] Wang et al. studied the influence of amorphous
oxide thickness as well as the presence of defects on hydrogen
uptake.[13] Li et al.[15] as well as Matsumura and Fukata[16]

described blister formation in amorphous alumina films depos-
ited on Si substrates via atomic layer deposition. In this deposi-
tion process, H or Hþ is present within the film and at the
unpassivated interface. During annealing treatment, H or Hþ are
diffusing along the alumina/silicon interface until they react to
H2 which is accumulated in bubbles visible as blisters in optical
or electron micrographs.[15,16] Such blisters look similar to fea-
tures formed during solid-state dewetting which are voids cov-
ered with a thin membrane.[17] In principle, in the first case,
the blisters would be filled with a gas, in the second case they
would be empty.

In our study, the potential of an Al2O3|Al bilayer system con-
sisting of 100 nm thick layers as a hydrogen barrier coating is
reported. For our model experiment, the bilayer system was
deposited on oxidized Si substrates using plasma ion-assisted
deposition (PIAD) to prevent the presences of H or Hþ within
the coating from the synthesis process. Subsequently, the coating
was exposed to harsh conditions using a temperature of 673 K for
6 days and a high hydrogen (H2) pressure of 300 bar. In this way,
conditions are simulated, which can occur in a tank where solid
hydrides are used as a hydrogen storage medium, and their influ-
ence accelerated. The single crystal model substrates allow to
focus the study on the impact of hydrogen on damage evolution
in the coating system. The changes of the coating microstructure
are characterized using scanning electron and ion beam micros-
copy techniques as well as transmission electron microscopy
(TEM) methods. The associated changes in the mechanical prop-
erties are investigated by nanoindentation testing. For compari-
son, coatings annealed at the same temperature of 673 K for
6 days but using an ambient Argon (Ar) atmosphere of 1 bar were
analyzed, too. Due to the prolonged annealing time and relative
high temperature for metallic Al (melting temperature is 933 K),
solid state dewetting might occur. The question we want to
address is thus whether the thermal integrity of our Al2O3|Al
bilayers and/or the hydrogen ingress lead to changes in the film
structure, i.e., dewetting or H2 bubble formation.

2. Results and Interpretation

2.1. Microstructure of the as-Depostited and Gas Exposed
Coatings

Θ-2θ X-ray diffraction (XRD) measurements of the as-deposited
bilayer coating reveal crystalline Al without any indications of the
presence of crystalline Al2O3 (Figure 1A). Measurements on the
sample annealed in H2 atmosphere, in contrast, show an addi-
tional reflection at a 2θ value of �79° besides the reflections
related to Al and the substrate material (Figure 1A). This reflec-
tion could indicate the presence of γ-Al2O3. However, other cor-
responding reflections were not observed by XRD. TEM
measurements were performed to clarify the structure of the

H2 exposed bilayer coatings and are presented below. XRDmeas-
urements of the film annealed in Ar were not successful as only a
small piece of the wafer was used as a reference sample, which
was not sufficient to provide diffraction peaks.

Scanning electron microscopy (SEM) plan-view images of the
coatings are shown in Figure 1B–D. The as-deposited coating dis-
plays a smooth surface without irregularities. The surface of the
samples after hydrogen (H2) exposure reveals the presence of blis-
ter-like features, which are basically empty or filled voids covered

Figure 1. A) XRD pattern and B–D) SEM top-view images of the
(B) as-deposited bilayer and the coating after 6 days annealing at 673 K
in (C) H2 (300 bar) and (D) Ar (1 bar) atmospheres, respectively. Blister-like
features such as holes and voids are observed in the coatings. In (D) a void
is marked with an arrow where the oxide layer is partially broken.
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with a thin continuous layer. In addition, holes are observed which
are uncovered blister-like features. Both are labeled in Figure 1,
respectively. The hole features are most likely voids where the thin
top layer was ruptured and removed from the area, most likely
during sample handling. An example, where the layer is partially
broken but still present is marked by an arrow in Figure 1D. Thus,
in the following we do not distinguish holes and voids anymore
but count all of them as voids. These voids could be empty or filled
with a gas which will be further discussed below.

For the coating annealed in 1 bar argon atmosphere, similar
surface features are observed by SEM. The sizes of more than
500 features are analyzed for the coatings annealed in H2

(300 bar) or Ar (1 bar), respectively, and a log-normal distribution
is found to fit the data reasonably well for both cases (Figure 2). The
average size for the features observed in coatings annealed in H2 or
Ar, assuming an equivalent normal distribution, is 5.3� 3.6 and
4.9� 3.1 μm, respectively. The area fraction of those is 7.3% and
5.8% for the coating annealed in H2 or Ar, respectively, a moderate
difference when considering the much higher pressure of 300 bar
for H2 compared to 1 bar for Ar. FIB cross-sections of the coatings
annealed in H2 atmosphere reveal that the voids are surrounded by
Al rims and covered by a continuous layer. Similar rims occur at the
voids found in the sample annealed in Ar.

Scanning TEM (STEM) investigations of focussed ion beam
(FIB) machined cross-sectional samples of the as-deposited

coating show that both layers are homogenous in thickness.
The obtained values for the Al layer is 95� 1 and 102� 2 nm
for the top Al2O3 layer, which is within a tolerance of a few
nm with respect to the targeted value of 100 nm each
(Figure 3A). The corresponding energy dispersive X-ray spectros-
copy (EDS) maps confirm the composition of the Al2O3|Al bilayer
structure (Figure 3B,C). The electron beam evaporated Al has a
columnar grain structure with grain boundaries perpendicular to
the substrate/Al layer interface as shown in the bright-field (BF)
STEM micrograph (Figure 3A). No orientation relationship
between the Al layer and the Si substrate is found due to the pas-
sivation of the single-crystalline Si substrate by a thin amorphous
SiO2 layer (EDS maps in Figure 3B,C. High angle annular dark-
field (HAADF) STEM of the Si|SiO2|Al interface shows that Al
grows with the {111} planes parallel to the substrate, resulting
in a fiber texture. The Al2O3 layer grown by PIAD appears amor-
phous (labeled as a-Al2O3) and highly beam sensitive in STEM
mode. The interface to the Al layer appears rough on the nanome-
ter scale and shows a 5–10 nm thin additional layer containing
Al and O.

Electron energy-loss spectroscopy (EELS) data were collected
for the different regions of the coating. The energy loss region
where the element-specific Al-L2,3 edge occurs is displayed in
Figure 3D for the Al layer (green spectrum), the thin oxide layer
at the Al|Al2O3 interface (blue spectrum), and the amorphous

Figure 2. Size distribution of voids observed in samples annealed at 673 K for 6 days in A) H2 (300 bar) and B) Ar (1 bar) atmosphere.

Figure 3. A) STEM BF micrograph of the as-deposited Al2O3|Al coating on passivated Si with a thin γ-Al2O3 at their interface. B) Combined O- and Si-EDS
maps and C) Al EDSmap. D) Al-L2,3 ELNES of Al layer (green spectrum), thin γ-Al2O3 layer near the Al2O3|Al interface (blue spectrum), and amorphous a-
Al2O3 layer (black spectrum).
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Al2O3 layer (labeled a-Al2O3, black spectrum). Besides a different
edge onset (�72 eV for metallic Al and 78 eV for the oxide
layers), different energy-loss near-edge structures (ELNES) associ-
ated with each edge are observed. The specific ELNES features can
be correlated to the local coordination and bonding of the Al
atoms. Comparison to literature data[18–20] reveals that the Al thin
film has indeed a metallic character, while the thicker amorphous
Al2O3 top layer contains Al atoms which are mostly tetrahedrally
coordinated by O atoms. In contrast, the ELNES of the thin
oxide layer at the Al2O3|Al interface resembles the shape of
γ-Al2O3,

[19,20] where Al occupies octahedral and tetrahedral sites
surrounded by O with a ratio of �0.70:0.30.[21] Thus, the initial
coating consists of a �100 nm amorphous Al2O3 layer, a
�5 nm thin γ-Al2O3 layer, and a crystalline metallic Al layer
(�95 nm thickness).

A site-specific cross-sectional (S)TEM analysis of a non-rup-
tured feature from the sample annealed at 673 K under the
300 bar H2 atmosphere is shown in the overview in Figure 4A
and indicates void formation. The cross-sectional view demon-
strates that the Al thin film retracts by solid-state dewetting
and forms a rim with a thickness increase of up to �300 nm
at the void|Al|substrate triple phase boundary. The surface oxide
covers the void as well as the remaining Al thin film, except for a
rupture adjacent to the triple-phase boundary (Figure 4B,C). The
bilayer system is still homogenous in overall thickness for the
remaining film, except for the void and rim region. However,

STEM imaging and spectroscopy of the remaining film reveals
a change within the layer structure. An oxygen-rich, crystalline
layer formed within the Al layer. EDS confirms that this crystal-
line layer contains, besides Al, a large amount of O (Figure 4D,E).
ELNES analysis of the individual regions (Figure 4E) reveals the
characteristic fingerprints of metallic Al (green spectrum), crys-
talline γ-Al2O3 (blue spectrum), and amorphous a-Al2O3 layer
(black spectrum). The different phases are indicated in the
EDS maps (Figure 4D,E). The total coating thickness in a region
around 1.5 μm away from the blister-like feature corresponds to
an initial thickness of 200 nm. The thickness of the γ-Al2O3 layer
at the interface between amorphous a-Al2O3 and Al increases up
to 75 nm at the expense of the two other layers. The Al layer is
more strongly affected and shows local thickness variations
between 30 nm and 70 nm. The thickness of the amorphous layer
decreased less strongly and remains at a thickness value of
around 80 nm.

For the reference coating annealed in 1 bar Ar at 673 K
similar features are observed (Figure 5 and 6). Representative
cross-sectional TEM images and corresponding EDS elemental
maps for the sample annealed in Ar show a void covered by
the oxide layer, retracted Al film region, and related rim
formation, as well as the presences of the γ-Al2O3 at the interface
between amorphous a-Al2O3 and Al (Figure 5). In addition,
an image and corresponding diffraction pattern of an extended
γ-Al2O3 region are given in Figure 6.

Figure 4. Cross-sectional STEM micrographs and corresponding elemental maps of the void region after exposure of the Al2O3|Al coating to 673 K and
300 bar H2, in detail: A) Bright field STEM overview image where the blue and red boxes indicate the regions analyzed by EDS maps. B) HAADF micro-
graph of the void|film|substrate triple-phase boundary and C) combined elemental map (O, Si, Al), revealing a rupture in the covering oxide membrane.
Elemental maps of D) Al and E) O of a region with intact bilayer structure, but an extended γ-Al2O3 layer at the interface between the Al and amorphous a-
Al2O3 layers. F) EELS data of the various phases after annealing in H2 atmosphere.
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2.2. Mechanical Properties of the Coating

The mechanical properties of the as-deposited and 673 K
annealed coatings (either in 1 bar Ar or 300 bar H2 atmosphere)
were measured by nanoindentation. Regions with voids were
avoided in the Ar or H2 exposed coating. Since the total coating
thickness is only 200 nm and a hard layer is on top of a soft layer,
nanoindentation hardness and modulus would only provide a
“composite” value of the Al2O3|Al bilayer and the substrate.
Therefore, the loads at a fixed depth are used to understand
the relative resistance against deformation. Higher variability
in recorded loads is observed for the hydrogen-treated samples
compared to the as-deposited and the Ar-annealed samples
(Figure 7). The highest load values for the Ar-annealed samples
are marginally higher when compared to the as-deposited and
H2-annealed samples. Wide variability in the indentation
response of ceramic materials is well recognized in the
community.[22] Additionally, the surface modification potentially
affects the surface quality, which may also influence the load-
displacement response of the coatings. It is clear, however, that
the H2 exposure has a weak impact on the mechanical response
of the coatings measured by nanoindentation (Figure 7).

3. Discussion

The exposure of the Al2O3/Al bilayer coating to hydrogen at
300 bar and 673 K for 6 days has a negligible effect compared

to a similar treatment in Ar at 1 bar and similar temperature
conditions. This shows the resistance of the coating to H2 at
elevated temperatures up to 673 K and a low dissociation rate
of H2 to H and Hþ at the surface. For the majority of the coated
samples, the bilayer structure resisted H2 exposure, revealing
intact surfaces and cross-section by SEM inspection. The void
features, which occurred during annealing in H2 as well as
Ar, will be discussed below.

First, the initial film structure and the microstructural
changes in the intact regions are described. A uniform thickness
within a few nm tolerance could be achieved for both layers,
Al and amorphous a-Al2O3 in the as-deposited state, and this
thickness is closely maintained after the combined thermal
and gas exposure. Depending on the deposition method and
parameters, γ-Al2O3 (nano)crystals within an amorphous
Al2O3 matrix are reported in literature.[9,23] The bilayer coating
in the present work has instead a thin γ-Al2O3 layer present at
the interface between the amorphous a-Al2O3 and metallic Al
layers. During the exposure to 300 bar H2 pressure at a tempera-
ture of 673 K for 6 days, the thickness of this γ-Al2O3 layer
increased up to 75 nm, while the thickness of the amorphous
a-Al2O3 layer and the metallic Al were reduced accordingly, keep-
ing the total coating thickness constant (200 nm). The thickness
of the metallic layer was more strongly and inhomogeneously
reduced compared to the amorphous Al2O3. Crystallization of
amorphous Al2O3 layers to γ-Al2O3 (as an intermediate step to
the thermodynamically preferred α-Al2O3

[24]) induced by temper-
ature is in accordance with literature.[17,24] The shrinkage of the

Figure 5. TEM analysis of the reference coating annealed at 673 K in 1 bar Ar. A) Bright field overview TEM image showing the area around a void.
B,C) Zoom-in images reveal the Al rim next to the void and the formation of γ-Al2O3. D) Overlaid elemental maps of O, Si, and Al of the region displayed
in (C). E,F) EDS maps of O and Al of the region. At the interface between Al and a-Al2O3 layer, an extended γ-Al2O3 layer is present.
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metallic layer indicates an inward diffusion of oxygen from the
amorphous a-Al2O3.

Besides the thickness increase of the interfacial γ-Al2O3, the
formation of void features is observed. In principle, such voids
could be induced by gas bubble formation within the coating
leading to a local decohesion of the amorphous a-Al2O3

layer.[25,26] Additionally, if tensile stresses evolve, for example,
at the circumference of the top layers, rupture can occur.
However, typical dewetting phenomena are observed in the void
regions, such as the full retraction of the Al layer and Al rim for-
mation while the amorphous alumina layer remains intact.[17] Since
the bilayer coating behaves identical for 300 bar H2 and 1 bar Ar at
673 K it is concluded that, for the chosen condition and nature of
the bilayer film, solid state dewetting upon the long-term high tem-
perature annealing is the main reason for the void formation.
Individual defects may be the starting point for void formation
and eventually weaken the complete system locally due to the
retraction of the Al film. As a consequence, the overall integrity
of the coating degrades. Still, as the amorphous alumina remains
intact, the functionality as hydrogen barrier remains.

Our observation of (empty) void formation is different to
literature reports where H2 filled voids were reported.[15,16]

They occur in coatings which are deposited via deposition routes
involving organic H-containing precursors. For example,[15,16]

found that atomic layer deposited amorphous alumina films
on unpassivated Si substrates show H2 bubbles after thermal
annealing.

Figure 7. Load variation in the Al2O3|Al coatings at a constant displace-
ment of 45 nm for the as-deposited coating (black squares), the 1 bar Ar
673 K annealed (red dots) and the 300 bar H2 673 K treated (blue triangles)
coatings. Note that nanoindentation was performed in the regions devoid
of blister-like features for the 673 K treated coating conditions.

Figure 6. TEM analysis of the coating annealed at 673 K in 1 bar Ar. A) BF STEM image of a region showing a void and a buckled oxide, B) zone of
extended γ-Al2O3 formation at the Al2O3|Al interface, and C) corresponding selected area diffraction pattern of the γ-Al2O3 phase in [110] zone axis.
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Kosinova et al. reported blister formation in Au films on glass
(SiO2) substrates covered by a thin Al2O3 layer which happens
during annealing at elevated temperatures.[27] The Al2O3 layer
contained intrinsic hydrogen incorporated from the Al precursor
trimethylaluminum used for the deposition. Kosinova et al.[27]

proposed two possible scenarios: 1) blistering at the Al2O3/Au
interface caused by intrinsic hydrogen and 2) blistering at the
Au/glass (SiO2) interface caused by compressive stresses. For
scenario 1, they discussed that the intrinsic hydrogen could be
released during the annealing treatment towards the interface,
causing H2 bubble formation and blistering at the metal/oxide
interface as described by.[28] In the second scenario, Kosinova
et al. assumed that the blistering occurs at the Au/glass (SiO2)
interface and is caused by compressive stresses. From their find-
ings, they concluded that for their samples blistering takes place
due to intrinsic hydrogen (scenario 1).[27] Xie et al. reported that
the aluminium metal/oxide interface becomes wavy due to
hydrogen uptake and forms cavities when exposed to hydrogen
gas[29] under electron beam irradiation. Annealing in an H2

atmosphere under high pressure offers an unlimited source
of hydrogen which can in principle enter the film-substrate or
metal/oxide interfaces at defects, e.g., holes or scratches, and dif-
fuse along the interfaces. However, as similar features on the
films annealed at low Ar pressures are observed in our study,
it is less likely that the blistering is caused by the diffusion of
hydrogen in form of H/Hþ and the formation of H2 gas bubbles.
We relate this to the different deposition process compared to the
above mentioned literature leading to films with neglectable
intrinsic hydrogen in form of H and Hþ, which could diffuse
and form H2 blisters. An indication for a rough interface as
reported by Xie et al. was not found.[29]

The void features could be also supported by compressive
stresses occurring in the metallic film and the oxide as reported
by Kosinova et al.[27] Blister formation and circumferential
delamination were observed in films which have high residual
compressive stresses.[30] As the coating is heated from room tem-
perature, the large difference in thermal expansion coefficients of
aluminum (�23� 10�6 K�1) and silicon (3� 10�6 K�1), will lead
to compressive residual stresses in the aluminum layer.[31]

Assuming that no stress relaxation occurs, a biaxial stress, σ,
is calculated to be

σ ¼ EAl

ð1� νÞ � ðαAl � αSiÞ � ΔT (1)

Here, σ is the thermal stress, EAl and ν are the elastic modulus
and Poisson ratio of the Al layer, αAl and αSi are the thermal expan-
sion coefficients of aluminum and silicon, respectively, and ΔT is
the temperature difference. Even the linear thermal expansion
coefficients of amorphous a-Al2O3 (4.2–7.1� 10�6K�1[32–35] and
γ-Al2O3 (12.66� 10�6 K�1)[36] exceed the value for Si, leading to
compressive stresses in the oxide films, too.

For example, a modest rise of 10 K is enough to induce a
compressive residual stress of 20MPa in the Al film.
Typically, compressive stresses in Al films on oxidized Si do
not exceed �100MPa compressive stress due to stress relaxation
by dislocations and diffusion.[37] At such low stresses, a weak
interface adhesion would be required to induce circular delami-
nation as discussed by Hutchinson et al.[30]

The rim formation, noted earlier as a result of metal accumu-
lation and biaxial tensile thermal stresses upon final cooling to
room temperature, could result in local tensile stresses in the
alumina layer. These tensile stresses can induce fracture at
the circumference of the blister, resulting in holes. As the nucle-
ation of the initial delamination front is sensitive to the presence
of flaws at the interface, delamination takes on a stochastic
nature, leading to a wide distribution of blister and hole sizes.
Note that pure Al films on oxidized Si substrates do not show
blisters upon cycling at 6 Kmin�1 for a few times between room
temperature and 350 °C.[37]

Thus, in our case we make solid state dewetting responsible
for the formation of the void regions. Solid-state dewetting can
happen during the annealing treatment and can lead to rim for-
mation as was reported for various systems in literature[38] and
also for passivated Al thin films in one of our previous studies.[17]

In our bilayer sample, the rim formation is related to the accu-
mulation of metallic Al at the triple-phase boundary of the voids.
In this region, the Al thickness increases up to 250 nm. The total
thickness of the coating radially decreases over a length of
�1.5 μm, above which the initial thickness is found again
(200 nm). In the region of the void, the metallic aluminum
completely vanishes, again a phenomenon related to dewetting
for which diffusion processes are responsible. If the observed
void features were only related to compressive residual stresses,
it is expected that either the whole coating would delaminate in
these regions (metallic Al and oxide layers together) or that only
the oxide layer would delaminate at the interface to the Al layer.
As this is not the case, it is concluded that solid state dewetting is
the main reason for the formation of the blister-like features at
the chosen high temperature condition of 673 K.

The diffusion processes occurring during the annealing treat-
ment are also responsible for the change in the bilayer structure.
The strong film thickness reduction of the metallic Al layer in the
regions far away from the blister-like features indicates that
inward oxygen diffusion towards the Al layer takes place.

While in this study Si was used as a model substrate, similar
effects are also expected for a-Al2O3|Al bilayer coatings on steel as
the difference in thermal expansion coefficients will also induce
compressive stresses in the Al layer. Additionally, Al layer dew-
etting would take place independent of the substrate material at
673 K. First unpublished experiments of us indeed proof a simi-
lar behavior on steel substrates, where at 673 K dewetting of the
Al film occurs and blister-like features similar to Figure 1C
appear, while at 473 K and 100 bar H2 even after 6 days no dew-
etting occurs for the Al film. The current results mean for the
application, that the Al layer should be avoided or if necessary
to promote adhesion between the a-Al2O3 coating and the sub-
strate, should be made as thin as possible or replaced by a higher
melting adhesion promoting layer such as Cr or Ta films.

4. Conclusion

Al2O3|Al bilayers are deposited with a uniform thickness on SiO2

passivated Si substrates. Annealing under 300 bar in hydrogen at
673 K indicates that in comparison to exposure to 1 bar Ar at the
same temperature for 6 days no structural differences occur.
SEM, FIB, and (S)TEM investigations reveal microstructural
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changes within the coating after the annealing treatment, but
none of them leads to catastrophic failure. Local retraction of
the Al layer leads to void features and the formation of an Al
rim. Still, the oxide layer covers most of the voids. Regions, where
the oxide layer is missing, might be due to mechanical instabil-
ities and sample handling. The observed defects can be explained
by dewetting, most likely in combination with compressive ther-
mal stresses in the coating. This study, therefore, shows the
potential of an Al2O3|Al based thin-film system as a hydrogen
barrier coating and corresponding challenges for future applica-
tion. If the a-Al2O3 coatings required the presences of a metallic
layer, care has to be taken that the metallic layer is stable against
dewetting in the applied temperature regime.

5. Experimental Section

Coating Deposition Parameter and Annealing Conditions: Thin films were
grown on B-doped Si (100) wafers (MicroChemicals GmbH, Germany)
without removal of the native SiOx oxidation layer. The nominal thick-
nesses of the Al2O3|Al bilayers were 100 nm each. Al was deposited by
electron beam evaporation at a deposition speed of�3 nm s�1. The Al2O3

layer was grown on top using PIAD at a rate of�0.2 nm s�1. The substrate
was not externally heated. However, a local temperature increase during
the PIAD process is possible, but no attempt was made to measure it. The
substrate temperature remained typically at �423 K, which was well below
the subsequent annealing temperature of 673 K.

The as-deposited samples were annealed under 300 bar H2 (purity
99.999%, Linde, Germany) atmospheres for 6 days at 673 K to investigate
the influence of H2 on the Al2O3|Al bilayer structures and their mechanical
properties. Note that only the coating side of the sample was exposed to
the 300 bar H2 atmosphere. A reference sample was treated identically, but
at 1 bar Ar (purity 99.996% Air Liquide, Germany) to see similarities and
differences in the microstructure and mechanical property evolution com-
pared to the high pressure H2 treatment. The annealing process was car-
ried out using a 0.025 L stainless steel reactor from Parr Instrument
Company, Germany, and a dedicated oven. After charging the samples
in the reactor under atmospheric conditions, the reactor chamber was
evacuated under dynamic vacuum conditions (10�2 bar) for 1 h before
being refilled with H2 or Ar. To not exceed the target pressure of
300 bar H2, the excess pressure built into the reactor was released during
heating.

Microstructural Characterization: The crystal structure of the coatings
was characterized using X-ray diffraction (XRD) in a GE Seifert θ–2θ dif-
fractometer equipped with a Co X-ray source (Kα= 1.79� 10�10 m), a pol-
ycapillary beam optic, and an energy dispersive point detector. Scanning
electron microscopy (SEM) and focused-ion-beam (FIB) sectioning were
performed on various instruments (FEI Helios Nanolab 600, SCIOS 2 or
600i dual beam SEM/FIB, Zeiss Auriga dual beam SEM/FIB, or Zeiss
Sigma SEM) to investigate the microstructure of the coating before
and after annealing treatment in an H2 or Ar atmosphere.

Site-specific cross-sectional specimens for TEM analysis were prepared
by FIB cutting using a modified version of the conventional lift-out tech-
nique reported in literature.[39–41] Details of the applied procedure can be
found in previous publications.[17,42] In brief, a Pt layer was deposited to
protect the specimen surface from Ga ion milling. An Omniprobe micro-
manipulator was used to transfer a �1.5 μm thick TEM lamellae to a TEM
grid. The TEM lamella was thinned to electron transparency with acceler-
ating voltages varying from 30 kV down to 5 kV to minimize beam damage.
The final polishing step was performed using an ion beam current of 15 pA
at 5 kV.

TEM characterization of the coatings was carried out using an Thermo
Fisher Titan Themis 60-300 X-FEG S/TEM (Thermo Scientific, Netherland)
instrument operated at 300 kV, equipped with a probe corrector for spheri-
cal aberration. For scanning TEM (STEM) measurements, a spot size of
0.15 nm and a convergence semi-angle of the electron probe of 17 and

23.8mrad were used. Energy-dispersive X-ray spectroscopy (EDS) and
electron energy loss spectroscopy (EELS) experiments were carried out
in STEM mode using an Thermo Fisher Super-X windowless EDS system
with four synchronized silicon drift detectors and a post-column energy
filter (Gatan GIF Quantum ERS), respectively, both attached to the
Titan Themis. Usually, probe currents of �70 pA were applied for imaging
as well as for analytical measurements. The EELS data were acquired in
dual EELS mode which allows collecting low loss and core loss data simul-
taneously. Bright field (BF), dark field (DF), and/or high angle annular dark
field (HAADF) detectors were used for imaging. The angular range of col-
lection semi-angles was adjusted to the convergent semi-angles resulting
in the following collection semi-angles: BF< 17mrad, DF: 18–73mrad,
and HAADF: 73–352mrad. Imaging and diffraction experiments on the
coating annealed in Ar were carried out at a JEOL JEM 2100Plus or
JEOL 2200FS using 200 kV (Jeol, Japan).

Mechanical Characterization: Mechanical properties of the coatings sub-
jected to different atmospheres during annealing were investigated by
nanoindentation. A KLA G200 nanoindenter was used to perform inden-
tation experiments with a Berkovich diamond tip from Synton-MDP. The
indentations were performed to a maximum depth of 50 and 100 nm,
using the continuous stiffness measurement (CSM) mode. The load var-
iations to a fixed displacement were reported to give a measure of the
differences in the mechanical properties of the coatings subjected to dif-
ferent treatments. A minimum of 30 measurements was performed for
each condition.
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