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a b s t r a c t

In this work faceted voids are studied which were induced by solid state dewetting at 600 �C of tetra-
crystalline Al thin films covered with a native oxide layer. Hexagonally shaped voids are observed in a
few locations where Al is uniformly redistributed to the surrounding thin film. Although faceted, the
majority of the voids exhibit irregular shapes caused by pinning of distinct sides of the retracting Al thin
film. The two different Aljvoid shapes (hexagonal or irregular) are investigated by site-specific cross-
sectional transmission electron microscopy (TEM) analysis. The TEM studies reveal Aljvoid regions with
and without rims and ridges. The presence of rims and ridges is explained by a discontinuous void
formation process caused by pinning of the retracting Al film.

During annealing, crystallization and a thickness increase of the surface oxide, which is still contin-
uously covering the Al thin film as well as the void, occurs. The surface scale undergoes a phase
transformation from the amorphous state to g-Al2O3, which is confirmed locally on the nanometer scale
using scanning TEM techniques including electron energy loss near-edge structure investigations.
Spherical aberration corrected atomic column resolved scanning TEM revealed a cube-on-cube orien-
tation relationship between the Al thin film and the g-Al2O3 surface oxide.
© 2017 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Thin films are usually thermodynamically unstable in the as-
deposited state due to their surface to volume aspect ratio [1,2].
Heating can lead to fragmentation of a thin film and the formation
of islands, which is termed dewetting or solid state dewetting for
temperatures below the melting point [1]. The process is driven by
the minimization of the total energy of the system [1,3,4]. Dewet-
ting can be beneficial for targeted nanopatterning and nanowire
growth [1,5,6], especially in combination with templating tech-
niques and has been demonstrated for various systems [7e9]. Leroy
et al. reviewed recently how to control and tune solid state dew-
etting [10].

Miniaturization in microelectronics leads to decreasing film
thicknesses in thin film devices, for which solid state dewetting is
an undesired degradation process [1,4,8]. Thus, understanding the
isenforschung GmbH, Max-

dehm@mpie.de (G. Dehm), c.

lsevier Ltd. This is an open access
underlying mechanisms of solid state dewetting is important to
suppress dewetting and prevent failure of thin film devices [1]. The
process is usually described to be governed by surface self-diffusion
of thin film material well below the melting temperature [8,11,12].
Hence, the addition of a capping layer is one way to suppress
dewetting by surface self-diffusion [1]. The native oxide of metal
thin films can prevent surface diffusion too, e.g. for Si or Al, which
are well known for their passivating amorphous oxides [13]. Recent
works by Kovalenko et al. [5], Amram et al. [14] and Kosinova et al.
[15,16] reported the importance of grain boundary as well as
interface diffusion for solid state dewetting processes.

Dewetting can start by grooving from top of the film surface or
by pore formation at the substratejfilm interface [1,3]. Nucleation of
pores can lead to void growth towards the film surface until the
complete break-up of the film is achieved [17e19]. Void growthwas
reported for passivated Al thin films on Si, where grain boundary
diffusion was assumed as the dominating diffusion path. Thermal
stresses due to cooling/heating during device operation were
identified as driving forces [20e22]. Temperature induced void
formation was observed in-situ by optical microscopy for Al thin
films by Sugano et al. [23]. Details of the mechanism are not yet
fully understood, but grain boundaries seem to be important.
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We reported recently the formation of faceted voids in a tetra-
crystalline Al thin film covered with a native oxide capping layer by
solid state dewetting [24]. The tetracrystalline film, grown by mo-
lecular beam epitaxy, consisted of two growth variants which are
both twinned. The dominating growth variant forms a hetero-
epitaxial orientation relationship (OR) with the single crystalline
(0001) sapphire (a-Al2O3) substrate in accordance to literature
[25,26] which will be termed OR I a/b in this article [24]: OR I a/b

{111} ± <110> Aljj (0001) <1010> Al2O3
(± indicates the sym-

metrically equivalent twin variants a and b differing by a 180�

rotation around the <111> surface normal). An additional OR was
found: OR II a/b {111} ± <211> Aljj (0001) <1010> Al2O3

. Beside
void formation, annealing led to a texture evolution towards an OR
II a/b dominated microstructure. High energy grain boundaries
were identified by electron backscatter diffraction (EBSD) analysis
of plan-view samples as the initial points of dewetting [24].

The appearance of the temperature induced, faceted voids led to
the question which phenomena occur at the triple junctions, i.e. Al
thin filmjvoidjsapphire substrate and Al thin filmjvoidjsurface layer.
The structural changes of the native oxide layer during the void
formation process are also unexplored on the nanometer scale.
Dutta et al. reported the presence of g-Al2O3 after annealing of Al
thin films using glancing X-ray diffraction on a global scale as local
electron diffraction experiments were not successful [27]. The open
questions will be addressed in the present work applying high
resolution STEM methods including electron energy loss spectros-
copy (EELS).

2. Experimental

2.1. Thin film growth and annealing treatment conditions

Details of the thin film growth can be found in Ref. [24]. In short,
nominal 250 nm thick films were grown by molecular beam
epitaxy (MBE, background pressure below 2$10�8 mbar) at nomi-
nally room temperature on single crystalline (0001) oriented a-
Al2O3 substrates. Since the deposition system setup did not allow
for substrate cooling, radiation heating caused by the effusion cell
led to an increase in substrate temperature up to 82 �C (measured
by the thermo couple controlling the substrate heater).

Annealing treatments at 600 �C for varying times between 1 h
and 45 h were carried out in a pipe furnace in Ar protective at-
mosphere (p ¼ 1.1 bar, Ar purity: 99.999 vol%, two times purging
before sample loading).

2.2. Microstructural analysis

Characterization of the as-deposited and the annealed samples
was carried out by scanning electron microscopy (SEM) and EBSD
using field emission gun (FEG) SEMs (a Jeol JSM 6500F and a Zeiss
Merlin) or a dual beam focused-ion-beam (FIB) system (FEI Helios
Nanolab 600 or 600i dual beam SEM/FIB) operated at varying
accelerating voltages. The presented secondary electron micro-
graphs were recorded either at the Zeiss SEM using an in-lens de-
tector or at the FEI dual beam SEM/FIB using a through lens
detector. In this study, SEMwas used to identify voids for analysis of
the interfaces as well as the triple junctions between void, Al film,
oxide and substrate, respectively. Detailed plan-view studies on the
evolution of grain size, Al film texture and void size were reported
recently [24]. Site-specific cross-sectional specimens for trans-
mission electron microscopy (TEM) analysis were prepared with
the same FIB instruments mentioned above using the lift out
technique [28]. A modified procedure of Baram et al. [29], Schaffer
et al. [30] and Langford et al. [31,32] was applied. Electron beam and
subsequent ion beam assisted Pt deposition (up to 2.5 mm thick-
ness) were carried out to protect the specimen surface during Ga
ionmilling. 1e2 mm thick TEM lamellae were milled out of the films
and transferred to a TEM grid. In general, coarse thinning at 30 kV
accelerating voltage of the FIB down to a thickness of ~0.5e1 mm
and subsequent fine thinning at 16 kV down to ~200 nmwas used.
For both, coarse and fine milling, the cleaning cross section pattern
was used iteratively, whereby the beam current was varied from
high (~2.8 nA) to low currents (16 pA). Final thinning of the lamellas
was carried out at 5 kV (16 pA, rectangle pattern) tominimize beam
damage.

TEM characterization of all films was carried out using a Jeol
JEM-2200FS FEG instrument operated at 200 kV and a FEI Titan
Themis 60-300 X-FEG S/TEM instrument operated at 300 kV,
equipped with a probe Cs-corrector and a monochromator. The
micrographs were recorded on a Gatan charge-coupled device
(CCD) camera with an image size of 2 k � 2 k pixels (Jeol TEM) or a
complementary metal-oxide-semiconductor (CMOS) camera with
an image size of 4 k � 4 k pixels (FEI Titan). For scanning TEM
(STEM) measurements a spot size of 1.5 nm (Jeol TEM) respectively
1.5 Å (Titan) was used. At the Titan Themis probe currents of ~70 pA
have usually been used for imaging and 400 pA for energy-
dispersive X-ray spectroscopy (EDS) measurements. Three STEM
detectors were taken for imaging with the following collection
semi-angle ranges: high angle annular dark field (HAADF)
73e352mrad (except for the overview HAADF STEMmicrograph in
Fig. 3e, 38e189mrad), bright field (BF) < 7mrad and annular bright
field (ABF 8e16 mrad). The convergence semi-angle has usually
been 17 or 23.8 mrad. The signal of the HAADF is roughly propor-
tional to the square of the atomic number Z [33]. EDS and electron
energy loss spectroscopy (EELS) experiments were done in STEM
mode using a FEI Super-X windowless EDS system with 4 syn-
chronized silicon drift detectors and a post column (Gatan GIF
Quantum ERS) energy filter, both attached to the Titan Themis.

The electron energy loss near-edge structure (ELNES) of the O-K
edge (edge onset at ~532 eV [34,35]) and the Al-L2/3 edge (edge
onset at ~73 eV [34,35]) was recorded with a dispersion of 0.1
respectively 0.05 eV/channel using a semi-collection angle of
35 mrad. Due to the use of the dual EELS mode low loss data were
acquired simultaneously. The full width at half maximum (FWHM)
of the zero loss peak was ~0.5 eV for the chosen dispersion (FWHM
at 0.01 eV/channel dispersion: ~0.27 eV). STEM-EELS mappings
were acquiredwith subsequent addition of the spectra of individual
pixels to obtain high signal to noise ratios for the Al-L2/3 edge for
the three different Al-containing materials: substrate, Al thin film
and surface layer. The presented spectra were obtained by addition
of 120e540 spectra at an acquisition time of 0.1 s (Al thin film,
substrate) respectively 0.5 s (surface layer) acquiredwhile scanning
over an area of 36 nm by 10.8 nm (surface layer), 62 nm by 46 nm
(substrate) respectively 62 nm by 21 nm (Al thin film). For O-K edge
measurements the usage of the monochromator led to an insuffi-
cient signal to noise ratio, thus non-monochromated spectra were
acquired with a FWHM of the zero loss peak ranging between
0.9 eV and 1.2 eV. High signal to noise ratios were obtained by
addition of 5 spectra at an acquisition time of 5.0 s for the O-K edge.
The pre-edge background was extrapolated using a power law
function and subtracted from the original spectra [35,36].

The thicknesses of the oxide scale and the film are presented by
their mean value ± standard deviation of multiple measurements.
For analysis of high resolution (S)TEM micrographs, fast Fourier
transforms (FFT) and diffraction patterns, the software packages
EjeZ [37,38] as well as JEMS [39] were used. The Al (111) lattice
fringes were taken for micrograph calibration. For the shown STEM
HAADF micrographs image stacks of up to 120 images were ac-
quired and summed up using the Smart Align software package to
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obtain high signal to noise ratios [40].
3. Results

3.1. Annealing induced void formation

The microstructural features induced during annealing are
exemplary shown for the 6 h at 600 �C annealed sample in Fig. 1.
The voids, formed during annealing of the tetracrystalline Al thin
films on sapphire, are faceted and a few mm in diameter (Fig. 1a).
EBSD analysis of the annealed samples confirmed that the Al grains
keep the heteroepitaxial orientation relationships OR I a/b and OR II
a/b with sapphire. The in-plane orientation map in Fig. 1b shows
the Al grain orientations in the vicinity of a faceted void. OR I and
OR II grains are both adjacent to the void which is the dominating
case (82 ± 2% of the voids are in contact with OR I and OR II grains)
as reported previously [24]. In addition, voids surrounded by Al
grains with only OR I (6 ± 2%) or II (12 ± 2%) are also found (as
shown in the overview in-plane orientation map in Supplementary
Fig. 1). The faceted shape of the void is also observed in orientation
maps, whereby the facets are less well resolved due to the sample
tilt. The plan-view SEM micrograph in Fig. 1c shows a hexagonal
shaped void with clearly defined facets, whereby short and long
facets are alternating. A remaining Al feature of the retracting film
Fig. 1. a) Exemplary plan-view SEM micrograph of the sample annealed for 6 h at 600 �C
annealing EBSD orientation map with cube overlays indicating the in-plane orientation of th
white, grain boundaries in black, area in black ≙ void, insert: inverse pole figure used for co
analysis is marked by the dashed line. Note that the SEM micrographs a) and c) were recor
with WulffMaker whereby the (111) top facet reflects the void shape in c). The lines of inte
bright blue. (For interpretation of the references to colour in this figure legend, the reader
is visible at one of the long facets. No rim, surrounding the void, is
observed for this exemplary void which will be discussed later.

The voids can be described as inversions of Al single crystal
Wulff shapes. The adjacent remaining Al film exhibits the facets
originating from the anisotropy of the Al surface energy. The lowest
surface energies for Al are calculated for {111}, {100} and {110}
surfaces [41]. However, the calculated surface energies in literature
differ a lot depending on the methodology, thus the experimentally
determined averaged Al surface energy value of Kumikov et al.
(1130 mJ/m2) [42,43] was used as input value for the Wulff shape
construction using the WulffMaker Mathematica code developed
by Zucker et al. [44]. The Wulff shape is plotted in Fig. 1d in [111]
direction and with ½110� in vertical direction as for the Al thin film
marked by the white rectangle in Fig. 1c. The corresponding TEM
investigation is described later. Three long sides of inclined {110}
facets (yellow in Fig. 1d) and three short sides of inclined {100}
facets (red) lead to the facet length alternation of the plan-view
(111) facet (blue). The side facets intersect with the (111) top facet
with the three directions ½110�, ½011� and ½101� as indicated by the
bright blue lines, arrows and captions in Fig. 1d.
3.2. Cross-sectional TEM investigations of void regions

Two different types of void shapes are found in SEM plan-view
containing typical microstructural features induced by solid state dewetting. b) Post
e Al thin film next to a void (OR I in purple, OR II in green, S3 f211g twin boundaries in
lor coding). c) Plan-view SEM micrograph where the region for FIB sectioning and TEM
ded from different areas. d) Equilibrium crystal shape of a faceted Al crystal calculated
rsection of the (111) facet correspond to the {110} planes with the directions noted in
is referred to the web version of this article).
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micrographs. Hexagonal voids surrounded by a homogenously
thick Al film (Fig. 1c) and irregular voids surrounded by a rim are
observed (Supplementary Fig. 2), the latter will be addressed later
in this section. Cross sections of these regions were prepared by FIB
to analyze the Al thin filmjvoid interface as well as the triple
junctions at the sapphire substrate and at the surface layer in detail.

The HAADF STEM overview micrograph in Fig. 2a shows the
cross section of the Al thin filmjvoidjsubstrate region marked with
the white square in Fig. 1c (a low magnification HAADF STEM
micrograph of the complete TEM lamella is shown in
Supplementary Fig. 3a). The corresponding Al- and O-EDS mapping
confirm the retraction of the Al thin film (Fig. 2b and c). The
thickness of the Al layer is uniform over the lateral size of the TEM
lamella in accordance to the plan-view SEM micrograph (Fig. 1c),
where no rim formation at the Aljvoid interface was observed.
Compared to the as-deposited film, the thickness increased from
242 ± 2 nm [24] to 286 ± 2 nm. The Al thin film and the void are
both covered by a continuous surface oxide membrane leading to a
drum-like cavity. Pt for surface protection during the FIB process
growths on top of the surface oxide membrane instead of filling it
as in a hole-like case.

The Al thin filmjsapphire substrate interface close to the void is
shown in Fig. 2d and reveal OR I with the close packed planes and
directions parallel to each other. HAADF STEM micrographs of both
triple junctions are shown in Fig. 2e and f. The distinct Al facets at
the Aljvoid interface are assigned as (001) at the triple junction
surface oxidejAljvoid respectively ð111Þ at the triple junction sub-
stratejAljvoid and possess atomically sharp interfaces. The Wulff
shape in the corresponding viewing direction confirms the iden-
tified facets. The ð111Þ facet is more pronounced compared to the
Fig. 2. a) STEM HAADF micrograph of the region marked by a rectangle in Fig. 1c of a film
corresponding high resolution micrographs d), e) and f). b,c) Al- respectively O-EDS mapping
as well as the void. An additional thicker Al oxide layer is found at the Al side wall at the Aljv
HAADF micrograph of the OR I orientated filmjsubstrate interface of a region close to the
crographs showing atomically sharp facets at the triple junction of Aljvoidjsapphire respec
(001) facet, which turns into a rounded shape. The Aljvoid interface
located on the opposite site of the void in Fig. 2 was also analyzed
(not shown). The Al thin film possess the same orientation rela-
tionship, whereby a well-defined ð111Þ facet is now found on the
upper part of the interface. The (001Þ facet on the lower part is also
observed, but only for the small region close to the Aljsapphire
interface and turns into a rounded shape (corresponding to the
upper part of Fig. 2a). The edges at the triple junction at the surface
as well as at the substrate interface are also rounded (Fig. 2e and f)
which can be described as surface roughening transition.

Al- and O-EDS mappings reveal an additional aluminum oxide
layer with 5 ± 1 nm thickness at the Al sidewall between the Al thin
film and the void (compare Supplementary Fig. 3b). No lattice
fringes are observed in high resolution STEM or TEM micrographs
indicating an amorphous state. A FIB artifact leading to amorph-
ization [28] of a crystalline oxide is unlikely due to the adjacent
atomic column resolved Al lattice, but cannot be excluded. On top
of the side wall oxide, a non-uniform layer, containing Al, O and Ga,
is observed, probably caused by redeposition during FIB milling
process (Fig. 2a, b, c). Another FIB artifact is the preferential thin-
ning of the sapphire (Fig. 2c, Supplementary Fig. 3). Defects, such as
small dislocation loops, are visible in the Al film in the corre-
sponding BF images which are most likely due to the FIB sample
preparation [45,46].

Investigations of cross-sectional specimens of irregular Aljvoid
regions by HAADF and corresponding Al- and O-EDS mappings
confirm that the remaining Al thin film as well as the void are
covered by a continuous oxide layer (Fig. 3a and b). On top of the
oxide, a Pt layer is present resulting from the FIB sample prepara-
tion process. In contrast to the triple junction described above, a
annealed for 6 h at 600 �C. The Al facets at the Aljvoid interface are indexed using the
s of the region showing a continuous surface oxide layer covering the dense Al thin film
oid interface and below the surface membrane. d) Spherical aberration corrected STEM
void taken in ½110� Al zone axis respectively ½1010� Al2O3 zone axis. e,f) STEM BF mi-
tively Aljvoidjsurface layer.



Fig. 3. a) STEM HAADF image of a rim-containing region of an Aljvoid interface (sample annealed at 600 �C for 1 h). b) Combined Ale and O-EDS mappings of the region indicating a
faceted Al oxide ridge in addition to the Al side walljvoid as well as the continuous surface Al oxide layer. c) STEM BF micrograph of the Aljsurface layer interface revealing atomistic
steps of the Al thin film leading to an increased film thickness towards the void (rim). d) STEM HAADF image of the OR II orientated filmjsubstrate interface of a region close to the
void taken in ½211� Al zone axis respectively ½1010� Al2O3 zone axis. e) HAADF micrograph of the ridge formed at the Aljvoidjsubstrate triple junction. f) STEM BF micrograph
revealing faceted, epitaxial ridge growth continuing the sapphire substrate lattice.
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ridge is found at the sapphirejAljvoid triple junction. A steep rim of
the Al layer at the void interface with a thickness up to ~340 nm
formed. The local nature of the rim is confirmed by the thickness
decrease ~400 nm away from the void down to ~250 nm which is
close to the initial film thickness. At higher magnification, atomic
steps towards the Aljvoid interface are observed at the Aljsurface
layer interface. A HAADF high resolution STEM micrograph of the
adjacent Al thin filmjsapphire substrate interface is shown in Fig. 3d
and the dominating [24] orientation relationship OR II after
annealing is identified. From the Wulff shape a {110} Al facet is
expected, but the Aljvoid interface does not exhibit distinct facets.

In contrast to the Aljvoid interface faceting of the Al2O3 ridge is
observed (Fig. 3e) at the sapphirejAljvoid triple junction. A distinct
assignment of the facets is not possible as the viewing direction of
the Aljridge interface (<211> Aljj <1010> Al2O3

) is not edge on. The
ridge grows epitaxially on the a-Al2O3 sapphire substrate
continuing the basal plane of the single crystalline sapphire sub-
strate (see Fig. 3f). Like for the ridge-free void, an additional oxide
layer with ~15e20 nm thickness between the Al thin film and the
void is observed by EDS and HAADF. EDS reveals the presence of Al,
O and a large amount of Ga in the outer part which is most likely
redeposition due to FIB sample preparation. The sample is not
viewed edge on and thus the homogenous side wall oxide is not
observable. However, it can be excluded that the oxide would have
completely filled the void. At the sapphirejAl filmjAl sidewall oxide
triple junction, lattice fringes are observed for the thin oxide be-
tween Al and the void (see Supplementary Fig. 4b). The oxide can
be indexed as g-Al2O3 which will be addressed in the next section.

High contrast in HAADF micrographs of FIB prepared samples at
Al interfaces indicates that heavier atoms are located there (see
Figs. 2d and 3d). The high contrast might be caused by an interface
reconstruction [3] or Ga segregation due to FIB milling [47,48] as
reported previously [24]. EDS (see Supplementary Fig. 5) and EELS
measurements reveal the presence of Ga at the interface in accor-
dance to the HAADF contrast confirming Ga artefacts of the FIB
preparation process. Independent of that, an interface reconstruc-
tion might have occurred, too [3].
3.3. Phase transformation and orientation relationships of the oxide
layer

A thin surface oxide layer with a thickness of 2.8 ± 0.4 nm is
covering the as-deposited Al thin film as reported previously [24].
The surface scale has probably been formed after the removal of the
sample from the MBE system and the first contact to atmospheric
oxygen. Cross sections of samples with different annealing times
were prepared by FIB to investigate the changes of the surface layer
with annealing time in detail using various TEM techniques.

No lattice fringes are observed for the native oxide in the as-
deposited state indicating an amorphous nature. The high resolu-
tion TEM micrograph in Fig. 4a shows the surface oxide on top of a
S3 twin boundary region between OR I a and OR I bwhich have the
highest relative frequency as reported in a previous study [24].
With increasing annealing time, the thickness of the surface oxide
scale is increasing from 2.8 ± 0.4 nm (as-deposited) [24],
10.7 ± 1.6 nm (1 h annealing), 13.3 ± 1.1 nm (6 h annealing) to
finally 26.2 ± 3.5 nm (45 h annealing). With increasing annealing
time, the surface oxide becomes less uniform and rougher as
indicated by the larger scatter for the 45 h annealed sample (see
Supplementary Fig. 6).



Fig. 4. a) High resolution TEM micrograph of a cross-sectional as-deposited sample indicating a continuous amorphous oxide layer covering a S3 twin boundary in the Al thin film.
The twin boundary is observed close to edge on with the Al grains in ½110� respectively ½110� zone axis. b) STEM BF micrograph revealing a crystalline surface layer covering the Al
thin film after 6 h annealing. c) STEM BF micrograph of atomistic steps at the OR I oriented Aljsurface layer interface. Nano-twinning occurs within the surface layer. d,e) Normalized
EEL spectra of the Al-L2,3 and O-K edge of the surface layer (blue spectra), the Al film (red spectra) and the sapphire substrate (black spectra). f,g) The FFTs (top) of the corresponding
regions in the high resolution STEMmicrographs in b) respectively c) are indexed using the diffraction patterns for g-Al2O3 in 〈110〉 orientation (bottom, simulated pattern by JEMS).
The FFTs represent the two twin variants in accordance to the twin variants of the underlying Al film present in the sample. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article).
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The STEM HAADF micrographs in Fig. 4b and c reveal lattice
fringes within the surface oxide for annealed samples indicating a
phase transformation from the amorphous to the crystalline state.
Local EELS measurements in STEM mode of the Al-L2,3 and O-K
edges of the different regions of the annealed samples are shown in
Fig. 4d and e. Fingerprint correlation of the individual ELNES
spectra [36,49] revealed the presence of three different phases: a-
Al2O3, Al and g-Al2O3. As expected, metallic Al for the thin film and
a-Al2O3 for the substrate can be confirmed by the characteristic
ELNES features: a-Al2O3 for the substrate exhibits an asymmetric
peak at ~99 eV with an additional shoulder at ~95 eV in the Al-L2,3
ELNES (highlighted by the arrow). The Al-L2,3 ELNES of the surface
layer shows a symmetric peak at ~99 eV and a pronounced shoulder
at ~79 eV similar to EELS data reported in Refs. [36,49] indicating g-
Al2O3. The presence of d-Al2O3 cannot be excluded since d-Al2O3 is
usually described as a superstructure of g-Al2O3 and accordingly,
the ELNES differences are expected to be small [36,50]. The O-K
ELNES of the sapphire substrate shows one dominant peak at
540 eV and two characteristics peaks at ~558 eV and ~567 eV
instead of one peak at ~558 eV as for amorphous, g- or d-Al2O3
[36,49]. The metallic Al layer shows a low amount of oxygen,
probably due to a surface oxide of the FIB exposed side surfaces of
the TEM lamella.

g-Al2O3 can be described as a defect cubic spinel structure
(space group F ½d3m�) with a fully occupied oxygen sublattice
[13,51]. Al cations are distributed over the octahedral and
tetrahedral sites. A refined structure, where Al ions occupy non-
spinel positions, was reported in a single-crystal X-ray diffraction
study [52]. The later one was used for indexing of the g-Al2O3
surface layer. Fig. 4f and g show the FFTs of the regions marked in
the STEM micrographs (in Fig. 4b and c) as well as the simulated
diffraction patterns of the corresponding zone axis. An orientation
relationship with (111) ± ½110�Aljj (111) ½110�g�Al2O3

(ORg I a) exists
between the OR I a oriented Al and the covering oxide. This is ex-
pected to have the lowest lattice mismatch and was found for
various regions.

Within the g-Al2O3 twin variants are observed. The HAADF
micrograph in Fig. 4c shows the heteroepitaxial growth of the
surface oxide possessing the twin variant ORg I b with (111)
± ½110�Aljj (111) ½110�g�Al2O3

. A nanometer-wide twin in the g-Al2O3

surface layer is visible close to the g-Al2O3jAl interface. Due to the
projection of a 3D sample, small twins embedded in the oxide layer
might lead to additional {004} spots of OR I b in the FFT of the
corresponding twin OR I a in Fig. 4f (marked by red circles, also in
the simulated diffraction pattern in Fig. 4g). Nanometer-thin crys-
tals are observed for different regions within the g-Al2O3 layer (see
Supplementary Fig. 4). Analysis of several regions indicate the
presence of a second orientation relationship ORg II with (111)

±
h
21 1

i
Al
jj (111) ½110�g�Al2O3

similar to OR II for Al and a-Al2O3.

The lattice mismatches, fOR I and fOR II, between the heteroepitaxial
g-Al2O3 surface layer and the Al thin film amount to:
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fOR I ¼
d g;440 � dAl;220

dAl; 220
¼ � 0:020 (1)

fOR II ¼
d g;422 � dAl;220

dAl; 220
¼ 0:132 (2)

with an Al {220}, g-Al2O3 {440} and g-Al2O3 {442} lattice plane
spacing of dAl;220 ¼ 1.431 Å, dAl;440 ¼ 1.403 Å and dg;422 ¼ 1.620 Å,
respectively [52,53]. The presence of a high mismatch OR is dis-
cussed later. To summarize, EELS and high resolution STEM images
have shown that the surface layer has transformed from the
amorphous state to g-Al2O3 which is in accordance with literature
[13,54e56].
4. Discussion

4.1. Faceted void formation

The driving force of the void formation is the reduction of the
total Gibbs free energy of the system [1] by reduction of the grain
boundary and the Aljsubstrate interface area as reported previously
[24]. High energy grain boundaries involving OR II grains were
identified as initial locations for the solid state dewetting process
[24]. Void formation occurs by retraction of the Al thin film below a
continuous surface oxide layer in accordancewith literature reports
for polycrystalline Al thin films on Si [22] as well as on sapphire
[27,57]. The surface oxide is described as flexible [22,58] enough to
allow void formation without rupture.

Faceting after solid state dewetting was observed for various
thin film systems whereby faceting occurs for holes, for particles
close to the equilibrium shape after long annealing times and at the
thin filmjhole interface [1,59e64]. Dutta et al. reported faceted void
formation after solid state annealing of polycrystalline Al thin films
on (0001) sapphire [27]. The influence and the importance of
specific crystallographic orientations of the substrate respectively
of the grains of the film on the dewetting mechanism were dis-
cussed in recent literature [15,16,24,61,62,65] and are confirmed in
the present study involving a defined thin film containing only four
ORs. Some voids are rotated against each other by ~30� which is in
accordance to the rotation between OR I and OR II grains.

Solid state dewetting experiments by Amram et al. of Au-Fe thin
films on (0001) sapphire [66] revealed the presence of faceted,
hexagonal holes after annealing. Their site-specific cross-sectional
TEM investigations revealed alternating {111} and {100} planes
which determine the shape of the hole in the Au-Fe alloy film,
similar as observed in our study. The round shape can be explained
by facet roughening transitions as proposed by Burton et al. [67]
due to the influence of entropy at high temperatures close to, but
below the melting temperature. Above the roughening tempera-
ture facets undergo a roughening transition and become curved
[68]. It is assumed that the retraction front, i.e. the Aljvoid interface,
has a more rounded shape due to the higher impact of entropy at
high temperatures and defined facets form during cooling,
whereby {111} facets form faster. These observations are in accor-
dance with literature reporting the lowest surface energy for {111}
facets [41,69].

The shape of the void is determined by the mobility of the facets
and can be described by theWulff construction (Fig. 1d). The aspect
ratios are reflected by an inverted Wulff shape containing the
lowest energy facets which have the slowest motion. However, the
aspect ratios of the short and long facets are not fully described by
the idealized model as we use only an averaged experimental value
for the surface energy (1130 mJ/m2) as an input value for the Wulff
construction. Small variations of the surface energies can lead to
modifications in the length of the different facets. A hexagonal
shape is obtained constructing a Wulff shape whereby the anisot-
ropy of the surface energies g(111), g(110) and g(100) was considered
and values from first principles calculations were used [70] (see
Supplementary Fig. 7). However, the calculated surface energies in
literature differ a lot depending on themethodology used. g(111) has
always the lowest, but e.g. is reported in the range from 783 to
1199 mJ/m2 [41,69,70] which changes the calculated facets in the
Wulff construction strongly. Müller et al. described faceted edges in
Au thin films after dewetting and also stated the importance of
anisotropic surface energies [62]. Growth of hexagons with alter-
nating short and long facets were also reported in literature for
island growth of different systems, e.g. Pd islands on a bicrystalline
Al2O3 thin film [71] or Fe on single crystalline sapphire [72].

Many of the observed voids in our study exhibit irregular or
mixed faceted shapes indicating the presences of various non-
equilibrium facets. We speculate that the void growth is
disturbed by obstacles, i.e. steps in the substrate, grain boundaries
or contamination, which is discussed in the next section. Ye et al.
observed the presence of non-equilibrium facets of higher order in
SEM cross sections after dewetting and hole growth in Ni (100) and
Ni (110) thin films onMgO (100) andMgO (110) substrates [8]. Thus,
the observed structures in our work are not in equilibrium and a
frozen snapshot of the solid state dewetting process.

4.2. Aljvoid regions in cross section

Two different types of Aljvoid regions were observed in cross
sections, (i) ridge-free Alja-Al2O3 interfaces and (ii) those contain-
ing a rim and often a ridge. An oxide layer between the retracted Al
thin film and void is observed for both types. Due to the surface
layer on top of the Al film, surface diffusion is suppressed and grain
boundary as well as interface diffusionwere identified as important
diffusion mechanisms [14,24]. The origin of O and the O diffusion
processes needed for the formation of the ridge as well as of both
oxide layers will be addressed later, the Al diffusion will be dis-
cussed directly.

Rim formation is often observed for solid state dewetting of thin
films without passivating oxide or capping layer [14e16,62,73]. It is
driven by capillary energies due to the curvature of the edge at
holejfilm interfaces [1]. Rim formation is usually accompanied with
a valley formation behind the rim. When the bottom of a valley
reaches the underlying substrate, the film can break-up and single
islands might form [1,10]. Solid state dewetting without formation
of an elevated rim was reported for a few thin film studies in
contrast to the commonly observed rim formation [5,14,65].
Kovalenko et al. reported an increasing surface roughness as well as
increasing average thickness with annealing time for Fe thin films
instead of rim formation [5]. In our study, no valley formation was
observed, neither for the ridge-free nor the ridge-containing
Aljvoid regions.

Al diffusion is expected to occur along the Aljoxide interfaces.
We speculate that the Aljsurface layer interface is the preferred Al
diffusion path as the initial amorphous as well as the vacancy-rich
g-Al2O3 [52] are both less dense compared to a-Al2O3 [74]. It is
assumed that Al from the growing void region is transported to the
surrounding resulting in an increased film thickness. For both
Aljvoidjsapphire triple junction types, an increased Al film thick-
ness is observed by SEM and TEM (see cross-sectional micrographs
in Figs. 2 and 3). The Al film thickness is uniformly increased for the
ridge-free type, whereas a very local increase and rim formation is
observed for a ridge-containing type.

We speculate that the void formation is a discontinuous process
and Al redistribution to the surrounding is highly anisotropic (see
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Supplementary Fig. 2). The void, or in more specific terms distinct
sides of the void, are pinned at obstacles, e.g. triple lines or steps in
the substrate and themotion of the Aljvoid interface is stopped (see
Fig. 5a). After initial void formation, the Aljvoid interface might act
as additional, fast surface diffusion (dashed, blue arrows) path
allowing circumferential diffusion at the Al side walls as well as
leading to a continuing Al flux towards the Aljvoidjsurface triple
junction. Al from unpinned sites of the void accumulates at the
triple line and a rim develops similar as for surface layer-free thin
films during dewetting [1]. Rim formation is usually driven by the
reduction of the curvature of the retracting film edge [1]. We
speculate that due to the surface layer, the process only occurs in
the case of pinning of the retracting Al film side wall. Due to
ongoing interface diffusion (continuous, blue arrows) of Al away
from the void, a curved rim with steps forms (see Figs. 3a and 5b).
We assume that this process only occurs after sufficient pinning
time.

The formation of a rim is also observed by Dutta et al. using
cross-sectional micrographs of annealed polycrystalline Al thin
films on (0001) sapphire [27]. However, the 2D scheme is an
idealized model and detailed simulations are needed to investigate
the mechanism in more detail. Rim formation at Aljvoid regions is
observed for voids with well-defined facets (see Supplementary
Fig. 2a) as well as for voids with irregular shapes (see
Supplementary Fig. 2b). Anisotropic rim formation seems to be
correlated with irregular void shapes as observed in plan-view SEM
micrographs.

In addition to rim formation, sufficient pinning timemay induce
the formation of a sapphire ridge. Our findings reveal the presence
of epitaxial a-Al2O3 ridges at some of the Aljvoidjsapphire triple
junctions, despite the low temperature of 600 �C. Upon pinning, a
ridge forms to compensate the unbalanced vertical component of
the capillary force present at the triple phase boundary
Aljvoidjsapphire substrate [3]. Ridge formation at triple junctions
was reported in literature for various metaljAl2O3 systems [75e79].
Most of these studies were performed at high temperatures, e.g.
sessile drop [79] or liquid dewetting experiments [78] where mass
transport is sufficiently rapid [3]. It was also observed in the solid
state dewetting experiments of Dutta et al. [57]. They reported
epitaxial ridge formation after annealing of polycrystalline Al thin
films on sapphire at 650 �C. In a subsequent study they found that
Fig. 5. Schemes of a cross-section of an Aljvoid region before (a) and after (b) pinning by
whereby dashed arrows represent surface diffusion and continuous arrows represent interf
also occur out of plane at the Al sidewall circumferential of the void. Diffusion at the Aljs
formation, are a consequence of the pinning of the retracting Al film sidewall. (For interpret
version of this article).
the sapphire ridges formed at the periphery of faceted oxide fea-
tures within Al thin films after annealing [27].

We assume that the requirement for ridge formation is sufficient
time, which can be achieved due to pinning of the retracting Al film
at an obstacle (e.g. surface step as in Fig. 5). The ridge prevents
further retraction and may lift an existing Al rim on top. For the
same annealing time, different ridge heights were observed, even
for the same void at different locations. Curiotto et al. discussed the
presence of ridge-free as well as ridge-containing triple phase
boundaries after dewetting (both, liquid and solid) of Cu on sap-
phire [78,80]. Insufficient time for the receding films was reported
to prevent the formation of ridges despite the unbalanced vertical
forces. If pinning is overcome, the retraction of the film continues.
Post annealing SEM analysis revealed the presence of ridge remains
appearing as bright features (see Supplementary Fig. 8). The plan-
view SEM micrograph also shows the non-uniform formation of
rims surrounding the void.

An oxidized Al side wall next to the void was observed, which
has a constant thickness for the rim-free Aljvoid regions. On top of
this, a layer caused by redeposition and containing Al, O and Ga is
visible. The moment when oxidation took place is not clear. It could
be within the furnace (during annealing or cooling), after annealing
or during the FIB sample preparation. Due to the specific facets for
the rim-free sample, we speculate that the front of the retracting Al
film is metallic during receding. Only during cooling, the amor-
phous oxide covering the Al sidewall with a thickness in the range
of the native oxide is formed. For the pinned triple phase bound-
aries, the presence of lattice fringes in high resolution STEM mi-
crographs indicates that the sidewall oxide forms during annealing
in the furnace after sufficient pinning time (Supplementary Fig. 4b).
The origin of the oxygen will be discussed in the next section.

Thus, in conclusion rim-free triple junctions form, when the film
is continuously receding and Al is uniformly redistributed to the
surrounding. Pinning breaks the continuous retraction and leads to
irregular faceted void shapes as well as the formation of rims and
ridges. Their sizes depend on the pinning time of the retracting Al
film. Al rim and sapphire ridge formation are separate processes,
only linked by the stoppedmotion of the Aljvoid interface, but seem
to occur parallel. However, further experiments are needed to
identify the microstructural features responsible for the different
Aljvoid regions.
an obstacle. The dominating mass flux is indicated by arrows (Al blue, oxygen green)
ace (Al, oxygen) respectively volume (oxygen) diffusion, whereby surface diffusion can
apphire interface is not expected, but cannot be excluded. Both, rim as well as ridge
ation of the references to colour in this figure legend, the reader is referred to the web
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4.3. Surface oxide layer transformation

Dutta et al. reported the presence of g-Al2O3 after annealing of
Al thin films at varying temperatures between 350 �C and 650 �C
using glancing X-ray diffraction on a global scale [27]. Local phase
identification by electron diffraction was not successful. We
showed by complementary EELS/ELNES and high resolution STEM
analysis on the nanometer-scale that the surface layer of the Al thin
film as well as the thin membrane above the void crystallizes from
the amorphous state to g-Al2O3.

The oxidation mechanism and oxide scale growth are complex
and not yet fully understood [81,82]. The surface layer thickness
increases with annealing time which can only occur with sufficient
oxygen supply and oxygen diffusion. The presence of residual water
vapor or oxygen in the Ar protective gas of the furnace might act as
oxygen source. Sapphire as oxygen source is unlikely, but cannot be
fully excluded. The partial pressure gradient leads to a chemical
potential towards the Al thin filmwhich can account for the oxygen
inward diffusion and outward Al diffusion. The surface layer
continuously covered the Al thin film as well as the voids in ex situ
investigations after the annealing except rare, negligible ruptures.

Polycrystalline Al2O3 showed strongly temperature depending
oxygen permeability under steep oxygen partial pressure gradients
using grain boundary pathways for interdiffusion [83,84]. Inward
diffusion of oxygen through the surface oxide was also reported for
the growth of g-Al2O3 crystallites below an amorphous oxide layer
on Al substrates by Jeurgens et al. [13]. They reported the formation
of a g-Al2O3 layer up to 80 nm after annealing (500 �C, ~5.5 h,
pO2

¼ 1.33$10�4 Pa). Nabatame et al. and Nakamura et al. reported
oxygen diffusion coefficients in amorphous and g-Al2O3 layers us-
ing 18O as a tracer [85,86]. The calculated diffusion length for ox-
ygen into amorphous alumina varies depending on the
temperature due to the different diffusion coefficients
(D587� ¼ 4.5$10�21 m2/s at 587 �C [86], D627� ¼ 1.3$10�20 m2/s at
627 �C [86], 7.0$10�20 m2/s at 700 �C [85]).

For amorphous alumina, the calculated diffusion lengths are in
the range of the measured oxide thickness, except for the 1 h
annealed sample, which is too low (Table 1). This is different when
considering g-Al2O3, where reported diffusion coefficients are two
or three orders of magnitudes lower than for amorphous oxide [85].
The calculated diffusion length for this case is below ~2 nm using
the reported volume diffusion values (1.8$10�23 m2/s at 700 �C
[85]). Thus penetration of the g-Al2O3 surface membrane by vol-
ume diffusion seems to be unlikely. However, Nabatame et al.
commented that grain boundary coefficients are about four orders
of magnitude higher compared to volume diffusion [85]. For a-
Al2O3 enhanced grain boundary diffusion as short-circuit path is
also reported by Heuer et al. who studied oxide scale growth
[81,84]. As the crystalline g-Al2O3 surface oxide layer on top of the
Al film and the void has several grain boundaries we assume that
grain boundary diffusion is taking place (Supplementary Fig. 3b).

Dutta et al. reported a surface oxide thickness of 20 ± 3 nm after
24 h annealing of Al films at 550 �C (40 ± 5 nm at 650 �C) [27]. They
discussed that oxygen transport occurs via apparent fast interfacial
diffusion. The homogenous thickness of the surface oxide layer in
Table 1
Comparison of calculated diffusion lengths for amorphous alumina and the
measured oxide thicknesses.

Annealing
time t [h]

Diffusion length [nm]
(D587� used [86])

Diffusion length [nm]
(D627� used [86])

Thickness of the
oxide layer [nm]

1 4.0 6.8 10.7 ± 1.6
6 9.9 16.8 13.3 ± 1.1
45 27.0 45.9 26.2 ± 3.5
our samples indicates a fast distribution of oxygen at the Aljsurface
layer interface. We speculate that interfacial oxygen diffusion
(continuous, green arrows in Fig. 5) is the dominating diffusion
mechanism relevant for the growth of all three oxide features
(surface layer, ridge, interfacial oxide at Aljvoid interface). Subse-
quent volume diffusion of oxygen through the Al thin film is un-
likely due to the low solubility of oxygen in Al [27,57,87]. Al/O ion
respectively Al/O vacancy diffusion at the filmjsurface oxide in-
terfaces as well as at the substratejfilm and at Al grain boundaries is
more likely to occur [54,81]. It is assumed that the interface be-
tween film and void acts as fast oxygen surface diffusion path
(dashed, green arrow in Fig. 5b) towards the filmjsubstrate inter-
face for ridge growth. Further experiments would be needed to
determine the diffusion path.

High resolution STEM reveals a cube-on-cube orientation rela-
tionship of two fcc materials for the g-Al2O3 surface oxide on Al
possessing ORg I a/b in accordance with literature [13,54e56]. The
presence of OR IIg between g-Al2O3 and Al is also observed (see
Supplementary Fig. 4). High lattice mismatch heteroepitaxial
orientation relationships are reported for different thin film sys-
tems involving metaljoxide interfaces [24,55,88]. OR II is unex-
pected considering the coincidence site lattice model, a purely
geometric approach generating an idealized model describing
strain. Oh et al. [88] explained the stability of OR II for Cu thin films
on sapphire by metal-oxygen bonds. Theoretical calculations by
Hashibon and Els€asser for the CujAl2O3 system revealed only slight
differences in the interface energy for OR I and OR II [89]. Reichel
et al. stated that ultra-thin oxide overgrowths on Al can be stabi-
lized by a low surface energy and a high number of metal-oxygen
bonds [55] which may be also the case in this study.

High resolution STEM analysis also confirmed a phase trans-
formation to g-Al2O3 of the oxide layer covering the Al side wall at
the Aljsapphire ridgejvoid triple junction (Supplementary Fig. 4).
We speculate that after formation of an amorphous oxide at the
Aljvoid interface, a subsequent phase transformation to g-Al2O3
also occurs at the triple junction. By etching of annealed Al thin
films Dutta et al. [27] exposed hollow, three-dimensional oxide
features which were completely surrounded by a sapphire ridge
[57]. A pinned void with g-Al2O3 covering the remaining Al side
wall might be a primary stage of such a hollow oxide feature.
Nevertheless, it cannot be excluded that the formation of oxide
features within the void or Al thin film is an additional process
caused by the inward diffusion of oxygen. Faceted hollow oxide
features with much smaller dimensions (max. ~2 mm in diameter)
grown in the void under the surface membrane were observed by
SEM and TEM in FIB prepared cross sections. A detailed analysis is
beyond the scope of this article.
5. Conclusion

The formation of faceted voids induced by solid state dewetting
of a tetracrystalline Al thin films covered with a native oxide layer
was investigated. Voids formed by the retraction of the Al thin film
underneath the continuous surface oxide induced by annealing at
600 �C under Ar protective gas atmosphere.

Two different Aljvoid shapes were observed. In some cases, Al
was redistributed isotropically to the surrounding leading to a
homogenous thickness increase of the Al film and hexagonal voids
with alternating short and long side facets. The ideal void shape is
described by an inverse Wulff shape of Al. A faceted Aljvoid inter-
face with {111} and {100} facets formed whereby surface rough-
ening is found for the {100}/{111} facet junction as revealed by a
rounded shape. Pinning of distinct sides of the retracting Al film led
to a discontinuous and anisotropic retraction of the thin film and
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irregular void shapes. A rim formed by accumulation of Al at the
Aljsurfacejvoid triple junction. Additionally, an epitaxial sapphire
ridge formed as consequence of the capillary energy force
component acting perpendicular to the filmjsubstrate interface.

In both cases, the thickness of the surface oxide layer was
increasing with time, whereby the layer was continuous and
covered both, the Al thin film as well as the void. The details of the
oxygen diffusion are not clear, but residual oxygen in the Ar at-
mosphere was identified as likely oxygen source. The initial
amorphous surface oxide layer in the as-deposited films underwent
a phase transformation to g-Al2O3 after annealing. High resolution
STEM and ELNES analysis of the nm-range thin oxide layer confirms
g-Al2O3 on a local scale. A cube-on-cube orientation relationship
between Al thin film and surface oxide was observed whereby two
OR containing twin variants were found.
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