
PHYSICAL REVIEW B 96, 155420 (2017)

From two- to three-dimensional alumina: Interface templated films and formation
of γ -Al2O3(111) nuclei

Wolf-Dietrich Zabka,1 Dominik Leuenberger,1 Gerson Mette,1,2 and Jürg Osterwalder1

1Physik-Institut, Universität Zürich, Winterthurerstrasse 190, 8057 Zürich, Switzerland
2Fachbereich Physik, Philipps-Universität Marburg, Renthof 5, 35032 Marburg, Germany

(Received 29 May 2017; revised manuscript received 27 July 2017; published 9 October 2017)

Oxide thin films are of fundamental importance due to their applications in materials science, optics, corrosion
protection, catalysis, and microelectronics. A multistep oxidation procedure is employed to precisely tune the
alumina (Al2O3) thickness on a NiAl(110) alloy from two atomic bilayers to 1.5 nm. Structural changes are
analyzed with x-ray photoelectron diffraction and low-energy electron diffraction. The long-range order does
not relate to any bulk structure and is imposed by the crystallized interface. The large unit cell formed at
the interface persists in thicker films. In contrast, the local order changes at a thickness above 0.5 nm from
the complex structure of this prelayer under the formation of subnanometer-sized γ -Al2O3(111)-type nuclei.
The band structure is monitored with angle-resolved photoelectron spectroscopy. Increasing film thickness
results in a slight decrease of the work function, but does not lead to significant changes of the electronic band
structure. The presented multistep procedure opens a route for the synthesis of thin film structures in general and
in particular provides fundamental insight in the surface structure of spinel-based transition Al2O3.
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I. INTRODUCTION

Many oxide materials are electrically insulating, which
renders the characterization of their surface properties difficult
with most of the surface science tools that are typically electron
or ion based [1]. This insulating character can be overcome by
studying these materials in the form of a few atomic layer
thick ultrathin films prepared on conducting substrates. In het-
erogeneous catalysis, this approach has been used extensively
in the last decades and many of these model ultrathin oxide
films were studied under ultrahigh vacuum (UHV) conditions
with great control [2,3], providing fundamental insights into
the structural and electronic properties of these materials [4].

However, the properties of ultrathin oxide films often
deviate from their respective bulk counterparts [5], and can
significantly change depending on the film thickness. This
was demonstrated for gold adatoms on MgO ultrathin films
epitaxially grown on Ag(100), where both the preferred
adsorption site as well as the charge state can be altered by
increasing the oxide film thickness [6–8]. Similar concepts
also apply to molecules adsorbed on insulating ultrathin films:
The gap between the highest occupied and lowest unoccupied
molecular orbital as well as the charge transfer upon adsorption
depend not only on polarization effects at the interface, but to a
large extent also on the thickness of the insulating layer [9–11].
Catalytic activity can also change drastically in such systems:
Recently, it was shown that due to changes in the electronic
properties, the CO oxidation activity of palladium clusters
deposited on alumina (Al2O3) films on Re(0001) strongly
depends on the film thickness [12]. To fully understand which
properties of the adsorbed species rely on the adsorbate/oxide
interface and which are influenced by the underlying substrate
material, the oxide thickness needs to be varied in a controlled
manner [13].

Al2O3 is one of the most technologically relevant oxide
materials. The stable bulk phase is α-Al2O3, also called
corundum or sapphire. Several further metastable phases exist,
e.g., γ -, δ-, θ -, χ -, κ-, κ ′-, and η-Al2O3 [14]. γ -Al2O3

is of special technological importance, as it is the most
frequently used catalyst support for hydrotreating [15]. Despite
its relevance, the detailed structure of γ -Al2O3 is still under
debate [14,16]. It is generally described as a defective spinel
structure, however, no general agreement exists on the detailed
location of cation vacancies and the occupation of interstitial
sites [14,16]. Recently, the growth of well-defined crystalline
(100)-oriented spinel alumina films was demonstrated on
a MgAl2O4(100) surface [17]. They deliver a satisfactory
model system for spinel-based transition alumina (γ -, δ-,
and η-Al2O3) [17], but the insulating nature of the MgAl2O4
substrate limits its application as a model system.

A viable approach for the synthesis of ultrathin oxide
films is based on the selective oxidation of suitable bimetallic
alloys [18–22]. The prototypical example is an ultrathin
alumina film on the NiAl(110) substrate [18,23], which has
been widely used as a support in model catalytic stud-
ies [1,24–26]. This ultrathin surface oxide has an Al10O13
stoichiometry, consists of two atomic bilayers, and has
Os7

2− Als6
3+/Oi6

2− Ali42+/NiAl(110) stacking (Xs and Xi

refer to surface and interface species, respectively). In the
following, this thin film will be denoted as 2L-alumina [23].
Its complex unit cell contains 92 atoms with Als bound either
pyramidally or tetrahedrally, adapting a structure that cannot be
clearly assigned to any bulk phase [23]. The unique structure
and the nonstoichiometric nature of this 2L-alumina oxide
layer recently raised questions regarding to what extent this
surface oxide could be an approximant of γ -Al2O3 [15]. If the
thickness of the alumina film could be increased, the influence
of the substrate and the interface on the surface weakens, which
is expected to result in alumina films that better represent the
properties of bulk Al2O3 phases. Several routes to increase the
thickness of 2L-alumina were studied previously: It was shown
that metal clusters on 2L-alumina can bind and dissociate
oxygen, which then spills over from the clusters and oxidizes
the bimetallic substrate [27–29]. Further, oxidizing molecules
such as water [30,31] and nitrogen dioxide [32,33] were shown

2469-9950/2017/96(15)/155420(8) 155420-1 ©2017 American Physical Society

https://doi.org/10.1103/PhysRevB.96.155420


ZABKA, LEUENBERGER, METTE, AND OSTERWALDER PHYSICAL REVIEW B 96, 155420 (2017)

to adsorb, dissociate, and react with subsurface aluminum
atoms. Exposure to water [31] and oxygen [34] in the millibar
range or atomic oxygen [33] can significantly increase the
oxide thickness, but these approaches do not result in ordered
thin films. Previous routes for thicker crystalline films included
deposition and subsequent oxidation of aluminum atoms [35]
and the direct oxidation of the substrate [36]. These studies
indicate the feasibility of growing ordered alumina films, but
it appears to be difficult to balance the processes of oxidation,
crystallization, atomic diffusion, and oxide decomposition in
a favorable manner at one fixed temperature and chemical
potential [36,37].

In this paper, we describe a method for the synthesis
of thicker alumina films with excellent crystallinity on the
NiAl(110) substrate: The as-grown 2L-alumina/NiAl(110)
system is annealed in UHV at elevated temperatures to ensure
a high degree of crystallographic order at the interface.
The oxidation is continued after this at lower temperatures
and higher oxygen pressures to increase the thickness and
to avoid oxygen desorption. The film growth is monitored
stepwise by x-ray photoelectron spectroscopy (XPS). The
damping of the substrate peaks indicates the formation of
a homogeneous overlayer. Low-energy electron diffraction
(LEED) confirms excellent crystallinity. X-ray photoelectron
diffraction (XPD) reveals changes in the atomic short-range
order: While increasing the film thickness, the local formation
of subnanometer-sized γ -Al2O3(111) nuclei is observed.
Surprisingly, the complex surface unit cell of the 2L-alumina
film [18,23] is maintained when increasing the film thickness,
implying that the new layers follow the arrangement of
the interface layer. The subnanometer γ -Al2O3(111) nuclei
manifest themselves in the LEED pattern as hexagonal
building blocks of octahedrally coordinated aluminum within
the 2L-alumina unit cell. A spreading of these motifs is
observed with increasing thickness of the oxide film, delivering
an experimental contribution to elucidate the structure of
the γ -Al2O3(111) surface. Band structure measurements by
angle-resolved photoelectron spectroscopy (ARPES) reveal no
significant changes in the electronic structure upon increasing
film thickness.

II. EXPERIMENT

The experiments were conducted in a modified VG ES-
CALAB 220 UHV system with a base pressure of 2 ×
10−10 mbar [38]. The 2L-alumina films were prepared by
oxidizing the clean NiAl(110) surface in 5 × 10−6 mbar
oxygen at 530 K and subsequent annealing in UHV at 1150 K.
The thickness of the thin films was increased systematically by
oxidation in 10−5 mbar oxygen at 1050 K. Thicker films for
the XPD study were grown at the same temperature, but at an
oxygen pressure of 2 × 10−5 mbar. LEED was performed with
a kinetic energy of E = 64.5 eV. XPS measurements were
carried out at normal emission with a monochromatized Al Kα

source, providing photons with an energy of hν = 1486.6 eV.
The energy scale was calibrated as described in Ref. [39].
XPD patterns were collected with an unmonochromatized
Si Kα source (hv = 1740.0 eV). The angle-resolved valence
band spectra have been recorded with a helium discharge lamp
(He Iα, hν = 21.2 eV).

FIG. 1. (a) Al 2p and Ni 3p core level spectra of NiAl(110),
2L-alumina/NiAl(110), and of thicker alumina films on NiAl(110).
An increase of the Al3+ signal indicates oxide formation. (b) Increase
of the alumina film thickness vs. the total oxygen dosage D.

III. DATA AND DISCUSSION

Figure 1(a) shows the Al 2p and Ni 3p core level spectra for
the different preparation steps during oxide growth. The spec-
trum of the NiAl(110) surface exhibits metallic Ni0 and Al0

peaks, to whose height all spectra are normalized. During the
whole oxidation procedure these peaks and their ratios show no
significant change, indicating that the supplied thermal energy
is sufficient to enable diffusion inside the substrate. Oxidation
of 2L-alumina films yields additional signals at higher binding
energies which originate from Als3+ and interfacial Ali2+

atoms [40]. With continued oxidation, the Al3+ intensity at
a binding energy of 75.3 eV rises. The oxide thickness (d) is
calculated by the intensity ratio of the oxidized Al species (IO)
and the metallic Al0 peak (IM ) according to Eq. (1),

d = λO cos (θ ) ln

⎡
⎣NMλM

NOλO

IO

IM exp
(

d
λO cos (θ)

) + 1

⎤
⎦,

(1)

where θ refers to the electron emission angle with respect to
the surface normal, λx to the inelastic mean free path, and
Nx to the density of Al atoms in the material x. Equation (1)
is similar to the one in Ref. [41] but additionally considers
the observed attenuation of photoelectron intensity from the
metal substrate below the oxide. λx is calculated with the
Tanuma-Powell-Penn (TPP-2M) equation [42]. Figure 1(b)
displays the evolution of the alumina thickness. After an
oxygen dosage of 6 × 104 L, the film thickness increases
from two atomic bilayers (0.4 nm) to nine atomic bilayers
(1.5 nm). The indicated error bars are mainly attributed
to uncertainties of λM [42]. A slight saturation behavior
is observed, as the growth rate decreases according to the
Cabrera-Mott theory for oxidation with increasing thickness
[43]. However, further growth beyond 1.5 nm under the used
experimental conditions appears possible.

Non-normalized spectra shown in Fig. S1 [44] illustrate
the exponential attenuation of the two substrate peaks by the
oxide overlayer. The resulting damping constant of 2.24 ±
0.07 nm is in good agreement with the calculated value of
2.67 ± 0.47 nm obtained from a continuous overlayer model
with the inelastic mean free path from the TPP-2M equation
[42,44–46]. This indicates a high degree of film uniformity
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and flatness. A strong corrugation of the film surface would
lead to substantially longer damping constants.

To gain insight about the short-range order, we employ
angle-scanned XPD [47]. Figure 2(a) shows XPD patterns of
the oxygen 1s peak from 2L-alumina and from a 1.0-nm-
thick film, which were recorded at the corresponding peak
maxima while subtracting the spectral background [Fig. 2(c),
right panel]. At the given kinetic energy, mainly forward
scattering contributes to the detected intensity modulation
[47]. Due to the large unit cells involved in the system,
and the concomitantly huge number of inequivalent oxygen
emitter sites, we limit the modeling of these patterns to a
simple forward scattering simulation, where all interatomic
vectors originating from oxygen atoms are projected onto
the unit sphere and represented in stereographic projection
for comparison with the experimental data. The simulation is
based on the structural models from Refs. [23,48]. The code
considers a scaling of the total elastic scattering cross section
as given by Browning et al. [49], an exponential intensity
decrease with the distance between emitter and scatterer due
to the inelastic scattering of electrons [42], and a decrease of
the forward scattering amplitude with the square of the distance
between the emitter and scatterer. A Gaussian blur of σθ = 5◦
and σφ = 5◦/ sin (θ ) is used for the binning of the forward
scattering maxima onto the same grid of polar and azimuthal
angles as used for the data acquisition. The goal of these
simulations is not a perfect reproduction of the measured XPD
patterns, but to qualitatively reproduce the dominating features

responsible for the photoelectron intensity modulation. When
comparing these forward scattering calculations with experi-
mental XPD data, the focus lies on the identification of domi-
nant interatomic vectors within these highly complex surface
structures.

In the case of 2L-alumina, and while neglecting weak
interference fringes [50], oxygen emitters in the surface layer
(Os) should not contribute to the intensity modulation, but
they contribute to the XPD pattern as scatterers. Likewise,
oxygen atoms from the interface layer (Oi) contribute only as
emitters and not as scatterers. Their photoelectrons undergo
forward scattering at the aluminum and oxygen atoms in
the surface layer (Os and Als). Polar cuts for alumina films
of different thicknesses are shown in Fig. 2(c). For 2L-
alumina, the short-range order is dominated by tetrahedral
and pyramidal building blocks [23], as shown in Fig. 2(d)(I)
and (II). Tetrahedrally coordinated aluminum is also present
in most bulk phases, however, the pyramidally coordinated
aluminum can be regarded as a precursor of octahedrally
coordinated aluminum [23]. For both of these building blocks,
photoelectrons emitted from an Oi atom will undergo forward
scattering at an Als atom on top, leading to the observed
intensity increase at normal emission (θ = 0◦). As the blocks
are highly distorted in 2L-alumina, the Als are not placed
directly above Oi , leading to the small inner circle in the
simulation [Fig. 2(b), left pattern]. For higher thicknesses,
the feature at normal emission narrows significantly in the
experimental data, indicating an increased local ordering.

FIG. 2. (a) Experimental O 1s XPD pattern of 2L-alumina (left) and a 1.0-nm-thick film (right). (b) Forward scattering simulations of
2L-alumina (left) and γ -Al2O3(111) with a twofold symmetry (right). (c) Left: Polar cuts along the 〈001〉 and 〈11̄0〉 azimuthal directions of the
NiAl(110) substrate [red and blue as marked in (a) for different film thicknesses]. In 2L-alumina, tetrahedral (I) and octahedral (II) building
blocks are present [23]. For thicker films we observe the formation of a twofold cubic(111) structure. Right: Corresponding core level spectra.
Dotted lines denote the intensity maxima. (d) Occurring building blocks as marked in (c). Oxygen and aluminum atoms are colored red and
blue, respectively. The gray and black arrows indicate normal emission and forward scattering directions, respectively.
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FIG. 3. (a) O 1s polar cut of the 1.0-nm-thick film along
the 〈11̄0〉 azimuthal direction of the NiAl(110) substrate [blue
line, see Fig. 2(c)] compared with forward scattering calculations
for γ -Al2O3(111) with a twofold symmetrization (black line,
γ -Al2O3〈2̄11〉 and 〈21̄1̄〉 direction). (b) Corresponding polar cut
along the 〈001〉 azimuthal direction of the NiAl(110) substrate
[red line, see Fig. 2(c)] compared with forward scattering calcula-
tions for γ -Al2O3(111) with a twofold symmetrization (black line,
γ -Al2O3〈1̄10〉 and 〈11̄0〉 direction).

In an ideal tetrahedral block (I), the photoelectrons from
Oi will undergo forward scattering at Os under an emission
angle of θ = 36◦. In the case of a pyramidal block (II), the
ideal emission angle would be θ = 45◦. Since the building
blocks in 2L-alumina are highly distorted, the scattering angles
range according to the model of Kresse et al. [23] from 30◦ to
40◦ for tetrahedral blocks and from 40◦ to 48◦ for pyramidal
blocks [Fig. S2 [23,44]]. A clear forward scattering maximum
is observed at θ = 34◦ in the NiAl 〈001〉 direction (red curve),
which is caused by a preferred ordering of the tetrahedral
blocks. For thicker films, a further increase of this signal is
observed in the measured data, indicating the presence of more
or better aligned tetrahedral blocks. The forward scattering
maximum due to the pyramidal blocks occurs in 2L-alumina
at 44◦ and can be observed best along the NiAl 〈11̄0〉 direction
[blue curve in Fig. 2(c) and Fig. S2(b) [23,44]].

For a 0.8-nm-thick alumina film the pyramidal signature
is still present in the measured data [Fig. 2(c)], while typical
scattering angles for a cubic(111) structure start to appear and
become well recognizable for the 1.0-nm-thick film (θ = 0◦,
35◦, 55◦, and 71◦). This indicates that a critical thickness is
required for the orientation change of the octahedral blocks
from {100} to {111}. In Fig. 3 the polar cuts of the 1.0-nm-
thick film from Fig. 2(c) are compared to forward scattering
calculations of γ -Al2O3(111) with a twofold symmetrization
[Fig. S3(b) [44,48,51,52]], which shows a better agreement
than α-Al2O3(0001) [Fig. S3(c) [44,48,51,52]]. The scattering
features of the γ -Al2O3 〈2̄11〉 and 〈21̄1̄〉 direction appear
along the 〈11̄0〉 azimuthal direction of the NiAl(110) substrate
[Fig. 3(a)], and scattering features of the γ -Al2O3 〈011̄〉 and
〈01̄1〉 direction are visible along the 〈001〉 azimuthal direction
of the substrate. The maximum at θ = 64◦ can be attributed to
an interference fringe [50].

After the orientation change of the octahedral blocks, the
short-range order is thus best described as γ -Al2O3(111)-
like. Forward scattering maxima along the 〈11̄0〉 azimuthal
direction of the NiAl(110) substrate [Fig. 3(a)] match well
with those predicted for the bulk material. Differences between
predicted and measured scattering angles might be attributed to
further unconsidered bonds, interface-induced distortion, sur-

face relaxation, or reconstruction. Further, it should be noted
that the measured intensity anisotropies become significantly
smaller for bigger polar angles θ . A reduced order between
photoelectron emitters and scatterers in a larger distance is
a reasonable interpretation, indicating the formation of small
γ -Al2O3(111) nuclei.

The complex structure of the 2L-alumina film was previ-
ously resolved by using scanning tunneling microscopy and
ab initio density functional theory [23]. Compared to the
NiAl(110) substrate, the film has large unit cells and grows in
two rotational domains, as shown in Fig. 4(a). The large real
space lattice vectors of 2L-alumina lead to comparably small
reciprocal lattice vectors. A complex LEED pattern shown in
Fig. 4(b) is the result. The LEED pattern of a film with a
thickness of 1.5 nm is shown in Fig. 4(c) and indicates that the
symmetry of the 2L-alumina is maintained. The peak width
does not change markedly, indicating that domain sizes in
the homogeneous film do not change. In addition, a blurred
hexagonal structure is observed. Figure 4(d) shows the differ-
ence of the normed intensities between Figs. 4(c) and 4(b).
A marked intensity decrease is observed for the NiAl(110)
(1 × 1) contribution, as the substrate is buried beneath a
thicker oxide layer. An intensity enhancement is observed
for the 2L-alumina lattice, which suggests that an increasing
number of atoms form the corresponding unit cell. Further, this
hexagonal structure also contributes to the intensity gain, with
reciprocal lattice vectors �c1

∗ and �c2
∗ indicated in Fig. 4(d).

Figure 4(e) shows the line profile and a fit along the blue
dashed line of Fig. 4(c). Several narrow peaks associated
with the 2L-alumina unit cell are visible (green), and a
comparatively broad peak (orange shaded) associated with
the hexagonal structure. The reciprocal lattice constant is

k‖ = 2.55 ± 0.02 Å
−1

, resulting in a real space lattice plane
distance of 2.46 ± 0.02 Å and a lattice constant of 2.85 ±
0.02 Å. The fact that the peak of the hexagonal structure is
rather broad indicates that the respective structural domains
are on the subnanometer scale. Figure 4(f) displays circular
line profiles, as marked in Fig. 4(c) by the red dashed line

(
√

k2
‖ 001 + k2

‖ 11̄0 = 2.55 Å
−1

) for different oxide thicknesses.

Numerous narrow peaks from the 2L-alumina structure are vis-
ible in all line profiles. Further, six broad peaks are visible due
to the hexagonal structure, with the sixth peak partly obstructed
by the electron gun. This structure is visible for all examined
thicknesses and can even be traced back to the 2L-alumina film,
indicating that it is part of the bigger unit cell. By considering
the known structure of 2L-alumina [23], we attribute the
hexagonal structure to a surface unit cell with one tetrahedrally
bound Als atom and one Os as depicted in Fig. 4(g).

Smrčok et al. [48] proposed a model of the bulk γ -Al2O3

structure. We find a possible planar section along the [111]
direction with an average oxygen-oxygen distance of 2.81 Å,
as shown in the right inset of Fig. 4(g). The measured hexag-
onal structure shows a lattice constant between the one of the
substrate and the one implied by the bulk oxide. As the overall
crystal structure, the structures of the low index surfaces of
γ -Al2O3 are still discussed controversially in literature [15,54]
and based mostly on theoretical work [55–57]. Figure 4(h)
depicts the structural motifs of the thin film after the orientation
change of the octahedral building blocks: The local ordering
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FIG. 4. (a) Dimension and domains of the 2L-alumina surface unit cell with respect to the NiAl(110) substrate (a1 = 2.89 Å, a2 =
4.08 Å, �(a1,a2) = 90◦, b1 = 10.6 Å, b2 = 17.9 Å, �(b1,b2) = 88.6◦, �(a2,b2) = 24.1◦ [53]). (b) LEED pattern of 2L-alumina/NiAl(110).
The theoretical pattern is indicated in the top half, with red and blue circles representing spots of the two domains as defined in (a).
(c) LEED pattern of a film with a thickness of 1.5 nm. (d) Intensity difference pattern between (c) and (b). We observe an intensity decrease
(blue) of the NiAl(110) substrate spots as well as a signal gain (red) belonging to the 2L-alumina pattern and a new and diffuse hexagonal
structure. Reciprocal lattice vectors of the hexagonal phase are indicated. (e) Line profile (blue) as marked in (c) with a blue dashed line
and corresponding fit (black). Green fit peaks belong to the large 2L-alumina unit cell. The broad orange-shaded peak is attributed to the
hexagonal structure with a maximum at k‖ = 2.55 Å−1. (f) Line profiles along the dashed red circle in (c) for

√
k2

‖ 001 + k2
‖ 11̄0 = 2.55 Å−1 for

different thicknesses. The hexagonal structure exhibits broad peaks (one is shaded in orange), indicating domain sizes on the subnanometer
scale. Furthermore, numerous sharper peaks are visible belonging to the 2L-alumina pattern. (g) Model of the hexagonal structure based on
the 2L-alumina/NiAl(110) structure of Ref. [23]. The left inset shows the found unit cell with respect to the substrate. The right inset shows
a model of γ -Al2O3 terminated along the [111] direction. (h) Structural model of the thin film after the orientation change of the octahedral
blocks and the formation of γ -Al2O3(111) nuclei.

can be best described by subnanometer-sized γ -Al2O3 nuclei.
These nuclei are formed inside of the homogeneous film and
are arranged as parts of a bigger unit cell. This unit cell is the
same as in the case of 2L-alumina and is thus implied by the
interface.

In a recent study an anomalous hexagonal superstructure
of alumina was found by scanning tunneling microscopy
after two cycles of oxidation of 2L-alumina at 550 K and
annealing at 920 K [58]. Krukowski et al. [58] found a
hexagonal arrangement with a periodicity of 2.7 ± 0.2 Å. The
similar lattice constant indicates that this structure is closely
related to the hexagonal structure we identified in Fig. 4. A
different approach for growing alumina thin films of variable
thickness on NiAl(110) is the direct oxidation of the substrate
at the annealing temperature [36,59], but it appears to be
difficult to balance the processes of oxidation, crystallization,
atomic diffusion, and oxide decomposition in a favorable
manner at one fixed chemical potential and temperature. High
temperatures are required for sufficient diffusion of Al atoms

in the substrate [20] and for crystallization. However, thicker
films might not be stable at a given temperature, as the adhesion
energy at the interface provides extra stabilization only for
thinner films [60]. This interface energy, on the other hand,
increases the crystallization temperature of the thinner film
[61]. Our approach combines both of these principles: The 2L-
alumina system and thus the interface is crystallized at higher
temperatures. After this, thicker films are grown at lower
temperatures where they are more stable and the crystallization
energy is lower. The thermal energy is still sufficient to allow
atomic diffusion and to avoid Al depletion in the substrate.

Figure 5(a) shows ARPES data measured on 2L-alumina
and on a 1.5-nm-thick film. Energy distribution curves for the
metal substrate and alumina films of different thicknesses at
the high symmetry points of the substrate surface Brillouin
zone (SBZ) are displayed in Fig. 5(b). 3d states of the
NiAl(110) substrate appear at E − EF < 4 eV [18,62]. After
oxidation, additional states appear at E − EF > 4 eV, forming
the valence bands of alumina, which are mainly of antibonding
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FIG. 5. (a) ARPES data from 2L-alumina (left) and from a
1.5-nm-thick film (right). Identified bands of the NiAl(110) substrate
and of alumina (obtained by following local minima in the second
derivative in Fig. S4 [44]) are marked with white and black dots,
respectively. (b) Energy distribution curves (normalized to their
integral) at ̄ (black), Ȳ (red), and X̄ (blue) of the substrate surface
Brillouin zone. The peak maximum (PM) of the valence band with
minimum binding energy is indicated by a gray dashed line.

oxygen 2p character [63,64]. The measured band structure of
2L-alumina is in good agreement with previously published
work [18]. Rather weak dispersions indicate comparably
localized states. The valence band maximum of 2L-alumina is
formed by a state of low spectral weight, best recognizable in
the energy distribution curves recorded at the Ȳ and X̄ points
of the substrate SBZ. The corresponding peak maximum is
located with the second derivative in energy at E − EF =
−4.7(9) eV and no clear dispersion is observed [Fig. S4 [44]].
As the valence band has a higher spectral weight at the Ȳ point,
the peak onset was determined at this position and is found
to be E − EF = −4.2(4) eV [Fig. S5(a) [44]]. According to
Krause et al. [65], this value describes the position of the va-
lence band maximum, since it represents the fully relaxed state

of the system. Previous work located the valence band onset
at E − EF = −4.5 eV [46], but did not consider this state.
Changes in the spectral weight are observed for thicker films,
however, within the experimental resolution no new bands are
observed. The change of the valence band onset while increas-
ing the thickness to 1.5 nm is 0.08 ± 0.09 eV [Fig. S5(a) [44]]
and thus negligible. A slight work function decrease from φ =
4.1(6) eV to φ = 3.9(3) eV is observed [Fig. S5(b) [44]]. In to-
tal, we conclude that despite the structural changes, increasing
the film thickness does not markedly change the valence band
structure. This finding is of particular interest for the applica-
tion of ultrathin alumina as a controlled tunneling barrier in
prospective two-dimensional devices [66,67], especially when
considering the recently demonstrated amorphous poly(methyl
methacrylate) (PMMA)-assisted transfer of Al2O3-layers for
highly stretchable and transparent transistors [68].

IV. SUMMARY

In summary, a multistep oxidation procedure is used to
increase the thickness of 2L-alumina from two atomic layers
to 1.5 nm. The resulting films are homogeneous and show
excellent crystallinity. The large unit cell of 2L-alumina is
maintained in the observed thickness range, indicating the
fundamental importance of the interface for the ordering of
successive layers. The atomic short-range order changes while
adding additional atomic layers: Octahedral building blocks
change their crystallographic direction from {100} to {111},
indicating the formation of subnanometer-sized γ -Al2O3(111)
nuclei arranged as compartments of the bigger 2L-alumina
unit cell. Despite the structural changes, we find that while
increasing the film thickness the band structure does not
change significantly. Experimental evidence towards a surface
model of γ -Al2O3(111) is provided here by interpreting a
hexagonal surface structure in the LEED pattern based on
the 2L-alumina structure and finding structural analogies to
γ -Al2O3. The resulting alumina films can be used as tunneling
barriers in model studies, serve as a substrate to study the
γ -Al2O3(111)-adsorbate interaction, and to elucidate the effect
of the metal substrate on catalytic processes. The sequential
preparation of the interface and the following layers opens a
route to synthesize previously unknown thin film structures.
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