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(Sub)nanometre-thin alumina films are frequently encountered due to the self-limited oxidation of
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Al and its alloys, and seem to display an even larger structural variety than bulk alumina itself.

While the nature of the underlying substrate and the oxidation kinetics are known to modulate
the structure of supported films, understanding the intrinsic stability of freestanding films consti-
tutes an important first step in itself, especially when the interaction with the substrate is rather
weak. Using a combined tight-binding/DFT genetic algorithm approach, we identify particularly
stable 6(100)-type films along with a host of novel stable thin film structures. Several of these
correspond to cuts from relatively high energy bulk structures, e.g. dehydrated boehmite, pseudo-
CalrO3, defective rocksalt and LuMnO3, which are not commonly associated with alumina. DFT
calculations allow to rationalize this stability reversal with respect to a-Al,O3 in terms of low sur-
face energies compared to a(0001) and to identify the underlying mechanisms: breaking a low
density of relatively weak Al-O bonds, filling of Al surface vacancies, and polarity-induced relax-
ation of the whole film. These observations provide interesting insights into existing supported

ultrathin films.

1 Introduction

Ultrathin metal oxide films play an important role in various tech-
nologically important areas, ranging from corrosion protection,
microelectronics’2 gas sensing,®*> and heterogeneous cataly-
sis.©"® Thin Al,0; films, in particular, are encountered when e.g.
aluminium is exposed to air,?1% as gate dielectric in advanced
transistors, 2 and as model supports for the study of catalytic phe-
nomena.!' Such films furthermore pose a challenge when galva-
nizing novel Al-containing high strength steels, 1213 as the zinc
coating only weakly adheres to the easily formed aluminium ox-
ide layer at the steel surface.

A detailed understanding of the properties of such films re-
quires knowledge of the oxide film structure, which is often chal-
lenging due to the considerable structural complexity of alumina,
which is further increased at low dimensionality. Already for
the bulk structure of Al,O3 many different polymorphs exist.1%
At lower dimensions, the same polymorphs may be encountered
but with a different, size-dependent energetic ordering. The oth-

@ CNRS and Sorbonne Université, UMR-7588, Institut des NanoSciences de Paris (INSP),
4 place Jussieu, F-75005 Paris, France. E-mail: jacek.goniakowski@insp.jussieu.fr

1 Electronic Supplementary Information (ESI) available: PDF with additional
methodological information. SKF files with the bulk-opt and film-opt DFTB
parameters. Coordinate files for all considered bulk structures as well as thin films
#1 through #8. See DOI: 00.0000/00000000.

erwise metastable y-Al,O3 has for example been found to be
thermodynamically favoured over the a-phase in nanoparticles
with surface areas larger than 100 m2/g1219 while amorphiza-
tion takes place beyond 370 m?/g. 1017 A similar stability inver-
sion has been suggested for thin Al,05 films on Al(111).18 By
contrast, annealing the initially amorphous oxide layer on the
(100) surfaces of various transition metal aluminides results in 0-
alumina.12%24 The greater prominence of -alumina in thin films
compared to nanoparticles is one outstanding puzzle which will
be better understood through the present work.

Moreover, also entirely new structures may be found, without
any correspondence to known bulk polymorphs. In the case of
Al,O3, this has been most clearly illustrated in the case of ox-
idized NiAl(110),22H27 and NizAl(111)28%9 suyrfaces. On both
substrates, the circa 5 A thin oxide layer consist of an Al,O3 inter-
facial layer of comparatively low density, covered by a dense and
oxygen-deficient top layer.

Though understanding these tendencies may be a complex af-
fair due to the influence of e.g. the underlying substrate and
the growth kinetics, a comprehensive approach ought to include
(or even start from) a view of the mechanisms which are re-
sponsible for thermodynamic stability in the absence of a sup-
port material, which is the aim of the present work. With regards
to the substrate, this abstraction is most appropriate in the case
of weak interaction between the Al,O3 layer and the underlying
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Fig. 1 Overview of the genetic algorithm for the determination of sta-
ble Al,Os thin film structures, using a two-dimensional genetic algorithm
(2D-GA) in conjunction with a semi-empirical electronic structure method
(DFTB).

substrate. We will, however, show that several of the aforemen-
tioned supported thin films can be related to stable freestanding
films, despite strong interactions with the substrate and a non-
stoichiometry in the alumina layer.

To explore the structural diversity of stable (sub)nanometre
Al, 03 layers, we have devised a genetic algorithm for thin films
in combination with a semi-empirical electronic structure theory,
which we will describe in the next section. The physical mecha-
nisms favouring the ensuing configurations will then be analyzed
after comparing with known low-energy surface terminations of
various bulk polymorphs. Before concluding, the connection to
previously characterized supported thin films will be briefly dis-
cussed.

2 Computational methods

Automatic searches of the potential energy landscape require a
large number of force evaluations and hence are prohibitively
expensive to carry out using non-empirical electronic structure
methods such as density functional theory (DFT). Conversely, in-
teratomic potentials demand little computing effort but are often
found lacking in terms of accuracy. As a middle-of-the-road so-
lution, we choose a density functional tight-binding (DFTB) ap-
proach with an adaptive parametrization scheme (see Figure[I).
Starting from an initial parametrization optimized for bulk Al, 03,
a limited set of genetic algorithm runs are performed in order
to construct a training set for thin film structures, which allows
further refinement of the DFTB parameters. A two-dimensional
genetic algorithm (2D-GA) is used as the global optimization al-
gorithm. Extensive 2D-GA searches are then carried with the
film-optimized DFTB parameters, after which the most promis-
ing structures are post-processed at the DFT level. The different
components of this approach will now be described in more de-
tail.

2.1 Density functional theory

All density functional theory (DFT) calculations are performed
with the vaspBIH34 implementation of Kohn-Sham DFT.2536
Standard projector augmented wave (PAW) setups are used to
represent the core electrons with valences of 3 and 6 for Al and
O, respectively. The exchange-correlation energy is described us-
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ing the optB86b-vdW functional 3738 Brillouin-zone integration
is done with Monkhorst-Pack grids®?4% with a density of 5 k-
points per A~!. The basis set includes plane waves with a ki-
netic energy up to 500 eV during geometry optimization, which
is increased to 700 eV in subsequent single-point calculations to
ensure convergence with respect to the basis set size. The local
optimizations are pursued using the Broyden-Fletcher-Goldfarb-
Shanno (BFGS) algorithm until the maximal force and stress com-
ponents drop below 0.05 eV/A and 0.01/Naj,0, eV/A3, respec-
tively. For 2D structures, only the oy, oyy, and o,, components
need to be considered. The surface energies Eg,,s of bulk-derived
films are determined as

Sfilm film pbulk ) arbulk
Eiot 7Nf.u. Egt /Nf.uA

A ; €3]

Egurt =

with Ei the total energy, Mg, the number of formula units and A
the surface area. We choose to calculate the formation energies
Etorm With respect to bulk a-alumina in an analogous way, i.e.
film film o 104
E 7Nf.u. Etot/Nf.u.

tot

E = . 2
form 24 ( )

2.2 Density functional tight-binding

Self-consistent charge (SCC) DFTB represents a semi-empirical
approximation to DFT, where a speedup of 2-3 orders of mag-
nitude is gained by virtue of a minimal basis set of atomiclike
orbitals, neglect of three-center integrals, a monopole expansion
of interatomic charge transfer, and treatment of remaining total
energy contributions via short-ranged pairwise potentials. For a
detailed description of the method, the Reader is referred to the
works of Frauenheim, Seifert, and coworkers (e.g. Ref. [41). The
minimal basis consists of the s and p valence states of Al and O.

The main empirical ingredients are (i) the polynomial- or
spline-based repulsive potentials Vi, for every element pair, and
(it) the harmonic potentials V,o,¢ used to confine the atomic or-
bitals and densities from which the Hamiltonian and overlap in-
tegrals are determined. These parameters are optimized with
respect to DFT total energies and forces using the Tango and
Hotcent codes, 4243 similar to the work in Ref. [44. The re-
quired atomic DFT calculations (in GPAW#340)  as well as the
computation of the effective potential in the density superposition
scheme, are carried out using the optB86b functional (i.e. with-
out long-range vdW correlation) via integration with LibXC.4Z
All actual DFTB calculations are executed with the 18.2 version
of the DFTB+ program.48

2.3 Genetic algorithm

The task of global structure optimization of a given compound
consists of finding the most stable local minima on the poten-
tial energy landscape. As complete enumeration is computation-
ally intractable in this high-dimensional space,4? more efficient
approaches have been developed such as simulated annealing,
basin hopping, and genetic algorithms.>%>1 The present searches
are performed using the genetic algorithm (GA) framework>2>3
included in the Atomic Simulation Environment (ASE).2#25



Considering that an objective function based on just the total
energy will necessarily converge to very thick films, the thickness
range of interest (from 3.5 to 11 A) is divided into intervals of 1.5
A, and a series of GA searches is performed within each interval.
The thickness L; is here defined as the difference of extremal z-
coordinates in the structure. To locate the most energetically sta-
ble thin film structures with Ng, formula units (i.e. (ALO3)y;,)
within a given thickness interval, the present 2D-GA assumes the
following strategy:

1. Initialization of 2Ny, starting candidates by assigning ran-
dom atomic positions within the specified interval. The a
and b lattice vectors are also chosen randomly, with the con-
straint that ab lies between 20° and 160° and that the re-
sulting density corresponds to circa 1 atom per 10 A3,

2. The initial population is created by locally optimizing each
initial structure at the DFTB level. Both the atomic forces
and the stress components in the xy plane are minimized.

3. In each of the subsequent ZNEH' GA iterations, one or two
structures are randomly selected (following the procedure
in Ref. [53) and subjected to a randomly chosen genetic op-
erator (listed in Table 1 in the ESI}) to create a new struc-
ture which is then also locally optimized. The population
is updated so as to always contain the 2Ny, most stable
unique structures with L, within the chosen interval. Struc-
tural uniqueness is determined via fingerprint functions.=®

Each search is furthermore duplicated 20 times using different
random seeds. This setup allows a high (>90%) convergence rate
for each of the different number of formula units employed (N,
= 4, 6 and 8 for each interval, in addition to 2 for the thinnest
interval). From each series of 2D-GA runs, the 100 best unique
structures at the DFTB level are extracted and subjected to DFT
single-point calculations. In case the 2D-GA searches are per-
formed with the refined film-opt parameter set, the 30 most
stable structures after this initial screening are then re-optimized
at the DFT level.

3 Results

3.1 Bulk alumina

To highlight the known structural variety of alumina, and as a
basis for our subsequent calculations, we start by introducing the
various known bulk Al,O3 polymorphs. We have considered the
five most common ones (¢, 0, k, ¥ and 0), whose energy differ-
ences per formula unit are reported in Table [1} While the struc-
tures of the first three phases have been unambiguously resolved
already early on, the y- and &-aluminas are less straightforward.
Several models have been proposed in the literature, display-
ing variations in the cation vacancy positions (Jg,2Z Ypn,22 and
Sru>?) and/or including cations in non-spinel positions (ypg, 2261
%R, %2 Skp1 and Skp2©Y).

Overall, the DFT energy differences compare favourably with
the calorimetry data from Ref. [64] from which we have sub-
stracted the vibrational contributions calculated in Ref. [65. The
energetical ordering, for example, is well reproduced, at least

Table 1 Relative energies (per formula unit) for various bulk Al,O3 poly-
morphs. ¢ Experimental values are derived from the microcalorimetry
data from Ref. [64] with substraction of the vibrational contributions cal-
culated in Ref. [65] ? Structures marked with * are included in the DFTB
training set. The bulk-opt and £ilm-opt labels denote the bulk- and
thin film- optimized parameter sets, respectively (see text)

AE (eV/f.u.)
optB36Db DFIB? DFIBY
Expt.? Model -vdW bulk-opt film-opt

o 0 0 0" 0
0 - 0.15 0.08* 0.05
K 0.12 0.15 0.11* 0.05
y 0.31 1G22 0.30 0.18* 0.22
PN 28 0.30 0.19 0.22
R 0001 0.42 0.32 0.40
iR 9 0.23 0.17 0.29
) 0.08 Sry>2 0.43 0.34* 0.31
Sxp1 @3 0.14 0.13 0.12
Sp2 @3 0.14 0.14 0.12
bixbyite - 0.17 0.13* -0.17

when the recently proposed models from Kovarik et al.% are con-
sidered for §-Al;03. Among the y-alumina models, the structure
with non-spinel At positions from Krokidis et al.? is found to
be energetically favoured. It should furthermore be noted that
the bixbyite structure is calculated to have a similar stability as
the 0, x and & phases, though this phase has not yet been exper-
imentally observed.

We remark that it appears very difficult, if at all possible, to ac-
curately relate the observed energetical ordering to differences in
local bonding patterns of the Al,Ozpolymorphs, such as the type
and interconnection of different polyhedra. Such an analysis is
complicated by the importance of long-ranged electrostatic inter-
actions in ionic materials such as Al,03. We refer the Reader to
the ESI for further discussion on this topic.

The corresponding results with DFTB are shown in the last two
columns of Table |1} The bulk-opt parameter set has been de-
rived on the basis of optB86b-vdW relative energies and atomic
forces pertaining to a few selected structural models (values
marked with *). The training database comprises the equilibrium
structures, which have furthermore been subjected to random
atomic displacements (Gaussian distributed with 0.1 A standard
deviation) as well as volumetric expansion and compression (up
to +4% strain). Considering the approximative nature of DFTB
as well as the comparatively small energy differences, the model
performs quite acceptably. Note that the DFTB results are also cal-
culated self-consistently, i.e. with geometry re-optimization. We
also note in passing that the previously published mat sci param-
eter set®” has not been constructed with Al,O3 polymorphism in
mind, and is hence found to perform rather poorly (see Table 2 in
the ESIY).

For the second DFTB parameter set (film-opt), the training
set is built from DFT single-point calculations on 100 thin film
structures obtained via the 2D-GA with the bulk-opt DFTB pa-
rameters in two thickness intervals (3.5-5 A and 6.5-8 A, with
Nty = 2 and 4, respectively). As shown by the parity diagrams in
Figures 2 and 3 in the ESIf, the reparametrization indeed yields a
model that is significantly more accurate for thin films. As a nec-
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Fig. 2 Calculated formation energies with respect to bulk a-Al,O3 for the thin films obtained with the 2D-GA (panel A) and by cutting various bulk

polymorphs (panel B). Lines are added to guide the eye.
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Fig. 3 Atomic models of selected films obtained via the 2D-GA. Alu-
minium and oxygen atoms are coloured in blue-gray and red, respec-
tively, with cation vacancies indicated in light blue. Higher-coordinated
Al atoms are given a darker shade to distinguish between 4-, 5- and 6-
fold coordination. All structures in this work have been rendered with
VESTA 8l

essary compromise, the energetic ordering in the bulk is less ac-
curately described (see Table[I)), where the bixbyite phase in par-
ticular is overly stabilized. For bulk-like materials, the bulk-opt
model hence remains more appropriate. The need for separate
DFTB parameter sets to optimally reproduce the DFT geometries
and energetics in ultra-thin films is understandable, considering
the different local environments at the surface compared to the
bulk.
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pseudo-CalrO;
(+0.57 eV)
~LuMnO; (+0.48 eV)

deh.-AIOOH
(+0.46 eV)

defective NaCl
(+0.49 eV)

Fig. 4 Structural models and calculated formation energies of the new
bulk polymorphs, in eV per formula unit relative to a-Al,O3; (optB86b-
vdW). Colouring as in Figure

3.2 Thin films from 2D-GA

From the 2D-GA searches between 3.5 and 11 A, a considerable
variety of stable thin film structures are found, of which the rel-
ative stability is shown in panel A of Figure [2| As a measure of
thickness, we employ here the number of atoms per surface area,
which in an experimental context is better defined than the height
L,. The approximate correspondence to the latter is shown on the
top horizontal axis. We will furthermore discriminate between
‘bilayers’, ‘trilayers’, and so forth, based on the number of cation
planes stacked along the z direction.

Selected structures are shown in Figure [3| to illustrate the dif-
ferent types of geometries found. The thinnest films (L, between
3.5 and 5 A) correspond to relatively flat O-Al/O/Al-O bilayer
structures (blue dots), of which the most stable configuration is
a 6(100) bilayer (#1). Other structures within this class typically
feature outer Al-O layers with a higher degree of hexagonal order
(i.e. containing (AlO)3 hexagons).

At slightly larger thicknesses, the main types are bilayers with
step-like corrugations (purple dots), with structures #2, #3 and
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Fig. 5 Atomic structures of the bulk-derived thin films. The labelling and colouring are as in Figureand respectively. Horizontal lines indicate the
boundaries of the thinnest film in each series. Displacements of surface Al atoms into nearby vacancies are indicated with orange arrows.

#4 as the most energetically favourable arrangements. We iden-
tify #2 as derived from fully dehydrated boehmite (denoted as
deh.-AIOOH) and with stoichiometry Al,O3. A similar structure
has been proposed as a hypothetical intermediate in the conver-
sion of boehmite (y-AIOOH) to y-A1203. The bulk structure of
#3 resembles the high-pressure CalrO3 alumina phase and
will be referred to as pseudo-CalrO;. The stability of such films is
quite remarkable, considering the large energy of the two respec-
tive bulk phases (see Figure[d).

In the 0.8 to 1.1 atoms/A? interval (ca. 7 to 9 A), 03-Al3/03-
Al»-03/Al3-0O3-ordered trilayer structures are obtained, both with
comparatively flat and stepped surface layers (orange and teal
dots, respectively). #6 is the most stable arrangement in the
first category and represents a defective, anion-terminated rock-
salt(111) film. An interesting variant, #7, can be regarded as a
defective LuMnO3(001)-type film. The corresponding bulk struc-
tures are also shown in Figure[4 In both cases, the outer layers
consist entirely of (AlO)3 hexagons, with the inner Al atoms being
similarly arranged but with one third octahedral vacancies. Many
stepped variants exist, with structure #5 possessing the lowest
formation energy.

At the highest investigated thicknesses, mainly quadrilayers
and Wig(111)-like films are found (green and red dots). The
most stable quadrilayer structure (#1°) represents a 6(100) cuts
as in structure #1, but at double thickness. At slightly higher
energies one finds other 6(100)-like films with stacking faults.
Structure (#8) consists of a superposition of 6(100) and defec-
tive spinel(100) layers.

3.3 Thin films from bulk cuts

In order to explain the calculated relative film stabilities, differ-
ent approaches can be envisaged. One may for example attempt
to interpret the relative energy differences directly in terms of
differences in local bonding patterns. The difficulties of such an
analysis for the present material have however already been em-
phasized in Section [3.1] We have opted for a different approach
where the relative bulk stabilities are taken as a starting point and
where the focus lies on the energy required to create thin films
from the bulk. To this end, we have found it useful to compare
with a series of thin films constructed from low-energy termina-
tions of the bulk polymorphs (structures shown in Figure [5):

o the Al-terminated (0001) surface for (x-A1203,

e the (100) orientation for 6-A1203,

e the (001) and (111) surfaces for the pg defective spinel,
o the (001) surface for 7/KR—A1203,

e the (100) surface of the dkxg; and dgg, models, having a
similar surface structure as the spinel-type y(001) slabs,

e the (111) and (110) bixbyite surfaces, which have been
identified as the lowest-energy terminations for bixbyite
In203,

e the (012) and (001) of the newly found dehydrated
boehmite and pseudo-CalrO; phases, respectively.

For 6(100) and y,g(111), two different film types are consid-
ered: ‘a’ cuts where the most stable termination is exposed on
both sides and ‘ab’ cuts where the next-most-stable termination is
used on one of the two sides.

Journal Name, [year], [vol.], 1 |5



The thickness-dependent formation energies with respect to a-
Al, O3 are shown in panel B of Figure [2| In agreement with the
2D-GA results, 6(100).a films are found to be the most stable
at their respective thicknesses (green circles). In the 5 to 15 A
range, a sizeable gap exists until the next-most stable thin films
cut from known bulk polymorphs, such as yg(001), 6(100).ab,
bixbyite(111) and 6kg,(100). The 2D-GA searches, however,
demonstrate that many new structures can be found in this re-
gion, such as those corresponding to dehydrated boehmite and
pseudo-CalrO3 (purple dots and triangles, respectively).

4 Discussion

We now possess sufficient data to analyze the peculiar polymor-
phism of Al,O3 at low thicknesses. First, we will formulate an
explanation for the underlying physical mechanisms that are at
play in the freestanding thin films. This is followed by a brief dis-
cussion to highlight the connections of our results to experimental
observations of supported alumina thin films.

4.1 Polymorphism in freestanding films

Our starting point for understanding the stability trends in Figure
[2]is that, for sufficiently thick films, the formation energies given
by Eq. [2| can be rewritten as follows:

Nfilm

Eform = Esurf + AEbuik 57 ) 3)
with AEy, the energy per formula unit of the parent bulk phase
with respect to a-Al,O3. In this regime, the (linear) thickness
dependence of the formation energies is simply due to the dif-
ference in bulk energies. At low thickness, certain deviations are
to be expected, due to e.g. relaxation in the xy plane and finite-
size electronic effects. However, we find that such deviations are
comparatively small here, except for pseudo-CalrO3(001) which
will be discussed separately. In Figure [2{(B), we indeed retrieve a
near-zero slope for @(0001) and increasingly steep slopes with in-
creasing relative bulk energies for the other polymorphs (see also
Table [T]and Figure [).

For the thinnest films, between 5 to 10 A thick, however, the
surface energy term is visibly more important than the difference
in bulk energies. To further analyze this aspect, we show the sur-
face energies Eg, in Figure|§| (top panel, green bars), calculated
for the thickest investigated films and ordered by increasing for-
mation energy at circa 0.6 atoms per A2, We indeed find that
the relative ordering mainly follows the computed Eg,, though
the influence of AEy, is certainly non-negligible for cases such
as the pseudo-CalrO3(001) (thin) and deh.-AIOOH(012). It is fur-
thermore instructive to consider the surface energies before ionic
relaxation (blue bars). For most surfaces, the contributions from
ionic relaxation are of a similar magnitude and do not alter the
relative ordering. In certain cases, however, this contribution is
noticeably larger (marked with stars), which will be further ana-

lyzed in paragraph
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ation. Surfaces with pronounced stabilization upon relaxation and with
thickness-dependent surface energies are marked with single and dou-
ble stars, respectively. Bottom: densities of different bond types in the
cutting plane.

4.1.1 Effects of bond breaking.

Interpreting trends in (unrelaxed) surface energies has frequently
been done in terms of Al-O bonds being broken at the surface,
both for metalsZZ and oxides.78 n this picture, higher surface en-
ergies result from breaking stronger bonds and/or a higher den-
sity of bonds. The bottom panel in Figure [f] shows the densities
and types of broken bonds. Focusing first on the cases involving
only 6-fold coordinated Al, we note that the unrelaxed surface
energies indeed scale with the density of Aly;-O bonds being cut.
The low surface energy of the 6(100).a surface (in line with pre-
vious reports is therefore connected to the low density of
these bonds in the cutting plane.

The surface energies of unrelaxed pwig(111).a, 1g(111).ab,
MG (001), dkpi(100) and Skp,(100) can also be accounted for,
when taking the average Aljy-O bond strength larger than that



Initial position

Fig. 7 Top and side views of a cation vacancy being refilled by an Al
adatom on the 1 (001) surface.
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Fig. 8 Panel A: thickness-dependent properties of pseudo-CalrO3(001)
films. The charge transfer AQ is calculated as the sum of Bader charge
deviations (with respect to the bulk) of two outer bilayers. For compar-
ison, the corresponding properties of 6(100).a films are shown in gray.
Panel B: models showing the different structure inside a ‘thick’, bulk-like
12-layer film (top) and a ‘thin’ 6-layer film (bottom).

of Aly;-O (roughly twice). This is in line with the general trend
of increasing bond strengths and decreasing bond lengths with
decreasing coordination numbers. 7980

The low surface energy of the unrelaxed deh.-AIOOH(012) sur-
face, however, suggests that Aly-O bonds are weaker than Aly;-O
ones. Though this does not follow the expected correlation, it re-
mains consistent with the comparatively high energy of the bulk
phases containing five-fold coordinated Al (see Figure [d). If the
lower stability of this local environment appears in contradiction
with the surface energies of the unrelaxed pseudo-CalrO3;(001)
films, we will show in the next paragraph that these films are
destabilized due to effects of polarity. Lastly, we note that creat-
ing the (001) surface of LuMnOj-type Al,O3 involves breaking a
similar density of weak Aly-O as for deh.-AIOOH(012). A further
analysis of the corresponding trilayer structure #7 is, however,
complicated by the presence of a cation vacancy in the middle.
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Fig. 9 Atomic structures of supported thin films (colour coding as in
Figure [f] and with Ni and N in green and dark blue, respectively). (A):
1 nm thick 6(100) film on NiAl(100); (B): the native surface oxide on
wurtzite-AIN(0001) (see Ref. [81); (C) and (D): the 5 A thin AlgyO g4 film
on NiAl(110) (see Ref. [27).

4.1.2 Effects of relaxation.

While the broken bond picture succeeds in explaining the surface
energy before ionic relaxation, additional mechanisms need to be
considered when the effect of relaxation is large (single stars in
Figure [6) and strongly thickness-dependent (double stars). The
a(0001) surface, to start, presents an ordinary situation char-
acterized by a considerable inward relaxation of an Al surface
atom with low (3-fold) coordination.82%84 Despite this stabiliza-
tion, the surface energy of o(0001) after relaxation remains the
highest of the different bulk terminations investigated here. More
profound effects on the relative stabilities are found to occur via
two other mechanisms.

The first mechanism takes place on the n;g(001), kg1 (100)
and Okp,(100) surfaces, where substantial energy gains are as-
sociated with the filling of surface cation vacancies by Al sur-
face atoms with low initial coordination. The directions of these
displacements are indicated in Figure [5, while a more detailed
view is given in Figure [7] for nc(001). Additional figures for
Okg1(100) and Ogp,(100) are presented in the ESI{. On all three
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surfaces, the Al atom coordination increases from two-fold to five-
fold, resulting in an energy gain per filled vacancy that is rel-
atively constant across the different surfaces (circa 7 €V). The
same stabilization mechanism is also expected to operate in the
case of defective rocksalt(111) films, where a vacancy is filled by
a three-fold coordinated Al surface atom.

Secondly, a thickness-dependent relaxation effect occurs in
pseudo-CalrO3(001), where a strong contribution is found in the
thin films (5 f\), but not in thicker films. The absence of cen-
trosymmetry in the unrelaxed structures suggests the influence
of polarity.€? To confirm this interpretation, the thickness depen-
dence of the surface energy and several other properties are dis-
played in Panel A of Figure For comparison, the same prop-
erties are also shown for non-polar 0(100).a films (gray color)
where the thickness dependence is very limited. For pseudo-
CalrO3(001) films below a critical thickness of 8-10 Al,05 layers,
the surface polarity is uncompensated and the film dipole (red
line) grows with increasing thickness. This buildup is partially
attenuated by atomic displacements throughout the whole film,
in contrast with the vacancy refilling mechanism where only the
surface is affected. The transformation inside the film is shown in
Panel B of figure|8] with indication of one Al-O bond which elon-
gates considerably in thinner films (R/Ryy, gold lines). At large
thicknesses, the film dipole is sufficiently large to close the band
gap (green line), resulting in a charge transfer between atoms
on opposite sides of the film (purple line). These phenomena
are similar to what has been previously described in polar MgO
thin films with a zincblende(111) structure.8® As a result, the
surface energy in the ultra-thin regime increases approximately
linearly with the film thickness and hence contributes to the cor-
responding increase in the formation energy with respect to o-
Al,03 shown in Figure 2| For comparison, we find this contribu-
tion to be approximately equivalent to a AEy, value of 0.05 eV
per formula unit.

4.1.3 Mechanisms of film stabilization.

With these insights, we may now draw a full picture of the differ-
ent mechanisms responsible for the relative thin film stabilities,
in particular the question why the energetic ordering is so dif-
ferent from the bulk, leading to the appearance of entirely new
structures. Our analysis points to the increased importance of the
surface energy at low thickness, allowing thin films derived from
higher-energy bulk phases to become energetically favourable if
the associated surface energies are sufficiently low. The relative
instability of the «(0001)-type films (mainly due to the high den-
sity of broken Aly;-O bonds) thus allows a variety of other struc-
tures to compete at low thickness (i.e. below ca. 3 nm). This
influence of the surface energy is already known from previous
studies on low-dimensional oxides. 8768

A more original result is that several of these thin films origi-
nate from new bulk phases which are much less stable than the
well-known transition aluminas. Particularly low surface energies
are required for stabilizing such structures. We find three mecha-
nisms to be influential in generating low surface energies:

(i) Breaking fewer and/or weaker bonds, exemplified by e.g. the
6(100).a, 6(100).ab and deh.-AIOOH(012) surfaces. The exis-

8| Journal Name, [year], [vol.],1

tence of the LuMnOj trilayer structure can also be viewed in this
light.

(ii) Refilling of surface vacancies by terminal Al atoms, yielding
considerable stabilization in the case of #;g(001) and the defec-
tive rocksalt(111) trilayer.

(iii) Polarity-induced whole-film relaxation: similarly, strong
relaxation effects may stabilize non-compensated polar termi-
nations in sufficiently thin films, as in the case of pseudo-
CalrO3(001).

It is furthermore worth noting that surface energies also play a
decisive role in the polymorphism of Al,O3 nanoparticles, where
amorphous and y-type structures are favoured over the a-phase
at high specific surface areas. 12117 The presence of various ori-
entations, however, implies that bulk phases which yield very sta-
ble two-dimensional films (such as 6-alumina) are not necessarily
also energetically preferred in nanoparticles.

4.2 Connections to supported thin films

We will now briefly discuss several results of the literature on
supported thin films, showing the relevance of the above results.
Firstly, the intrinsic stability of 6(100)-type films is likely to lie
at the origin of the experimental observation of such structures
on the Al-terminated (100) surfaces of NiAl 122l CoAl22l and
FeAl2324 (see panel A of Figure [9). We indeed find that the
adhesion of a 0(100) film is comparatively weak on these sub-
strates, amounting to circa 1.0 J/m? with the present compu-
tational setup. This suggests that the preference for a 6(100)-
type film proceeds mainly from the inherent stability of the corre-
sponding freestanding structure.

Also structures #6 and #7 can be connected to two types of
experimentally observed supported thin films. The first is ex-
emplified by the native ultrathin oxide on wurtzite AIN(0001)81
(shown in panel B of Figure [9), with similar arrangements also
encountered in inversion domain boundaries in other wurtzite
structures.®2"24 The second kind comprises the 5 A thick, non-
stoichiometric oxide layer on NiAl(110). First thought to resem-
ble (0001) or y(111)2> and even x(001),2¢ it has then been con-
clusively shownZ to be distinct from any common alumina poly-
morph (model displayed in panels C and D). A similar structure
has also been observed on Ni3Al(111).2873% Through comparison
with structure #7, however, one can show that these films are
structurally related to a stoichiometric alumina thin film, which
is in turn derived from a LuMnOj-like bulk compound. Starting
from the upper Al,-O3/Al3-O3 layers in #7, the surface oxides
can namely be constructed by additionally introducing (i) inver-
sion domain boundaries in the hexagonal AlO top layer and (ii)
pentagon-heptagon defects in the interfacial Al,03 layer.

5 Conclusions

We have explored the structural diversity of freestanding alu-
mina thin films derived from known bulk polytypes as well as
from a DFTB-aided genetic algorithm. Optimized DFTB param-
eter sets are furthermore provided for the simulation of Al,0O3
(nano)materials. Our results clearly demonstrate how crystal
structures other than corundum become energetically favoured



when the film is sufficiently thin (below at least 3 nm). At certain
thicknesses, cuts from known bulk Al, O3 polymorphs are found to
be globally stable (i.e. 6(100) at circa 5 and 10 A), while at other
thicknesses unexpected novel configurations are found, such as
dehydrated boehmite- and pseudo-CalrOs-type structures at circa
6 A and defective NaCl and LuMnOs at circa 7-8 A. We show
that the low surface energies required to stabilize metastable bulk
phases in thin films are made possible through (i) the breaking of
few and/or weak Al-O bonds, (ii) surface cation vacancy refilling,
and/or (iii) polarity-induced whole-film relaxation. These find-
ings are furthermore shown to be directly linked to the study of
supported alumina films, with Al oxides on AIN and NiAl given as
examples.
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