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ABSTRACT: A better understanding of amorphous aluminum
oxide’s structure and electronic properties is obtained through
combined experimental and computational approaches. Grazing
incidence X-ray scattering measurements were carried out on
aluminum oxide thin films grown using thermal atomic layer
deposition. The corresponding pair distribution functions (PDFs)
showed structures similar to previously reported PDFs of solid-
state amorphous alumina and molten alumina. Structural models
based on crystalline alumina polymorphs (PDFgui) and
amorphous alumina (molecular dynamics, MD) were examined
for structural comparisons to the experimental PDF data. Smaller
MD models were optimized and verified against larger models to
allow for quantum chemical electronic structure calculations. The electronic structure of the amorphous alumina models yields
additional insight into the band structure and electronic defects present in amorphous alumina that are not present in crystalline
samples.

■ INTRODUCTION
Atomic-layer-deposited (ALD) alumina is a ubiquitous ma-
terial in scientific studies and is present in many applications,
for example, as surface passivation layers,1,2 diffusion
barriers,3,4 and dielectric layers.5,6 Alumina is arguably the
most-deposited ALD material, not only due to its good
properties as a dielectric and physical barrier but also because
of the robust growth chemistry of the trimethylaluminum
(TMA)−water process.7,8 The structure and chemistry of ALD
alumina films will dictate the physical properties, such as band
gap, defect levels, chemical stability, catalytic behavior, etc.;
however, short- and medium-range ordered ALD alumina films
are difficult to probe, and the structural evolution near
crystallization temperatures is not well understood.
Most ALD alumina films do not show long-range order in X-

ray and electron diffraction experiments. However, crystallinity
in ALD alumina films is of interest, as the long-range order of
crystalline alumina films provides insight into short- and
medium-range order in amorphous films. Factors that
determine if ALD alumina films will be crystalline include
deposition temperature, precursor chemistry, substrate choice,
and postdeposition processing.9 Special cases of the direct
growth of crystalline alumina phases using ALD include growth
on nanowires,10,11 which results in crystalline alumina in the
as-deposited state. Additionally, ALD on SrTiO3 can result in
the direct growth of crystalline alumina.12 High substrate

temperatures can be employed using the AlCl3 and water
process due to the high thermal stability of the chloride
precursor, in which case crystalline films can be obtained.13

However, the vast majority of ALD alumina films are grown
using TMA coupled with an oxygen precursor (water, ozone,
or oxygen plasma) under conditions that result in amorphous
films, with the upper limit of the deposition temperature
dictated by the decomposition temperature of TMA.
Postdeposition annealing of amorphous alumina films at or
above 900−1050 °C results in crystallization.14−19 In these
prior studies, phases observed after the postdeposition
annealing of ALD alumina typically begin with one or more
“transition” alumina phases and terminate at the highest
temperatures in the α-Al2O3 phase.
The composition of ALD alumina is not strictly stoichio-

metric Al2O3 but is more accurately described as
Al2Ox(OH)6−2x, sometimes with small amounts of carbon
impurities. When grown using the TMA-water process, ALD
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alumina films retain decreasing H contents as the growth
temperature increases.4,20−23 The hydrogen content is
primarily from water rather than the methyl groups, as
evidenced by isotopic studies.22 Near the growth temperature
used in this work (200 °C), films have been shown to retain
3−4 at. % hydrogen and very little carbon.20,22 Finally, the
density of ALD alumina also varies over a considerable range
(2.4−3.5 g·cm−3), depending primarily on the growth
temperature.4,22,24

Since many ALD alumina films are structurally amorphous,
understanding the effect of the short- and medium-range order
on properties is critical for applications. A significant body of
literature exists on the structures of amorphous and molten
aluminas, although very few studies have examined ALD
alumina. Of most interest to the present work, various studies
of X-ray,25−30 electron,31,32 and neutron26,29,30,33 scattering of
amorphous or molten alumina have been reported. These
scattering data can be transformed into real-space to provide
pair distribution functions (PDF) with information about
short- and medium-range order (i.e., across length scales of 1−
20 Å). These data can then be used to refine molecular
dynamics (MD) or reverse Monte Carlo (RMC) simulations
of atomic positions, yielding various structural quantities such
as the average coordination number (e.g., CNAl for the average
coordination number around Al), the percentage of individual
coordination numbers for each element (e.g., [4]Al, for the
percentage of Al coordinated by four oxygen atoms), bond
angle distributions, and the presence of certain medium-range
structures, such as assemblies of polyhedra.26,34−36 Notably, in
a study of molten alumina, Skinner et al., used neutron and X-
ray scattering and PDF data on molten alumina in combination
with RMC simulations to quantify a predominance of [4]Al
(57.5%) and [5]Al (34.7%) coordination numbers for Al with
minority components of [3]Al (3.5%) and [6]Al (4.3%). These
values for molten alumina are similar to other molten data and
solid-state amorphous alumina and are presented in Table 1 for
comparison to the present work. This similarity between
molten and solid-state amorphous alumina is not surprising, as
MD simulations show that the CNAl of supercooled liquid
alumina approached values measured for solid-state amor-
phous alumina samples.30

The local structure of solid state amorphous alumina has
been primarily examined by solid-state NMR and scattering
studies often coupled with atomistic simulations. Some
variance has been observed in both the estimated average
and distribution of coordination numbers (Table 1). Focusing
on ALD films, NMR studies of plasma-enhanced ALD

(PEALD) aluminum oxide revealed [4]Al (54.3%), [5]Al
(40.6%), [6]Al (5.1%). Quantification of coordination numbers
in NMR involves the integration of distinct NMR peaks, as
opposed to MD/RMC methods that rely on a cutoff pair
distance to define which pairs are “bonded”. Thus, agreement
between these two methods at determining the coordination
number may not occur. X-ray scattering and PDF analysis
coupled with RMC simulations on ALD alumina−carbon
nanotube composites was recently reported.25 This work
showed a similar PDF profile to molten alumina, and RMC
analysis indicated an average coordination number for Al of
CN 4.76Al = . Similar information, albeit with a higher CNAl
was found for cryoelectron-based scattering and PDF
analysis.31 Importantly, this prior work on electron and X-ray
PDFs of ALD alumina exploited the high surface area of
carbon nanotubes as a growth substrate, which may result in a
different local or long-range structure compared to most ALD
thin films due to the high degree of curvature.37

An understanding of ALD alumina thin films and, in general,
how synthetic factors lead to observed changes in measured
properties, such as electronic defects, has proven difficult for
amorphous materials. Accurate first principle calculations, such
as density functional theory (DFT), that have proven useful in
understanding the properties of crystalline materials are
hindered by N3 scaling (N being a measure of system size,
i.e., atoms, bands or basis functions, and unit cell volume), and
amorphous materials typically need large unit cells (on the
order of thousands to tens of thousands of atoms) to
accurately match experimental PDFs. Further, imposing any
periodicity on an aperiodic system will inherently create
artifacts that may only be due to the model and not the
material. Thus, first-principles predictions for amorphous
materials have been limited to those for which relatively
small unit cells (<500 atoms) are generated directly by MD38

or at the local density approximation39 level of theory.
The cited investigations of ALD alumina have yielded deep

insight and understanding of their compositions and how the
composition is affected by deposition temperature, chemistry,
and postprocessing. However, little is known about the local
structure in ALD alumina, and X-ray PDF data on planar ALD
alumina has not yet been reported. Further, the structural
evolution by post-deposition heating presents some valuable
scientific questions. For instance, is there an evolution in the
medium-range order prior to crystallization? In addition,
without a good experimental understanding of the local atomic
structure of ALD alumina, it is difficult to build accurate
computational models that might yield a better understanding

Table 1. Summary of Structural Data for Amorphous and Molten Aluminum Oxides

techniquea sampleb RC (Å) CNAl CNO [3]Al [4]Al [5]Al [6]Al ref

N- and X-PDF, RMC molten 2.5 4.40 2.9 3.5 58 35 4.3 30
N-PDF, EPSR molten 4.20 2.7 12 62 24 2 33
SS-NMR sputtered film 4.48 55 42 3 42
SS-NMR PEALD film 4.51 54 41 5.1 43
X-PDF, RMC ALD film on CNT 2.2 4.67 2.88 25
e-PDF, RMC ALD film on CNT 4.97 3 31
MD, melt quench 2.2 4.24 2.83 0.1 77 21 1.6 this work
MD, melt quench 2.5 4.41 2.94 0 65 30 5.4 this work

aN-PDF = neutron PDF; X-PDF = X-ray PDF; SS-NMR = solid-state nuclear magnetic resonance; EPSR = empirical potential structure
refinement; CNT = carbon nanotube; and MD = molecular dynamics. bIndicates whether experimental data were used to refine or determine
structure. If no feedback from experimental data was used, this field is blank.
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of the what structural motifs that lead to the measured
properties, such as fixed charge,40,41 of these important films.
Here, we combine grazing incidence synchrotron X-ray

scattering, MD simulations, and DFT-based calculations to
provide a better understanding of the geometric and electronic
structures of amorphous ALD films. In particular, grazing
incidence synchrotron X-ray scattering data were compared to
MD simulations that modeled short- and medium-range order
in amorphous ALD alumina planar thin films in the as-
deposited state and after annealing at 450 and 700 °C in air.
MD-generated unit cells exhibiting similar the short- and
medium-range characteristics of the ALD films were analyzed
using DFT, providing evidence of possible structural motifs
that lead to the trap states in these films.

■ EXPERIMENTAL
Film Growth. Borosilicate glass substrates (Corning 1737

AMLCD, 25 × 75 mm) were cleaned via sonication for 5 min
and subsequently by the Radio Corporation of America-1
(RCA-1) process. ALD was performed at 200 °C using TMA
and water, which were both held at room temperature.
Approximately 1.7−1.9 μm films were grown using a Veeco-
CNT Savannah 200 ALD system. ALD pulse times were 0.015
s for TMA and water, and a purge time of 8 s was used
between pulses, resulting in a growth rate of ∼1 Å/cycle. The
samples were then coated halfway with a photoresist. To
provide a known fluorescent material for footprint calibrations,
the samples were then coated with approximately 10 nm of
hafnium oxide by ALD using tetrakis(dimethylamido)hafnium-
(IV) (TDMAH) and water at a substrate temperature of 120
°C. The photoresist was then removed via 5 min of sonication
in acetone and subsequent rinsing with acetone, isopropyl
alcohol, and water. The samples underwent post-deposition
anneals of 450 and 700 °C under a continuous flow of
nitrogen, and one sample was left in the as-deposited state.
Spectator wafers without the hafnia coating were also
processed in parallel as control samples.
Film Measurements. Grazing incidence total X-ray

scattering44 measurements were then carried out on the thin
films at beamline 10−2 of the Stanford Synchrotron Radiation
Lightsource (SSRL) using a 21.5 keV monochromatic focused
X-ray beam narrowed using a pair of roller slits to dimensions
of ∼30 μm × 50 μm. In order to measure the high-Q total
scattering, the beamline consisted of soller slits and a silicon
drift detector (Vortex). A full multichannel analyzer (MCA)
spectrum was collected at every scattering point and utilized to
extract elastic, inelastic or Compton, and fluorescence signals
via spectrum analysis. Following careful alignment, X-ray
reflectivity (XRR) data and Hf L-edge fluorescence signals (Lα,
Lβ, and Lγ) from the hafnium oxide capping layer were
collected as a function of incidence angle for each sample.
Based on these XRR data and angle curves, the critical angle
was determined, and an appropriate incident angle (ca. 0.14
deg.) was selected to maximize scattering from the ALD Al2O3
film. This fluorescence optimization was coupled with
scattering scans as a function of the incident angle to ensure
the X-ray beam was fully attenuated before reaching the
borosilicate glass substrate. Total scattering data were collected
from momentum transfer (Q) from 0.1 to 20.1 Å−1, with a Q-
weighted counting scheme to ensure the data were of a
statistically significant quality up to 20 Å−1. This upper limit in
the Q range is due to constraints on the grazing incidence
setup for such thin films. Typically, a counting scheme was

used to ensure at least 10 000 counts at each Q value to ensure
a noise level of 1% or better based on Poisson statistics;
typically, at least three scans were averaged for each sample
before data analysis. An air scatter scan was also collected as a
correction for low-Q data.
To probe the sample composition, RBS data were collected

at Rutgers University using a General Ionex Tandetron with a
beam of 2.0 MeV He2+ ions. A solid-state detector was placed
at a backscatter angle of 163°. The combined beam and
detector resolution was 21 keV. Data were fit using SimNRA.
X-ray photoelectron spectroscopy (XPS) data were collected
using a Thermo K-Alpha system. Electrons were excited using
a monochromated Al Kα source with an energy of 1486.7 eV.
The total instrumental resolution was 0.5 eV. Films were
measured in the as-received state and after Ar sputter etching
intended to remove approximately 10 nm of material.
Elemental compositions were estimated by subtracting a
Shirley background from the Al, O, and C spectra and
normalizing each peak area by its Scofield cross section and the
inelastic mean free path calculated using the Tanuma−
Powell−Penn approximation.
PDFgui simulations. Computer-generated G(r) data from

crystal files were created using PDFgui.45 Crystallographic
information files were loaded, and G(r) data were generated
with the following parameters: ADP = 0.003, Qdamp = 0.001,
Qbroad = 0, and Qmax = 18.1. The θ-Al2O3 structure was also fit
in PDFgui (denoted θfit) to the experimental G(r) data, in
which case the cell parameters (a, b, and c), ADP, the scale
factor, and Qdamp were adjusted to attempt to match the
experimental data.
Molecular Dynamics. Classical molecular dynamics (MD)

techniques were utilized to simulate amorphous alumina. The
interatomic pair potentials describing the system energy and
the force on each atom as a function of the atomic
configuration are a combination of a long-range Coulombic
interaction and a short-range Buckingham potential, leading to
the following form for the potential energy between a pair of
atoms:

V r
Z Z e

r
A r

B

C

r
( ) exp

2

6= +
i
k
jjjjjj

y
{
zzzzzz

where r is the distance between atoms α and β and Z is the
effective charge of an atom (in units of electron charge e). In
simulations here, the long-range Coulombic contribution was
computed using an Ewald summation approach with a real-
space calculation cutoff of 12 Å; short-range Buckingham
contributions were also cut off at 12 Å. The pair specific
parameters A, B, and C and partial charge values Z for the
Al2O3 system were originally advanced by Matsui.46 This
potential was subsequently shown to predict many properties
of the Al2O3 system in agreement with the experiment,
including crystalline structures, density, bulk moduli, thermal
expansion behavior, and melting point.47,48 This potential was
also used to explore both the liquid state and the quenched
amorphous structure and demonstrated agreement with
experimental results, particularly for pair separation distan-
ces.36,49 In all simulations, a time step of Δt = 0.0005 ps was
used; this time step ensured numerical stability in high-
temperature simulations. The open-source simulation code
LAMMPS was used for all MD simulations.50 The simulated
amorphous samples were generated using a melt−quench
procedure.
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Samples with N = 5760 atoms (1152 Al2O3 stoichiometric
units) were initially constructed in an α-Al2O3 structure and
then melted at T = 5000 K in an isothermal−isobaric ensemble
(NPT with P = 1 atm) for a simulation duration of 100 ps.
Following this, maintaining an isobaric P = 1 atm condition,
the temperature was reduced to T = 2400 K over a simulation
duration of 100 ps. During a subsequent NPT ensemble
simulation at T = 2400 K, diffusion analysis again ensured the
system was in a liquid phase; the density at this state point was
ρ = 2.83 g/cc. Next, maintaining P = 1 atm, simulated systems
were quenched to T = 300 K over a prescribed time duration
corresponding to a specified quench rate. Quench rates (dT/
dt) explored here varied from 1 × 1011 to 1 × 1014 K/s. After
the system was quenched to T = 300 K, a 100 ps simulation in
an NPT ensemble was run with T = 300 K; the last 50 ps of
that simulation was used to compute structural data.
Simulations were demonstrated to be free from system size
effects by the negligible difference in the thermodynamic
behavior during the quench (e.g., density versus T) and the
structural characterization at T = 300 K (e.g., radial
distribution function analysis) between systems with N =
5760 atoms and N = 57600 atoms.
MD simulations were also used to generate smaller

amorphous Al2O3 structures with N = 240 atoms (58
stoichiometric units). Such small systems, while amenable to
density functional theory (DFT) calculations, truncate atomic
interactions at a distance less than the classical interatomic
potential cutoff, resulting in glass transformation temperatures
higher than those observed for simulated system sizes that fully
saturated the interatomic potential (i.e., N = 5760 atoms).
Thus, for the N = 240 atom systems, the quench to T = 300 K
was started from the equilibrated melt simulation at T = 5000
K and quenched with dT/dt = 1.5 × 1013 K/s. Because N =
240 atom systems exhibit a limited number of structural motifs,
five different samples were prepared to account for structural
variation. The five samples were obtained by beginning the
quench to T = 300 K at different points in time during the
preceding melt simulation at T = 5000 K.
DFT. First-principles calculations were carried out using

density functional theory (DFT) and the electron projector-
augmented wave (PAW) scheme as implemented in the
Vienna Ab Initio Simulation Package (VASP).51,52 Each
calculation was performed using a 400 eV plane-wave cutoff
coupled with the hybrid HSE0653 correlation-exchange
functional and the following [core]valence configurations for
each element: Al = [Ne]3s3p and O = [He]2s2p. Density of
states (DoS) calculations for the crystalline α- and θ- and θFit-
Al2O3 polymorphs were accomplished using 30 and 10 atom
unit cells, respectively, with k-space integrations over an 8 × 8
× 12 Γ-centered k-point grid. As the amorphous unit cells are
not definable by k-vectors, we report only the DoS sampled at
the Γ-point (i.e., the 1 × 1 × 1 grid). Because of the large
lattice dimensions of the N = 240 unit cells, the Γ-point-
sampled electronic structure likely captures a large number of
the electronic states of each unit cell.

■ RESULTS AND DISCUSSION
X-ray Scattering Data and Comparison to Crystalline

Polymorphs. The alumina samples were all deposited at a
sample temperature of 200 °C and split such that some
samples were annealed at temperatures of either 450 or 700 °C
to investigate potential thermally induced changes in short-
and medium-range orders. RBS and XPS performed on these

samples indicated that, as expected, the O/Al ratio was 1.5 ±
0.1. Additionally, the carbon content after ∼10 nm of Ar+

sputtering was less than 1%, matching what has generally been
observed using these growth conditions.54

Elastic X-ray scattering measurements (21.5 keV) were
conducted on ALD alumina thin films in a grazing incidence
geometry.44 I(Q) data were corrected for air-scattering,
absorption, Lorentz effects, polarization effects, Compton
scattering, and geometric dependency on momentum transfer
and then normalized to determine the X-ray-weighted total
structure factor, S(Q), using PDFgetX255 (Figure 1). The
S(Q) data show broad features and peak locations similar to
the measured S(Q) of molten alumina and ALD alumina on

Figure 1. (top) Smoothed S(Q) data and (bottom) corresponding
G(r) data for the as-deposited sample and the samples annealed at
450 and 700 °C. Vertical lines indicate approximate peak positions in
experimental G(r).
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carbon nanotube supports,25,30 providing evidence of the
similarity in the short-range structure.
The S(Q) was smoothly damped to zero at the high Q range

using a Lorch function56 to mitigate finite inverse Fourier
transform artifacts. These data were then transformed into real
space G(r) data (Figure 1, pair distances where clear peaks
were observed are marked with vertical dashed lines). Beyond
5 Å, no features were observed in the G(r) data . No significant
differences in the G(r) data were observed among the three
ALD alumina samples with different thermal histories,
providing evidence that no major structural changes occurred
after annealing at temperatures up to 700 °C, the highest
temperature accessible for this experiment due to the stability
of the borosilicate glass substrates. Specifically, no evidence for
the emergence of medium- or long-range order was found.
While 700 °C is below the temperature where crystallization
(emergence of long-range order) has been observed in prior
studies,14−19 this result provides evidence that no changes in
the medium- or short-range order occur at these intermediate
temperatures.
The experimental ALD alumina G(r) data were compared

with G(r) data of several known aluminum oxide and
hydroxide phases to search for similarity in the short-range
order (Figure 2). The first peak, which is associated with Al−O

pair separation (1.76 Å, reported from the peak center), is
notably shorter in the experimental data than those for most of
the crystalline phases, including the thermodynamically stable
α-alumina (1.94 Å), with the exception of κ- and θ-alumina
(1.87 and 1.79 Å, respectively); θ-alumina shows the closest
match. A decrease in the nearest-neighbor coordination
relative to crystalline polymorphs was previously measured in
molten metal oxides and may play some role in this short bond
length relative to the known crystalline polymorphs.57 The
second and third peaks of both the κ and θ phases align closely
with those of experimental ALD alumina G(r). The
comparison to θ-alumina, which has both four and six-
coordinate Al species, has been invoked in prior ALD alumina
X-ray scattering studies.25 The appropriateness of this
structural analog is evidenced by considering the average
CNAl of 5 in the θ phase and the fact that prior studies of
molten and amorphous aluminas have generally shown CNAl
values ranging from approximately 4.2 to 4.9 (Table 1). Thus,
these data provide further confirmation that planar ALD
alumina may exhibit similar average short-range order (SRO)
compared to molten alumina, θ-alumina, and ALD alumina
deposited on carbon nanotubes.25

To further investigate potential SRO matches to θ-alumina,
the crystalline polymorph was modified and fit to the
experimental data using PDFgui (Figure 3).45 Although

PDFgui models the X-ray PDF of a crystal, the unit cell
parameters, atomic displacement parameters, and broadening
parameters can all be modified to fit the experimental PDF and
may provide a simple model for the SRO in amorphous ALD
alumina and an assignment of features in G(r) to specific
atomic pairs. Parameters that were modified to fit the
experimental data are shown in the Supporting Information
(Table S1). The θ-Al2O3 G(r) data, a fit to the experimental
data (θfit), and the partial G(r) data for each pair are shown
along with the experimental G(r) data in Figure 3. The

Figure 2. From top to bottom: experimental G(r) data for as-
deposited ALD alumina and simulated G(r) data for selected Al2O3
phases and Gibbsite (Al(OH)3). Note that γ- and η-phases show
identical G(r) data, as they are the same structure. Vertical lines are
drawn at approximate peak positions for the experimental data, as
described in Figure 1b.

Figure 3. From top to bottom: experimental G(r) data for as-
deposited ALD alumina and θ-Al2O3 fit to experimental data using
PDFgui and partial G(r) data for Al−O, O−O, and Al−Al pairs from
the θ-Al2O3 fit.
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experimental G(r) data match well with the PDFgui-simulated
G(r) data, with differences primarily in the relative intensities
of peaks rather than peak locations. Notably, the first peak
corresponding to the Al−O pair is shifted in the θfit from 1.79
to 1.77 Å. Peak positions in the partial G(r) plot for O−O and
Al−Al pairs were observed beginning near 2.6 and 3.0 Å,
corresponding to the second and third features in the
experimental data, respectively. From this simple simulated
model, one can provide possible primary structural units
(PSUs) for this amorphous structure based on [4]Al and [6]Al
consisting of corner-sharing tetrahedra and corner- and edge-
sharing octahedra, respectively. Although these PSUs are
certainly an oversimplification of the structural diversity within
the actual films, they give a representative molecular
understanding of the film. One obvious shortfall of this simple
model is the lack of fivefold-coordinated Al species, which have
been observed in amorphous or molten samples both
experimentally and in simulations.26,30,36,42,43

Molecular Dynamics Modeling. In order to move
beyond structural modeling based on known alumina
polymorphs to a physics-informed “bottom up” approach,
classical MD simulations were used to generate amorphous
Al2O3 atomic configurations for comparison to the experiment.
Experimental systems studied here were prepared via ALD, but
the atomic-scale modeling of ALD at experimental growth
rates is not yet possible due to time constraints on MD
simulations. Thus, simulated amorphous samples were
generated using a melt−quench procedure. Because sample
preparation methods differ between the simulation and the
experiment, it is important to justify comparing results from
one to the other. Most notably, prior simulation studies that
explored the liquid and amorphous Al2O3 state using the same
potential model used here demonstrated agreement with
experiment, particularly for pair separation distances. In prior
work examining the amorphous state, a melt−quench
procedure was used while experimental data came from
samples prepared via the anodic oxidation of aluminum foils.
Thus, the model used here should predict an amorphous
structure with pair separation distances in agreement with the
experiment despite the fact that the computational work
described here does not model the ALD growth process.
The true nature of the amorphous structure is well

represented by the N = 5760 atom systems, which are large
enough to accurately capture the thermodynamics and kinetics
inherent in the underlying material model (i.e., the interatomic
potential functions). Quench rates spanning three orders of
magnitude were used to prepare simulated amorphous
samples, resulting in negligible differences in simulated
densities. For example, the equilibrated T = 300 K density
was ρ = 3.23 g/cm3 for the fastest quench rate dT/dt = 1× 1011
K/s, while ρ = 3.23 g/cm3 for the for the slowest quench rate
dT/dt = 1× 1011 K/s. Since the error in those values is on the
order of 1%, the difference observed is not statistically
significant. Note that the density values obtained were in the
upper half of the somewhat broad range of density that has
been observed experimentally for amorphous Al2O3 samples
(2.4−3.5 g/cm3).4,22,24,58

Minimal differences existed between simulated G(r) data
(Figure 4) for all quench rates using N = 5760 atom systems
quenched to T = 300 K; for discussion here, data from one
representative run are shown. G(r) bin atomic separation
distances were simulated without accounting for species-
dependent scattering and other effects that influence peak

intensities in experimental PDF data. Since peak positions are
unaltered by such effects, instead of comparing G(r) data from
the experiment and the simulation directly, we compare peak
positions obtained from simulated partial G(r) data (Figure 4)
to peak positions observed in the experimental G(r) plot . The
position of the first neighbor peak in simulated Al−O partial
G(r) data (1.8 Å) agrees well with the first peak position
observed in the experimental G(r) plot. Simulated Al−Al
partial G(r) data exhibit a broad first peak whose position (3.1
Å) is also in good agreement with a peak observed in the
experimental G(r) plot. Data from the simulated O−O partial
G(r) plot exhibit a first peak at 2.8 Å; at the same separation
distance, a shoulder feature is present on the broad second
peak in the experimental G(r) plot. Lastly, a relatively small
peak exists in simulated Al−O partial G(r) data at 4.3 Å, which
is in agreement with a peak observed in the experimental G(r)
plot. These observations provide evidence that the amorphous
Al2O3 structure obtained from MD simulations is comprised of
short- to medium-range bonding environments similar to those
that exist in the ALD-deposited samples. However, we note
that the MD-derived models may not capture all of the
bonding motifs in the actual ALD alumina samples. Given this,
simulated atomic ensembles were used to characterize the
short- and medium-range bonding environments in greater
detail.
Simulated atomic configurations can be used to characterize

bonding environments with greater detail than can be obtained
from experiments.59−62 The average coordination number of O
atoms around Al as a function of the cutoff distance Rc (Figure
5a) and the average coordination numbers (averaged over time
and all Al atoms in the system, Table 1) match well with
previous studies, which used coordination cutoffs (Rc) between
2.2 (CNAl = 4.24) and 2.5 Å (CNAl = 4.41). Examining
coordination statistics for both of these cutoff distances shows
that the coordination is dominated by fourfold-coordinated Al
and threefold-coordinated O. In addition, the bond angle

Figure 4. From top to bottom: experimental X-ray G(r) data from the
as-deposited ALD sample, total G(r) from the MD simulation, and
partial G(r) data for the Al−O, O−O, and Al−Al pairs.
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distributions (BADs, Figure 5b) for the O−Al−O and Al−O−
Al triplets were computed (Rc = 2.2 Å). The primary peak near
104° in the O−Al−O bond angle distribution results from
tetrahedrally coordinated Al atoms, and the small secondary
peak near 170° results from fivefold-coordinated Al atoms. For
the Al−O−Al bond angle distribution, the peaks near 95° and
120° correspond generally to edge- and corner-sharing
polyhedra, respectively, as observed in prior work.26,34,36,63

In addition to characterizing atomic bonding environments,
classical MD simulations were used to prepare amorphous
Al2O3 atomic ensembles for the DFT calculation of the
electronic structure; five N = 240 atom systems were
generated. Each system started the quench procedure from a
different starting state in the preceding T = 5000 K melt
simulation. The average approximate edge length for the N =
240 simulation cells is 13.5 Å, which ensure that atomic
interactions out to second and third neighbor shells are well
represented. Density, G(r), and BADs for these five systems
were compared to results for the N = 5760 atom system.
Although an identical quench rate was used in each of the N =
240 simulation procedures, variation existed in their T = 300 K
quenched density, which spanned from ρ = 3.05 g/cm3 to ρ =
3.30 g/cm3. For comparison to the N = 5760 atom system,
after quenching and equilibration at T = 300 K, all N = 240
atom systems were scaled in atomic space to have the same
density as the N = 5760 atom system (ρ = 3.244 g/cm3).
Scaled systems were then re-equilibrated for a 100 ps duration.
Density scaling resulted in the observation of at most a 2%
change in peak positions in full and partial G(r) data and did
not affect the overall shape of any structural distribution
presented here. The largest observed changes in coordination
statistics due to scaling were comparable to the approximate
error in those calculations (i.e., approximately 1−2%). Thus,
all comparison data presented here are for constant-density
atomic ensembles.
For each of the partial G(r) plots, significant variation

among the five N = 240 atom systems is evident (Figure 6).
Since G(r) is a histogram of atom pair distances, smaller
system sizes result in selective population of the histogram and
lead to variation among samples. Nonetheless, the pair
separation distances in the N = 240 atom systems are
consistent with those in the N = 5760 atom system, as
evidenced by the similarity between the average curve for the

N = 240 atom systems and the N = 5760 atom system (Figure
6).
Table 2 presents Al−O coordination statistics for the MD

models. The differences in coordination statistics in the N =

240 atom systems correlate with variations in partial G(r) data
in Figure 6. For example, samples III and V exhibit
characteristic increases in the concentration of fivefold- and
sixfold-coordinated Al along with an increased concentration
of fourfold-coordinated O. Those same two systems are the
ones whose first Al−O peaks in Figure 6a are shifted to slightly
larger separation distances, and Al−O bond lengths for
fivefold- and sixfold-coordinated Al atoms are, on average,
somewhat larger than those for fourfold-coordinated Al atoms.

Figure 5. Results for simulated amorphous Al2O3 using N = 5760
atoms. (a) Average coordination number (CN) of O around Al as a
function of the cutoff distance Rc used to find atoms within the first
coordination sphere. (b) Bond angle distributions for Al−O−Al
(solid, red) and O−Al−O (dashed, blue).

Figure 6. Partial G(r) for simulated amorphous Al2O3 systems. Three
sets of seven curves are shown; from top to bottom, they are for the
Al−O, Al−Al, and O−O pairs. For each set of curves, five are
presented with lower line weights; those five curves each represent
data from each of the five N = 240 atom systems. Two curves in each
set are shown in heavier line weights; one is an average over the data
from five N = 240 atom systems (dashed), and one is for the N =
5760 atom system (solid).

Table 2. Coordination Statistics in Amorphous Al2O3
Models Herea

system [2]O [3]O [4]O [5]O [3]Al [4]Al [5]Al [6]Al

N = 5760 19.3 78.5 2.2 0 0.1 77.0 21.3 1.6
N = 240
(avg)

18.7 71.1 9.9 0.3 1.1 65.3 28.2 5.3

N = 240
(I)

22.1 68.7 9.2 0 1.0 71.2 23.8 4.0

N = 240
(II)

24.5 70.9 4.5 0 1.2 79.5 17.3 2.0

N = 240
(III)

15.2 72.7 11.8 0.3 0 60.9 32.3 6.8

N = 240
(IV)

23.7 67.6 8.7 0 3.3 69.4 24.1 3.2

N = 240
(V)

8.1 75.4 15.2 1.3 0.2 45.5 43.8 10.5

aValues are percentages obtained using Rc = 2.2 Å, where [n]A is n-
fold coordinated A (atom).
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This is similar to some crystalline polymorphs that exhibit
sixfold-coordinated Al; for those species, Al−O bond lengths
are longer. For example, this longer Al−O bond length can be
observed in Figure 2 for gibbsite (Al(OH)3) and α-Al2O3.
Coordination data in Table 2 for N = 240 atom systems,
particularly on average, agree with data for the N = 5760 atom
system.
While it might appear that there are larger differences

between the N = 240 and N = 5760 atom systems for BADs
than for partial G(r), this is a statistical effect. Specifically, data
in G(r) are based on atomic pairs, while data in BADs are
based on atomic triplets, making the variation in BADs for
small systems more significant. Qualitatively, BADs (Figure 7)

from the small systems agree with data from the large system in
that the distributions all span effectively the same angle range,
and there is some agreement in the overall distribution shape
(number of peaks and peak position). The average plot of Al−
O−Al bond angles (Figure 7a) for the N = 240 atom systems
has two peaks whose positions are in reasonable agreement
with the N = 5760 atom system, which generally correspond to
corner- and edge-sharing polyhedra with reversed magnitudes.
Some of the N = 240 atom systems show a small peak at high
angles in both the Al−O−Al and O−Al−O bond angles that is
not present in the data of the N = 5760 atom system. For the
O−Al−O bond angle (Figure 7b), higher coordination Al
atoms in some of the N = 240 atom systems push the first peak
to a lower angle and increase the relative magnitude of the
peak at the high angle.
Overall, our analysis suggests that these smaller systems are

suitable as inputs for the DFT-based analysis of their electronic
structure and for understanding how short- and medium-range
order affect the electronic structure. Both the partial G(r) data
and BAD data for N = 240 atom systems show that the
structural motifs present in those systems are properly
representative of the N = 5760 atom system.
DFT Analysis of MD-Derived Amorphous Structure.

The N = 240 atom cells created using MD were used as inputs
in DFT calculations to examine the electronic structure of
amorphous alumina. These are directly compared to that of
crystalline (α and θ) Al2O3 and the PDFgui-modified θfit phase.
The DoS of the crystalline Al2O3 structures confirms that in

each crystalline polymorph the valence band (VB) is
hybridized oxygen p and aluminum d orbitals while the
conduction band (CB) is a mix of p and s character (Figure
8).38,39,64 The largest band gap (EG) is calculated for the α-

Al2O3 polymorph at 7.76 eV. This value was reduced to 6.46
and 7.08 eV for the θ and θfit polymorphs, respectively. The
DoS values show that the increase in EG from θ to θfit is due to
the red-shifting of a small shoulder peak of mainly p character
away from the Fermi energy (EF) in θfit. This effect can be
attributed shorter Al−O bond lengths and thus better orbital
overlap between Al and O atoms, which result in a lower-
energy peak in θfit. Similar differences in band edge positions
arising from variations in the local Al−O symmetry were
documented previously.65

The high disorder of amorphous Al2O3, the variation in the
five N = 240 unit cells, and the symmetry restriction to Γ-point
sampling could make the DFT analysis of the electronic
structure of these materials difficult.66−70 However, the slight
variations seen in the G(r) data and BADs of each N = 240
unit cell does not lead to a large difference in the DoS (Figure
8 and S2) or the orbital-resolved projected DoS (Figure S3).
However, the atomic disorder creates a large number of tail
states that result in the significant disruption of defined VB and
CB edges, in comparison to the crystalline structures, and
prevents the conclusive assignment of EG. To gain further
insight into the nature of these tail states, we calculated the
inverse participation ratio (IPR) for each amorphous sample,
which was defined for the ith Kohn−Sham orbital φi in real
space as

IPR( )i
i
N

i

i
N

i

1
4

1
2 2=

| |
| |

=

=

Such analysis has been used extensively to investigate the
electronic properties of amorphous materials.68,71,72 The IPRs
for the five amorphous samples indicate that the greatest
degree of localization occurs for electrons at the top of the VB
(Figure S4), as delocalized bands are not found until ∼2 eV

Figure 7. Bond angle distributions for (a) Al−O−Al and (b) O−Al−
O in the simulated amorphous Al2O3 systems. There are seven curves
in each plot, five of which are presented with lower line weights; those
five curves each represent data from one of the five N = 240 atom
systems. Two curves are shown in heavier line weights; one is an
average of the data over the five N = 240 atom systems (dashed), and
one is for the N = 5760 atom system (solid).

Figure 8. Projected density of states for (a−c) crystalline and (d)
amorphous Al2O3 polymorphs. The amorphous density of states was
obtained by averaging data across all five N = 240 samples (all are
shown in Figure S2) and shows the characteristic disruption of the
defined valence band and conduction band edges.
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below EF. Inspection of the charge density of these tail states
across all five samples shows that electrons localize in 2p
orbitals centered on twofold-coordinated bridging oxygens
(Figure S4). These states are unique to the amorphous
structure, as the crystalline polymorphs contain only threefold-
and fourfold-coordinated oxygens.
Above EF, low IPR values indicate the formation of extended

Bloch states that allow the qualitative estimation of the
mobility edge, giving an approximate EG of 6−7 eV for the
amorphous samples. However, in several of the samples
studied, localized electron traps occur ∼2 eV or more below
the extended CB edge. These states consist of regions of
localized charge density within cavities formed by Al−O ring-
like structures in the material (Figure S4). Electron trapping in
such sites was previously suggested to be the source of a
number of observed properties, particularly negative charging
in amorphous Al2O3 films.73 Among the five amorphous
samples studied here, the degree of localization, energetics, and
structural motifs that contribute such electron traps are highly
variable; however, all samples indicate that both twofold-
coordinated oxygen and Al−O rings are critical structures that
exist in the amorphous material that change the electronic
properties of the material.

■ CONCLUSIONS
X-ray scattering-derived structural data were acquired for ALD
alumina films with different thermal histories. Notably, similar
short-range order was found for these samples compared to
molten and other amorphous alumina samples. The closest
crystalline structural analog was found to be θ-alumina. More
realistic structural models were created using MD, and these
models matched well with peak positions from the X-ray-based
PDF data and prior MD results. Careful downscaling of the
MD model size resulted in DFT-tractable models largely
consistent with larger models. The calculated electronic
structure confirmed that most of the properties of amorphous
alumina are similar to those of θ-alumina. However, Al−O
alternating ring structures and twofold-coordinated oxygen
lead to midgap electron traps and the modification of the
valence band edge, respectively.
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