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Uncovering Nanoclusters in Amorphous AIN: An Ab Initio Study

Murat Durandurdu®
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Amorphous AIN (a-AIN) is modeled by melt-and-quench tech-
nique using ab initio molecular dynamic simulations. For the
first time, three-dimensional hexagonal-like nanoclusters
embedded in amorphous matrix are proposed for a-AIN. The
model is chemically ordered and dominantly fourfold coordi-
nated, but its short-range order is partially different from the
crystalline morphology due to the nanoclusters. The model is
semiconducting with a theoretical band gap of 1.7 eV.

I. Introduction

A LuMINUM nitride (AIN), a technologically important
electronic ceramic with a wide band gap of 6.2 eV,!
possesses superior physical properties.>™ It has a high-melt-
ing point, high thermal conductivity, good dielectric strength
and high hardness. Due to these remarkable physical natures,
AIN is considered as a good candidate for a wide range of
high technological applications such as microelectronic sub-
strate applications, short wavelength light-emitting diodes,
laser diodes, and optical detectors, as well as for high-tem-
perature, high-power, and high-frequency devices.

At ambient conditions, AIN has two crystalline structures:
the hexagonal wurtzite (WZ) crystal with space group P6smc
and the zinc blende (ZB) cubic crystal with the space group
F43m. However, the ZB phase is stable only when it is very
thin 1.5-2.0 nm and it transforms to the WZ structure at lar-
ger thickness.” In addition to these crystalline modifications,
there exists amorphous form of AIN (a-AIN), which can be
easily grown using reactive sputtering, plasma-enhanced
atomic layer deposition, and single ion beam sputtering tech-
niques.®'? 4-AIN is exgected to have some important tech-
nological applications'® but regrettably, its fundamental
physical properties are still not well understood because of
the limited investigations on this material. To understand its
basic physical properties, it is necessary to have an atomistic
level description of a-AIN. Such a description can be easily
achievable through the current simulation techniques. To our
knowledge, there are a few theoretical works on a-AIN. The
first simulation based on an empirical potential did focus on
only mechanical and thermal properties of a-AIN but did not
discuss its local structural arrangement in details.'* The sec-
ond one was a first-principles calculation and provided valu-
able information regarding the short-range order of a-AIN.'?
The third one is based upon an approximate ab initio calcu-
lation and offered substantial information about not only the
structural parameters but also the electronic structure of
a-AIN.'® Both quantum mechanical simulations'>!¢ strongly
suggested that a-AIN is indeed chemically ordered, that is,
no Al-Al or N-N bonds exist in their model. However,
the striking difference between these two first-principles
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calculations is the coordination distributions. Although
threefold coordination defects were observed in both amor-
phous networks, fivefold coordination defects were not pre-
sented in the model of Ref. [16]. The dissimilarity between
these two simulations can be associated with many factors
but two suspects that can be noticed effortlessly are the size
of simulation boxes (64 atoms'> vs 216 atoms'® and the sim-
ulation time (less than 1.0 ps'> vs several ps'®) used in these
studies.

The realistic representation of structural and chemical
defects in simulations for disordered systems is really impor-
tant as they play a key role in their physical properties.
Therefore, an additional study is mandatory to reveal the
accurate microstructure of @-AIN and understand its physical
properties. Here, we systematically explore the structural and
electronic properties of a-AIN obtained from its liquid state
using an ab initio molecular dynamics technique and uncover,
for the first time, three-dimensional hexagonal-like nanoclus-
ters embedded in the amorphous matrix. The formation of
nanoclusters in a-AIN yields partially different local environ-
ments relative to the crystalline morphology even though the
model is chemically ordered and dominantly fourfold coordi-
nated. These findings will lead to new perspectives on a-AlIN.

II. Method

The calculations were carried out using the SIESTA code.!”
The method is based on the density functional theory (DFT)
adopting a localized linear combination of atomic orbital
basis sets for the description of valence electrons and norm-
conserving nonlocal pseudopotentials for atomic core. The
pseudopotentials were constructed using Troullier and Mar-
tins scheme.'® The exchange correlation energy was calcu-
lated using the generalized gradient approximation that
implements Becke gradient exchange functional'® and Lee,
Yang, Parr correlation functional.”® The double-& plus polar-
ized orbitals were employed. A uniform mesh with a plane
wave cutoff of 120 Ryd was used to represent the electron
density, the local part of the pseudopotentials, and the Har-
tree and the exchange-correlation potential. The molecular
dynamics (MD) simulations were performed using the NPT
(constant number of atoms, constant pressure, and constant
temperature) ensemble. The simulation cell consists of 216
atoms with periodic boundary conditions. We used I' point
sampling for the Brillouin zone integration. The initial ZB
structure was melted at 5500 K for 1.0 ps. The liquid state
was quickly cooled to 3000 K and then to 2600 K. At these
temperatures the structure was equilibrated for 7.5 and
12 ps, respectively. The structure was cooled to 300 K in a
period of 10 ps. The amorphous network at 300 K was
finally relaxed. Each time step is one femtosecond (fs). Tem-
perature was controlled using the velocity rescaling method.
The volume of the supercell at zero pressure was equilibrated
using the Parrinello Rahman technique.”!

I11.

To determine the interatomic correlations and the compare
our model with the previously published models, we first
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study the total and partial pair distribution functions, which
are presented in Fig. 1. The first sharp peak located at
1.91 A in total pair distribution is due to the Al-N correla-
tion. The second peak around 3.22 A comes from both A-Al
and N-N partial correlations. Although the first quantity is
accord with the previous ab initio MD result of 1.91 A (Ref.
[15]), the second one is slight larger than 3.07 A reported in
that study.

We next focus on another essential structural parameter,
coordination number. We use the Voronoi polyhedral tech-
nique to determine the coordination number. The computed
coordination numbers, together with the earlier ab initio MD
simulations’ results are given in Table I. As seen from the
table, the fourfold coordination is the most favorable unit in
our amorphous model, similar to what has been observed in
Refs. [15] and [16]. However, the amount of defects (three-
fold and fivefold) formed in our @-AIN system is noticeable
less than the ones reported in those studies. So these findings
might be interpreted as a tendency of our model to preserve
more characteristic of crystalline morphology, relative to
Refs. [15] and [16]. Based on the coordination distributions,
it can be also concluded that the local structural arrange-
ments obtained in these simulations (present and previous)
are partially different from each other. The Voronoi exami-
nation further suggests that a-AIN is chemically ordered,
that is, no Al-Al and N-N homopolar bonds exit in the
model.

To have more information about the short-range order, we
also analyze the model using three body correlations,
bond-angle distribution functions. The AI-N-Al and N-Al-N
distributions are illustrated in Fig. 2. In contrast to our
anticipation (since the model has an average coordination of
four), the model features very broad distributions with a
main peak to close to the tetrahedral angle of 109.47° similar
to what has been observed in Ref. [16]. The main peak is due
to the ideal or distorted tetrahedral units in the model. On
the other hand, the unexpected subpeaks around 88°-90° and
large angles indicate some local structural arrangements, very
different from the tetrahedral configurations. Similar
subpeaks were indeed reported in different nitrogen based
amorphous models such as GaN, Al,Ga;_ N and InN and
attributed to the existence of the edge-sharing units,
that is, the fourfold rin%s, which do not exist in their
crystalline counterparts.'>*** To determine the physical ori-
gin of these subpeaks in our model, we perform a ring statis-
tic investigation and find quite amount of fourfold rings. A
careful analysis of these units reveals that they are indeed
responsible for the subpeaks and neighboring angles as sug-
gested in the previous simulations. The large angles >130°
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Fig. 1. Total and partial pair distribution functions.

Vol. 98, No. 4

Table I. Coordination Distribution of a-AIN

Threefold (%) Fourfold (%) Fivefold (%) Ref.
4.6 91.7 3.7 Present study
22 78 0 [16]
13 81 6 [15]
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Fig. 2. Al-N-Al and N-AI-N bond angle distributions.

are due to the fivefold-coordinated atoms and their fourfold-
coordinated neighboring atoms having edge-sharing units.
Another interesting observation is the formation of slightly
deformed hexagons with the sixfold rings as seen in AIN
nanosheet.>* The hexagons produce angles around 120°. In
some parts of the model, two close hexagons are linked each
other by bonds and form three-dimensional hexagonal-like
nanoclusters (drumlike) having the fourfold and sixfold rings
as shown in Fig. 3. It should be emphasized here that these
nanoclusters have one or two missing bonds and hence they
are uncompleted and distorted, which is probably results of
the disorder nature of model. Consequently, they have non-
uniform bond lengths and angles. The Al-N bonds range
from 1.86 to 2.1 A and the angles (AI-N-Al or N-Al-N)
range from 75° to 130°. The bond separations are close to
the AI-N bond distances of 1.85—197 A formed in AlgNyg
hexagonal cluster.?® These findings are particularly important
because they propose, for the first time, the existence of
hexagons and hexagonal-like nanoclusters embedded in the
amorphous matrix in AIN. Our results further suggest that
a-AIN has partially different local structural arrangements
relative to the crystalline phases due to the nanoclusters.

It should be noted here that these types of clusters are not
a novel structure for AIN. To date a wide ranges of AIN-
based nanostructures have been successfully synthesized
using different experimental procedures. A graphite-like hex-
agonal AIN nanosheet is known to exist** and hexagon and
three-dimensional hexagonal (drumlike) clusters were found
to be the lowest energy isomers for (AIN), (=3 and 6)
(Refs. [25] and [26]). Therefore, their formation in a-AIN
cannot be questionable but really thrilling because it might
lead to a new research direction in AIN. If the size of clusters
is controlled experimentally, then the physical properties of
a-AIN can be tunable to desirable values and hence it can
find a wide variety of new technological applications.

Regrettably, we are not able to provide full supportive
results to neither of the previous simulations.">'® Indeed our
simulations suggest a more complex structure for ¢-AIN rela-
tive to them. So one might ask the physical origin of these
different observations, in particular the formation of nanocl-
usters. In Ref. [15] the size of the simulation box is too small
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Fig. 3. (a) a-AIN model. (b) and (c) Hexagonal-like nanoclusters with missing one bond. (d) and (e) Hexagonal-like nanoclusters with missing

two bonds.

and the time scale is too short to capture such features in
a-AIN. In Ref. [16], even though the size is big enough, the
total simulation time is quite shorter than what has been used
in our simulation. In addition, the simulation technique used
in Ref. [15] has some limitations.*> Therefore, the dissimilar
results can be attributed to the size of the simulation boxes, the
timescale of simulations and the parameters (basis, exchange
correlation functional, etc.) used in these simulations.

Finally we study the electronic property of a-AIN,
described by electronic density of state and compare it with
that of wurtzite AIN (72 atoms model). The computed
EDOS for amorphous and crystalline phases near the Fermi
level located at £ = 0 eV is shown in Fig. 4. The GGA band
gap as a difference between the top of the valence band and
the bottom of the conduction band is about 4.0 eV for the
crystal, which is accord with the previous DFT calculations’
but as expected it is smaller than experimental result of
6.2 eV (Ref. [1]), mainly because of the well-known short-
coming of DFT within the GGA in describing excited states.
The band gap obtained from the present calculation is not
therefore comparable with the experiment results but give
some idea about relative band gap difference between two
states of AIN. As seen from the Fig. 4, for a-AIN, the top of
the valance states and the bottom of the conduction states
move toward to the Fermi level, resulting in a closure of its
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Fig. 4. Electron density of states of amorphous and crystalline AIN
near the Fermi level.

band gap energy. The theoretical bad gap for a-AIN is calcu-
lated to be 1.7 eV. Based on compression of these values, the
experimental gap energy for a-AIN can be estimated around
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2.6 eV. Note that amorphous systems do not have unique
structure in a contrast to crystals and thus they can have a
slightly different topology (depending on preparation tech-
niques) and band gap energy. As the band gap energy corre-
lates with the size of the clusters, a-AIN can serve as a good
candidate for gap engineering if the size of clusters can be
changed easily.

I1V. Conclusions

In summary, we have generated an ¢-AIN model by quench-
ing from the melt and found that ¢-AIN has a tendency to
form a chemically ordered topology with an average coordi-
nation of four. However, the model has partially different
local structure than crystalline phases because of the hidden
hexagonal-like nanoclusters in amorphous matrix. Uncover-
ing nanoclusters probably will lead to more future works on
a-AlN since its properties can be engineered to desirable val-
ues by altering the size of these clusters. It should be noted
here that we certainly have finite size artifacts in our simula-
tion, which might artificially favor an amorphous model with
no chemical disorder. A small/negligible amount of homopo-
lar bonds might be presented in a larger model or in experi-
mentally prepared samples. In addition, the size of
nanoclusters can correlate with the size of the simulation
box and hence the nanoclusters might be at a larger scale
for a bigger model. Of course any structural change influ-
ences on the electronic properties of «-AIN. Finally, we
would like to remark on unexpected structural parameters
such as fourfold rings, edge-sharing units, etc., reported for
other nitrogen based amorphous materials,'®**?* similar to
those found in ¢-AIN. On the basis of those reports, we are,
however, not able to propose three-dimensional nanoclusters
(nanocages) for them because each material appears to have
different favorable cluster configurations,® different from
those of AIN. However, further experimental and theoretical
studies are needed to investigate their microstructures in
details.
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