J. Am. Ceram. Soc., 99 [5] 1594-1600 (2016)
DOI: 10.1111/jace.14186
© 2016 The American Ceramic Society

Journal

Polyamorphism in Aluminum Nitride: A First Principles Molecular

Dynamics Study

Murat Durandurdu®

Department of Materials Science & Nanotechnology Engineering, Abdullah Giil University, Kayseri 38080, Turkey

The high-pressure behavior of amorphous aluminum nitride is
investigated for the first time by means of ab initio molecular
dynamics simulations. It is found to undergo two successive
first-order phase transformations with the application of pres-
sure. The first one is a polyamorphic phase transition in which
the low-density amorphous phase transforms into a high-density
amorphous phase having an average coordination number of
about 4.6. The high-density amorphous structure transforms
back to a low-coordinated amorphous network upon pressure
release but its density is higher than that of the original low-
density amorphous phase. The second phase change is the crys-
tallization of the high-density amorphous state into a rocksalt
structure. A careful analysis suggests that the hexagonal-like
nanoclusters presented in amorphous aluminum nitride prevent
the formation of a very dense amorphous phase (about sixfold
coordinated) during the first phase transition and they act as a
nucleation center for the crystallization process.

I. Introduction

A LumiNUM Nitride (AIN), an important ceramic of con-
siderable current interest, has both crystalline and
amorphous forms.'® Crystalline AIN has been studied
extensively for last few decades and its remarkable proper-
ties, and possible technological applications have been dis-
cussed in details.””'? It has a high melting temperature and
a thermal stability, which make AIN a suitable material for
refractory applications'® and high-temperature electronics,
for example, ultra-high-temperature piezoelectric sensors.'®
It is also used in the microelectronic industry such as
electronic packaging, heat sink, etc.'>!'® due to its high ther-
mal conductivity.

For the case of amorphous AIN (a-AIN), regrettably its
properties and its potential high-tech applications are still far
from our understanding because of limited investigations on
it. The doped a-AIN with rare earth elements appears to
have some practical applications for optical, photonic, and
electronic devices.'”~

The ground state of AIN is the hexagonal wurtzite (WZ)
structure having space group P63mc' but the formation of a
metastable zinc blende (ZB) type of AIN within F43m sym-
metry was also reported in an experiment under some specific
conditions.” For a-AIN, its microstructure has not been dis-
cussed in any experiment, to our knowledge, but theoretical
studies based on first principles molecular dynamic (MD)
techniques reported that the local structural arrangement of
a-AIN appears to be partially different from the crystalline
phases because the computer generated amorphous models
present the edge-sharing units (four membered rings)***** and
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three-dimensional hexaigonal-like nanoclusters embedded in
the amorphous matrix,”* neither of which exists in the crys-
talline states. The presence of these unusual clusters might
lead to new research on a-AIN and possible its applications
in nanotechnology.

Because of its high technological relevance, the behavior of
the WZ-AIN under extreme conditions is also of interest.>>=®
The pressure-induced first-order phase transformation from
the WZ structure to the rocksalt (RS) structure (Fm3m) was
reported in several experiments.”> >’ This phase transition
exhibited a quite large hysteresis and upon pressure release,
the RS structure did not transform back to the ground state®
and instead it persisted at atmospheric pressure. The WZ-to-
RS phase transformation was analyzed using the quantum
mechanical calculations as well and the phase transition was
predicted to take place at about 8.3-16.0 GPa, =% fairly
agreeing with the experimental transition pressures of 14.0—
22.0 GPa.>>2” Moreover, the transformation mechanism from
the WZ phase into the RS crystal was investigated by means
of a constant pressure ab initio MD technique and two five-
fold-coordinated intermediate phases within P63/mmc and
Cmem symmetries were proposed for this reconstructive phase
transformation.

For the case of a-AlIN, to our knowledge, no high-pressure
investigation has been reported in the literature so far but
based on the previous experimental and computational anal-
yses on insulating or semiconducting amorphous systems,
two possible scenarios at room temperature can be consid-
ered for a-AIN. It can either transform into a crystalline
phase or transform into a high-density amorphous (HDA)
phase having different bonding environments, a phenomenon
commonly observed in tetrahedrally coordinated disordered
materials.**> The phase transformation into a HDA phase
under pressure is of not only scientific interest but also tech-
nological interest because it implies a way to produce new
amorphous materials with the same composition but with
different optical, mechanical, or electrical properties.*s>!

In this work, the response of a-AIN to high pressure is,
for the first time, investigated using an ab initio constant
pressure MD method that was successfully applied to probe
the WZ-to-RS phase transition of AIN*’ and to model
a-AIN.>* Two successive first-order phase transitions in
a-AIN are observed through the MD simulations. AIN
undergoes a polyamorphic phase change (first-order amor-
phous-to-amorphous phase transition) before it crystallizes
into a RS structure with the application of pressure. The
HDA phase is semiconducting and has a band gap energy
larger than that of the LDA phase.

IL.

We performed MD simulations using a well tested ab initio
code, SIESTA.®® The method is based on the density func-
tional theory (DFT) and uses a localized linear combination
of atomic orbitals as basis sets. The Troullier and Martins
scheme was applied to construct norm-conserving pseudopo-
tentials.®! The exchange-correlation energy was estimated by

Methodology
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Fig. 1. Equation of state of «-AIN wupon compression and
decompression.

means of the generalized gradient approximation that imple-
mented the Becke gradient exchange functional® and the
Lee, Yang, Parr correlation functional.®® The double zeta
plus polarized orbitals were employed. A uniform mesh with
a cutoff of 120 Ryd was used to represent the electron den-
sity, the local part of the pseudopotentials, and the Hartree
and the exchange-correlation potential. An a-AIN model was
generated using the same simulation technique from the lig-
uid state (see Ref. [24] for more information) consisting of
216 atoms with periodic boundary conditions. We used I’
point sampling for the Brillouin zone integration. External
pressure was controlled by the Parrinello-Rahman method®
and increased progressively by an increment of 5 GPa. A
period of 6000 MD steps was found to be reasonable to have
the equilibrium volume at each applied pressure. Yet addi-
tional 5000 MD steps were run at and before the phase
transformations to ensure that the system reached to the true
equilibrium state. The time step of each MD simulation was
one femtosecond. During the MD simulations, the power
quenching technique was adopted, in which the velocity com-
ponents for atoms or simulation box were set to zero when
the velocities and forces had opposite signs. To visualize the
structures the VESTA® program was used. As pointed out
before, the Parrinello-Rahman method implemented in the
SIESTA code was very successful in reproducing experimen-
tally observed phase transition in AIN and predicting inter-
mediate states for the WZ-to-RS phase transition.*

III. Results

The equation of state of a-AIN under pressure is illustrated
in Fig. 1. The volume exhibits a sharp modification at 45
and 65 GPa. The volume dropped at 45 and 65 GPa is about
6% and 11%, respectively. Based on an abrupt volume
dropped and a noticeable increase in the average coordina-
tion number (see below) at these pressures, the phase
transitions in @-AIN are thermodynamically classified as a
first-order phase transformation.

In order to have an atomic level description of the struc-
ture at these critical pressures and to understand the pres-
sure-induced local structural rearrangements, the partial pair
distribution functions (PPDFs), given in Fig. 2, are consid-
ered primarily. As understood from the figure, owing to the
first phase transition at 45 GPa, the structure still remains
amorphous because the PPDFs do not represent the
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Fig. 2. Partial pair distribution functions (PPDFs) at selected
pressures.

long-range correlations. This observation can be interpreted
as the occurrence of a first-order amorphous-to-amorphous
phase transformation (polyamorphic) in a-AIN. On the other
hand, as for the second phase transformation at 65 GPa, the
pronounced peaks at the long-range correlations obviously
demonstrate a pressure-induced ordering in the model. The
crystallization is visibly reflected in the PPDFs but the
polyamorphic phase transition is not since there are no
apparent drastic changes observed in the general shape of the
PPDFs except that the position of the first peak of the AlI-N
correlation shifts slightly to a higher distance at 45 GPa as
shown in Fig. 3. This shift is associated with a noticeable
increase in the coordination number (CN). The HDA phase
at 45 GPa and the crystalline phase at 65 GPa are illustrated
in Fig. 4. a-AIN crystallizes into a RS phase having some
structural defects.

In a contrast to the PPDFs, bond angle distribution func-
tions (BADFs) shown in Fig. 5 present a dramatic modifica-
tion during both phase transformations. The main peak
around 109° and subpeak near 90° at zero pressure are due to
tetrahedral and edge-sharing configurations, respectively. The
angles around 120° are principally due to hexagons (see Ref.
[24]). It should be mentioned here that the BADFs do not
exhibit significant amendments except a small variation in the
intensity of the main peak/subpeak and the appearance of very
feeble peaks beyond 150° and below 70° until the first phase
transformation takes place at 45 GPa. This means that the
amorphous network undergoes insignificant structural rear-
rangements up to 45 GPa. Owing to the first phase transfor-
mation, the subpeak around 90° is considerably pronounced
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Fig. 3. The first peak position of the Al-N separation as a function
of pressure.
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and becomes the main peak in the both distributions, whereas
the tetragonal angle peak around 109° is severely suppressed.
Note that the suppression of this peak does not mean that the
tetrahedral configurations are completely disappeared in the
structure. As will be discussed below, they still exist in the
model but the local structural units (fourfold rings) producing
angles around 90° are dominated. The existence of a weak sub-
peak around 109° in the Al-N-Al distribution after the first
phase change denotes that N-atoms have tendency to reserve
more tetrahedral configurations than Al-atoms. Additionally,
the presence of a subpeak around 120° suggests that hexagons
still persist in the HDA phase of AIN.

Since pressure-induced amorphous-to-amorphous phase
transitions are commonly identified by the coordination
modification in nonmetallic systems, we next investigate the
CN as a function of pressure and exhibit our data in Fig. 6.
As realized from the figure, the CN increases marginally up
to 45 GPa, at which point it suddenly jumps to a value of
4.6. Further increase in pressure results into a gradual
increase in the CN initially and a second jump to 5.97 at
65 GPa. An analysis of the coordination distribution sug-
gests that in the HDA state, about 51% of atoms are fivefold
or higher coordinated and the rest are fourfold coordinated.
Consequently, this phase transformation can be classified as
a partial phase transformation. At 65 GPa, most atoms are
sixfold coordinated as anticipated. Unexpectedly at each
applied pressure, the partial average CN of Al and N is
found to exactly overlap with the total average CN of the
system although their coordination distribution is slightly dif-
ferent. For example at 45 GPa, fourfold, fivefold, and sixfold
coordination are about 49%, 44%, and 7%, respectively for
Al while they are near 50%, 42%, and 8% for N-atoms.

In order to find the structural relation between the HDA
and high-pressure crystalline phases of AIN, a detailed
description of the short-range order of the HDA state must
be provided. Such a description further allows us to better
understand the pressure-induced phase transitions. A com-
prehensive study of the local structure of the HDA phase
suggests that the fourfold- and sixfold-coordinated atoms are
tetragons and octahedrons, respectively, whereas the fivefold-
coordinated configurations are incomplete octahedrons with
missing one atom. They have a central atom surrounded by
five atoms having a pyramid shape (see Fig. 7). The central
atom and its four neighbors are unevenly on the base of the
pyramid and its fifth neighbor is on the plane passing
through the top vertex and perpendicular to the base of
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Fig. 4. Low-density amorphous (LDA) phase at zero pressure
(upper panel). High-density amorphous phase (HDA) formed at 45
GPa (middle panel). RS phase formed at 65 GPa (lower panel).

the pyramid. Here, one might ask whether the formation
of fivefold-coordinated clusters at high pressure is physical
in a-AIN since the WZ-AIN transforms directly to a
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Fig. 5. The bond angle distribution functions (BADFs) at selected
pressures.
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Fig. 6. Coordination number as a function of pressure.

3.5

sixfold-coordinated RS structure with the application of pres-
sure. The answer is yes. Indeed the fivefold-coordinated two
intermediate phases were proposed for the pressure-induced
the WZ-to-RS phase transition.** The fivefold-coordinated
clusters observed in a-AIN are surprisingly similar to ones
formed in these intermediate phases (see Fig. 7). It should be
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Fig. 7. Fivefold-coordinated cluster formed in a-AIN (upper panel).
Intermediate P63/mmc phase formed during the WZ-to-RS phase
transformation (lower panel).

pointed out here that the completely fivefold-coordinated
structure is unstable in crystalline AIN.>** An entirely five-
fold-coordinated a-AIN is probably not stable too and hence
a partial phase transformation occurs in a-AIN under pres-
sure. Based on these findings, we can firmly state that the
HDA phase carries the signature of the LDA phase (tetrahe-
dral), the fivefold-coordinated intermediate phase(s) proposed
for the WZ-to-RS phase transformation and little RS crystal.
Consequently, the HDA phase of AIN might be character-
ized as an amorphous intermediate phase between the LDA
phase and the RS crystal.

Upon pressure release, as shown in Fig. 1, the volume
exhibits a hysteresis and the original volume is not recovered.
On the other hand, as understood from Fig. 6, the CN
decreases gradually upon decompression and reaches a value
of about 4 at zero pressure. This means that a densified low-
coordinated amorphous network is recovered on decompres-
sion. A careful consideration using both PPDFs and BADFs
reveals that the short-range of the uncovered a-AIN upon
pressure release is not noticeably different from that of the
original model. On the basis of these results, we openly con-
clude that the amorphous-to-amorphous phase transition in
AIN is structurally reversible but pressure leads to a perma-
nent densification by probably removing free volumes.

The HDA phase of semiconducting materials frequently
presents metallic character. Since some high-tech applications
of a-AIN depend on its electronic properties, we finally
explore the influence of pressure on electronic structure of a-
AIN using total and partial electron density of states (EDOS
and PDOS). Figure 8 shows the computed EDOS near band
gap region for selected pressures. At ambient condition, the
band gap energy is about 1.7 eV and it has a trend to
increase nonlinearly with the application of pressure. One
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Fig. 8. (a) Electron density of state (EDOS) near band bap energy
at selected pressures (b) Variation of band gap energy under pressure.

can see that both valence and conduction states shift to
lower energies with increasing pressure but the shift of the
valence states is more than that of conduction states, result-
ing into an increase in the band gap energy. Indeed, the gap
width of the WZ phase was also found to be very sensmve
to pressure and increased gradually with increasing pressure”
and the RS crystal had a wider gap than WZ state (using the
same simulation technique, the band gap of the WZ and RS
phases at zero pressure was calculated to be about 3.75 and
4.12 eV, respectively). So one can see that a-AIN exhibits a
parallel behavior with the WZ phase. The midgap states
around —1.2 eV at 65 GPa are attributed to the structural
defects because the perfect RS crystal does not present such
states. To have more information about the electronic struc-
ture, we provide the PDOS in Fig. 9. The energy band levels
near —15 eV have contributions from N-s states. The upper
valance band near the Fermi Level is due to the N-p states.
The lower conduction band near the Fermi level is domi-
nated by Al-s and Al-p states. The plane-wave basis density
functional theory pseudopotential method also reported simi-
lar findings for the crystalline phases.®® As discussed above,
pressure significantly influences the position of the energy
levels (bands) but has minor effect on the contribution of
these orbitals to PDOS, another word; no significant charge
transfer is observed between orbitals with application of
pressure. The most important conclusion of the electronic
structure calculations is that a pressure-induced metallization
is not likely in a-AIN.

IV. Discussion

The thermodynamic description of amorphous-to-amorphous
phase transformations is of particular interest. The
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transformation can be first order such that the CN drasti-
call%/ changes with a noticeable volume drop as observed in
Si,#4346 Ge #%0 jce*! or it can proceed gradually without
showing a sharp volume collapse as seen in other amor?hous
networks for example SiO, *$3*5867 GeO,, 6,57,59
GaAs,®® GeS,,% 7! and SiC.44 The phase transformatlon of
a-AIN at 45 GPa in this study is interpreted as a first-order
phase transformation since it is accompanied by a 6% vol-
ume collapse and a visible coordination modification. How-
ever, one might argue that the phase change at this pressure
is a finite size artifact. Indeed such a dispute is likely but on
the basis of our comparable findings with experiments in our
earlier investigations on amorghous sglstems having a size of
around 216 atoms or less,**43:30:36:68:6% e can state that con-
stant pressure ab initio techniques usually capture the ther-
modynamic nature of amorphous-to-amorphous phase
transformations in spite of a small size of simulation cells.
Yet the amount of volume drops and transformation pres-
sures as discussed below might not be comparable with
experimental data.

From the previous experimental and theoretical investiga-
tions, it can be evidently seen that only a few amorphous
materials show a first-order phase transformation and amor-
phous compounds commonly exhibit a continuous phase
transition from a LDA state to a HDA state. Indeed the
physical origin of different thermodynamic nature of amor-
phous-to-amorphous phase transition is still a long-lasting
debate. Although kinetic reason and chemical disorder are
considered as for the dissimilar high-pressure behaviors, there
might not be a universal explanation because the driving
force for each material might depend on their unique proper-
ties or structure. Note that each material has different ionic-
ity and local structural arrangements. Therefore, the
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comparison of a-AIN with oxide and chalcogenide glasses is
not compatible because of their ionicity or local structures
but its comparison with tetrahedrally coordinated amorphous
networks such as GaAs and SiC is more logical. Note that
GaAs, SiC, and AIN crystallize in either ZB or WZ struc-
tures, and thus, they are anticipated to have almost similar
short-range order in their amorphous state. So what drives
the first-order phase change in a-AIN and but not in a-SiC
or a-GaAs? When these systems are compared, two major
differences can be effortlessly noticeable. Firstly a-AIN is
chemically ordered and it even resists the formation of
homopolar bonds at high pressure whereas a-GaAs®® and
a-SiC* compounds present chemical disorder at ambient
condition and they cannot oppose to the creation of more
homopolar bonds after a certain pressure. Secondly, a-AIN
has three-dimensional hexagonal-like (drumlike) nanoclusters
having edge-sharing units hidden in the amorphous matrix>*
while the others do not have such nanostructures. So on the
basis of the comparison, here, we can speculate that the
chemical disorder, the presence of nanostructures or the com-
bination of these two might be a driving force for a distinct
high-pressure behavior in a-AIN.

It should be noted that the hexagonal-like nanoclusters in
a-AIN play some crucial roles during the phase transforma-
tions. Namely, they resist to transform a higher coordinated
configuration while the other parts of the model mostly
undergoes a noticeable coordination modification after the
first phase transformation. Consequently, their presence pre-
vents a-AIN from forming a very dense amorphous structure
having an average CN close to six. As the applied pressure is
increased further, the nanoclusters cannot oppose to defor-
mation anymore and two atoms at the opposite vertices of
hexagons come closer and form four-membered rings during
the second phase transformation. Since these nanoclusters
consist of edge-sharing units (fourfold-membered rings), the
formation of a new bond between two atoms at the opposite
vertices of hexagons yields sixfold coordination. This defor-
mation mechanism is indeed quite similar to what has been
observed in the WZ— intermediate phases —RS transforma-
tion.* Subsequently, the crystallization of a-AIN is linked to
the existence of hexagonal-like nanoclusters having edge-
sharing units, which, we believe, act as nucleation centers
and provide an easy transformation path to a RS state.

We also would like to comment on the critical pressures
obtained in the MD simulation. Although the Parrinello—
Rahman method is a practical approach to study materials
under extreme conditions and provides remarkable informa-
tion about phase transitions at the atomistic level that cannot
be easily achievable in experiments, the technique has a
major limitation. Namely, it always overestimates transition
pressures due to the simulation conditions such as the size of
the simulation box, the absence of surface effects, very fast
pressurizing conditions, etc. Therefore, the phase transitions
of a-AIN are expected to occur at lower pressures in experi-
ments. Since the phase transition is reversible, we are not
able to use the thermodynamic principle of equal Gibbs free
energies (G=H-ST) to estimate accurate transition pressures
for a-AIN. Due to the overestimated transition pressures, the
amount of volume collapse at the phase transformations is
also anticipated to be different in experiments.

Finally, we would like to notice the drastic structural
changes at 60 GPa, just before the crystallization. We believe
that the crystallization process of the HDA phase started at
this pressure but it was not completed. This might be due to
the limitations of the simulation mentioned above or the true
behavior of «@-AIN, that is, the crystallization occurs over
wide pressure ranges.

V. Conclusions

Ab initio molecular dynamics simulations are carried out to
study the high-pressure behavior of a-AIN. Two first-order
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phase transitions are proposed for a-AIN. The first one is an
amorphous-to-amorphous (polyamorphic) phase transforma-
tion in which the LDA phase transforms into a HDA phase
with a CN of 4.6. Pressure leads to a permanent densification
but upon pressure release, a low-coordinated amorphous net-
work similar to the original one is recovered and hence the
polyamorhism is reversible in AIN. The physical origin of
polyamorphic phase transition is attributed to the chemical
order and the atomic structure of a-AIN, that is, the exis-
tence of nanoclusters. A very HDA phase having an average
CN close to six or higher does not exist in AIN because fur-
ther increase in pressure results into a transformation from
the HDA phase to a RS crystal. The presence of hexagonal-
like nanoclusters having edge-sharing units plays a crucial
role for the crystallization of a-AIN. The band gap energy of
in a-AIN increases with increasing pressure and hence the
pressure-induced metallization does not occur in a-AIN. It is
likely that the conclusion on the nature of phase transforma-
tions in a-AIN could depend upon the finite size of the
model. Yet, we suspect that this possibility is remote because
the small models (216 atoms or less) considered in our prior
works*>#3:30:3668.69 geony to have the characteristic of the
phase transformations compared to available experiments. It
is, nevertheless, worth repeating this type of study on a larger
system.
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