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ABSTRACT ARTICLE HISTORY
We report the electronic structure and topology of a heavily Si- Received 9 November 2015
doped amorphous aluminium nitride (Al,, .Si., .N. ) using ab initio Accepted 15 February 2016
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simulations. The amorphous Al,,Si,, N, system is found to be KEYWORDS
Ab initio method; amorphous

structurally similar to pure amorphous aluminium nitride. It has
an average coordination number of about 3.9 and exhibits a small semiconductors; density-
amount of Si-Si homopolar bonds. The formation of Si—Al bonds is not functional method; electrical
very favourable. EITPHMectronic structure calculations reveal that the conductivity; aluminium

Si doping has a negligible effect on the band gap width but causes alloys; molecular dynamic
delocalization of the valence band tail states and a shift of the Fermi simulations

level towards the conduction band. Thus, amorphous Al,, Si., N,

alloys show n-type conductivity.

1. Introduction

Aluminium nitride (AIN) is a well-known ceramic and has high technological relevance
because of its outstanding optical, dielectric and mechanical properties such as high-tem-
perature stability, high thermal conductivity, good dielectric strength, high hardness, deep
ultraviolet transparency, etc. [1-19]. All these properties make AIN a unique material having
a wide range of refractory, high-temperature electronics, microelectronic, optoelectronic
and micromechanical applications [1-19].

AIN has three crystalline structures under ambient and high-pressure conditions. The
ground state phase of AIN is the hexagonal wurtzite (WZ) structure belonging to the P6,mc
space group [20]. The zinc-blende (ZB) type of AIN within F43m symmetry is the metasta-
ble phase of AIN and can be grown as a thin film under some certain circumstances [21].
The rocksalt phase (RS), with the space group of Fm3m, forms under compression and is
quenchable to atmospheric pressure [22]. Another state of AIN is its amorphous form (a-
AIN), which can easily be prepared using various experimental procedures [23-26]. This
form is anticipated to have some important high-tech applications similar to the crystalline
phase but it has not been extensively studied as yet.

There have been significant research efforts to improve/control the properties of the
crystalline AIN or promote the development of its new technological applications. Doping
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the hexagonal phase with different elements, such as Mg, Cr, Si, RE, C, etc., leads to various
appealing physical phenomena [27-48]. However, some of these have not been scientifically
understood yet. The doping a-AIN with rare earth elements can provoke some interesting
phenomena too and doped a-AIN seems to offer some practical applications for optical,
photonic and electronic devices [49-54].

Among these dopants, the influence of Si doping on the properties of the WZ crystal has
been comprehensively investigated [27-35] because doping drastically changes its electronic
structures; in particular, Si-doped WZ-AIN system demonstrates n-type conductivity. Here,
one might ask how the Si-doping influences the electronic properties and the microstructure
of a-AIN. The main objective of the present work is to find an answer to this question. We
have generated a heavily Si doped a-AIN (Al,, Si , N, ) model from the liquid state using
ab initio molecular dynamics (MD) simulations and compared it with a pure a-AIN con-
figuration. The Al,, .Si, N, amorphous alloy is found to be topologically close to a-AIN
but it possesses n-type conductivity, similar to the Si-doped WZ-AIN system. Therefore, it
is expected that Si-doped a-AIN can have some technological applications as well.

2. Computational method

We employed the SIESTA ab initio code [55] to generate the amorphous network. The
code was successfully applied to study the pressure-induced phase transformation of the
WZ-AIN phase [56] and to create a pure a-AIN model [57]. In the present work, the sim-
ulation parameters of Ref. [57] were adopted. The pseudopotentials followed the Troullier
and Martins scheme [58]. The Becke gradient exchange functional [59] and the Lee, Yang,
Parr correlation functional [60] were used to compute the exchange correlation energy.
The double zeta plus polarized orbitals were chosen as a basis set. For the Brillouin zone
integration, only I' point sampling was used. In order to construct a supercell, a ZB unit cell
with eight atoms (four Al atoms four N atoms) was used as a starting structure. One of the
Al atoms in the unit cell was substituted by a Si atom and a supercell with 216 atoms (27 Si
atoms, 81 Al atoms and 108 N atoms) was generated. The initial supercell was subjected to a
high temperature of 5000 K for 1.0 ps, and then, the system was quickly cooled to 3200 K. At
this temperature, it was equilibrated for 7.0 ps. The liquid structure was quenched to 300 K
in a period of 10 ps. The NPT (constant number of atoms, constant pressure and constant
temperature) ensemble was selected to perform the MD simulations. Each time step of the
MD simulations was one femtosecond (fs). The velocity rescaling approach was employed
to control the temperature. The volume of the supercell at zero pressure was equilibrated
using the Parrinello Rahman technique [61] but shear deformations were not allowed. The
VESTA program [62] was used to visualize the structure.

3. Results and discussion

Experiments have revealed that the Si concentration has a drastic influence on the atomic
structure of the Al-Si-N system. It can exhibit a solid solution, a two-phase composite
(nanocomposite), or an amorphous solid solution depending on the Si concentration
[63-65]. The solubility limit was reported to be 6 at.% of Si in some studies [63, 64], but a
Si concentration of up to 11 at.% yielded a substitutional solid solution in another study
[66]. Consequently, there is an uncertainty about the solubility limit at present. In order
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to reveal whether the doped amorphous network demonstrates a solid solution or a two-
phase composite, its ball-and-stick representation is illustrated in Figure 1. The Si atoms
are uniformly distributed in the system, but in some parts of the amorphous network, SiN
type structures are dominated, suggesting a two-phase amorphous state.

To have an atomic level picture of the doped amorphous structure and to compare it
with the pure a-AIN system, first, the partial pair distribution functions (PPDFs) given in

Figure 1. (colour online) The ball-and-stick representation of the Al,, Si,, N, model (top) and only Si
atoms and their neighbours (bottom) in the model.
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Figure 2 are reviewed. The Al-N correlation has the strongest peak at 1.94 A that is slightly
larger than 1.91 A reported for a-AIN [57]. The Al-Al and N-N separations are placed at
3.21 A and 3.16 A, respectively. These values are comparable with the Al-Al (3.22 A) and
N-N (3.22 A) distances formed in a-AIN [57]. The shoulders around 2.7-2.90 A in these
correlations are not related to the N-N or Al-Al wrong bonds but arise from edge-sharing
units as shown in Figure 3. On the other hand, the peak near 2.33 A in the Si-Si distribution
is a consequence of Si-Si homopolar bonds. In spite of a small amount of Si concentration,

Al-Al

Al-N

N-N

Si-N

Si-Al

Si-Si

r(A)

Figure 2. (colour online) Partial pair distribution functions.
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Figure 3. (colour online) Edge sharing configurations (four membered rings).

the strong peak at around 3 A in the Si-Si correlation reveals that the Si atoms in the model
are relatively close to each other, supporting a two-phase amorphous state. The weak peak
around 2.6 A in the Si-Al distribution is also associated with the edge-sharing units as
illustrated in Figure 3, but a single Si atom forming bonds with three Al atoms offers a small
contribution to this peak as well. The main Si-N peak is located at 1.78 A, according with
the Si-N distance of 1.73 A [67] or 1.76 A [68] formed in a-Si,N,. The PPDFs analysis leads
to some important conclusions: (1) The formation of the Si-Al bonds is not very favour-
able. (2) Neither N nor Al has a tendency to form homopolar bonds, whereas a few Si-Si

homopolar bonds exist in the amorphous Al .Si , [N, alloy despite the small amount of Si.
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Next, bond-angle distribution (BADF) analysis is carried out to have more knowledge
about the local structure. The calculated BADFs are given in Figure 4. The AI-N-Al, N-
AI-N, N-Si-N and N-Si-N distributions have two main peaks at around 83°-95° and
105°-113° as seen in a-AIN. The strong peak near 105°-113° is linked to the tetrahedral
configurations with some distortions, whereas the peak around 83°-95° is associated with
the edge-sharing units (see Figure 3). This finding means that the local structure of the
amorphous Al,, Si,, N, system is somewhat different from the WZ- or ZB-AIN and Si,N,
crystals because they do not present edge-sharing units. It should be underlined here that
the theoretical studies based on ab initio simulations endorse the finding that the formation
of the edge-sharing arrangements is a common feature in N-based amorphous materials
[69-71]. The threefold-coordinated N atoms produce large angles in the distributions.

In order to describe the short-range order in detail, we additionally estimate the coordi-
nation number (CN) using the cut-off distances of 2.47 A for AI-N, 2.21 A for Si-N, 2.77 A
for Si—-Al and 2.71 A for Si-Si correlations. The fourfold coordination is dominated for all
atoms, i.e. 96% of Si, 84% of Al, 80% of N atoms are tetrahedrally coordinated. The fivefold
and threefold configurations are favourable for Al (12%) and N (19%) atoms, respectively.
The average CN of the model is 3.9, close to that of a-AIN.

A comparison of pure a-AIN with the doped samples reveals that Si doping does not
significantly affect the short-range order of a-AIN since both models are topologically close
to each other. Yet, there are two major differences between these two amorphous arrange-
ments. First, the Si-doped amorphous network demonstrates a small amount of chemical
disorder, while pure a-AlN is chemically ordered. Secondly, the amorphous Al,. Si , [N,
alloy has no hexagonal (drum-like) nanoclusters unlike a-AIN. Subsequently, Si doping
somehow inhibits the formation of nanoclusters in the amorphous network.

The influence of Si doping on the electronic structure of a-AlN is considered using both
the total and the partial density of states (EDOS and PDOS) shown in Figures 5 and 6. For

0.07
0.06
0.05
0.04

BADF

0.03
0.02
0.01

60 90 120 150 180
Angle (Degree)

Figure 4. (colour online) The bond angle distribution functions (BADFs).
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Figure 5. (colour online) Electron density of states (EDOS) for pure and Si-doped a-AIN near the band
gap region.

PDOS

E (eV)

Figure 6. (colour online) Partial density of states near the band gap.

comparison purpose, the EDOS of a-AlIN is also displayed in Figure 4. The HOMO and
LUMO states are located at —-4.40434 and -2.67969 €V, respectively, for a-AIN, and -3.95845
and -2.35467 eV, respectively, for the amorphous Al .Si , N, network. As can be inferred
from these values and seen clearly from Figure 5, both valance and conduction bands of



Downloaded by [Library Services City University London] at 04:35 23 March 2016

8 M. DURANDURDU

0.12 pure -

-8 -6 -4 -2 0 2

doped

E, _

B i
O —dlwm ||| : TP

8 -6 -4 -2 0 2
E (eV)

Figure 7. (colour online) IPR of pure and Si-doped a-AIN near the band gap region.

the doped material move somewhat to higher energies relative to those of a-AlN, but the
shift of the valance band is slightly larger than that of the conduction band, resulting in a
~0.1 eV reduction in the band gap energy compared to that of a-AIN. On the other hand,
doping drastically changes the position of Fermi level from the middle of the band gap
towards the conduction band tail, leading to n-type conductivity in the Si-doped a-AIN
system. This finding is similar to that predicted for the Si-doped WZ-AIN system. In order
to determine the contribution of each type of atom to the tail states, we evaluated the PDOS
illustrated in Figure 6 and found that the Si atoms provide the lowest contribution to the
conduction tail states, while the Al atoms offer the highest one. The upper valance band is
derived from the N-p and Si-p states.

To provide additional information about the electronic structure of both pure and doped
a-AIN and to speculate on the mobility of the electrons in the tail states, we probe the spatial
localization of electronic states using the inverse participation ratio (IPR) that is described
[72,73] by IPR(u/j> =NYY &' /(CL d)wherew, = Y| al¢,is the jth eigenstate. The
results are plotted in Figure 7. Each spike in the figure denotes a single electronic eigenvalue.
For a-AIN, the valence tail states have a rather higher IPR indicating their localization,
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whereas the conduction tail states are more extended. This finding is analogous to what
has been obtained for a-GaN [70]. For the case of the Si-doped amorphous model, we find
that not only the conduction tail states but also the valence tail states are quite delocalized,
suggesting a possible dopant-induced delocalization and a high mobility in these states.

By following the suggestion of Ref. [70] and using the result of our IPR investigation, we
can also propose that p-type doping is anticipated to be more difficult than n-type doping
for a- AIN since moving the Fermi level to the valence band mobility edge is harder because
of the localization of the states.

The present simulation shows that the electronic structure of a-AIN can be drastically
affected by doping. We did not, however, study the outcome of the dopant concentration
on the electronic structure of a-AIN. Depending on the Si concentration, its electronic
properties might be tunable to desirable values and hence the Si-doped a-AIN system could
offer some practical applications in technology.

4, Conclusions

The electronic and atomic structures of a heavily Si-doped a-AIN (Al,, Si,, ,N,) alloy
have been determined by means of ab initio MD simulations. The Si doping does not have
significant impact on the local structure of the amorphous network but it does on its elec-
tronic structure. Doping results in delocalization of the valence tail states and a shift of the
Fermi level towards the conduction band leading to n-type conductivity in the amorphous

A137.58112A5N50'
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