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Using band-structure calculations within the FLAPW (Full-Potential Linear-
ized Augmented-Plane-Wave) model, information is obtained regarding the
energy, charge and spatial characteristics of aluminium nitride and its solid
solutions with oxygen and aluminium. As established, the formation of these
solutions is accompanied by a reduction in electron density in their intera-
tomic regions. The accompanying decrease in the covalence of interatomic
interactions leads to both a reduction in binding energies and an increase in
the volumes of elementary cells within the compounds. The transition from
aluminium nitride to its energetically ‘nearest’ oxide is accompanied by a de-
crease in binding energy by 1.25 eV, which corresponds to over 14.5:103 K on
the temperature scale. This correlation underscores the high resistance of
aluminium nitride to oxidation processes. The formation of an alloy with al-
uminium incorporation becomes even less likely due to the larger decrease in
binding energy by 2.84 eV.
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nitride, solid solutions.

3a IOIIOMOro0 30HHNX po3paxyHKiB y mogeni FLAPW (the full-potential line-
arized augmented-plane-wave) omep:kamo iH(dopMaIlito Ipo eHepreTuyHi, 3a-
PAOOBi Ta IPOCTOPOBi XapaKTepPUCTUKHY HIiTpuAy AJOMiHiI0O Ta OTO TBepAUX
posumnHiB — MozeniB 3 Oxcurenom ta Aniominiem. BeranosieHo, IO yTBO-
PEeHHSA PO3UMHIB CYIPOBOIKYETHCA 3MEHIIIEHHAM I'YCTUHU €JEeKTPOHIB y Mi-
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JKaToMOBUX o0jacTAx. CymyTHE HNOHUKEHHS KOBAJEHTHOCTH Mi’KaTOMOBUX
B3a€MOJili MPUBOAUTE IO 3MEHITIEHHA eHepriit 3B’ A3Ky Ta 30iJabIeHHsa 00’ eMy
eJleMeHTapHUX KOMipoK cmoayk. Ilepexin Bim HiTpuay AimoMmiziro g0 iioro
€HEePreTUYHO «HAMOJIMIKUOTO» OKCUAY CYIPOBOMKYETHCA 3MEHIIIEHHAM eHep-
rii 3B’a3ky Ha 1,25eB, 1m0 B TemMIepaTypHi#i IIKajgi CTAHOBUTHL IIOHA
14,5-1082 K. Ile xopeJoe 3 BUCOKOIO CTifiKicTIO HiTpuay AMOMiHiI0 10 IpoiieciB
#ioro okucHeHHA. @OPMYBaHHA CTONY BTiJIeHHA 3 AJIIOMiHi€M BUABIAETHCS IITe
GiJIBIIT MaJIOMMOBiPHOIO IOi€I0 3 MPUUYUHU Ie GiJIBIITOr0 3MEHITIeHHSA OTO
eHeprii 3B’ sa3Ky — Ha 2,84 eB.

KarouoBi croBa: 30HHI po3paxyHKHU, eJJeKTPOHHA Oy/noBa, HiTpun AsomiHiio,
TBepPi PO3UUHHU.

(Received 22 August, 2023; in final version, 22 August, 2023)

1.INTRODUCTION

Aluminium nitride is an insulator with a wide bandgap, and its unique
properties have made it highly promising for applications in high
technologies. It is an electronic ceramic characterized by high resistiv-
ity [1], good dielectric strength [2], high hardness[3], and a coefficient
of thermal expansion close to that of silicon [4]. It also exhibits re-
sistance to oxidation and wear, along with outstanding thermal con-
ductivity comparable to highly conducting metals like aluminium [5].
These properties are also preserved in AIN films [6, 7]. Mentioned
properties make AIN an ideal candidate for use in microelectronics
substrates. AIN high strength, stability, and corrosion resistance al-
low its utilization in extreme conditions. The melting temperature of
AIN is not precisely defined, but there are some indications [8] sug-
gesting it lies approximately within the range close to 3000 K. Due to
its piezoelectric properties, aluminium nitride is also employed in
thin-film microwave acoustic resonators[9].

The partially mentioned properties and a range of practical applica-
tions of aluminium nitride have spurred extensive research into meth-
ods of its synthesis, as well as its structural, optical (including in the
infrared range), and electrical properties [10-16].

At atmospheric pressure and room temperature, AIN crystallizes
into a hexagonal wurtzite (WZ) structure with the spatial symmetry
group P63mc (No. 186) and four atoms per unit cell [17]. Epitaxially
grown AIN on most substrates maintains the stable wurtzite structure,
but there are also reports [8, 18] of its zinc blende (ZB) structure. The
ZB structure remains stable for film thicknesses not exceeding
1.5-2.0nm. For greater film thicknesses, ZB transforms into the WZ
structure [19]. Under pressure (= 14-22 GPa), AIN undergoes a trans-
formation from the WZ structure to a cubic NaCl-type (rock salt—RS)
structure[17, 20, 21].
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The charge density determined from x-ray diffraction experiments
[22] suggests that the chemical interatomic bonds in aluminium ni-
tride (hereafter referred to as its WZ-modification) are highly ionic.
However, the acceptance of a tetrahedrally co-ordinated wurtzite
structure under ambient conditions rather than that of a rock salt
structure indicates the presence of some degree of covalence. This is
also consistent with the fracture toughness exhibited by AIN, which
might be attributed to its partially covalent nature [13]. Spectroscopic
investigations of AIN include techniques such as combination scatter-
ing and infrared spectra [14-16, 23], reflection and transmission spec-
tra [24], x-ray emission spectra [25]. Ultraviolet photoemission spec-
troscopy (UPS), electron energy loss spectroscopy (EELS), and Auger
spectra have been reported [26, 27]. Elastic and piezoelectric charac-
teristics, as well as dielectric permittivity, have been calculated based
on measured phase velocities of surface acoustic waves [28].

In the optical absorption spectra of AIN films with micron thick-
nesses, several components have been identified [12], including ener-
giesof 4.5 and 4.8 eV, and a peak with maximum intensity at 6.2eV. A
low-energy peak at 2.8 eV has also been reported in a study [29]. Low-
energy features in the spectra are often associated with oxygen-related
impurities, while the component with maximum intensity at 6.2 eV is
attributed to the excitation of valence electrons to the conduction band
of AIN [12 and references therein]. This value is currently accepted as
the experimentally determined bandgap width of aluminium nitride.

Depending on the quantum mechanical calculation methodologies
employed, the direct bandgap energies of aluminium nitride have been
obtained with values ranging from 2.35 to 5.31 eV [30-33]. In a study
[34], using a semi-empirical tight-binding method, a value of 6.2eV
was obtained for the direct bandgap energy.

Currently, aluminium oxynitride (AION) is attracting significant
attention due to its potential applications as optical windows, trans-
parent armour, dome materials, and LED lighting [35, 36]. One of the
simplest methods for producing AION is the solid-state reaction be-
tween aluminium nitride and aluminium oxide, conducted at tempera-
tures above 1700°C for several hours[37].

Promising for the production of high-quality AIN and AION films is
the vacuum helicon-arc ion-plasma technology developed by the au-
thors, which allows to obtain high-quality films of ion-plasma conden-
sates on dielectric and conductive substrates at temperatures of
50-300°C[38-40].

In this context, it becomes interesting to consider a model problem
of introducing oxygen atoms directly into the aluminium nitride ma-
trix. The same holds true for the aluminium-saturated compound
Al;3N,, which can be regarded as a model for simulating the processes of
aluminium doping in AIN, forming an interface layer at the boundary
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of aluminium nitride and an aluminium substrate.

It is worth noting that none of the mentioned studies have employed
a unified and comprehensive approach to investigating crucial elec-
tronic structure characteristics of the mentioned compounds, such as
binding energies, atomic charge states, valence and conduction band
structures, and the nature of interatomic chemical bonds. Comparative
analyses of the electronic structures of these compounds are of par-
ticular interest.

This work is dedicated to addressing mentioned issues.

2. CALCULATION METHODOLOGY

In this study, electronic structure band calculations were conducted
for aluminium nitride and its solid solution-models with oxygen and
aluminium. The elementary unit cells of the investigated compounds,
labelled by the values K =1-7 (K—atomic configuration) and arranged
in order of decreasing binding energies (Fig. 2), are presented in Fig. 1.
The structure of the K =1 initial aluminium nitride belongs to the hex-
agonal symmetry with P63mc space group (No. 186) [41]. Interstitial
solid solution involving oxygen and aluminium, as depicted in Fig. 1,
are represented by elementary unit cells K =2 and K =4. On the other

Fig. 1. Elementary cells of aluminium nitride (K =1) and its compounds with
oxygen and aluminium. The co-ordinate system is the same for all cells. Here
and further in the figures K is the atomic configuration.



ELECTRONIC STRUCTURE OF ALUMINIUM NITRIDE AND ITS SOLID SOLUTIONS 203

:éf. —0.14- \._—-—-"
’??‘—0.16—
018
-020] _—*

1 2 3 4 5 6 7K
Fig. 2. Spatial electron densities (¢, e—electron charge) in interatomic re-

gions, average binding energies per atom (E.t) and volumes (V) of elementary
cells of compounds.

hand, the remaining cells obtained from Al3N. simulate solutions in
which oxygen atoms replace atoms in the structure of the ‘body’ of AIN
itself.

The band calculations were carried out using the LAPW (Linear
Augmented Plane Wave) approximation [42] with the generalized gra-
dient approximation (GGA) for electronic density in the form [43]. The
scalar-relativistic variant of the LAPW method [44] was employed to
calculate the electronic structure characteristics of the compounds.
The positions of atom components in the structure of the investigated
compounds were determined using symmetry operations of a simple
hexagonal lattice H and the information provided in the Table 1. Here,
the coordinates of aluminium and nitrogen atoms with indices 1 and 2
represent the structure of AIN. The structures of the remaining alloy
models were simulated by sequentially replacing oxygen atoms with
atomsin the K =4 cell.

The muffin-tin (MT) radii of atomic spheres were selected to mini-
mize the size of the interstitial region (II) in the K =1 modification,
which has the smallest volume of the elementary cell. For all spatial
configurations and all atoms, these radii were set at 1.69 Bohr
(1 Bohr=5.2918-10"!'m). In the electronic structure calculations of all
compounds, 168 points were used in the irreducible parts of their Bril-
louin zones. The product of the MT sphere radius (R.:) and the maxi-
mum value of the wave vector for plane waves (K u.x) was chosen to be
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TABLE 1. The positions of atoms in the structure of the AlsN:z alloy in the
fractions of the edges of the unit cell (K =4).

‘ X ‘ y ’ 2

Al 1/3 2/3 0.0
Al 2/3 1/3 0.5
Ni 1/3 2/3 0.381
N 2/3 1/3 0.881
Als 0.0 0.0 0.0

seven, with maximum values of the quantum number [ set to 10 for
partial waves within spheres and [ =4 in calculations of non-muffin-tin
matrix elements.

As there is no literature information available on the values of lat-
tice parameters for the hexagonal lattices associated with solid solu-
tions of aluminium nitride, they were calculated using a spatial struc-
ture minimization procedure [44].

The binding energies (cohesive energies) were calculated as the dif-
ferences between the total energies of the compounds themselves and
the sums of the total energies of the constituent atoms when they are
infinitely separated from each other. The latter were determined ac-
cording to the recommendations [45].

3. RESULTS AND DISCUSSION

The sequential transition from aluminium nitride with an elementary
cell configuration of K =1 to its solid solution with K =7 is accompa-
nied by a decrease in the electron density within the interatomic region
of the investigated compounds (Fig. 2). This circumstance indicates
[46] the accompanying reduction in the covalence of interatomic inter-
actions, which in turn leads to a decrease in binding energies and an
increase in the volumes of the elementary cells of the compounds. From
the discussed graph, it’s evident that the behaviour of the curves for
E.; (binding energies) and V (volumes) is essentially governed by and
aligns with the charge densities in the interatomic regions of the com-
pounds. The covalent bonds are most loosened in the compounds with
K =5-7. As apparent from the values of binding energies (E.;) of these
compounds, they turn out to be the least stable. Thus, the formation of
stable oxides with substituted nitrogen atoms appears to be an improb-
able process. The transition from aluminium nitride to its energetical-
ly ‘closest’ oxide with K = 2 is accompanied by a decrease in binding en-
ergy of AE, =1.25eV, which in terms of temperature corresponds to
over 14.5-103 K. These facts point to the high resistance of aluminium
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nitride to oxidation and corrosion processes. On the other hand, the
formation of the insertion alloy Al;N: (K =4) becomes an even more
improbable event due to the larger value of AE,;=2.84¢eV.

The energy band structures E(k) of the investigated compounds are
presented in Fig. 3. It is evident that aluminium nitride itself (K =1)
and the oxide with substituted nitrogen atom within the AIN structure
(K =7) are insulators. The energy bandgap (Eg.p) in the aluminium ni-
tride structure is 4.2 eV, and it is a direct bandgap concentrated at the
I' point of the Brillouin zone. The obtained value of E¢., was noticeably
lower than the experimentally determined value, reflecting the general
trend of underestimated values obtained in band calculations (see in-
troduction). One possible reason for this can be attributed to the fact
that most band calculations do not accurately describe excited final
states of electrons, which are observed in experiments. A direct energy
gap localized in the interval from A-I in the Brillouin zone is present
in the E(k) spectrum of the oxide with K=7, with a value of
Ec.p1=0.25eV. A smaller energy gap Egap2=0.23 eV is indirect, corre-
sponding to electronic transitions involving phonons from K—>A-T.
The remaining band structures (K #1, 7) in Fig. 3 are typical of com-
pounds characteristic of metals.

The charge states of the atoms within the investigated compounds
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Fig. 3. Energy band structure E(k) of aluminium nitride (K =1) and its solid
solutions with aluminium (K =4) and oxygen (K # 1, 4).
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Fig. 4. Atomic charges (@, e—electron charge) of compounds.

exhibit a compensatory nature, where an increase in charge on certain
atoms is accompanied by a decrease on other types of atoms (see Fig. 4).
For instance, the reduction in the charges of nitrogen and Al atoms,
which are genetically linked to aluminium nitride and form the central
region of its elementary cell, is correspondingly associated with an
anomalous redistribution of charges onto oxygen atoms in the struc-
tures with K =2 and K = 3. Further, the almost monotonic decrease in
the charges on the mentioned atoms in structures with K >4 is accom-
panied by an increase in the charge states of the remaining aluminium
and oxygen atoms. It is noteworthy that, in the K =5 structure with
the central oxygen atom, its charge reaches a minimum value of 6.93
units of electron charge.

Figure 5 shows the total and atomic electron densities of some of the
investigated compounds. The structure of their valence bands consists
of two subzones—one localized near the energy level of —-15.0eV, and
the other is concentrated in the interval of —-8.0t00.0eV.

The first subzone is predominantly represented by s-states of nitro-
gen atoms, which are genetically linked to its quasi-core 2s electrons.
In the solid solution with oxygen incorporation (K =2), the discussed
states are hybridized, while in structures with larger values of K =4,
5, they appear as distinct peaks, reflecting their atomization. In the
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Fig. 5. Full (upper panels in each column of the figure) and full atomic elec-
tron densities of compounds. Vertical thin lines indicate the energy positions
of the Fermi levels (Er).

case of the oxide with K =5, states of oxygen atoms with the same
symmetry and genetics as well as high degree of atomization also ap-
pear in this energy zone. The mentioned atomization and, as a conse-
quence, the reduction in interaction among the discussed atoms due to
their quasi-core electrons, are caused by the difference in the charge
states of nitrogen and oxygen atoms (see Fig. 4). Indeed, the lower the
charge of one of the nitrogen atoms, the lower the binding energy (in
absolute terms) of its quasi-core electrons—the corresponding peak in
the electron densities will ‘emerge’ towards the Fermi level and vice
versa. It’s worth noting that the observed atomization correlates with
the decrease in the binding energies of the compounds as their configu-
rations transition to larger K values (see Fig. 2). This emphasizes the
importance of considering interactions involving the quasi-core elec-
trons of nitrogen when examining the chemical aspects of compound
formation with its participation.

The second subzone is formed by hybridized states of nitrogen and
aluminium atoms, and in the case of oxides, states of oxygen atoms are
added to the hybridization region. In this hybridization, p-symmetry
electrons from all the atoms of the compounds participate, and alumin-
ium’s s-electrons, which are primarily localized at the bottom (Al,,
Al;), the middle (Als), and near the Fermi level (Als) of the subzone, al-
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so contribute to the formation of the band. In turn, the conduction
band of the compounds is primarily formed by s and p-states of nitro-
gen and aluminium atoms. As evident from the discussed results pre-
sented in Fig. 5, in the oxides and solid solution Al;N», there are peaks
of high intensity in the electronic density of states directly at the Fer-
mi level. Typically, the presence of such components in the electronic
density of states of compounds indicates a reduction in their thermo-
dynamic stability. Upon transitioning from K=2 - K=4 — K =5, the
intensity of Fermi level components increases in the sequence of
2.83—5.8—-7.9 density units, respectively. The progressive decrease in
stability among the discussed compounds is also confirmed by their
binding energies (Fig. 2).

4. CONCLUSIONS

1. The formation of solid solutions of aluminium nitride with oxygen
and aluminium is accompanied by a decrease in the electron density in
their interatomic regions. The simultaneous reduction in the covalence
of interatomic interactions leads to a decrease in binding energies and
an increase in the volumes of elementary cells in the compounds. The
transition from aluminium nitride to its energetically ‘nearest’ oxide
is accompanied by a decrease in binding energy by 1.25 eV, correspond-
ing to over 14.5x 103K on the temperature scale. This explains the
high resistance of aluminium nitride to oxidation processes. The for-
mation of an alloy with aluminium is even more unlikely due to a larger
reduction in its binding energy by 2.84 eV.

2. Most of the compounds modelling the processes of forming solid so-
lutions of aluminium nitride with oxygen and aluminium exhibit me-
tallic behaviour. The charge states of atoms in the investigated com-
pounds have a compensatory nature—an increase in the charge on some
atoms is accompanied by a decrease in charge on other types of atoms.
3. The structure of the valence bands of aluminium nitride and its solid
solutions consists of two subzones—one of them is localized near the
energy level of —15.0 eV, and the second is concentrated in the range of
-8.0t00.0eV.

4. The first subzone is predominantly formed by s-states of nitrogen
atoms, genetically linked to its quasi-core 2s-electrons. In the solid so-
lution with oxygen incorporation, the discussed states are hybridized,
whereas in the remaining compounds, they are represented by individ-
ual peaks reflecting their atomic character. This atomization corre-
lates with the decrease in bond energies of the compounds, indicating
the importance of considering the interactions of nitrogen’s quasi-core
electrons when examining the chemical aspects of compound formation
involving nitrogen.

5. The second subzone is formed by hybridized states of nitrogen and
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aluminium atoms, while in oxides, states of oxygen atoms are added to
the hybridization region. In this hybridization, p-symmetry electrons
of all atoms in the compounds are involved, and aluminium s-electrons
contribute to the formation of the band too. The conduction band of the
compounds is predominantly shaped by s and p-states of nitrogen and
aluminium atoms.

6. In the electronic densities of solid solutions of aluminium nitride
with oxygen and aluminium, high-intensity components are present at
the Fermi level. The intensities of these components correlate with the
binding energies of the compounds and can be used as one of the crite-
ria to determine their thermodynamic stability.
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Ukraine for partial support within the framework of the projects
4.2/23-II of the budget program ‘Support for the development of pri-
ority areas of scientific research’ (KIIKBK 6541230) and IM®-2022/1
(KIIKBK 6541230).
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