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ALUMINIUM NITRIDE AS A PROMISING 
MULTIFUNCTIONAL MATERIAL.  
Pt. 1. Properties, Crystal Structure,  
and Production Techniques

A promising material among the nitrides of Group III, namely, aluminium nitride 
(AlN), is considered. This material is widely used in industry due to its unique proper-
ties. Main physical and mechanical properties of AlN, as well as the fields of its appli-
cation (in acoustic, electronic, and optical devices), are discussed. According to ther-
modynamic calculations, the Gibbs free energy of the oxidation of metallic aluminium 
with Al2O3 formation is comparatively low, so, it interacts more actively with oxygen 
than with nitrogen. According to the van ’t Hoff equation, the reaction of aluminium 
with nitrogen is activated, when the partial pressure of nitrogen exceeds significantly 
the pressure of oxygen; only in this case, aluminium reacts predominantly with nitro-
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1. Introduction

According to the literature [1], aluminium nitride (AlN) was first synthe-
sised by J.W. Mallet in 1877. However, it is believed that aluminium ni-
tride was discovered by F. Briegleb and A. Geuther in 1862 [2]. Aluminium 
nitride is a ceramic material with excellent properties. Although alumini-
um nitride was first synthesised in the 19th century, its practical applica-
tion began only a century later [3, 4], and today, the range of its applica-
tions continues to expand [5–8] (for a century, it was used only as a nitro-
gen-fixing agent and fertiliser).

Aluminium nitride (AlN), which has outstanding mechanical, optical, 
and electronic properties, is widely used in various industries. According 
to Refs. [6, 9], aluminium nitride is an insulator with a wide band gap  
(of 6.2  eV), while the mobility of charge carriers does not exceed 1– 
10 cm2/(V ⋅ s), that causes the high insulating properties of this material 
[10]. The temperature dependence of AlN conductivity is typical for die-
lectrics or semiconductors: conductivity increases with temperature. At 
20, 400, 500, 600, 800, 1000, 1100, and 1200 °C, the electrical resistance 
of sintered AlN is of 1015, 2.25 ⋅ 1013, 1011, 8 ⋅ 109, 4 ⋅ 108, 107, 4 ⋅ 106, 
9 ⋅ 105 Ohm ⋅ m, respectively [10]. Aluminium nitride has a high specific 
resistance (of 1013 W ⋅ cm), relative dielectric permeability (of 8.5), and low 
linear thermal expansion coefficient (of 4.03 ⋅ 10–6 K–1 at 300–500 K and 
5.64 ⋅ 10–6 K–1 at 500–1300 K), close to that of silicon. Besides, AlN has 
high thermal stability (up to 2400 K in an inert atmosphere; oxidation in 
air begins at 1200 K), hardness (of 9 on the Mohs scale), and corrosion 
resistance in many aggressive environments (e.g., in molten metals and 
their salts). Due to its piezoelectric properties, AlN is also widely used in 
microwave acoustic resonators [11]. In addition, aluminium nitride is con-
sidered to be one of the most promising materials for effective heat con-
ductors in microelectronic devices due to its high thermal conductivity 
(390 W ⋅ m–1 ⋅ K–1 for perfect crystals) at room temperature, low relative 

gen and the AlN chemical compound is formed. The ways to reduce the negative impact 
of oxygen on the process of aluminium-nitride formation are discussed. The main tech-
niques for manufacturing aluminium nitride, in particular, thin films, are considered; 
their main advantages and disadvantages are surveyed. As shown, based on the main 
mechanism of chemical reaction between the initial components, the manufacturing 
techniques are divided into six complex groups. Depending on the conditions of for-
mation, aluminium nitride can have four modifications: (i) a wurtzite structure with 
a band gap width of 6.2 eV; (ii) a layered hexagonal structure with a band gap width 
of 3.44 eV; (iii) a zinc-blende structure with a band gap width of 3.24 eV; (iv) a rock-
salt structure with a band gap width of 4.04 eV. The features of these types of AlN 
structure are analysed.

Keywords: aluminium nitride, manufacturing techniques, crystal structure, thin-film 
coating, physical and mechanical properties.
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dielectric permeability (εr @ 9 at 1 MHz), and low dielectric losses (tgδ @ 
@ 10–4 at 1 MHz). The dielectric permeability of AlN increases with tem-
perature; this increase is less pronounced at higher frequencies [10] 

These properties and one of the highest thermal conductivity coeffi-
cients for thin films (for high-quality AlN films, the thermal conductivity 
coefficient reaches 120 W ⋅ m−1 ⋅ K−1 at room temperature) allow AlN to be 
used for dissipating excess heat from powerful electronic devices (e.g., 
powerful LEDs — light-emitting diodes). Besides, AlN can be used as an 
effective thermal interface material (TIM), when forming thermal inter-
face contacts between the conductive surfaces of electronic devices and 
functional polymer substrates [12–16].

AlN thin coatings on flexible polymer substrates are promising for the 
development of multiband blocking filters in the infrared spectrum range 
[17–19].

Besides, as noted in Ref. [6], aluminium nitride is an effective protec-
tive barrier layer that reduces hydrogen permeability (e.g., into titanium), 
especially under low-pressure conditions [20–24].

2. Thermodynamic Analysis

According to thermodynamic calculations performed in Ref. [25] for 
0–1200 °C, the Gibbs free energy for reactions of aluminium with oxygen 
and nitrogen is negative (Fig. 1). Therefore, both of these reactions can 
occur spontaneously. However, the Gibbs free energy for the oxidation of 
metallic aluminium with Al2O3 formation is lower, so aluminium interacts 
more actively with oxygen than with nitrogen [26, 27]. The corresponding 
equations are [25] as follow:

2Al + N2 (g) → 2AlN, ∆G1
θ = –429.86 kJ/mole (700 °C);

2Al + 1.5O2 (g) → Al2O3, ∆G2
θ = –1369.96 kJ/mole (700 °C).

The authors of Ref. [25] noted that, according to the van ’t Hoff equa-
tion for thermodynamic isotherms, the reaction of aluminium with nitro-
gen is activated when the partial pressure of nitrogen significantly ex-
ceeds the pressure of oxygen, and then DG1

0 < DG2
0. Only in this case, alu-

minium reacts with nitrogen to form the AlN compound.
There are data [27–30], according to which the formation of the AlN 

phase can be facilitated (an increase in mass fraction yield). Based on ther-
modynamic calculations, it was shown in Refs. [27, 28] that the presence 
of a certain amount of magnesium in the system leads to a significant re-
duction in the partial pressure of oxygen and thereby activation of the 
aluminium nitride synthesis. According to Ref. [29], the optimal Mg amo
unt for stimulating the aluminium nitriding ranges from 0.1 to 1.0 wt.%.

In Ref. [27], based on the data of Ref. [30], another method for im-
proving the formation of aluminium nitride AlN was proposed. The author 
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of Ref. [27] showed that the use 
of ammonia (NH3) instead of pure 
nitrogen significantly enhanced 
the nitriding reaction during the 
synthesis of aluminium nitride. 
According to Ref. [30], this is ex-
plained by the instability of am-
monia, which can dissociate rela-
tively easily into nitrogen and hy-
drogen when heated above 300 °C. 
Hydrogen released due to ammo-
nia molecule dissociation is an ef-
fective oxygen getter in the sys-
tem [31].

3. Methods for Producing Aluminium Nitride

In Ref. [32], the main techniques for producing aluminium nitride are 
considered; their main advantages and disadvantages are discussed. The 
authors classified these techniques based on the main mechanism of chemi
cal reaction between initial components, which allowed them to distin-
guish five complex groups and combine methods with a mixed type of 

chemical reaction into a separate 
sixth group.

•Recovery of aluminium oxide 
during contact with nitrogen or ni-
trogen-containing substances [33, 
34]. This process is schematically 
shown in Fig. 2.

•Reaction of aluminium with a 
liquid or gaseous phase in the form of 
vapour with a gaseous nitrogen-con-
taining compound [35, 36]. Accor
ding to Ref. [35], the formation of 
aluminium nitride in this reaction 
proceeds as follows: first, a liquid 
phase forms on the surface of the alu
minium particle, and then it reacts 
with gaseous nitrogen to form a layer 
of aluminium nitride on the surface. 

Fig. 2. Schematic illustration of the reac-
tion interface as estimated (a) without a flux 
and (b) with a flux (molten fluoride) [34]

Fig. 1. Gibbs free energy of Al reacting 
with O and Ni [25]
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The process diagram proposed in Ref. [35] is similar to the scheme shown 
in Fig. 2.

•Reaction in the gas phase of a volatile inorganic aluminium com-
pound with nitrogen or nitrogen-containing gases [37, 38]. This technique 
is based on the exchange reaction [37]. As an example, this is the reaction 
between AlCl3 and Ca3N2, which leads to the formation of ‘phase-pure’ alu-
minium nitride (AlN) in a matter of seconds. The by-product of this reac-
tion, CaCl2 salt, whose formation causes this highly exothermic reaction, 
is simply washed away after the reaction is complete.

•Reaction of inorganic aluminium compounds with nitrogen-contain-
ing organic compounds [39–41]. This technique for producing aluminium 
nitride involves several stages [31]: (i) pyrolysis of an inorganic alumi
nium compound (e.g., Al(OH)3) to obtain aluminium oxide Al2O3; (ii) mixing 
aluminium oxide with carbon, which acts as a precursor for the synthesis 
of aluminium nitride; (iii) reaction of the produced mixture with a nitro-
gen-containing environment.

•Reaction of aluminium-containing organic compounds with nitrogen-
containing organic compounds or nitrogen [42, 43]. In these reactions, 
organic aluminium compounds (e.g., Al(OH)(Cn+2H2nO4)xH2O) are used as 
initial materials to produce aluminium oxide, with the subsequent addi-
tion of urea and glucose [43]. The following steps are the same as in the 
previous method.

•Combined techniques for producing aluminium nitride [44].
Besides, the authors of [32] showed that aluminium nitride produced 

even with the techniques of the same group can have significantly diffe
rent physical and mechanical properties, composition, and manufacturing 
costs. Although each of the proposed techniques has already found its spe-
cific use in industry, the following applications are considered the most 
common: direct reaction between metallic aluminium and a nitrogen-con-
taining environment [45–47] and carbothermal reduction of aluminium 
oxide in a nitrogen atmosphere [48, 49]. Let us take a closer look at these 
most commonly used techniques.

Based on data from Ref. [45], the authors of work [46] noted that com-
plete conversion of aluminium into nitride could be achieved using direct 
nitriding of aluminium powder by heating it to 1600 °C in a nitrogen-con
taining environment. As shown in Refs. [50–52], the temperature of this 
reaction can be reduced to 1000 °C by adding KCl or NH4Cl compounds to 
nitrogen. This is possible due to the following factors: the formation of voids 
as a result of KCl evaporation; the reaction between gaseous nitrogen and 
aluminium chloride vapour formed during the decomposition of NH4Cl.

In Ref. [46], x-ray phase analysis was used to describe in detail the 
mechanism of aluminium nitride formation during direct nitriding of alu-
minium powder (Fig. 3). It was noted that at temperatures up to 500 °C, no 
reaction occurred between aluminium powder and gaseous nitrogen. When 
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Fig. 4. SEM micrograph of (a) starting Al powder and (b) AlN powder obtained from 
direct nitridation of pure Al powder [51]

Fig. 3. Formation of aluminium nitride when aluminium powder is heated in an am-
monia environment (scheme) [46]

the temperature rose to 600 °C, aluminium nitride just started to form, but 
the percentage of this compound was insignificant. When the temperature 
was raised to 900–1000 °C, the percentage of aluminium powder converted 
to nitride significantly increased.

The reaction of aluminium nitride formation during heating from 600 
to 1000 °C occurs as follows [46]. Above the melting point (660 °C) of alu-
minium powder (Fig. 4, а), particles coagulate and form molten spheres 
(Fig. 3), while nitride scale forms on their surfaces, which completely cov-
ers the aluminium particles [53, 54]. With a further temperature rise, the 
internal pressure increases due to the melting of unreacted aluminium, 
which leads to the breaking of the formed scale (shell). When the scale is 
broken, aluminium flows out in a capillary-like manner and reacts instantly 
with gaseous nitrogen.

In Refs. [51, 52], the formed consolidated microstructure is indicated 
as the main disadvantage of the above technique for producing aluminium 
nitride (Fig. 4, b). Since the structure formed can prevent gaseous nitro-
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gen from accessing unreacted aluminium particles, the nitriding reaction 
does not complete. It is possible to reach a volume fraction of aluminium 
nitride up to 90%.

As is well known, the basic principle of carbothermal reduction con-
sists of heating a mixture of aluminium oxide and carbon in a nitrogen 
atmosphere above 1600 °C [55]. The reaction of aluminium oxide conver-
sion into nitride occurs according to the formula [49]

Al2O3 (s) + 3C (s) + N2 (g)>1600 °C → 2AlN (s) + 3CO (g).

As noted in Ref. [56], aluminium nitride powder synthesised using the 
carbothermal reduction process has better properties in terms of purity, 
sintering, and moisture resistance compared to other manufacturing tech-
niques. However, the main drawback of this technique, which seriously 
limits its application in industry, is the high-energy consumption caused 
by prolonged exposure to high temperatures [57]. Therefore, reducing the 
synthesis temperature remains an important area for research of the pro-
cess of carbothermal reduction of aluminium oxide.

As is known, it is practically impossible to reduce the synthesis tem-
perature of the carbothermal reduction by adjusting the sources of carbon 
and nitrogen in terms of their cost and functionality [49]. Therefore, the 
enhancement of the reactivity of aluminium oxide (Al2O3) powder is con-
sidered the most promising way to reduce the synthesis temperature. Ba
sed on the literature data [58–62], three main approaches were specified 
in Ref. [49]:

•reducing the particle size of the aluminium oxide (Al2O3) powder by 
ball milling [58];

•reducing the activation energy of the aluminium oxide (Al2O3) pow-
der surface through the use of alkaline earth and/or rare earth compounds, 
such as CaF2, CaCO3, Ca(OH)2, Ca(OH)2, CaC2, Y2O3, Yb2O3, Y2O3–CaO, 
Y2O3–CaO–Li2O [59, 60];

•use of inorganic aluminium compounds Al(OH)3 or AlOOH, or transi-
tion aluminium oxides γ-Al2O3, δ-Al2O3, θ-Al2O3 instead of α-Al2O3 powder 
as initial material [61, 62].

Based on Refs. [63, 64], the authors of Ref. [49] explained, why the 
use of aluminium oxide Al2O3 with different structures significantly af-
fects its ability to transform into an intermediate phase Al–O–N. As 
known, the α-Al2O3 phase is the most stable among all aluminium oxides 
and belongs to the trigonal system; in this phase, each aluminium atom is 
co-ordinated with six neighbouring O atoms, forming AlO6. The η-Al2O3 
phase belongs to the cubic system with a spinel-type lattice, in which 51% 
of aluminium atoms are co-ordinated as AlO6, 36% as AlO4, and 13% as 
AlO3. The θ-Al2O3 phase belongs to the monoclinic system with a distorted 
spinel-type lattice, in which 50% of aluminium atoms are co-ordinated as 
AlO6, and 50% of Al atoms are co-ordinated as AlO4 [63]. Although the 
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Al–O bond in AlO4 is shorter and has a higher bond energy than in AlO6, 
the nitrogen atom replacing the oxygen atom in AlO4 needs less energy for 
the formation of Al–O–N [64] (Fig. 5). Thus, based on the changes in ener
gy, the η-Al2O3 and θ-Al2O3 phases can easier form an intermediate Al–
O–N phase at low temperatures, thereby reducing the overall temperature 
of aluminium nitride synthesis.

4. Crystal Structure of Aluminium Nitride

The crystal structure of aluminium nitride was first described by Heinrich 
Otto in 1924 [65]. He discovered that aluminium nitride has a wurtzite-
type structure (a = b ≠ c) with crystal lattice parameters a ranging from 
0.3110 to 0.3113 nm and c ranging from 0.4978 to 0.4982 nm, so that the 
ratio c/a remains ≈1.60 [66]. This structure is considered the most ther-

Fig. 5. Transformation of crystal structure during reduction and nitridation reduc-
tion [49]
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modynamically stable [67–71]. According to Ref. [69], aluminium nitride 
has a noncentrosymmetrical wurtzite-type crystal structure with only one 
axis of symmetry (Fig. 6, a). Due to the absence of a centre of symmetry, 
the centres of positive and negative charges separate under external stress 
due to lattice deformation, and a dipole moment forms causing piezoelec-
tric polarisation. Due to the large difference in electronegativity between 
nitrogen and aluminium atoms, the distribution of the electron cloud out-
side the nucleus is distorted in the aluminium nitride cell. As a result, the 
positive centre formed by the nucleus and the negative centre formed by 
the electron cloud do not overlap and form an electric moment. This po-
larisation effect is called spontaneous polarisation.

In Ref. [72], the formation of aluminium nitride at the electronic 
level is described. In its unexcited state, aluminium has three electrons in 
its valence shell distributed as 3s23p1. Therefore, the s sublevel is occupied 
with two electrons. The p sublevel is half-filled, and there are two unoc-
cupied p sublevels, as shown in Fig. 7, a. The nitrogen atom has five elec-
trons in its valence shell, which are distributed as 2s22p3. The s sublevel is 
occupied with two electrons, and three sublevels px, py, and pz are half-
filled with one electron each (Fig. 7, b). When aluminium transits into an 
excited state, the 3s23p1 sublevels transform to four hybrid 3sp3 sublevels, 
in which three sublevels are half-filled with one electron each, and the rest 
of the 3sp3 sublevels remain unoccupied (Fig. 7, a). In nitrogen, the 2s22p3 
sublevels transform to four hybrid 2sp3 sublevels, one of which is filled 

Fig. 6. (a) illustrates the hexagonal lattice structure and the a, c axes, which are pa
rallel to planes (001) and (100), respectively, and (b) illustrates the covalent bond angle 
and length between Al and N atoms and the tetrahedron structures [67]
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with two 2sp3 electrons, and three 2sp3 sublevels are half-filled with one 
electron each (Fig. 6, b). This leads to the formation of covalent bonds bet
ween the half-filled sublevels of aluminium and nitrogen atoms [73]. 
Besides, an additional ionic bond forms between the nitrogen-filled sub-
level and the aluminium empty sublevel. The covalent bonds in aluminium 
nitride have a length of l1 = 0.1885 nm and form a tetrahedron with an 
angle of 110.5°. The ionic bond has a length of l2 = 0.1917 nm, with an 
angle of 107.7° between the covalent and ionic bonds (Fig. 6, b).

According to the literature [74–77], aluminium nitride can have three 
different modifications, namely: zinc blende (ZB), wurtzite (WZ), and  
rock salt (NaCl) (Fig. 8). The metastable zinc blende-type phase and the 
stable wurtzite-type phase can be found in a bulk aluminium nitride at 
atmospheric pressure, while the rock salt-type phase is stable only at  

Fig. 8. The AlN crystal structures: left zinc blende (ZB), middle wurtzite (WZ) and 
right rock salt (rs) (NaCl) [76]

Fig. 7. Hybridisation of aluminium and nitrogen. (a) Valence layer in the non-excited 
state and hybrid sublevels of aluminium, 3sp3, in the excited state. (b) Valence layer 
in the non-excited state and hybrid sublevels of nitrogen, 2sp3, in the excited state [72]
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high pressures of 13–23 GPa [78, 79]. According to Ref. [79], the wurt
zite→rock salt phase transformation is accompanied by a 17.9% decrease 
in volume.

However, based on the data of Refs. [75, 80–85], the authors of Ref. 
[73] noted that aluminium nitride can exist not in three, but in four mod-
ifications:

•wurtzite-type structure (hexagonal lattice with a = 0.3113 nm), 
space group P63mc (prototype is β-ZnS), band gap is of 6.2 eV;

•layered hexagonal structure (hexagonal lattice with a = 0.3290 nm), 
space group P63/mm3 (prototype is lh-MgO), band gap is of 3.44 eV; ac-
cording to Refs. [83, 84, 86], such a structure is observed only in thin 
films (up to 12 monolayers) and has a larger crystal-lattice parameter 
compared to the wurtzite-like structure;

•zinc blende structure (cubic lattice with a  =  0.4340  nm [84] or 
a = 0.4406 nm) [65]), space group F43m (prototype is α-ZnS), band gap is 
of 3.24 eV; the authors of Ref. [73], based on data of Ref. [81], note that 
this structure is stable only in very thin films, and it transforms into a 
stable wurtzite-like structure as the film grows;

•rock salt structure (cubic lattice with a  =  0.4016  nm [84] or 
a = 0.4085 nm [65]), space group Fm3m (prototype is NaCl), band gap is of 
4.04 eV; as mentioned above, this structure exists only at high pressures.

5. Synthesis of Aluminium-Nitride Coatings

Due to its unique physical and chemical properties [67], aluminium nitride 
is widely used in industry not only at the macrolevel (powders), but also at 
the microlevel (coatings) and nanolevel (thin films). The authors of Ref. 
[67], based on literature data, associate this with the following properties: 
high piezoelectricity [87]; significant surface acoustic velocity [88]; elec-
tromechanical coupling [89]; chemical stability and broad transparency in 
various spectral ranges [90].

Coating deposition is an iterative process that involves several stages 
[67]. First, it is necessary to form a gaseous environment from the mate-
rial (or components of the material) of the targeted coating near the sur-
face of the substrate to which the coating is to be deposited. The physical 
and chemical properties of this gaseous environment determine the peculi-
arities of the processes involved in the formation of the coating on the 
substrate. Then, atoms from this gaseous environment reach the surface 
of the substrate, where they are adsorbed and migrate across the surface. 
These atoms collide and combine with other atoms, forming clusters, 
which eventually transform into comparatively large islands. Through 
successive iterations of this process, these clusters merge together to form 
continuous layers. The accumulation of such layers leads to the coating 
formation [72]. Understanding the physics of each stage of the coating 
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formation is crucial for optimising its properties, in particular by control-
ling the deposition parameters.

Obtaining optimal properties of aluminium nitride coatings largely 
depends on the technique used to produce them. The quality and orienta-
tion of the coating significantly affect its efficiency and functionality in 
specific technological processes [67]. Among various techniques for coat-
ing deposition, the following can be distinguished: molecular-beam epi-
taxy [91]; magnetron sputtering [92]; chemical vapour deposition [93]; 
vacuum cathodic arc evaporation [94].

Among the abovementioned methods, let us consider vacuum magne-
tron sputtering and vacuum cathode arc evaporation in more detail, as 
they allow for excellent control of deposition parameters, low-temperature 
operation, and compatibility with semiconductor technology.

As shown in Ref. [95], vacuum magnetron sputtering allows for pre-
cise control of coating thickness and composition, which is crucial for ap-
plications requiring high precision.

Magnetron sputtering has made significant progress since its inven-
tion in 1852 [96]. This became possible starting in the 1960s due to the 
development of various technologies, including plasma technology, vacu-
um methods, thermal evaporation and spraying. Since then, vacuum mag-
netron sputtering has evolved from a technique for depositing metal films 
into a high-tech process with wide industrial applications. It should be 

Fig. 9. Reactive sputtering process for AlN film [99, 100]
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noted that improvements and modifications to this process have signifi-
cantly enhanced the properties of the coatings and increased the deposi-
tion rate [97].

Upon magnetron sputtering (Fig. 9), atoms of material are removed 
from the target surface by the transfer of momentum caused by collisions 
with high-energy particles [98]. These interactions lead to various surface 
phenomena, which may include surface neutralisation, secondary electron 
emission, ion implantation, and radiation damage. The magnetron sputter-
ing requires a high-quality initial vacuum of at least 10−6 Pa to remove 
water vapour, oxygen, and hydrocarbons that can contaminate the coat-
ing. The process occurs at a working gas pressure (usually argon) ranging 
from 0.1 to 1 Pa to maintain the plasma, which bombards the target and 
ejects atoms. The energy of particles deposited during sputtering can be 
relatively high, ranging from 1 to 100 eV.

It is believed that only a few process parameters need to be adjusted to 
control the growth of aluminium nitride coatings during magnetron sput-
tering. However, the authors of Refs. [67, 95] note that to improve the 
control of coating growth parameters during magnetron sputtering, a 
more comprehensive approach is needed, namely, adjustment of: gas flow 
ratio (N2/Ar); sputtering power; substrate temperature; deposition pres-
sure. For example, the N2/Ar ratio affects the stoichiometry and proper-
ties of the coating, while the sputtering power affects the energy of the 
sputtered atoms and the deposition rate. Maintaining an optimal substrate 
temperature between 200 and 500 °C increases atomic mobility and pro-
motes the formation of desirable crystal structures. Besides, pressure con-
trol allows for better management of the mean free-path length of sput-
tered particles, which is important for uniform coating growth. Controlling 
ion bombardment using magnetic field configuration significantly affects 
coating density and crystal structure perfection.

Certain issues associated with the formation of coatings using magne-
tron sputtering should be noted. Firstly, it is impossible to predict accu-
rately the structure of the coating due to fluctuations of sputtering pa-
rameters [101]. Secondly, the coatings deposited on different substrates 
have different stress states, which affect their properties [102].

In addition to magnetron sputtering, the vacuum cathode arc evapora-
tion of a target is currently actively used [94]. This deposition technique 
was first used in 1884 by T.A. Edison, and it was protected by a US patent 
in 1894 [103]. The main parameters of this method: a current of @ 100 A 
flows through the plasma on the target surface, while the power density 
emitted on the target surface reaches @ 1013 W/m2 and corresponds to the 
temperature of complete ionisation of the material.

A vacuum arc source that generates flows of highly ionised plasma is 
an effective tool for depositing coatings for various purposes [104–109]. 
Such coatings form by condensation of a high-energy plasma flow from 
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the cathode on a relatively cold substrate surface. The thickness of the 
condensate is determined by the plasma flow density and exposure time.

A. Anders [110] provided data on the distribution of ions by the de-
gree of ionisation for all electrically conductive materials. The degree of 
ionisation of elements in each group and in each period of the periodic 
table increases with the element number. Forming vapour with a high de-
gree of ionisation and high kinetic energies (up to @100 eV) of emitted ions 
is one of the features of the arc evaporation of the target by cathode spots 
of a vacuum arc. In Ref. [111], A. Anders provided data on the energies of 
ions of various target materials. Due to the high pressure of the metal 
vapour in the spot on the target surface, a jet of metal plasma is ejected in 
5–40 ns. If there is an arc stimulator on the surface near the plasma dis-
charge point, such as a dielectric inclusion or a sharp protrusion, a break-
down occurs, and another plasma jet is ejected, and so on. The direct cur-
rent of the arc is a sequence of short pulses of elementary plasma jets 
[112] with amplitude of 20–40 A; when this amplitude is exceeded, sev-

Fig. 10. Scheme of technological process [117, 119, 121]
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eral cathode spots of a vacuum arc form on the target surface. Under a 
vacuum arc, the main source of plasma is cathode spots [112–116], whose 
sizes range from a few to several tens of micrometres.

Unique hybrid helicon-arc ion-plasma vacuum equipment was devel-
oped at the G.V. Kurdyumov Institute for Metal Physics of the National 
Academy of Sciences of Ukraine [117–125]. This equipment allows for 
low-temperature ion-plasma synthesis of coatings [117–125], including 
aluminium nitride, on flexible thermolabile polymer substrates (Fig. 10).

The developed іon-plasma vacuum equipment has unique technological 
characteristics [117–125]: low operating temperatures on the substrate of 
30–300 °C; a flow of working gas ions from a helicon source with a density 
on the substrate of 5–10 mA/cm2; ion energy of 100–150 eV. A vacuum arc 
accelerator (modernised vacuum arc source) generates an accelerated plasma 
flow of consumable cathode with a density of up to 10–20 mA/cm2. The au-
thors of Refs. [119, 121, 122] noted that the plasma density in the chamber 
of a hybrid helicon-arc reactor reached 1011–1013 cm-3, which was several or-
ders of magnitude higher than in magnetrons and typical arc plasma sources.

The developed unit for ion-plasma deposition and ion-plasma modifica-
tion of surfaces (Fig. 10) includes the following parts [117, 119–123]: a 
helicon plasma source; a high-frequency pump oscillator with an operating 
frequency of 13.56 MHz; plasma arc accelerators combined in a single 
technological reactor chamber. The magnetic system of the helicon plasma 
source is designed to form conditions for the excitation of natural plasma 
electromagnetic waves in the discharge plasma, which are known as heli-
con modes. This creates conditions in the plasma for the effective absorp-
tion of external high-frequency energy and the generation of charged 
working gas particles with high density. The magnetic coil located in the 
processing chamber directs the plasma flow from the helicon source to the 
substrate. Besides, this magnetic coil is also used to turn the plasma flow 
of the consumable cathode material from the plasma arc accelerator to-
ward the substrate. This design of the discharge plasma chamber, which 
functionally combines two plasma sources (helicon discharge and a plasma 
arc accelerator), provides a high-quality technological process of forming 
special coatings (e.g., aluminium nitride).

According to Refs. [117–123], the use of an additional control coil al-
lows controlling plasma flow in the plasma arc accelerator for the first 
time (Fig. 11).

The process of forming aluminium nitride coatings in a hybrid helicon 
arc ion-plasma reactor involves the following steps [121].

As seen through the viewing window of the drift chamber, the sub-
strate is placed on the worktable located in the processing chamber at an 
angle to the bottom plane of the discharge plasma chamber; this angle can 
be changed depending on the conditions of the experiment. In the first 
stage, contaminants and water vapour are evacuated from the discharge 
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plasma chamber to a pressure of approximately 5 ⋅ 10–2 Pa, and then an 
inert working gas (argon) is fed into the chamber. After the chamber is 
filled with argon, a pressure of 1 Pa is maintained, at which the working 
gas is ionised by high-frequency energy emitted through an antenna. The 
antenna is connected via an adapter to a high-frequency generator operat-
ing at a frequency of 13.56 MHz with a power of 400 W. At this high-
frequency power, an inductive discharge occurs in the plasma.

An external magnetic field is applied in the discharge chamber by 
switching on magnetic coils located outside the chamber, a little bit below 
the viewing window. This magnetic field causes the transfer and absorp-
tion of high-frequency energy in the plasma by its naturally resonant elec-
tromagnetic waves excited by the antenna [117, 120–123]. Thus, a helicon 
wave structure forms in the plasma.

Adjustment of the current supplied to the coils, while maintaining a 
constant power input, allows controlling the spatial distribution of plasma 
density. For additional cleaning of the walls of the discharge plasma cham-
ber from contaminants remaining after high-vacuum pumping, the plasma 
with a volume diffuse discharge is activated throughout the whole cham-
ber. The control magnetic coil, located in the processing chamber area 
(Fig. 10), forms the plasma flow from the helicon source to the substrate 
[117, 120–123, 125]. Turning on this magnetic coil causes a discharge in 
the plasma (‘plasma column’). This ‘plasma column’ discharge is accompa-
nied by intense bombardment of the substrate surface with plasma ions. 
This allows sputtering the adsorbed light components of the residual envi-
ronment, which remained on the substrate even after high-vacuum clean-
ing [117, 120–123, 125].

When all stages of cleaning the substrate and the volume of the plas-
ma discharge chamber are fulfilled (it takes about 15 min), argon is re-
placed with nitrogen, and the plasma arc accelerator is turned on at a 
pressure of 5 ⋅ 10–2 Pa. When current is supplied and a magnetic field is 
applied close to the end face of the cathode of the plasma arc accelerator, 

Fig. 11. Plasma flow control in plasma arc accelerator [118, 119, 121]
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a directed, intense, high-energy plasma flow from the cathode is formed, 
which is accelerated by a radial electric field up to the energies corre-
sponding to the voltage drop through the discharge [117–121, 123]. This 
high-energy plasma flow from the cathode enters the drift chamber. The 
ion flux rotation used to prevent microdroplets from hitting the substrate 
is provided by activating a control magnetic coil located in the processing 
chamber. When a current of 0.5 A is applied to the coil, the ion flux is 
rotated and directed toward the substrate surface (Fig. 11). As a result, 
the consumable cathode material is deposited onto the substrate.

6. Conclusions

The literature data on the physical and mechanical properties, methods of 
production, and applications of aluminium nitride are summarised. It is 
noted that aluminium nitride can exist in four different forms that have 
different physical, mechanical, optical, and electrodynamic properties. 
Aluminium nitride is widely used not only at the macrolevel (powders), 
but also at the micro-level (coatings) and nanolevel (thin films).

The main issue in producing high-quality aluminium nitride (or coat-
ings based on it) is residual oxygen, since aluminium has a much higher 
affinity for oxygen than for nitrogen. The main ways to enhance the for-
mation of aluminium nitride are as follow:

•introducing magnesium (0.1–1.0 wt.%), which significantly reduces 
the partial pressure of oxygen and thereby activates the synthesis of alu-
minium nitride;

•using ammonia (NH3) instead of pure nitrogen, which is an unstable 
compound and can easily dissociate into nitrogen and hydrogen (hydrogen 
released in this reaction effectively binds residual oxygen).
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НІТРИД АЛЮМІНІЮ ЯК ПЕРСПЕКТИВНИЙ  
БАГАТОФУНКЦІОНАЛЬНИЙ МАТЕРІАЛ.  
Ч. 1. Властивості, кристалічна структура та технології виготовлення

Досліджено перспективний матеріал серед нітридів III групи, а саме нітриду Алю
мінію (AlN), який завдяки своїм унікальним властивостям активно застосовується 
у промисловості. Охарактеризовано його основні фізико-механічні властивості та 
напрями використання (в акустичних, електронних та оптичних пристроях). На 
основі термодинамічних розрахунків визначено, що вільна енергія Ґіббса для окис-
нення металевого алюмінію до утворення сполуки Al2O3 є нижчою, і, відповідно, 
він активніше взаємодіє з киснем, аніж з азотом. Для активації реакції алюмінію з 
азотом, згідно з рівнянням Вант-Гоффа, парціальний тиск азоту має значно пере-
важати тиск кисню і лише в такому випадку алюміній реагує переважно з азотом, 
утворюючи хімічну сполуку AlN. Розглянуто відомі шляхи зменшення негативного 
впливу кисню на процес утворення нітриду Алюмінію. Представлено основні мето-
ди одержання нітриду Алюмінію, зокрема тонких плівок, визначено їхні основні 
переваги та недоліки. Показано, що за основним механізмом хімічної реакції для 
вихідних компонентів методи одержання поділяють на шість комплексних груп. 
Визначено, що залежно від умов формування нітрид Алюмінію може бути в чоти-
рьох модифікаціях: структура типу вюртциту з шириною забороненої зони у 6,2 еВ; 
структура типу шаруватої гексагональної з шириною забороненої зони у 3,44 еВ; 
структура типу цинкової обманки (сфалериту) з шириною забороненої зони у 
3,24  еВ; структура типу кам’яної солі із шириною забороненої зони у 4,04  еВ. 
Проаналізовано особливості зазначених модифікацій AlN.

Ключові слова: нітрид Алюмінію, технології виготовлення, кристалічна структура, 
тонкоплівкові покриття, фізико-механічні властивості.




