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A B S T R A C T

The influence of the stoichiometric composition of thin AlN coatings on its microstructure, properties and spe
cific electrical resistivity was studied. It was established that a sharp change occurs in the microstructure and 
properties when the nitrogen concentration in the coatings varies from 15 to 20 at.% N due to the changes in the 
phase composition of coatings. High mechanical properties (elastic modulus E and microhardness H) were ob
tained on Al0.87N0.13 coating (E = 65 GPa, H = 1.1 GPa, group 1, at sputtering temperature 100 ◦C) and 
Al0.86N0.14 coating (E = 65 GPa, H = 1.2 GPa, group 2, at sputtering temperature 20 ◦C). Low microtribological 
properties were obtained: in group 1 on an Al0.87N0.13 coating and in group 2 – Al0.83N0.17 coating. From the 
point of view of the optimal combination of microstructure and properties the most preferred AlN coatings for 
use in microelectronics are: from group 1 – Al0.87N0.13 coating (ρ=0.168 μΩ⋅m), from group 2 – Al0.83N0.17 
coating (ρ=0.918 μΩ⋅m).

1. Introduction

Aluminum nitride (AlN) coatings demonstrate excellent piezoelectric 
properties [1,2], wide bandgap [3], low coefficient of thermal expan
sion, high thermal conductivity [4–6], resistivity and dielectric prop
erties [4]. Due to these properties, they are widely used in electronic [1] 
and optoelectronic [3,5,7] equipment. As a good piezoelectric material 
[8,9] AlN is utilized in surface acoustic wave devices [2,10,11]. In mi
croelectronics such a material can be combined with silicon technolo
gies [2]. Due to the wide bandgap (6.2 eV) AlN coatings have found wide 
application in optoelectronic devices in the UV range [3,5]. AlN coatings 
are also used as wear-resistant and impact-resistant coatings with 
dielectric properties for elements of electronic equipment [12]. AlN 
coatings can be used as intermediate layers [13] with variable hardness 
to create a hybrid coating on which a diamond-like coating (DLC) is 

deposited, which makes it possible to reduce the distribution of me
chanical stress in the DLC and increase the adhesive strength [13].

AlN application in multilayer coatings with alternating CrN and AlN 
layers of various thicknesses [14,15] makes it possible to create a 
gradient in the atomic and electronic structures due to the presence of 
phase transformations and, thus to improve the complex of properties 
for the resulting material. Multilayer AlN/Al coatings (the individual 
layers of which effectively crystallize tend) deposited by magnetron 
sputtering method to be dense and smooth and are used as 
corrosion-resistant and scratch-resistant coatings to protect various 
surfaces [16]. Nanometer-scale individual layers in AlN/Al multilayer 
coatings with different thicknesses of an individual AlN layer can 
significantly change the mechanical, tribological and optical properties 
of the surface [17,18]. Ni-doped AlN coatings exhibit excellent ferro
magnetic properties [19].
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Practical tasks in the fields of microelectronics, design of commu
nication devices and optoelectronic equipment require high quality of 
the transmitted signal, for which achievement structure, color and sur
face roughness of the coatings plays a crucial role [2,10,11,20–22].

There are various methods for deposition of AlN coatings: chemical 
vapor deposition, molecular beam epitaxy, reactive plasma spraying, 
excimer laser synthesis, magnetron sputtering process, plasma- 

enhanced atomic layer deposition [2,3,14,23–26]. However, the prob
lem of reproducibility of the structure, required properties and stoi
chiometric composition when depositing coatings, as well as 
degradation and fracture of the coatings subjected to high temperatures 
used in most coating deposition methods still remains [5].

To expand the possibility of using AlN coatings in microdevices, it is 
necessary to comprehensively characterize the properties of coatings in 
microcontacts. For such purposes, probe research methods are used – 
atomic force microscopy (to study the microstructure) and nano
indentation (to determine mechanical and microtribological properties).

The purpose of this work is to study the influence of the stoichio
metric composition of AlN coatings deposited by the magnetron sput
tering method on their microstructure, mechanical, tribological 
properties and specific electrical resistivity.

2. Materials and methods

AlN coatings were obtained by reactive DC magnetron sputtering of 
Al using the VSM 100 (ROBVAC, Russia) magnetron system on silicon 
substrates of (100) orientation at a constant pressure of 0.78 Pa in the 
closed chamber of the system [27]. The samples were sputtered in the 
power stabilization mode, which was 100 and 150 W at temperatures of 
20 and 100 ◦C (Table 1). The nitrogen flow varied for the first group 
from 1 to 5 sccm with a step of 1 sccm, and for the second group – from 
0.75 to 3.75 sccm with a step of 0.75 sccm (Table 1). Sputtering was 
carried out at a constant rotation speed of the samples. Before each 
sputtering, the target was cleaned by sputtering in an inert Ar atmo
sphere for 15 mins at a sputtering power of 100 W. After deposition, the 
coated samples were cleaved along a previously applied notch on the 
back side of the Si substrate. The thickness of the coatings was further 
determined using a Crossbeam 340 scanning electron microscope (SEM, 
Carl Zeiss Micrography, Germany). During the study, the samples were 
fixed in a special holder so that the surface of the cross-section was 
located normally under the electron beam. The studies were carried out 
using an Everhart-Thornley secondary electron detector with extra high 

Table 1 
AlN coating deposition parameters.

Group Sample N◦ N2 flow [sccm] Power [W] Temperature [ ◦C]

1 1.1 1 150 100
1.2 2
1.3 3
1.4 4
1.5 5

2 2.1 0.75 100 20
2.2 1.50
2.3 2.25
2.4 3.00
2.5 3.75

Table 2 
Thickness and stoichiometric composition of AlN coatings.

Sample N◦ Thickness [nm] at. % N at. % Al

1.1 833±42 6.31±0.24 93.69±0.24
1.2 789±39 12.98±0.32 87.02±0.32
1.3 725±36 19.46±0.77 80.54±0.77
1.4 875±44 25.48±0.70 74.52±0.70
1.5 1220±61 32.55±0.12 67.45±0.12
2.1 950±48 5.88±0.46 94.12±0.46
2.2 876±44 14.47±0.47 85.53±0.47
2.3 800±40 19.04±0.53 80.96±0.53
2.4 1050±53 17.16±0.47 82.84±0.47
2.5 1000±50 26.69±0.19 73.31±0.19

Fig.1. XRD measurements for the coatings under study.
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tension (EHT) of 3 kV. After this, the samples were glued to the posi
tioning table using conductive tape and the microstructure of their 
surface was studied, the EHT was 3 kV as well. Additionally, the 
microstructure of the coatings was assessed using Dimension FastScan 
(Bruker, USA) atomic force microscope (AFM) in the PeakForce QNM 
(Quantitative Nanoscale Mechanical Mapping) mode. The standard 

CSG10_SS silicon cantilevers (TipsNano, Russia) with a cantilever stiff
ness of 0.3 N/m and a tip radius of 10 nm were used.

The X-ray structural studies of coatings were carried out on an 
automated complex based on a DRON-3 M diffractometer (Burevestnik, 
Russia) in CuKα radiation using secondary monochromatization of the 
X-ray beam during step-by-step (0.1◦) shooting with a pulse set duration 

Fig. 2. SEM images of the surface (a-e) and cross sections (f1-f5) of coatings of group 1: a – Al0.94N0.06; b – Al0.87N0.13; c – Al0.81N0.19; d – Al0.75N0.25; e – Al0.67N0.33; f1 
– Al0.94N0.06; f2 – Al0.87N0.13; f3 – Al0.81N0.19; f4 – Al0.75N0.25; f5 – Al0.67N0.33.

Fig. 3. Surface roughness: a – group 1; b – group 2.
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at each point of 20 s.
The surface roughness of the coatings was determined using Surftest 

SJ-210 contact profilometer (Mitutoyo, Japan). Three profiles of 2.5 mm 
long were evaluated on each coating to determine roughness parameters 
(Ra, Rq, Rz). Roughness parameters were also obtained using AFM.

The stoichiometric composition and chemical analysis of the coat
ings were assessed using an EDX Oxford X-Max 80 (Oxford Instruments, 
UK) with 200x magnification and a voltage of 20 kV, from the sample 
surface over the entire area with a wide coverage (approximately 
~150–200 µm by ~400–500 µm), as well as from individual contrast 
crystals pointwise.

The mechanical properties were determined using a Hysitron 750Ubi 
(Bruker, USA) nanoindentation system. A diamond conical indenter 
with a radius of curvature of 226 nm and an angle of 60◦ at the apex was 
used. The mechanical properties were determined at a maximum load of 
100 μN, the results were averaged for 9 indentations for each sample. 
The indentation depth did not exceed the 1/10 of the coating thickness. 
The microtribological properties were determined using the same device 
and indenter. To conduct microtribological tests (nanoscratch testing), 
the nanoindenter was equipped with a two-dimensional transducer. 
Tests were carried out using specified functions of load and scratch 
length. During testing, 3 scratches 6 µm long were applied to each 
sample in 15 s with a constant load of 50, 75 and 100 µN – for AlN 
coatings. Multi-cycle tests consisted of applying 3 scratches of 6 μm 
length in 10 cycles of 5 s/cycle (total path 60 μm, duration 50 s) at a load 

of 100 μN for AlN coatings. The process of applying 3 scratches with a 
length of 5 μm in 100 cycles of 5 s/cycle (total path 500 μm, duration 
500 s) was carried out with a load of 100 μN for all samples. Scratching 
of the surface with an increasing load up to 1000 μN was carried out for 
AlN coatings over a distance of 5 μm in 5 ss. The specific volumetric wear 
(ω) after 100 cycles was calculated from the volume of material removed 
during the friction test divided by the product of load and distance.

The specific surface electrical resistivity ρ was determined according 
to formula: 

R□ =
ρ
d
,

where d – is coating thickness, m; R□ – surface resistance [Ω/□] (Ohm 
per square). Surface resistance R□ was measured using the four-probe 
method on the IUS-3 (SamaraPribor, Russia) unit.

3. Results and discussion

According to the EDX results, the atomic content of nitrogen in the 
coating composition increases, and aluminum decreases (Table 2). The 
change in Al and N in coatings depends almost linearly on the nitrogen 
flow in the chamber during coating deposition.

In the diffraction patterns of the deposited AlN coatings, diffraction 
lines emanating from the AlN cubic phase were observed (Fig. 1). At 
nitrogen concentrations of 6.31 and 5.88 at.% N (Al0.94N0.06 and 

Fig. 4. SEM images of the surface (a-e) and cross sections (f1-f5) of coatings of group 2: a – Al0.94N0.06; b – Al0.86N0.14; c – Al0.81N0.19; d – Al0.83N0.17; e – Al0.73N0.27; f1 
– Al0.94N0.06; f2 – Al0.86N0.14; f3 – Al0.81N0.19; f4 – Al0.83N0.17; f5 – Al0.73N0.27.
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Al0.94N0.06), the presence of the Al phase together with the AlN phase of 
(111), (200), (220) and (311) orientations was observed in the coatings 
(Fig. 1). The main peaks in all coatings representing the cubic crystal 
structure are the (111) and (200) peaks.

SEM and AFM studies demonstrated differences in microstructure 
and surface roughness between the samples with AlN coatings 
(Figs. 2–5). The structure of the Al0.94N0.06 and Al0.87N0.13 coatings in 
the first group consists of multifaceted crystallites of various sizes. Their 
size decreases with increasing nitrogen content from 6.31 to 12.98 at.% 
N (Al0.94N0.06 and Al0.87N0.13 coatings, Fig. 2a,b). Crystallites with a size 
of 0.7–1.0 μm predominate on the surface of the Al0.94N0.06 coating. On 
the Al0.87N0.13 coating, their number decreases significantly and crys
tallites with a size of 50–250 nm are uniformly distributed over the 
entire surface.

A further increase in nitrogen content to 19.46–32.55 at.% N leads to 
a change in the surface structure from crystallite to granular (Fig. 2c–e). 
On the surface of the Al0.81N0.19 coating (Fig. 2c) there is an insignificant 
amount of crystallites similarly to Al0.87N0.13 coating (Fig. 2b), and on 
the Al0.75N0.25 and Al0.67N0.33 coatings (with 25.48 and 32.55 at.% N) 
they are absent. The surface structure of coatings of group 1 also changes 
from crystallite to granular, the corresponding changes in their micro
geometrical characteristics are shown in Fig. 3a. When the nitrogen 
content changes from 6.31 to 19.46 at.% N, the roughness increases, and 
then decreases as the nitrogen content increases from 19.46 to 32.55 at. 
% N.

The structure of the second group of samples (Fig. 4) also changes 
with increasing nitrogen content. The Al0.94N0.06 coating (Figs. 4a, 5a) is 

almost similar in structure to the Al0.87N0.13 coating (Fig. 2b) in the first 
group. The structure is represented by crystallites with a size of 500 nm 
or less. On the surface of the Al0.86N0.14 coating there are crystallites of 
elongated rhomboid shape (Figs. 4b, 5b) with sizes from 20 to 300 nm. A 
similar structure, consisting of diamond-shaped crystallites, was ob
tained in [16] during AlN coating deposition by varying the ratio of 
argon and nitrogen concentrations in the chamber.

With an increase in nitrogen content to 17.16 and 19.04 at.% N, the 
structure changes to fine-grained with an insignificant presence of 
crystallites of multifaceted, rhomboid and triangular shapes (Figs. 4c,d, 
5c,d). The grain size is 10–30 nm, and the crystallites are 50–200 nm. 
The surface structure of the Al0.73N0.27 coating (Fig. 4e) is similar to the 
structure of the Al0.75N0.25 and Al0.67N0.33 coatings of the first group 
(Fig. 2d,e), but has a smaller grain size (Fig. 4e). The surface roughness 
of coatings of group 1 also changes from crystallite to granular A similar 
granular structure of the coating surface was obtained in [22] at a 
deposition pressure of 0.2–0.55 Pa and with increasing pressure the 
grain size decreased.

It should be noted that on the surface of crystallites on the Al0.94N0.06 
and Al0.87N0.13 coatings (Fig. 2a,b) in the first group and Al0.94N0.06 and 
Al0.86N0.14 coatings in the second group (Fig. 4a,b) the regular planes in 
the form of a triangle, square, rhombus and polygon were observed. 
According to [16] this type of crystallites are single crystals.

The cross section of each sample of group 1 (Fig. 2f1-f5) shows that 
Al0.94N0.06 and Al0.87N0.13 coatings are formed in the form of a columnar 
structure oriented perpendicular to the substrate (Fig. 2f1 and f2), and 
Al0.81N0.19, Al0.75N0.25 and Al0.67N0.33 coatings – in the form of dendritic 

Fig. 5. AFM images of the surface (a-d) of coatings of group 2: a – Al0.94N0.06; b – Al0.86N0.14; c – Al0.81N0.19; d – Al0.83N0.17.
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structure (Fig. 2f3-f5). The columnar structure of AlN coating formation 
was also obtained in [20]. The columnar structure is very similar to the 
band model of magnetron sputtered coatings described in [20] and 
proposed in [28]. In this case, the change in the size of the columns on 
the cross section in the model depends on the change in the deposition 
parameters (power, temperature and time deposition) [20,28]

Coatings of group 2 (except for the Al0.73N0.27 coating) are formed in 
the form of a columnar structure (Fig. 3f1-f4). The Al0.73N0.27 coating 
(Fig. 3f5) is similar in structure to Al0.81N0.19, Al0.75N0.25 and Al0.67N0.33 
coatings of group 1 – it demonstrates a dendritic structure.

The thickness of the coatings was determined from the cross section 
(Fig. 2f1-f5, Fig. 4f1-f5). The results obtained demonstrate that the 
thickness does not depend on the nitrogen flow in the chamber during 
deposition for the samples under study (Table 2). It varies in the range 
from 725 to 1220 nm (Table 2, Fig.s 2f1-f5 and 4f1-f5).

When comparing changes in the chemical composition and images of 
the structure, it can be noted that when 15–20 at.% nitrogen in the 
coating composition is exceeded, the crystalline structure changes to 
granular and the columnar transverse structure to dendritic for both 
groups of AlN coatings.

The mechanical properties of the coatings increase with increasing 
the nitrogen content up to 15 at.% N (Fig. 6). For group 1 AlN coatings, 
the elastic modulus E increases from 56±7 GPa to 65±11 GPa, and the 
microhardness H remains constant and is equal to 1.1 ± 0.3 GPa. For the 
second group of coatings, E increases to 65±11 GPa, and microhardness 
– to 1.2 ± 0.2 GPa. The values of microhardness and elastic modulus 
obtained at such nitrogen concentrations are close in value to aluminum 
coatings [17,21], deposited by the magnetron method onto a silicon 
substrate at a higher power compared to the power used in this work 
(750 W).

When the nitrogen content increases to 20 at.% N, there is a sharp 
decrease in E and H in the first group of coatings – to 21±8 GPa and 0.3 
± 0.1 GPa, respectively. In the second group, a concentration of 17–20 
at.% N leads to a slight decrease in the elastic modulus to 49±3 GPa. In 
this case, the microhardness remains almost constant – 1.2 ± 0.1 GPa. A 

further increase in the nitrogen concentration in the coatings reduces the 
elastic modulus and microhardness in two groups of coatings. In the first 
group at the Al0.67N0.33 coating E = 18±8 GPa and H = 0.3 ± 0.1 GPa, in 
the second one at the Al0.73N0.27 coating 26.69 at.% N E = 23±5 GPa and 
H = 0.3 ± 0.1 GPa.

Both in the microstructure and in the mechanical properties, there is 
a sharp change in properties when the nitrogen concentration in the 
coatings changes in the range from 15 to 20 at.% N. The mechanical 
properties in this work are lower compared to other sources [16,29,30]. 
However, it should be noted that other sources discuss coatings with a 
higher nitrogen content in the coating composition (>40 at.% N). Thus, 
low microhardness was obtained in AlN coatings with 28 at.% N, 
described in [29] and amounted to 2 GPa.

Changes in microstructure and mechanical properties are associated 
with changes in the crystal structure of coatings [29,30]. In the first 
group, changing the ratio of the intensities of the (111) and (200) peaks 
(Fig. 1) lead to a change in the microstructure of the structure from 
crystallite to granular (Fig. 2) one, as well as a change in the mechanical 
properties (Fig. 6c). The constant change in the predominant phase 
orientation of cubic AlN in the second group also leads to a change in the 
microstructure (Fig. 4) and mechanical properties (Fig. 6c).

The coefficient of friction CoF in microtests for group 1 decreases to 
0.196–0.284 at three constant loads (50, 75 and 100 μN) with an in
crease from 6.31 to 12.98 at.% N in the coating composition (Fig. 7a). A 
similar decrease occurs in the second group of coatings – to 
0.150–0.185. This is explained by an increase in the mechanical prop
erties of the coatings in this range of at.% N (Fig. 6). Similar CoF values 
(after tribotests on a microtribometer using a ball-disk scheme with a 
steel ball with a diameter of 3 mm) were obtained in [17] and are in the 
range of 0.143–0.447 depending on the thickness of the AlN layers in 
multilayer Al/AlN coatings, and in a single-layer CoF coating friction 
was 0.324.

The coefficient of friction changes to maximum values of 
1.031–1.191 on the Al0.81N0.19 coating from the first group of samples. 
In this case, the influence of roughness occurs (Fig. 3a, at this 

Fig. 6. Indentation curves for the group 1 (a) and group 2 (b) and mechanical properties (c) of AlN coatings.
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concentration it increases). The increase in the coefficient of friction is 
also associated with a decrease in the mechanical properties of this 
coating (Fig. 6). In group 2, CoF decreases on the Al0.83N0.17 coating, and 
then CoF increases with increasing at.% N (Fig. 7a,b).

In this work, high-cycle friction tests allowed to study the behavior of 
coatings in microcontact. As a result of multi-cycle friction, an identical 
change in the coefficient of friction was demonstrated after 10 and 100 
friction cycles (Fig. 7b). Higher values of the coefficient of friction after 

10 cycles (Fig. 7c) can be explained by the fact that the diamond conical 
indenter tends to interact to a greater extent with all surface irregular
ities during the first cycles and it requires more effort to overcome them. 
And the higher they are, the greater is the coefficient of friction. Then, 
with each cycle, these irregularities are smoothed out and the interac
tion is reduced, which leads to a decrease in the CoF values. Also, it 
should be noted that during microfriction in the contact area of the 
indenter tip with the surface, high stresses arise, several times higher 
than the contact stresses during standard tribotesting, and amount to 
tens of GPa [31,32], which leads to faster wear of the surface. In the 
range of cycles from 10 to 100, the coefficient of friction remains almost 
stable for each coating and varies within a standard deviation around 
the average value.

Based on the results of microtribotests, it was established that the 
CoF (for all types of tests) completely correlates with the roughness in 
group 2 (Table 3) – the correlation coefficient is 0.9–1.0 (high direct 
correlation). For group 1, the CoF values of group 1 practically do not 
correlate with roughness (Table 3).

Microscratch testing with increasing load showed that the most 
stable coating in group 1 was the Al0.87N0.13 coating (Fig. 8a, purple 
diagram). On this coating, the minimum CoF values were also obtained 
in other tests – 0.068 (after 100 test cycles), 0.109 (after 10 test cycles), 

Fig. 7. Tribological properties of AlN coatings for groups 1 and 2: a – CoF at constant load (50, 75 and 100 µN); b – CoF after 10 and 100 cycles; c, d – dependence of 
CoF on the number of cycles.

Table 3 
Ccorr of roughness with coefficient of friction under various test conditions and 
specific volumetric wear.

CoF ω

10 
cycles

100 
cycles

50 
μN

75 
μN

100 
μN

(after 100 
cycles)

Ra group 
1

0.6 0.6 0.5 0.7 0.6 − 0.3
Rq 0.5 0.5 0.5 0.6 0.5 − 0.3
Rz 0.4 0.3 0.3 0.5 0.3 − 0.5
Ra group 

2
1.0 0.9 0.9 0.9 0.9 0.9

Rq 0.9 0.9 0.9 0.9 0.9 0.9
Rz 1.0 1.0 1.0 1.0 1.0 1.0
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0.196 (at a load of 50 μN), 0.284 (at a load of 75 μN), 0.244 (at a load of 
100 μN). All other coatings demonstrate a higher CoF and there is a large 
difference in values (Fig. 8a). The coatings in group 2 showed almost 
identical CoF diagrams with increasing load (Fig. 8b). Only the 
Al0.73N0.27 coating turned out to be less resistant to such tests (Fig. 8b, 
dark blue line) – with large differences in the CoF values in the diagram.

When determining the correlation of physical, mechanical and 
microtribological properties with the stoichiometric composition, it was 
established (Table 4) that the composition of group 1 is more correlated 
with the elastic modulus and microhardness of coatings, and the 
composition of group 2 is more correlated with the coefficient of friction 
and specific volumetric wear.

Specific volumetric wear ω (Fig. 9) as well as the coefficient of 
friction in the second group depends on the surface roughness – corre
lation coefficient 0.9–1.0 (high direct correlation) (Table 3), but does 
not depend on the composition of the coatings (Table 4). Fig. 9 shows 
images of the wear area after 100 cycles. The greatest wear depth of 265 
nm was obtained on a Al0.81N0.19 coating of the first group, and in the 
second group – 189 nm on a Al0.73N0.27 coating (Fig. 9a). For both 
groups of coatings, specific volumetric wear decreases with increasing 
nitrogen content to 15–20 at %. In group 1, specific volumetric wear 
decreases from 0.68 ± 0.03 m3/N⋅m for Al0.94N0.06 coating to 0.38 ±
0.02 m3/N⋅m for Al0.87N0.13 coating, and in group 2 – from 0.42 ± 0.02 
m3/N⋅m for Al0.94N0.06 coating to 0.12 ± 0.01 m3/N⋅m for Al0.83N0.17 
coating. An increase in specific volumetric wear was observed as well: in 
the first group this is associated with a decrease in physical and me
chanical properties (Fig. 6), in the second group – with an increase in 
surface roughness (Fig. 3). The maximum values of ω were obtained for 
the Al0.75N0.25 coating (ω = 1.76 ± 0.09 m3/N⋅m) of the first group, and 
in the second group for the Al0.73N0.27 coating (ω = 1.07 ± 0.05 m3/ 
N⋅m).

Based on the results of measuring the specific electrical resistivity of 
the coating surface using the four-probe method, it was established that 
with increasing at % N, the value of ρ increases (Fig. 10), i.e. the 

conductivity of the coating decreases. It should be noted that at con
centrations up to 15 – 20 at % N resistivity increases more slowly than at 
high nitrogen concentrations in coatings – its dependence on the 
composition of the coating, as well as microstructure, mechanical and 
tribological properties was found. The minimum values were obtained 
as 0.098 and 0.133 μΩ⋅m for coatings with 6.31 (gr.1, Al0.94N0.06) and 
5.88 (gr.2, Al0.94N0.06) at.% N, respectively. Coatings with the best 
mechanical and microtribological characteristics (Al0.87N0.13 coating in 
the first group and Al0.83N0.17 coating in the second group) have elec
trical resistivity of 0.168 and 0.918 μΩ⋅m, respectively.

When determining the correlation of the electrical resistivity of 
coatings with the stoichiometric composition, thickness and physical 
and mechanical properties, it was found that group 1 of AlN coatings 
depends on the thickness of the coating (Ccorr = 0.9) and nitrogen 
content (Ccorr = 0.9), and the second group AlN depends on the nitrogen 
content (Ccorr = 0.9) and correlates with the elastic modulus of the 
coatings (Ccorr = − 0.8).

4. Conclusions

As a result of this work, two groups (the first group of coatings was 
sputtered at 100 ◦C, the second one – at 20 ◦C) of AlN coatings with 
different stoichiometric compositions were obtained using the reactive 
DC magnetron sputtering method with the variable nitrogen flow in the 
chamber. According to the results of X-ray phase analysis, the deposited 
AlN coatings are represented by the AlN cubic phase. The structure of 
the coatings of both groups with a nitrogen content of up to 15–20 at.% 
N consists of single crystals – crystallites with regular planes. With a 
further increase in at.% N, the structure changes to granular. Both in the 
microstructure and in the mechanical properties a sharp change in 
properties when the nitrogen concentration in the coatings varied in the 
range from 15 to 20 at.% N was observed.

The CoF for coatings of group 1 decreases to 0.196–0.284 with an 
increase from nitrogen concentration 6.31 to 12.98 at.% N, and in group 

Fig. 8. Tribological properties of AlN coatings for groups 1 (a) and 2 (b) with increasing load from 0 to 1000 µN.

Table 4 
Correlation coefficients of stoichiometric composition with the properties of AlN coatings.

E H CoF ω

10 cycles 100 cycles 50 μN 75 μN 100 μN (after 100 cycles)

at. % N (gr.1) ¡0.8 ¡0.9 − 0.2 0.1 − 0.1 − 0.1 0.3 0.8
at. % N (gr.2) − 0.6 − 0.5 0.7 0.6 0.7 0.6 0.6 0.6
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2 it decreases to 0.150–0.185 with an increase from 5.88 to 17.16 at.% 
N, which is associated with an increase in the mechanical properties of 
the coatings. With a further increase in nitrogen concentration, CoF 
increases due to an increase in the roughness of the coatings and a 
decrease in mechanical properties. Specific volumetric wear of the AlN 
coatings depends the mechanical properties and surface roughness. The 
specific electrical resistivity of the coatings surfaces increases with 
increasing nitrogen concentration. Thus, from the point of view of the 

optimal combination of microstructure, mechanical, tribological prop
erties, as well as relatively low specific electrical resistivity, the most 
preferred coatings are: in group 1 – Al0.87N0.13 coating, in group 2 – 
Al0.83N0.17 coating.
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