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Abstract: Nowadays, the application of multicomponent coatings with multiphase nanocrystalline
structure is the most promising direction in the search for wear-resistant protective coatings with a
full set of necessary operational properties. Nanocrystalline multicomponent coatings based on the
Ti-Al-Ta-Si-N system have a high hardness combined with thermal stability and oxidation resistance.
Silicon atoms are weakly soluble in the TiN, Ti;_yAlN, and TaN crystalline phases of the Ti-Al-
Ta-Si-N system and interact preferentially with N atoms, forming the amorphous SizN, phase. In
this context, it is important to first study the peculiarities of the interaction of Si atoms with the
simplest structural units of the Ti-Al-Ta-5i-N system, such as TiN, AIN, and TaN compounds with
the NaCl structure. This work is devoted to the study of the interaction of a Si atom with the (001)
surface of AIN, TiN, and TaN compounds with the NaCl structure using ab initio calculations. This
provides information for a deep understanding of the initial stages of the formation of different
crystallites of the considered composite. It was established that the adsorption of silicon on the (001)
surface of AIN, TiN, and TaN significantly increases the relaxation of the surface layers and leads to
an increase in the corrugation observed on the clean surfaces. The largest corrugation is observed
on the surface of the TaN compound. The most energetically favorable adsorption positions of Si
atoms were found to be the position of Si above the N atom on the TiN and TaN surfaces and the
quadruple coordinated position on the AIN surface. The valence electron density distribution and
the crystal orbital Hamiltonian population were studied to identify the type of Si atom bonding with
the (001) surface of AIN, TiN, and TaN compounds. It was found that silicon forms predominantly
covalent bonds with the nearest metal and nitrogen atoms, except for the quadruple coordinated
position on the surface of TiN and TaN, where there is a high degree of ionic bonding of silicon with

surface atoms.
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1. Introduction

The application of wear-resistant protective coatings is one of the most promising
methods to improve the functional properties of contacting materials, thus effectively
solving the problems of friction and wear. Nanocrystalline multicomponent coatings
based on Ti-Al-N solid solution are known to exhibit a high hardness combined with
thermal stability and oxidation resistance [1,2]. One way to improve the performance
characteristics of Ti-Al-N solid solution is to simultaneously introduce an impurity of
Ta and Si into its composition. Tantalum increases crack resistance, heat resistance, and
oxidation resistance [3,4], and silicon interacting with nitrogen leads to the formation
of a nanocrystalline structure and increases hardness [5,6]. The experimental study of
the microstructure of TiN coatings following the metal vapor vacuum arc plasma ion
implantation of Si ions at different ion doses reveals the formation of amorphous SizNy
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phase within the implantation matrix of the TiN coatings [7]. The same result was observed
in the Ti-Al-Si-N [5] and Ta-Si-N [8] coatings: Si atoms interact preferentially with N atoms
forming Si3sN4 and are found in small amounts in the crystalline TiN, Ti;_ AlLN and
TaN phases. This is due to the poor solubility of silicon in the considered metal nitrides
and leads to the formation of Si3Ny films on the boundaries of the crystallites, inhibiting
their growth. Thus, a fine-grain structure of the nanostructured composite coatings is
formed, which increases their resistance to brittle fracture. The ab initio study [9] of the
Ti;_x—ySixAlyN solid solution revealed that the alloying of TiN with Si and Al causes a
general decrease in elastic constant, cohesive and formation energies due to the weakening
of the Ti-N bond. The ab initio study of the chemical bonds in bulk TiN and TiN-based
Ti;_xAlN and Tij _xyAlxTayN solid solutions [10] revealed the role of Ti, Al, and Ta in
the mechanical properties of the Ti-Al-Ta-N composite. These are good examples of using
the ab initio study of the interaction between the atoms of the composite to explain the
physical properties of coatings.

Current experimental techniques for obtaining new multicomponent coatings are
mainly based on the sequential selection of elements of the periodic system as alloying
components of the Ti-Al-N base to identify the configuration of a multicomponent alloy
with the desired set of physical and mechanical properties. On the other hand, this task
can be significantly accelerated by a targeted search for a multi-component alloy with the
desired properties based on first-principles calculations. Given the important role of the
formation of the amorphous SizNy phase in the Ti-Al-Ta-5i-N system, the question arises as
to the nature of the interaction of the silicon atom with the metal and nitrogen atoms in
the system. To date, no work has been devoted to the study of the atomic and electronic
structure of components of nanostructured protective coatings based on the Ti-Al-Ta-5i-N
system. The study of the behavior of Si atoms on the Ti;_x_yAlTayN surface reveals the
nature of the mechanical properties and structural phase stability of the Ti-Al-Ta-Si-N
composite. This is important in the search for the optimal composition of multicomponent
coatings with enhanced characteristics. First of all, it seems important to study the features
of the interaction between Si atoms and the simplest structural units of the Ti-Al-Ta-Si-N
system such as TiN, AIN, and TaN compounds. This provides information that is lacking
in the literature for a deep understanding of the initial stages of formation of different
crystallites of the considered composite. TiN coatings are characterized by the preferred
orientation of the (200) planes [7]. In this regard, the study of the behavior of silicon on the
(001) surface of TiN, AIN, and TaN compounds seems to be reasonable and a priority. The
effect of Si atoms on the grain- and interface-formation mechanism during the deposition
of the Ti-Si-N and Ta-5i-N nanocomposite films was studied in [11,12] using first-principles
calculations. The energetic stability and configuration evolution behavior of the Ti-Si-N and
Ta-Si-N islands on the (001) surface of TiN and TaN with the NaCl structure, respectively,
were investigated. It was shown that the most stable configuration of Ti-Si-N and Ta-5i-N
islands is obtained when the metal and nitrogen atoms combine to form islands and the
silicon atoms remain outside these islands. In addition, the binding strength of the Si-Ti
and Si-Ta bonds is found to be greater than that of the Si-N bond in the considered islands.
However, the detailed analysis of the nature of the interaction of Si with the TiN(001),
AIN(001), and TaN(001) surfaces is lacking in the literature. In this regard, the present
work is devoted to the first-principles study of the influence of silicon adsorption on the
atomic and electronic structures of the (001) surface of TiN, AIN, and TaN compounds with
the NaCl structure and to the revealing of the features of interaction of silicon with the
surface metal and nitrogen atoms of these compounds. The analysis of the valence electron
distribution and density of electron states on the TiN(001), AIN(001), and TaN(001) surfaces
with adsorbed Si atom allows for the identification of the character of the bonds between Si
and surface N, Ti, Al, and Ta atoms.
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2. Calculation Methods and Details

The ab initio calculations were performed using the plane-wave-based DFT ABINIT
8.6.1 software package [13,14]. The calculations were performed using a projector aug-
mented wave (PAW) method, which is used to describe the electron-ion interaction [15,16].
The exchange and correlation effects were taken into account by the generalized gradi-
ent approximation proposed by Perdew, Burke, and Ernzerhof [17]. The integration in
the Brillouin zone was performed on a special k-point mesh determined according to
the Monkhorst-Pack scheme: 10 x 10 x 10 for bulk calculations and 7 x 7 x 1 for film
calculations. The cut-off energy for the plane wave basis was set at 408 eV. The electron
density self-consistency process was considered complete when the root mean square devi-
ation of the output valence electron charge density from its input value became less than
1073 electron-A—3, corresponding to a total energy convergence no worse than 10~° eV.

The lattice parameters of bulk AIN, TiN, and TaN compounds with the NaCl structure
calculated by total energy minimization are presented in Table 1. Our values are in good
agreement with previous calculations [12,18-21] and experimental results [22-26]. To study
the interaction of silicon with the (001) surface of the TiN, AIN, and TaN compounds,
a five-layer film in the 2 x 2 structure (see Figure 1) was used. As shown in Figure 1,
each atomic layer in the supercell contains 4 metal atoms and 4 nitrogen atoms. A silicon
atom was placed on only one surface of this film and was located in four symmetrical
positions (Figure 1) on the MeN(001) surface: one bridge, two top positions and one
quadruple coordinated (Q) position. In this case, the distance between Si atoms is ~6 A and
the interaction between them is negligible. This allows us to claim that we are studying
the interaction of a single Si atom with the surface atoms of the considered compounds.
The vacuum width was three lattice parameters: 12.78 A, 12.20 A, and 13.13 A for TiN,
AIN, and TaN, respectively. Optimization of the lattice parameters and relaxation of the
atomic positions were performed using the Broyden-Fletcher-Goldfarb-Shanno algorithm.
Relaxation of the atomic positions on the surface was carried out for three surface atomic
layers below the adsorbed silicon atom and was considered complete when the force at
each atom was less than 10 meV-A~1. The two layers of the film on its clear side were fixed
as in a bulk.

Table 1. The lattice parameter (in A) of the bulk AIN, TiN, and TaN compounds with the
NaCl structure.

Compound This Work Other Calculation Experimental Results
AIN 4.061 4.016 [18] 4.043 [22]
4.265[19] 4.244 [23]
TiN 4.237 4.250 [20] 4.210 [24]
4.258 [21] 4.243 [25]
4.310 [25]
TaN 4.389 4.403 [12] 4.335 [26]

To analyze the nature of the Si-surface interaction, the valence electron distribution was
studied and the Bader charge transfer [27] was calculated. The Crystal Orbital Hamiltonian
Population (COHP) analysis [28] was used to study the effect of silicon on the interatomic
chemical bonds at the (001) surface of the compounds considered. This technique is
used for plane-wave electronic structure calculations (projected COHP) [29,30] and is
implemented in the Local Orbital Basis Suite Towards Electronic-Structure Reconstruction
(LOBSTER) code [31]. It allows energy-resolved local bonding analysis and splits the band
structure energy into bonding and antibonding contributions from PAW electronic-structure
calculations.
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Figure 1. Top view and side view of the MeN(001) film with a Si atom adsorbed on a surface. The
adsorption positions of the Si atom are marked by blue spheres. The green and red spheres are metal
and nitrogen atoms, respectively.

3. Results and Discussion
3.1. Surface Atomic Structure

To analyze the stability of the surfaces considered, the surface energy was calculated
by the formula
Es = (Efiim — Epuik)/25 )

where Egjp, and Epyi are the total energies of the film and bulk with the same number
of atoms, and S is the surface area of the film. The factor of 2 accounts for the two equal
surfaces in the film calculation.

It was found that the surface energy Es of the bulk truncated AIN(001), TiN(001),
TaN(001) surfaces are 96.1, 93.3, and 81.5 meV/ A2, respectively. The surface relaxation
reduces these values to 93.9, 83.5, and 57.1 meV/ AZ, respectively. Our results for AIN are
about 9% higher than the calculated values given in [32,33] (85 meV/A? and 83 meV/A?,
respectively). For TiN, our results are approximately in the middle of the wide range of
values from 77 to 109 meV /A2 given in [20,34-39]. For the metastable NaCl (B1) structure
TaN(001) film, we unfortunately could not find any information about its surface energy.

Analyzing the results obtained, we can see that the smallest influence of surface
relaxation is observed for AIN (2.2 meV/A2) and the largest for TaN (24.4 meV / A2). As
can be seen in Figure 2 below, this can be explained by the fact that the AIN(001) surface
has the smallest relaxation and the TaN(001) surface has the largest relaxation among the
compounds considered. The lowest surface energies are observed for TaN, so the presence
of tantalum atoms in the Ti-Al-Ta-N composite contributes to the viscous type of its fracture.
The highest surface energy is observed for AIN, indicating the low probability of its surface
formation, the high strength of the compound and its low plastic properties.
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Figure 2. Relative displacement A /dy,,1 of atoms in the surface and two subsurface layers along the
surface normal. In the Si-MeN systems, the Si atom is adsorbed in the Top(N) position on the MeN
surface. The segment length corresponds to the layer thickness §; and the segment center indicates
the layer displacement z;.

In the case where the atomic layers of the film are flat, the interplanar distances d;;
are simply defined as the difference between the z coordinates of the corresponding layer
dij = z; — zj. The corrugation of the substrate surface layers complicates the situation by
introducing an atomic structure characteristic as the layer thickness §;. There are several
approaches to describe such a complex atomic structure [40,41]. In this paper, we use the
approach applied in [40]. In particular, each atomic layer undergoing the corrugation is
characterized by the layer thickness §; and the z; coordinate of the layer center, calculated as
the average of the largest and smallest z coordinates of the atoms in the layer. We calculated
the displacement of the atom A from its ideal lattice position due to the relaxation at the
surface (S) and subsurface (S — 1), (S — 2) layers:

A=z —z, 2)

where z and zj are the coordinates of the atoms along the axis perpendicular to the surface in
the relaxed and unrelaxed films, respectively. To facilitate the comparison of the relaxation
effect on the surface of the different compounds, this displacement A was related to the
bulk value of the interplanar distance dy,,jx, which is equal to half the lattice parameter of
the considered compound. The largest and smallest atomic displacements A /djx in the
MeN(001) films are shown in Figure 3. In addition, the A/d},,j values for the Si-MeN(001)
films are also presented to show the effect of silicon adsorption in the Top(N) position on
the surface relaxation.

The significant corrugation of the surface layers is observed on the clean (001) surface
of TiN and TaN. The relative surface layer thickness &g /d} ik is 8.7% and 16.7% for these
compounds, respectively. The value of 85 /dpx for AIN is significantly lower (3.8%). The
surface layer displacement zg/dp i reaches its maximum in TaN (10.0%) and minimum
in AIN (1.2%). The relaxation decreases rapidly into the bulk of the AIN and TiN crystals:
in the third layer from the surface, 6s_»/dpyk and zs_»/dpyk do not exceed 1.1% and
1.4%, respectively, whereas on the TaN surface, even in the third layer from the surface,
ds—p/dpuik and zg_p /dpyk are equal to 11.7% and 4.1%, respectively. The calculated values
of the displacement and thickness of the surface layer are in good agreement with the
results of other works [42—44], where the clean (001) surface of the TiN compound was
studied. Silicon adsorption in the Top(N) position leads to an increase in the corrugation.
The largest corrugation is observed on the surface of TaN: the relative layer thickness
d;/dpuik reaches 37.6% and the layer displacement z;/dpx reaches 11.1%. The smallest
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influence of silicon adsorption on the surface relaxation is observed on the surface of
the AIN compound. The same results are observed for the other Si adsorption position
considered on the (001) surface: the surface relaxation value varies slightly depending on
the silicon adsorption position, but the general trend noted above remains. Increasing the
surface corrugation can lead to an improvement in the adhesion properties of the surface
by increasing the number of adsorption positions. This can be important when considering
the non-equilibrium processes of sputtering a multi-component coating and the formation
of its different crystalline phases.

6
1 A AN
s O TN i
: D TaN
> ] (0)
° 4 O
&y ] (@)
B ]
S 34 A
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2 27
m i
1 A
Top(Me) Q Top(N)

The Si atom position
Figure 3. Binding energy Ej, of silicon on the (001) surface of AIN, TiN, and TaN compounds.

3.2. Binding Energy

To describe the nature of the interaction of the silicon atom with the (001) surface for
the different adsorption positions, its binding energy was calculated as

E, = E(Si) + E(MeN) — E(Si-MeN) )

where E(Si), E(MeN), and E(Si-MeN) are the total energies of the silicon atom and the
supercell of the MeN and Si-MeN films, respectively. The binding energy is the minimum
energy required to release a Si atom from the surface of the MeN system. When this value
is positive, it is a quantitative characterization of the Si-MeN bond strength. The results of
the calculations are presented in Figure 3. The binding energies of the silicon atom in the
Bridge position are not shown because this position is unstable for all surfaces considered:
the silicon atom is shifted to the nearest Top(N) position by relaxation.

The adsorption of silicon on the (001) surface of the AIN, TiN, and TaN compounds is
characterized by a positive binding energy varying from 0.96 to 5.44 eV. On the TaN(001)
surface, silicon is found to have the maximum binding energy, while on the AIN(001)
surface, it has the lowest. The Top(N) position of Si is most energetically favorable on the
TiN(001) and TaN(001) surfaces. In the case of the AIN(001) surface, the Q position is most
energetically favorable. Figure 3 shows that the Si-Al bond is the weakest of the bonds
considered.

To assess the validity and accuracy of the results presented, the effect of k-point
sampling, cut-off energy and film thickness on the binding energy was studied. Increasing
the special k-point mesh from 10 x 10 x 10 to 20 x 20 x 20 for bulk calculations and from
7 x 7 x 1to 14 x 14 x 1 for film calculations changes the value of the Si binding energy
by a value not exceeding 0.01 eV on the AIN and TaN surface and 0.05 eV on the TiN
surface. The stronger influence of the k-point sampling on the binding energy of silicon
on the surface of TiN compared to the other considered compounds indicates a stronger
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inhomogeneity of the electron density in this compound. Increasing the cut-off energy
for the plane-wave basis from 408 to 626 eV changes the value of the Si binding energy
by an amount not exceeding 0.02 eV in all cases considered. In the third test, the film
thickness was increased from five to nine layers. The relaxation of atomic positions on the
surface of the thicker film was performed for four surface atomic layers below the adsorbed
silicon atom. Increasing the film thickness results in a change in the silicon binding energy
by no more than 0.04 eV on the AIN and TiN surfaces and an increase of ~0.4 eV on the
TaN surface. The more significant effect of film thickness on the silicon binding energy
on the TaN surface is due to the strong relaxation and corrugation of the surface of this
compound. However, the need to correct for the large thickness of the TaN(001)-Si film
does not qualitatively change the results shown in Figure 3, since it increases the binding
energies of silicon on this surface. Thus, the chosen calculation parameters allow a fairly
accurate description of the interaction of silicon with the (001) surface of the compounds
under consideration.

3.3. Charge Density Distribution

To study the nature of the chemical bonding between silicon, metal and nitrogen
atoms, the valence electron density distribution was analyzed. Figure 4 shows the results
for both clean surfaces and surfaces with silicon atoms adsorbed in different positions.
A mainly ionic type of bonding is observed between the Al and N atoms of AIN: the
electron density is less than 0.01 electrons/A? in the region of the Al atoms and more
than 0.05 electrons/ A3 in the vicinity of the N atoms (see the pink and yellow isosurfaces,
respectively, around these atoms in Figure 4a). Since the Al and N atoms have 3 and
5 valence electrons, respectively, the observed difference in electron density in the vicinity
of these atoms indicates the significant charge transfer from the Al atoms to the N atoms.
The Si atom adsorbed on the surface AIN compound forms covalent bonds with the nearest
Al and N atoms: the high density region is observed between the silicon atom and the
nearest surface atom (see Figure 4a). The low density regions (~0.02 electrons/A3) are
present in the interstitial of the AIN compound. The adsorption of Si atoms increases the
size of these low-density regions near the surface. The largest increase in the size of these
regions occurs with the adsorption of silicon in the Q position. This indicates an increase in
the ion-covalent component of the Al-N bonds in the surface layers.

In the TiN compound, the ion-covalent bond is predominant: the yellow isosurfaces
corresponding to the high valence electron density (0.05 electrons/A% and more) surround
the Ti and N atoms, and the size of this high-electron-density region is significantly larger
in the vicinity of the N atoms than in the vicinity of the Ti atoms (see yellow isosurfaces
around these atoms in Figure 4b), despite the close number of valence electrons in the
Ti and N atoms (four and five electrons, respectively). As in the case of the AIN(001)
surface, the silicon atom adsorbed on the TiN(001) surface forms covalent bonds with the
nearest atoms. The electron density distribution in the vicinity of the silicon atom and the
nearest surface atoms on the TiN surface (Figure 4b) is similar to that observed on the AIN
surface (Figure 4a). In the interstitial of the TiN compound, the electron density is less
than 0.02 electrons/A? (these regions are bounded by the gray isosurfaces in Figure 4b).
These low-density regions are absent between the first and second atomic layers. Silicon
adsorption leads to the appearance of these low-electron-density regions in the surface
layers and increases the size of the high-electron-density region between the Ti and N atoms.
This indicates an increase in the covalent component of the Ti-N bonds in the surface layers.

In the case of TaN, the covalent-metal type of the Ta-N bond is observed: the regions
with electron density below 0.02 electrons/A3 are present only between the second and
third atomic layers (these regions occur due to the significant corrugation of the surface
layer); the electron density in the interstitial region of the TaN compound is quite high
(Figure 4c). The electron density distribution in the vicinity of the adsorbed silicon atom
and the nearest surface atoms on the TaN surface is the same as on the AIN and TiN surfaces.
Silicon adsorption in the Top(IN) position on the TaN surface leads to a significant decrease
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AIN

TiN

TaN

in the size of the low-electron-density regions, while these regions are slightly enlarged in
the case of silicon adsorption in the Top(Ta) and Q positions.

Top(Me) Top(N) Q

(©

Figure 4. Valence electron density distribution on the (001) surface of the (a) AIN, (b) TiN and (c) TaN
films without and with the Si atom. The yellow, gray, and pink isosurfaces correspond to charge
densities of 0.05, 0.02, and 0.01 electron/A3, respectively. The black, green, and purple balls are
titanium, aluminum, and tantalum atoms, respectively. The red balls are nitrogen atoms; the blue
balls are silicon atoms.

For the detailed analysis of the valence electron density distribution, the Bader charge
transfer on the (001) surface of AIN, TiN, and TaN compounds was calculated. The results
of the calculation are presented in Tables 2 and 3. Figure 5 shows the change in the Bader
charge transfer on the (001) surface of AIN, TiN, and TaN compounds due to the silicon
adsorption.

AQ = Qs; — Qclean 4)

where Qg and Qjean are the Bader charge transfers in the atom of the considered system in
the presence and absence of the silicon atom adsorbed on the surface, respectively.
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Figure 5. The change in the Bader charge transfer in the atoms of the surface (S) and subsurface

(S — 1) atomic layers of AIN, TiN, and TaN films due to the silicon adsorption in different positions.

Table 2. The Bader charge transfer (in units of electron charge) in the atoms of the surface (S)

and subsurface (S — 1), (S — 2) atomic layers of the AIN film due to the silicon adsorption in the

different positions.

Layer Atom Clean Top(AD Top(N) Q
Si - 0.17 —0.20 0.14
All —2.30 —2.25 —2.31 —2.31
Al2 —2.30 —2.29 —2.31 —2.29
Al3 —2.30 —2.29 —2.31 —2.29
S Al4 —2.30 —2.29 —2.31 —2.31
N1 2.30 2.24 2.55 2.18
N2 2.30 2.24 2.30 2.33
N3 2.30 2.24 2.29 2.18
N4 2.30 2.24 2.29 2.33
Al5 —2.33 —2.33 —2.33 —2.33
Al6 —2.33 —2.33 —-2.33 —2.33
Al7 —2.33 —2.33 —2.32 —2.33
s_1 Al8 —2.33 —2.33 —2.32 —2.33
N5 2.35 2.35 2.34 2.34
N6 2.35 2.32 2.34 2.35
N7 2.35 2.34 2.34 2.35
N8 2.35 2.34 2.34 2.34
Al9 —2.34 —2.32 —2.33 —2.33
Al10 —2.34 —2.34 —2.33 —2.34
Alll —2.34 —2.33 —2.33 —2.34
All2 —2.34 —2.33 —2.33 —2.33
5-2 N 233 232 232 234
N10 2.33 232 2.33 2.33
N11 2.33 2.32 2.34 2.34
N12 2.33 2.32 2.34 2.33
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Table 3. The Bader charge transfer (in units of electron charge) in the atoms of the surface (S) and
subsurface (S — 1), (S — 2) atomic layers of the TiN and TaN films due to the silicon adsorption in the
different positions.

L TiN(001) TaN(001)
ayer Atom Clean Top(Ti) Top(N) Q Atom Clean Top(Ta) Top(N) Q
Si - 0.18 —0.27 —0.50 Si - 0.00 0.01 —0.46
Til —1.51 —1.36 —1.49 —1.50 Tal —1.58 —1.24 —1.61 —1.52
Ti2 —1.51 —1.55 —1.49 —141 Ta2 —1.58 —-1.75 —1.61 —1.39
Ti3 —1.51 —1.51 —1.49 —1.41 Ta3 —1.58 —1.53 —1.61 —1.42
S Ti4 —1.51 —1.51 —1.49 —1.50 Ta4 —1.59 —1.53 —1.61 —1.53
N1 1.47 1.44 1.85 1.62 N1 1.51 1.57 1.75 1.63
N2 1.47 1.44 1.46 1.45 N2 1.51 1.57 1.51 1.51
N3 1.47 1.44 1.44 1.62 N3 1.51 1.57 1.58 1.63
N4 1.47 1.44 1.44 1.45 N4 1.51 1.57 1.58 1.50
Ti5 —1.47 —1.47 —1.49 —1.42 Ta5 —1.52 —1.62 —1.65 —1.59
Ti6 —1.47 —1.47 —1.45 —1.43 Tab —1.52 —1.62 —1.48 —1.54
Ti7 —147 —147 —147 —1.42 Ta7 —1.52 —-1.62 —1.62 —1.60
S Ti8 —1.47 —1.47 —1.47 —1.43 Ta8 —1.52 —1.62 —1.62 —1.54
-1 N5 1.52 1.47 1.49 1.50 N5 1.59 1.56 1.58 1.55
N6 1.52 1.46 1.49 1.51 N6 1.59 1.65 1.58 1.57
N7 1.52 1.50 1.49 1.51 N7 1.59 1.55 1.58 1.57
N8 1.52 1.50 1.49 1.50 N8 1.59 1.55 1.58 1.55
Ti9 —1.50 —1.50 —1.50 —1.50 Ta9 —1.66 -1.71 —1.64 —1.63
Til0 —1.50 —1.51 —1.50 —1.51 Tal0 —1.66 —-1.70 —1.64 —1.65
Till —1.50 —1.49 —1.50 —1.51 Tall —1.66 —1.68 —1.64 —1.63
Til2 —1.50 —1.49 —1.50 —1.50 Tal2 —1.66 —1.68 —1.64 —1.65
5-2 N9 1.51 1.51 1.51 1.48 N9 1.61 1.65 1.65 1.58
N10 1.51 1.51 1.50 1.50 N10 1.61 1.65 1.67 1.58
N11 1.51 1.51 1.51 1.48 N11 1.61 1.65 1.57 1.58
N12 1.51 1.51 1.51 1.50 N12 1.61 1.65 1.57 1.58

In the bulk AIN crystal, the Bader charge transfer from the Al to N atom is equal to
2.29 electrons. In the surface and subsurface atomic layers of the clean AIN(001) film, the
Bader charge transfer from the Al to N atom varies insignificantly (from 2.30 to 2.35 elec-
trons) and is close to the bulk value (see Table 2). This confirms the previously mentioned
conclusion about the purely ionic type of bonding between the atoms of the AIN compound.
Silicon adsorption leads to a noticeable redistribution of an electron charge only in the
surface layer; in the subsurface (S — 1) and (S — 2) layers, the change in the Bader charge
transfer due to silicon adsorption does not exceed 0.03 electrons (see Figure 5). The Bader
charge transfer (~0.2 electron) to silicon adsorbed in the Top(Al) position occurs from the
N atoms surrounding the Al atom nearest to the Si atom and from silicon in the Top(IN)
position to the nearest nitrogen atom. When the Si atom is adsorbed in the Q position,
the Bader charge transfer of 0.14 electrons to silicon is observed from the nearest nitro-
gen atoms. In all of the silicon positions considered, except for the Top(Al) position, the
change in charge of the aluminum atoms is insignificant. When the Si atom adsorbs in the
Top(Al) position, the nearest Al atom takes 0.05 electrons. Thus, adsorption of silicon on
the AIN(001) surface causes the valence electron density redistribution between silicon and
surface nitrogen atoms predominantly.

In the bulk of TiN and TaN, the Bader charge transfer from the metal atoms to the
nitrogen atoms is equal to 1.46 and 1.55 electrons, respectively, which is less than in the bulk
of AIN. The close values of the charge transfer in TiN and TaN, despite the different number
of valence electrons in the Ti and Ta atoms (four and five electrons, respectively), indicate
that the nitrogen atoms in these compounds take on a predominantly electronic charge
from the metal s states. In the surface and subsurface atomic layers of the clean TiN(001)
film, the Bader charge transfer from the Ti atom to the N atom varies insignificantly (from
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1.47 to 1.52 electrons) and is close to the bulk value (see Table 3). In the clean TaN(001) film,
the charge transfer varies much more in the surface layers than in the TiN(001) film, from
1.51 to 1.66 electrons, and even differs significantly from the bulk value in the subsurface
(S — 2) layers. This may be caused by a high degree of corrugation in the surface and
subsurface atomic layers of the TaN film.

Silicon adsorption on the TiN(001) surface leads to a noticeable redistribution of the
electron charge only in the surface layer, as on the AIN(001) surface. In the case of the
TaN(001) film, the adsorbed Si atom causes a significant redistribution of the electron charge
in the surface and subsurface (S — 1) layers. In the subsurface (S — 2) layer of the TiN
and TaN films, the change in the Bader charge transfer due to silicon adsorption does not
exceed 0.01 and 0.05 electrons, respectively (see Figure 5). As on the AIN(001) surface,
the Si atom adsorbed on the TiN(001) surface takes 0.18 electrons from the surface and
subsurface nitrogen atoms in the Top(Ti) position and gives 0.27 electrons to the nearest
nitrogen atom in the Top(N) position. On the TaN(001) surface, the Si atom is neutral in the
Top(Ta) and Top(N) positions: the Bader charge transfer for it is zero. The largest Bader
charge transfer in the Si atom is observed when it is adsorbed in the Q position on the TiN
and TaN surfaces; in these cases, 0.50 and 0.46 electrons, respectively, are transferred from
the silicon to the metal atoms and nitrogen. This indicates a high degree of ionic bonding
of silicon at the Q position with the (001) surface of TiN and TaN compounds.

3.4. Density of States and Bond Strength

Figure 6 shows the calculated total density of states of the bulk AIN, TiN, and TaN
crystals and their clear films (001) and films with silicon adsorbed in three symmetrical
positions. As can be seen in Figure 6, the bulk AIN compound is an insulator with a band
gap of ~4.3 eV, and the TiN and TaN compounds are metals with a sufficiently high density
of electronic states at the Fermi level. The calculated total densities of states of bulk TiN and
TaN are in good agreement with the results of the DFT calculations [32,45]. Unfortunately,
we could not find any information on the electronic structure of the AIN compound in the
high-temperature phase with the NaCl structure.

The total density of states of the clean AIN(001) film has almost the same form as
the DOS of the bulk compound except for two peculiarities: the appearance of a peak in
the energy region around —1.1 eV and the structure consisting of two peaks in the energy
range from 2.5 to 5.0 eV. The band gap of ~2.5 eV of the AIN(001) film is less than the bulk
band gap. These features seem to be related to the appearance of surface electron states
near these energies on the surface of this film. Unfortunately, we were unable to find any
information on the electronic structure of the surface (001) of the AIN compound in the
NaCl structure.

The total density of states of the clean TiN(001) and TaN(001) films are also virtually
indistinguishable in shape from the DOS of the bulk compounds, except for some features
most likely related to the appearance of surface states. For TiN, this is manifested by a
broadening of the film DOS peak around —5.0 eV and an increase in the DOS peak height
around 2.3 eV. For the TaN(001) film, the modification of the rather sharp bulk DOS peak
around —6.9 eV into two overlapping peaks in the range of —6.8 to —5.3 eV is observed.
Furthermore, in the TaN(001) film, the DOS peak appears in the region of the Fermi level,
indicating a possible reconstruction of this surface structure.

Silicon deposition significantly modifies the DOS of the AIN(001) film, which can be
seen in the metallization of the film spectrum due to the appearance of electronic states in
the region of the Fermi level, indicating a possible reconstruction of this surface structure.
It should be noted that in the case of silicon adsorption in the Q position, the density of
electron states at the Fermi level is extremely low, indicating the stability of this surface
structure. We add that the adsorption of silicon in exactly this position is characterized by
the maximum binding energy of the adsorbate on this surface. This may indicate that in the
case of epitaxial deposition of silicon on the AIN(001) surface, the adsorbate will occupy
the Q position.
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Figure 6. Total density of states of bulk AIN, TiN, and TaN crystals (top panel), clean films (001)
(second-top panel) and films with silicon adsorbed in three symmetrical positions: Top(Me), Top(N),
and Q.

The deposition of silicon on the TiN(001) surface does not result in a significant
modification of the DOS film. The same can be observed for the adsorption of silicon in the
Top(Me) and Q positions on the TaN(001) surface. However, it should be pointed out that
the adsorption of silicon in these positions does not lead to the disappearance of the DOC
peak at the Fermi level and thus does not eliminate the cause of the possible reconstruction
of these surface structures. In the case of silicon adsorption in the Top(IN) position on the
TaN(001) surface, the DOS peak observed on a clean surface disappears, indicating that
silicon stabilizes this surface. We add that the adsorption of silicon in the Top(N) position
on the TaN(001) surface is characterized by the highest adsorbate binding energy on this
surface. Based on this fact, we can assume that during the epitaxial deposition of silicon on
the TaN(001) surface, the adsorbate will occupy the Top(N) position.

Figure 7 shows the local partial densities of states of the bulk atoms and surface layer
atoms of the (001) films. The lower panel shows the -pCOHP for pairs of atoms in the
bulk (Al;-Np), on the surface (Als-Ns) and for atoms in the surface and subsurface layers
(Ng-Alg_1, Alg-Ng_1). We see that in the AIN compound, almost all the valence orbitals
of aluminum and nitrogen make a positive contribution to the bonding forces between
the atoms. The small negative contribution to the bonding is observed in the region from
—1.1 eV up to the Fermi level, caused by interaction between the p orbitals of the Alg and
Ns_1 atoms. In the compounds of nitrogen with the transition metals Ti and Ta, the picture
is more complicated. In the compound TiN, the positive contribution to the bonding is
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given by orbitals lying in the range of —8.0 to —2.4 eV. From —2.4 eV up to the Fermi
level, there are orbitals that do not participate in the bonding. All orbitals above the Fermi
level are unoccupied, otherwise they would weaken the interatomic bonds in TiN. In
the TaN compound, the positive contribution to bonding is given by orbitals lying in the
—9.7 to —3.8 eV region. In the region from —3.8 to —3.0 eV, there are the nonbonding
orbitals, and from —3.0 to 0.5 eV, there are the orbitals that give a weak loosening of the
interatomic bonds.
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Figure 7. Partial density of states of the bulk and surface atoms and -pCOHP for pairs of atoms in
the bulk, on the surface, and for atoms on the surface and in the subsurface layer of (a) AIN(001),
(b) TiN(001), and (c) TaN(001) films. The densities of the s states are shown in green; the sum of the
densities of the px and py states of N and Al or the densities of the dxy states of Ti and Ta are shown
in red; the densities of the p, states of N and Al or the d; states of Ti and Ta are shown in blue; the
densities of the dx27y2 states and the sum of the densities of the dx, and dy, states of Ti and Ta are
shown in pink and blue, respectively. The solid and dashed lines correspond to the atoms of the
surface and subsurface layers, respectively. The indices S, S — 1, and b in the -pCOHP designations
for the considered bonds denote the atoms of the surface, subsurface, and bulk layers, respectively.

Figure 8 shows the local partial densities of the states of the silicon atom adsorbed in
the Top(Me) position and the surface layer atoms of the (001) films. The bottom two panels
show -pCOHP for the silicon atom and surface layer atoms (Si-Meg, 5i-Ng), and surface and
subsurface layer atoms (Meg-Ng, Mes-Ng_1). It can be seen that when silicon is adsorbed
in the Top(Me) position on the AIN(001) surface, its s orbitals hybridize with the s and p,
orbitals of Al to form binding states in the energy range from —8.7 to —5.9 eV. Bonding
states are also observed in the energy range —0.5 to 0.6 eV, but now they are formed by
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px-py and p; orbitals of silicon and s-p, orbitals of Al. In the energy range of —0.5to 0.6 eV,
the antibonding states are formed between Si-Ng and Alg-Ng atom pairs. The character of
bonding between the Alg-Ng and Alg-Ng_1 atom pairs in the range of —8.7 to —1.0 eV is
the same as on the clean surface in the range of —8.0 to the Fermi level. In compounds of
nitrogen with the transition metals Ti and Ta, bonding between the silicon and metal atoms
is mainly observed. The formation of binding states upon hybridization of Si p, orbitals
with Ti d,; orbitals at —0.4 eV leads to the appearance of antibonding states between surface
Tig and subsurface Ng_; atom. The adsorption of silicon in the Top(Ti) position slightly
changes the nature of the interaction between Tis-Ng atoms, but markedly weakens the
bond between Tig-Ng_1 atoms in the energy range from —8.0 to —2.4 eV. A similar pattern
is observed for the adsorption of silicon on the TaN surface, but the weakening of the
Tas-Ng_1 bond is significantly stronger than that of the Tig-Ng_; bond on the TiN surface.
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Figure 8. Partial density of states of the Si atom in the Top(Me) position and surface atoms and
-pCOHP for pairs of atoms on the surface and in the subsurface layer of (a) AIN(001), (b) TiN(001),
and (c) TaN(001) films. The densities of the s states are shown in green; the sum of the densities of
the px and py states of Si, N, and Al or the densities of the dxy states of Ti and Ta are shown in red;
the densities of the p, states of Si, N, and Al or the d,; states of Ti and Ta are shown in blue; the
densities of the dxzfyz states and the sum of the densities of the dx; and dy, states of Ti and Ta are
shown in pink and blue, respectively. The solid and dashed lines correspond to the atoms of the
surface and subsurface layers, respectively. The indices S, S — 1, and b in the -pCOHP designations
for the considered bonds denote the atoms of the surface, subsurface, and bulk layers, respectively.

Figure 9 shows the local partial densities of the states of the silicon atom adsorbed
in the position above nitrogen and the surface layer atoms of the (001) films. The bottom
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two panels show the -pCOHP for the silicon atom and the surface layer atoms (Si-Meg,
5i-Ns) and the surface and subsurface layer atoms (Ns-Mes, Ng-Meg_1). 1t can be seen
that when silicon is adsorbed in this position on the AIN(001) surface, its orbitals hybridize
with the N p, orbital to form the bonding states in the energy range from —9.6 to —7.9 eV.
Bonding is also observed in the —7.9 to —2.9 eV energy range, but is weaker and is formed
by the s orbital of Si and the px-py orbitals of nitrogen. Near the Fermi level (—0.5 to 0.5 eV),
the hybridization of the s orbitals of silicon and nitrogen is observed, giving rise to the
antibonding interaction that weakens the Si-N bond. In the same energy range is the
-pCOHP peak, formed by the binding hybridization of the px-py orbitals of silicon with the
pz orbital of Al. On the TiN(001) surface, in the energy range from —8.4 to —7.5 eV, there
is a higher binding peak of -pCOHP due to hybridization of the s orbital of Si with the
p, orbital of N, forming the bonding states. In the region of energies above —4.0 eV the
hybridization of the same states already gives an antibonding contribution to the binding
energy. The adsorption of Si on the TaN(001) surface does not give as high a binding peak
of the -pCOHP as on the TiN(001) surface, but the range of binding interactions extends
from —10.0 to —7.1 eV. The adsorption of silicon over the nitrogen on the surface of all
considered compounds strongly changes the nature of bonding of this N atom with the
surface (Alg, Tis and Tag) and subsurface (Als_1, Tis_1 and Tag_1) nearest neighbors. The
hybridization of Si s orbitals with N s-p, orbitals leads to the appearance of binding states
between all considered atom pairs in the energy range from —9.5 to 6.8 eV, from —8.5 to
—7.6 eV, and from —10.0 to —7.1 eV on the surface of AIN, TaN, and TaN, respectively.
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Figure 9. Partial density of states of the Si atom in the Top(N) position and surface atoms and
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and (c) TaN(001) films. The densities of the s states are shown in green; the sum of the densities of the
px and py states of Si, N and Al or the densities of the dyy states of Ti and Ta are shown in red; the
densities of the p, states of Si, N and Al or the d,, states of Ti and Ta are shown in blue; the densities
of the dx27y2 states and the sum of the densities of the dx; and dy; states of Ti and Ta are shown
in pink and blue, respectively. The solid and dashed lines correspond to the atoms of the surface
and subsurface layers, respectively. The indices S, S — 1, and b in the -pCOHP designations for the
considered bonds denote the atoms of the surface, subsurface, and bulk layers, respectively.

Figure 10 shows the local partial state densities of the silicon atom adsorbed in the
Q position and the surface layer atoms of the (001) films. The bottom two panels show
the -pCOHP for the silicon atom and the surface layer atoms (Si-Meg, Si-Ng) and the
surface and subsurface layer atoms (Ns-Mes, Megs-Ns_; and Ng-Meg_1). It can be seen
that the adsorption of silicon in this position on the AIN(001) surface in the energy range
from —9.5 to —1.4 eV shows a rather flat and not high plateau of Si-N and Si-Al binding
interactions. At higher energies, there is the high peak of the Si-Al bonding state in the
occupied part of the spectra, while the Si-N interaction gives the small antibonding peak in
this energy region. The TiN(001) and TaN(001) surfaces show a slightly different pattern.
There is the characteristic low energy binding peak of the Si-N interaction (in the region
of —8.0 and —8.8 eV for TiN and TaN, respectively) and the rather broad plateau of the
Si-Me bonding interaction in the region from —2.0 eV to the Fermi level. The Si-Me
interaction becomes antibonding at energies above —2.9 eV/—3.7 eV on the (001) surface of
the TiN/TaN compounds. In the vicinity of the Fermi energy, all the hybridized Si-Me states
are bonding and all the hybridized Si-N states are antibonding, which is also observed
for the other silicon adsorption positions considered (see Figures 8 and 9). Adsorption of
silicon in the Q position weakly affects the bond between Meg and Ns_; atoms, significantly
weakens the bond between the nearest surface metal and nitrogen atoms, and strongly
changes the shape of the -pCOHP curves for the Ng and Meg_; atom pair.

In order to analyze in detail the bond strength of Si-N and Si-Me on the considered
surface, as well as to reveal the influence of silicon adsorption on the bonding between
surface Me and N atoms, the -pCOHP curves were integrated over the energy from —10 eV
up to the Fermi level. Integrating the -pCOHP values over the energy up to the Fermi level
(-IpCOHP) for a pair of atoms gives the bond strength in terms of its contribution to the
band structure energy [46—48]. The results of the calculations are presented in Table 4. The
strongest Si-Meg bonds are observed in the adsorption of silicon in the Top(Me) position.
The strongest bond is formed between Al and Si atoms. At the same time, the bonding of
silicon to more distant nitrogen atoms is weak: the -IpCOHP values for Si-Ng bonds range
from 0.124 to 0.160. When silicon is adsorbed in the Top(IN) position, strong silicon bonds
are observed with both the nearest nitrogen atom (-IpCOHP values for Si-Ns bonds range
from 2.007 to 2.460) and the four more distant metal atoms on the surface (-IpCOHP values
for Si-Meg bonds range from 1.015 to 1.513). This explains the higher bond energies of
silicon in the Top(N) position. The high Si-Meg and Si-Ng bond strengths are also observed
when silicon is adsorbed in the Q position, but silicon accepts 0.50 and 0.46 electrons
(Figure 5) on the Ti-N and Ta-N surfaces, respectively, which leads to its repulsion from
the nearest negatively charged nitrogen atoms and lowers the bond energies of Si-Meg
and Si-Ng. When silicon is adsorbed on the AIN surface, an electron charge transfer of
0.14 e is observed from the silicon atom (Figure 5), which favors its additional attraction
to the nearest negatively charged nitrogen atoms. As a result of this additional attraction,
we observe a higher binding energy of silicon in the Q position compared to the Top(N)
position (Figure 3).

The analysis of the -IpCOHP values presented in Table 4 for the Ng-Meg bonds
showed that the adsorption of silicon in any position on the (001) surface of the considered
compounds significantly weakens the Ng-Meg bonds. The change in the bond strength
between surface and subsurface atoms depends on the position of the silicon atom and
the considered compound. Thus, when silicon is adsorbed in the Top(Me) position, the
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strength of the Meg-Ng_1 bond on the surface of the AIN compound increases slightly and
decreases significantly on the surface of the TiN and TaN compounds (the -IpCOHP value
for Tis-Ns_1 and Tag-Ng_1 bonds decreases by ~1). For the adsorption of silicon in the
Top(N) position, a qualitatively opposite picture is observed: the strength of the Ns-Meg_
bond decreases on the surface of the AIN compound and slightly increases on the surface
of the TiN and TaN compounds. As mentioned above, silicon adsorption in the Q position
weakly affects the bond between Meg and Ng_1 atoms and strongly modifies the Ng-Meg_1
bonds, reducing their strength. It should be noted that silicon adsorption in this position
slightly strengthens the bonds between Als-Ns_; and Tag-Ng_1, and weakens the bond
between Tig-Ng_1.
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Figure 10. Partial density of states of the Si atom in the Q position and surface atoms and -pCOHP for
pairs of atoms on the surface and in the subsurface layer of (a) AIN(001), (b) TIN(001), and (c) TaN(001)
films. The densities of the s states are shown in green; the sum of the densities of the px and py states
of Si, N, and Al or the densities of the dxy states of Ti and Ta are shown in red; the densities of the
pz states of Si, N and Al or the d, states of Ti and Ta are shown in blue; the densities of the dyo_y2
states and the sum of the densities of the dx; and dy; states of Ti and Ta are shown in pink and blue,
respectively. The solid and dashed lines correspond to the atoms of the surface and subsurface layers,
respectively. The indices S, S — 1, and b in the -pCOHP designations for the considered bonds denote
the atoms of the surface, subsurface, and bulk layers, respectively.
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Table 4. The results of integrating the -pCOHP values (-IpCOHP) over the energy from —10 eV up to
the Fermi level for all the bonds considered.

Si-NS Si-Mes Ns-Mes Mes-N571 Ns-M8571 Meb-Nb

System Bond Bond Bond Bond Bond Bond
AIN - - 1.949 1.426 1.788
AIN-GjTop(Me) 0.160 4.224 1.689 1.491 - 1932
AIN-GiTop(™N) 2432 1.306 1.614 - 1.656 :
AIN-SiQ 1.777 3.358 1.240 1.567 1.657
TiN - - 1.701 2.062 1.318
TiN-SiTop(Me) 0.191 2.901 1.490 1.091 - 1918
TiN-GiTop(™N) 2.460 1.015 1.178 - 2.223 :
TiN-SiQ 1.914 1.636 1.210 1.831 1.259
TaN - - 1.938 1.295 1.953
TaN-SiTop(Me) 0.124 4.046 1.848 0.179 - 1,880
TaN-GiTopMN) 2.007 1.513 1.299 - 2.230 :
TaN-Si® 1.905 1.949 1.347 1.515 1.343

4. Conclusions

In the present paper, the ab initio study of the features of the interaction of a silicon
atom with the (001) surface of AIN, TiN, and TaN compounds was performed within the
framework of the density functional theory. The main conclusions were drawn as follows.

1. It was shown that on the clean (001) surface of TiN and TaN, significant relaxation
and corrugation of the surface layers are observed. Silicon adsorption on the (001) surface of
AIN, TiN, and TaN compounds leads to an increase in both the relaxation and corrugation.
The largest corrugation is observed on the surface of the TaN compound. The smallest
influence of silicon adsorption on the surface relaxation is observed on the surface of
the AIN compound. It is found that the surface relaxation is slightly dependent on the
silicon-adsorption position.

2. The adsorption of silicon on the (001) surface of the AIN, TiN, and TaN compounds
is characterized by a positive binding energy (from 1.0 to 5.4 eV). The position of Si above
the N atom is most energetically favorable on the TiN(001) and TaN(001) surfaces. In the
case of the AIN(001) surface, the quadruple coordinated position is most energetically
favorable for silicon adsorption. The bridge positions of Si are unstable for all surfaces
considered. On the TaN surface, silicon is found to have the highest binding energy, while
on the AIN surface, it has the lowest.

3. When adsorbed on the (001) surface, silicon forms predominantly covalent bonds
with the nearest metal and nitrogen atoms, except for the quadruple coordinated position
on the TiN and TaN surface, where there is a high degree of ionic bonding of silicon with
surface atoms. On the TaN(001) surface, the Si atom is neutral in the positions above the Ta
and N atoms.

4. The Si atom adsorbed on the surface of AIN, TiN, and TaN forms the bonding states
with the nearest surface atoms in the regions from —9 to —3 eV, from —8.5 to —4 eV and
from —10 to —4 eV below the Fermi energy, respectively. Near the Fermi energy, all the
hybridized Si-Me states are bonding and all the hybridized Si-N states are antibonding.
The strongest bonds are observed between the silicon in the top position and the metal
atom below. Silicon adsorption on the (001) surface of the AIN, TiN, and Ta compounds
significantly weakens the bonds between the nearest surface nitrogen and metal atoms.
The change in bond strength between surface and subsurface nitrogen and metal atoms
with silicon adsorption depends on its position and the compound.

The information about the nature of silicon bonding with metal and nitrogen atoms
on the of AIN(001), TiN(001), and TaN(001) surfaces obtained in this work will be used in
the future to model the processes of sorption of silicon on the surface of a multicompo-
nent Ti-Al-Ta-5i-N film and the formation of different crystalline phases using molecular
dynamics methods.
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