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Comparative investigation of NbN and Nb-Si—N
films: experiment and theory

NbN and Nb-Si—-N films have been deposited by magnetron
sputtering of the Nb and Si targets on silicon wafers at various powers supplied to the
Nb target. The films have been investigated by an atomic force microscope, X-ray
diffraction, X-ray photoelectron spectroscopy, nanoindentaion and microindentation.
The NbN films were nanostructured, and the Nb—Si—N films represented an
aggregation of 6-NbN, nanocrystallites embedded into the amorphous Si;N, matrix (nc-
0-NbN,/a-Si;N,). The annealing of the films in vacuum showed that their intensive
oxidation occurred at annealing temperature higher than 600 °C. To explain the
experimental results on the Nb-Si—N films, first-principles molecular dynamics
simulations of the NbN(001)/Si;N, heterostructures have been carried out.

Keywords: NbN and Nb—Si—N films, magnetron sputtering, film struc-
ture, bonding picture, nanoindentation, first-principles calculations, stress-strain
curves.

INTRODUCTION

Nanostructured films are widely used for surface hardening of cut-
ting tools due to high hardness, good corrosion stability and low friction coefficient
[1]. Among these films, NbN-based films are of increasing interest. The hardness
of such binary NbN nitride films is much higher than the bulk material (Hy =
14 GPa) and higher than other binary nitride films (TiN, ZrN, VN). The hardness
of the NDN films deposited by different arc deposition systems reaches 34—49 GPa
[2—7]. The NbN films were also prepared by using magnetron sputtering (MS) [8—
12], ion beam assisted deposition [13], pulsed laser deposition [14]. An increase in
hardness was reached by the formation of the nanocomposite or nanolayered
structures of the films based on niobium nitride [15-23]. Silicon nitrides are known
for their high-temperature stability, low friction coefficient, and high oxidation
resistance. Hence, one can expect that Nb—Si—N nanocomposite and multilayers
will combine the properties of the constituent materials and will have improved
properties as compared to NbN. In the following we will put an accent on the films
prepared with magnetron sputtering. We reviewed the recent investigations into
NbN and Nb-Si—N films deposited by magnetron sputtering. Some deposition
parameters and hardness of these films are summarized in the table. One can see
that the NbN system crystallizes with several different phases: 5-NbN (space group

Fmgm), &-NbN (space group P6 m?2) and &’-NbN (space group P6;/mmc) depend-
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ing on deposition parameters. The formation of the hexagonal phases occurs at
high nitrogen partial pressures and substrate biases [8—10, 12]. The hardness of the

hexagonal & and € phases of NbN is higher compared to that of the cubic -NbN
(8, 9].

Conditions of the deposition of NbN and Nb-Si—N films using magnetron
sputtering (MS) technique and their mechanical properties.

Varying | Structure | Sub- | H, Hy, H,

Targets | Atmosphere E, GPa | Ref.
9 P parameter [ of NbN strate GPa
NBN films
Nb Ar + N, Py, Ts 5,8 Silicon H=25() 330(5)  [8]
wafer  g=38@)  450(8')
Nb Ar+ N, Py, 5, € Steel H=30(5) 400(3) [9]
H=45()  650(c)
Nb Ar+N, Up 5,8 Silicon H=138 - [10]
wafer
NbN Ar+N, Ts, Inon, P, ) Silicon - - [11]
wafer
Nb Ar+N, Py, Ug 5,8 Steel ~ Hy=204 - [12]
Nb-Si—N films
Nb  Ar+N,+SiHy; P, ) Stainless  Hp=53 - [15]
steel
Nb, Si Ar+N, Ig; ) Silicon H=134 330  [16-18]
wafer
Nb + Si Ar+N, U €t+d Silicon Hy=29 - [19]
wafer
Nb + Si Ar+N, Py, €+ Silicon - - [20]
wafer

P; is the partial pressure; T is the substrate temperature; /; is the current supplied to an i target;
Up is the substrate bias; H, Hy and Hy are nanohardess, Vickers, and Knoop microhardness,
respectively; E is the elastic modulus. 5-NbN (space group Fm 3 m), e-NbN (space group P6 m2)
and &’-NbN (space group P6s/mmc) are cubic and hexagonal phases of NbN, respectively.

It was found that an addition of silicon up to 3.4 at % led to an increase in hard-
ness up to 53 GPa [15]. This hardness enhancement was due to the specific
nanocomposite structure of Nb—Si—N films that represented nano-sized NbN grains
embedded in amorphous SiN, matrix [15-20]. An increase in hardness from 25 to
34 GPa was explained in the framework of a two-step mechanism, i.e., by forming
a solid solution of Si atom in NbN lattice and a nanocomposite material [16—18].
The hardness of Nb—Si—N nanocomposite films reaches the maximum values of
30-34 GPa for 5-13 at % of Si [17]. As in the case of NbN, for the Nb—Si-N
system, high substrate biases and nitrogen partial pressures promote the growth of
the e-NbN grains [19, 20].
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We see from this brief review that, despite the previous investigations of the
NbN and Nb-Si—N films, the comparative study of these two kinds of films
prepared at the same deposition parameters was not yet carried out. Also so far the
effect of the discharge power supplied to the Nb target (Pnp) on film properties was
not analyzed. Besides, we note that, up to date, any theoretical investigations of the
NDbN/SiN, nanostructures at the atomic level were not carried out.

In this work we aimed to fill these gaps in the investigations of NbN and Nb—
Si—-N films. These films were deposited on silicon wafers at various Pyp. The films
were then investigated by: an atomic force microscope (AFM), X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), nanoindentaion and
microindentation. The deposited nanocomposite films were annealed to establish
their thermal stability. The NbN(001)/Si;N4 heterostructures were calculated at
various temperature using first-principles molecular dynamics simulations to
interpret the experimental results on the Nb—Si—N films.

EXPERIMENTAL AND COMPUTATIONAL DETAILS
Experimental procedures

The NbN-based films were deposited on the mirror-polished Si (100) wafer by
DC magnetron sputtering the Nb (99.9%, ©72x4 mm) and Si (99.999%,
?72x4 mm) targets in an argon-nitrogen atmosphere at the following deposition
parameters: substrate temperature 75 = 350 °C; substrate bias Ug = —50 V; flow
rate (F) Fa; = 40 sccm; Fy, = 13 scem; working pressure pc = 0.17 Pa. The current
applied to the Nb target was 150, 200, 250 and 300 mA, which corresponded to a
discharge power density Py, = 8.6, 11.4, 14.3 and 17.1 W/cm?, respectively. The
current on the Si target was 100 mA (Pg; = 5.3 W/cm?). The base pressure of the
vacuum chamber was better than 10~* Pa. The distance between the targets and the
substrate holder was 8 cm. The dihedral angle between the target planes was ~ 45°.
The substrates were cleaned ultrasonically before they were put into the vacuum
chamber. Also, before deposition, the substrates were etched in the vacuum
chamber in hydrogen plasma during 5 min. The film deposited at Py, =
14.3 W/em® was annealed in a vacuum (0.001 Pa) during 2 h at 600, 800 and
1000 °C.

The crystal structure of the films was determined by X-ray diffraction (XRD,
diffractometer DRON-3M) using Cuk,, radiation. The crystallite sizes in films
were evaluated from the broadening of peaks in X-ray diffraction spectra using the
Scherrer formula. The chemical bonding status of films was observed by X-ray
photoelectron spectroscopy (XPS, EC 2401, USSR) using MgK,, radiation (£ =
1253.6 eV). The Au4f;, and Cu2ps, peaks with binding energy at 84.01£0.05 eV
and 932.6610.05 eV, respectively, were used as references. Surface morphology
was analyzed by an atomic force microscope (AFM) NanoScope Illa Dimension
3000 (Digital Instruments, USA). The hardness and elastic modulus of films were
determined from indentation by Nanoindenter-G200 instrument equipped with a
Berkovich pyramidal tip under a load in the range of 9—13 mN. This range of loads
was chosen in order to obtain prominent plastic deformation of a film while avoid-
ing the influence of substrate material. The nanohardness (H) and elastic modulus
(E) data were obtained from the load—displacement curves using the Oliver and
Pharr method. The Knoop hardness (Hx) was estimated by a Microhardness Tester
Micromet 2103 (BUEHLER Ltd.) at a load of 100 mN. The thickness of the films
was determined with a Micron-Gamma optical profilometer. The thickness of the
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films increased with Py, from 0.8 to 1.1 um (NbN films) and from 0.9 to 1.7 um
(Nb-Si—N films).

Theoretical methods

Atomic structures of the NbN(001)/SizN, heterostructures consisting of one
Si3Ny4 interfacial monolayer (I ML) between slabs of five NbN(001) layers were
studied at 0 K and 1400 K in the framework of the first-principles quantum
molecular dynamics (QMD) calculations with a subsequent static relaxation. We
considered initial 96-atomic NbN supercell that was built by means of the
translation of NaCl Bl-type 8-atomic cubic cells in the x-, y-, and z-directions to
form the (2x2x3) supercell. In this supercell, one NbgNg(001) layer was replaced
by the SigNg(001) layer to model the NbN/Sip7sN (NbN/Si3N4) nanostructures
revealed in our experiments. We considered the (001) heterostructures since the
Nb-Si-N films were found to be textured with the preferable (200) grain
orientation.

The QMD calculations were performed with the quantum ESPRESSO code
[24] wusing periodic boundary conditions and the generalized gradient
approximation (GGA) of Perdew, Burke, and Ernzerhof (PBE) [25] for the
exchange-correlation energy and potential. Vanderbilt ultra-soft pseudo-potentials
were used to describe the electron-ion interaction [26]. The criterion of
convergence for the total energy was 10°° Ry/formula unit (1.36:10~° eV/formula
unit). In order to speed up the convergence, each eigenvalue was convoluted by a
Gaussian with a width of 6 = 0.02 Ry (0.272 eV).

The initial structure was optimized by simultaneously relaxing supercell basis
vectors and atomic positions inside the supercell using the Broyden-Fletcher-
Goldfarb-Shanno (BFGS) algorithm [27]. The QMD calculations of the initial
relaxed heterostructure were carried out at 1400 K with fixed unit cell parameters
and volume (NVT ensemble, constant number of particles-volume-temperature) for
1.7 ps. In the QMD calculations, the time step was 20 atomic units (about 10" s).
The system temperature was kept constant by rescaling the velocity, and the
variation of the total energy was controlled during each QMD time step. All
structures reached their time-averaged equilibrium during the initial calculation
time of about 1 ps, and afterwards, the total energy of the structures fluctuated only
slightly around that equilibrium value. In the large-scale QMD simulation, the
chosen reduced energy cut-off (30 Ry, 408 eV) and the k-points mesh (I" point)
were used in order to save computing time without compromising accuracy. The
justification of such an approach was validated in [28, 29].

After QMD equilibration, the geometry of the heterostructure was optimized by
simultaneously relaxing supercell basis vectors and positions of atoms inside the
supercell using the BFGS algorithm [27]. The Monkhorst-Pack [30] (2%2x2) mesh
was used. The relaxation of the atomic coordinates and supercell was considered to
be complete when atomic forces were less than 1.0 mRy/Bohr (25.7 meV/A),
stresses were smaller than 0.05 GPa, and the total energy during the structural
optimization iterative process was changing by less than 0.1 mRy (1.36 meV). For
the generated 94-atoms heterostructures, we introduced the following abbreviation:
“ZT” and “HT” refer to a 1 ML NbN(001)/SizN4 heterostructures generated at 0
and 1400 K, respectively.

The tensile stress-strain relations were calculated by: 1) elongating the
supercells along the c-axis [(001) direction] in an incremental step, 2) fixing the c-
basis vector, and 3) simultaneously relaxing the a- and b-basis cell vectors and the
positions of the atoms within the supercell. The shear stress of the heterostructures
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under (100)[010] shear strains (parallel to the interface) was calculated as follows:
first, an incremental shear distortion was imposed, then the dihedral angle between
the a and c supercell vectors was fixed, and simultaneously the basis supercell
vectors and the atomic coordinates were relaxed. For both tensile and shear strains
the structural parameters at a previous step were used to calculate the Hellmann-
Feynman stress for the next step.

The cubic B1-(Fm 3 m) NbN structure was studied to verify our computational
method. The calculated lattice constant of anyy = 4.41 A was found to be close to
the experimental value of 4.394 A, and comparable to other theoretical results of
4.378-4.42 A [31].

RESULTSAND DISCUSSION
Experimental results

Figure 1 shows the AFM surface topography of the NbN and Nb-Si—N films
deposited at various Pyp. One can see that the film surface roughness increases with
Pnp. Also, the surface roughness in Nb—Si—N films is smaller than in NbN films,
which can be due to the availability of the amorphous SiN; tissue in Nb—Si—N films
(see below). It follows that a decrease in the discharge power Py and an introduc-
tion of silicon promote the reduction of surface roughness.

c d
Fig. 1. AFM images of the NbN films deposited at Py, = 8.6 W/em?® (RMS = 4.2 nm) (a) and
14.3 W/em® (RMS = 9.1 nm) (b); the Nb-Si-N films deposited at Py, = 8.6 W/cm® (RMS =
2.0 nm) (¢), and 14.3 W/em?* (RMS = 2.8 nm) (d); x — 200 nm/div, z — 50 nm/div.
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The XRD spectra of the deposited NbN and Nb—Si—N films are shown in Fig. 2.
The A peak at 35.1-35.4° and the B peak at 41.1-41.4° can be assigned to the
O-NbN,(111) and 6-NbN,(200) reflections, respectively [32]. The grain size esti-
mated from the Scherrer formula was in the ranges 4.1-8.7 nm and 18.1-19.8 nm
for the NbN and Nb—Si—N films, respectively. It follows that an introduction of Si
leads to an increase of the NbN grains. In Fig. 3 we show the dependences of grain
size (D) of NbDN and Nb-Si-N films on the parameter Py,. The value of D in-
creases with Py, for Nb—Si—N and has an extreme dependence on Py, for NbN.
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Fig. 2. XRD spectra of NbN (a) and Nb-Si—N (b) films. Denotation: S is silicon substrate reflex,
A is 8-NbN(111) reflex, B is 8-NbN(200) reflex [24]; (/) 17.1 W/em?, (2) 14.3 W/em?, (3)
11.4 W/em?, (4) 8.6 W/em?®.

The results of the XPS examination of as-deposited and annealed NbN and Nb—
Si—-N films are presented in Fig. 4. It is known that a native oxide grows on Nb
compounds when exposed to air [19], and the peaks at 204.07 eV and 206.88 eV
can be assigned to Nb3d in NbN (203.97 eV [21]) and Nb;N;,.,O34, (207.0 eV
[33]). For NbN films, the peak at 397.4 eV in the N1s spectrum is determined by
Nb-N bonds, whereas for Nb—Si—N films this peak is located around 397.2 eV and
can be assigned to N1s in NbN (397.4 eV [19]). We suppose that the asymmetry of
the N1s peak can be caused by the Si—N bonds in SizN4 (397.8 eV [34]). XPS
measurements of the Si2p spectrum provide further information on the Si bonding
in the Nb—Si—N films (see Fig. 4). The peak at a binding energy of 101.7 eV is
assigned to Si in Si3Ny4 (101.7 eV [34]), and a shoulder at 103.3 eV in the Si2p
spectrum of the annealed films is supposed to be due to the Si—O bonds in SiO,
(103.5 eV [34]). Finally, the Ols spectra of the NbN and Nb—Si—N films are cen-
tered around 530.5 eV and 530.9 eV, respectively, and can be attributed to the Nb—
O bonds in Nb,Os5 (530.4 eV) and Nb,O, (530.7 eV [34]), respectively. In the case
of Nb-Si—N films, the Si—O bonds in SiO, can form a wide tail around 532.9 eV
[34] (see Fig. 4). Using the XPS data (see Fig. 4), we estimated the niobium,
nitrogen, and silicon contents (Cnp, Cy, and Csg;, respectively) in NbN and Nb—Si—
N films. It was found that Cy, = 44.5 at %, Cy = 55.5 at % for NbN films and and
Cny =45.1 at %, Cy=43.2 at % and Cg; = 11.7 at % for Nb—Si—N films.
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Fig. 3. Mean size of nanocrystallites D, estimated from the B peak using the Scherrer formula, as
a function of the discharge power at the Pyp,; NDN (7), Nb—Si—N (2).

A comparison of the results presented in Figs. 1-4 enables us to establish the
structure of the NbN and Nb—Si—N films. The NbN films are nanostructured, and
the Nb—Si—N films have a nanocomposite structure, and represent an aggregation
of 8-NbN, nanocrystallites embedded into the amorphous SizNj tissue (nc-6-
NbN,/a-Si3Ny). In contrast to NbN films, Nb—Si—N films are textured with the
preferable (200) grain orientation. The films contain oxygen as niobium oxides.
For Nb—Si—N films we also suppose that oxygen forms SiO, that is segregated
along grain boundaries. We note that despite the larger grain sizes, the surface
roughness of the Nb—Si—N films is lower as compared to that of the NbN films.
One can assume that the amorphous SiNy tissue in nanocomposite Nb—Si—N films
smears the relief of the film surface. For this reason, the surface roughness of the
nanocomposite films should be lower than that of NbN films.

The dependence of nanohardness (H) and elastic modulus (£) on indenter pene-
tration (L) of the deposited films are presented in Fig. 5. It is seen that, beginning
with 75 nm, the nanohardness practically does not depend on L. The elastic
modulus decreases reaching the maximum values at L = 50 nm. These results point
that the soft silicon substrate does not exert influence on the nanohardness of the
films. The elastic modulus of the films turns out to be more sensitive to the sub-
strates, especially at high L. In Fig. 6 we show the maximum values of H and E,
determined from the H(L) and E(L) dependences, respectively, as well as the
Knoop hardness (H) of the deposited films as functions of Pyp. The nanohardness
was found to be lower compared to the Knoop hardness approximately by 10—
20 %. For NbN films, the values of H and H trend to increase with Pyp. These
values reach 28.3 and 36.1 GPa, respectively, for D ~ 6 nm (see Fig. 3). In the case
of Nb—Si—N films, the maximum values of H = 29.9 GPa and Hx = 44.2 GPa are
reached for Pyp, = 11-14 W/em?® (D ~ 18.5-19 nm). A comparison of the results
presented in Figs. 3 and 6 shows that the elastic modulus of NbN and Nb—Si—N
films increases with grain sizes. We note here that the structural and mechanical
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properties of the deposited Nb—Si—N films are very close to those obtained in [15—
18].
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Fig. 4. XPS spectra of the core levels in NbN (solid line), Nb—Si—N (dashed line) and annealed at
1000 °C Nb-Si-N (dotted line) films deposited at P,,= 14.3 W/ecm®. The vertical lines denote the
binding energies of the XPS peaks of: Nb3d in NbN, 203.97 eV [21] and Nb,N,_Os.,, 207.0 eV
[33]; N1s in NbN, 397.4 eV [19], and Si;Ny4, 397.8 eV [34]; Si2p in SizN4, 101.7 eV and SiO,,
103.5 eV [34]; Ols in Nb,Os, 530.4 eV, Nb,0,, 530.7 ¢V, and SiO,, 532.9 [34].
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Fig. 5. Dependences of the nanohardness (a) and elastic modulus () on nanoindenter penetration
for the NbN (7) and Nb—-Si—N (2) films deposited at P,,= 17.1 W/cm?.
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Figure 7 shows the variation of the Knoop hardness of NbN and Nb—Si—N films
with annealing temperature (7). The hardness slightly increases by annealing at
T,= 600 °C and decreases with further increasing 7, up to 1000 °C. The increase in
hardness can be assigned to the densification of the coatings due to crystal rear-
rangements [21]. The significant lowering of Hy for 7, > 600 °C may be due to the
oxidation, since the base vacuum inside the annealing chamber was maintained at
0.001 Pa. This vacuum is not low enough to prevent oxidation at high 7,. From
Fig. 7 we see that the number of the Nb,N, and SiO, clusters increases after the
annealing of the Nb—Si—N film at 1000 °C. The following reaction can govern the
spontaneous oxidation of Si;N4 and NbN [21, 35]

SisNy4 + O, = 3810, +2N,,
2NbN + O, = Nb,O, + Ns.
H,, GPa

45—//—'.2

¢ 1
40__0/_0 \
35 | \8\

30 \
25 N\

20 — o)

15 1 1 I 111 | I 111 | I 11 1 1 I 1
400 600 800 1000
Annealing temperature, °C
Fig. 7. Knoop hardness of the NbN (/) and Nb—Si—N (2) films deposited at 14.3 W/cm? as func-
tions of annealing temperature. The point at 350 °C corresponds to the as-deposited film. The
solid lines are the polynomial fit to the experimental points.
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Theoretical results

In Fig. 8 we show the atomic configurations of the ZT and HT heterostructures.
Figure 9 shows the arrangement of the atoms located on the (001) interfacial plane
or close to it for the low- and high-temperature heterostructures. The geometry
optimization of the initial B1-SisN; heterostructure at 0 K preserved the
heteroepitaxial arrangement for the interface in a similar way as described for the
TiN(001)/Sip 75N heterostructure [28]. The geometry of the (001) interface was
preserved, but the nitrogen atoms above and below the interface were slightly
shifted toward this interface. However, at 1400 K, the (001) interfacial structure
significantly changed. Because the NbN(001)/SizN, heterostructure is strongly
influenced by the temperature, we will consider it in detail. We note significant
atomic re-arrangement caused by thermal motion of the interfacial atoms, which
occurs predominantly within the interfacial layer. There are almost symmetrical,
“down” and “up” shifts of the N atoms in the layer just above and below the
interfacial layer, an almost random shift albeit of the Si atoms within the interfacial
plane, breaking about half of the Si—N bonds. This leads to the formation of
distorted over-coordinated Si3;Ny-like units that are represented by the SiN, and
SiNs units (see Fig. 9). One can see from Fig. 9 that along with the new Si;Ny-like
units, some of the original six-fold coordinated B1-SiNg units are still present albeit
distorted.

Fig. 8. Atomic configurations of the NbN(001)/Siy 75N heterostructures: (a) ZT at equilibrium,
(b) HT at equilibrium, (¢) HT under tensile strain € = 0.12 (after failure). The bond length cutoffs
were: 2.4 A (Si-N) and 2.6 A (Nb-N).

Because the Si—N bond length of 1.75-1.77 A in B-Si3N, is much shorter than
the Ti-N bond length of 2.205 A in pure NbN, there is a tensile misfit stress within
the interfaces. This stress and the tendency of silicon to attain its four-fold
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coordination to nitrogen as in SizN4, which is the most stable configuration in the
Si—-N system, are the main factors that cause the reconstruction of the epitaxial
layers. In Fig. 10, we present the pair correlation function (PCF) for the Si-N
correlations. Figure 10 shows that the Si-N bond lengths of 1.79 A correspond to
the Si-N bonds in the distorted Si;Ny-like units, whereas the peaks at 1.87 A and
2.05 A correspond to the Si-N bond lengths in the SiNs and SiNg units,
respectively. A comparison of the structure and structural functions of the high-
temperature interface in the NDbN(001)/Si;N4 heterostructure with those of
amorphous SizNy calculated in [28] show that the interface structure is very close
to the structure of the over-coordinated amorphous SizN4. So, the interface struc-
ture is not crystalline, and it is amorphous in agreement with the experiment.

a

Fig. 9. Si—N network of the interfaces in: ZT (a) and HT (b) heterostructures. Si4, Si5, and Si6
are the four-fold, five-fold and six-fold coordinated silicon atoms, respectively. The bond length
cutoffs were 2.4 A.

The calculated stress-strain curves of the bulk NbN phase and the HT
heterostructure under tensile strain (g;) in the (001) direction and shear (001)[010]
strain (g;) are shown in Fig. 11. It is seen that the formation of the Siz;N, interface
in NbN leads to a reduction of the ideal tensile strength. The atomic configuration
of the HT heterostructure after failure under tensile strain is presented in Fig. 8, c.
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The delamination occurs inside the NbN slab: the bonds are broken between the
NbN layers adjacent to the interface. The shortening of the Si—N bonds causes an
elongation of the Nb—N ones between these layers, for which reason they will be
broken under tensile strain in the first place.

Si5
Si4
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Si6
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Fig. 10. Si—N pair correlation functions for the HT heterostructure.
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Fig. 11. Calculated stress-strain curves for the bulk NbN (/) and the HT NbN(001)/Si;N, hetero-
structure (2); tensile (a); shear (b).

For pure NbN, in the range of 0.12 < g < 0.2, the shear stress is practically
independent of the strain (see Fig. 11). We suppose that such a plastic region in the
stress-strain curves is due to the dynamical instability of the stoichiometric
B1-NbN caused by the availability of the soft transverse acoustics Xs modes [36,
37]. Nevertheless, despite this plastic region, the ideal shear strength of NbN is
higher compared to that of the HT NbN(001)/Si3Ny4 heterostructure (see Fig. 11).

Thus, it follows from these findings that the formation of the interfacial Si3Ny-
like layer in 6-NbN(001) destabilizes niobium nitride. Interface formation does not
result in strengthening of the nanocomposites from a chemical bonding
perspective. For the NbN(001)/Si;N4 heterostructures, in the absence of lattice
defects (dislocations, point defects, etc.), our theoretical results predict the
reduction in both hardness and elastic modulus with the formation of the
NbN(001)/Si3Ng4-like interface in 6-NbN. Therefore, the observed strength
enhancement in the nc-8-NbN/a-Si3;N4 nanocomposite coatings (see Fig. 6) should
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be ascribed mostly to the interfaces that play the role of barriers inhibiting
dislocation motion.

CONCLUSIONS

We have deposited the NbN and Nb-Si—N films on silicon wafers by
magnetron sputtering at various discharge powers applied to the Nb target, Pnp.
The comparative investigation of the deposited films has been carried out. AFM
investigations show that a decrease in the discharge power Py, and an introduction
of silicon promote the reduction of the surface roughness of the films. The XRD
and XPS examination enabled one to establish the possible structure of the
deposited films: the NbN films were nanostructured, and the Nb—Si—N films had a
nanocomposite structure, and represented an aggregation of §-NbN,
nanocrystallites embedded into the amorphous SiN; tissue (nc-6-NbN,/a-SizNy). In
contrast to NbN films, Nb—Si—N films are textured with the preferable (200) grain
orientation. The Nb—Si—N films exhibit the higher hardness (H ~ 30 GPa, Hg ~
44 GPa) than NDN films (H ~ 28 GPa, Hx ~ 36 GPa) mainly due to the formation
of the nanocomposite nc-6-NbN,/a-Si3Ny structure. The elastic moduli of NbN and
Nb-Si-N films increase with grain sizes. The Knoop hardness of the films de-
creases with increasing annealing temperature above 600 °C due to the oxidation of
NbN and Si3N4.

The results of first principles molecular dynamics simulations of the
NbN(001)/Si3N4 heterostructures show that in the absence of lattice defects the
interface formation does not result in strengthening of the nanocomposites.
Therefore, the observed strength enhancement in the nc-6-NbN/a-SizNy
nanocomposite coatings should be ascribed mostly to the interfaces that play the
role of barriers inhibiting dislocation motion.
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NbBN i Nb—Si—N nnigxku ocaddicysanu na KpemHiesi RAacmuny Memooom mae-
HemponHo2o posnunenns miweneit Nb i Si npu piznux nomyscnocmsax pospsaoy na miweni iz Nb.
Inisku  6yau  QocniodceHi  3a  OONOMO2010  AMOMHO-CUNLOB020  MIKPOCKONA, — ougpparyii
PEHMEEHIBCOKUX NPOMEHI8, PEHM2EHIBCbKOI (POMOEIeKMPOHHOT CNEKMPOCKONL, HAHO- [ MIKDO-
inoenmyseanus. NbN naigku 0yau uawnocmpykmypogaui, mooi sax Nb—Si—N nniexu aensiu
azpezayito 0-NbN, nanoxpucmanimis, expanienux 6 amopgny SisN, mampuyio (nc-6-NbN,/
a-Si3Ny). Bionan nuigox y eakyymi noxaszae, wo ix iHmeHCUSHe OKUCIeHHA 8i00ysaemvcsa npu
memnepamypi euwitl, Hiore 600 °C. /lna noscnents excnepumeHmanivHux pesyivmamie no Nb—Si—
N nniexax nposedeno mooenioganusi NbN (001)/Si;N, ecemepocmpykmypu i3 nepuiux npunyunie 8
PAMKAX MONEKYIAPHOT OUHAMIKU.

Knrwwuosi crosa: NbN i Nb—Si—N-nniexa, macnemponne po3nuieHHs, Cmpyk-
mypa nuieKu, KapmuHa 36 s3Ki6, HAHOIHOeHMY6aHHsl, PO3PAXYHKU 3 NEPUUX NPUHYUNIE, HANPY-
Jrceno-oeopmayitini kKpuei.

NbN u Nb-Si—N nnenxu ocasxcoanu Ha KpemHuesvle NIACMUHBL MemoOoM
MacHempoHHO20 pacnviierus muwereil Nb u Si npu pasnuuHbix MOWHOCMAX paspsaoda Ha Muuie-
Hu ¢ Nb. [Inenxu OvLiu uccie008ambvl ¢ NOMOWBIO AMOMHO-CUI08020 MUKPOCKONA, Oudparyuu
PEHM2EHOBCKUX JyUell, PeHMeHOBCKOU (HOMOINEKMPOHHOU CNeKMPOCKONUU, HAHO- U MUKDO-
unoenmuposanus. NbN nienxu Oviau nanocmpykmypupogauuvle, mozoa xax Nb—Si—N nnenku
npeocmasnanu azpezayuto 0-NbNx HanoKpucmaniumos, 6kpaniennvlx 6 amopguyio SizNy mam-
puyy (nc-0-NbNx/a-Si3N4). Omorcue nienok 8 6axyyme noKasal, 4mo ux UHMEHCUBHOEe OKUCIe-
Hue npoucxooum npu memnepamype gviue, yem 600 °C. [nsa obvacHenua skcnepumeHmanbHbix
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pesyavmamos no Nb—Si—N naenxax npogedeno mooeauposanue NbN (001)/Si;N, cemepocmpyx-
Mypol U3 NEPELIX NPUHYUNOE 8 PAMKAX MOLEKYIAPHOU OUHAMUKU.

Knrwuesvie cnosa: NDN- u Nb—Si—N-nienka, macHempoHHoe pacnvlieHue,
CMpPYKmMypa nieHKU, KapmuHa ceés3ell, HAHOUHOEHMUPOSAHUS, PACUempl U3 NEPEblX NPUHYUNOS,
HANpsiicenno-0ehopmayuonHole Kpugsle.
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