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a b s t r a c t

The structural and mechanical properties of NbN and Nb-Si-N films have been investigated both ex-
perimentally and theoretically, in their as-deposited and annealed states. The films were deposited using
magnetron sputtering at substrate bias (UB) between 0 and �70 V. While NbN films were found to
crystallize in the cubic δ-NbN structure, Nb-Si-N films with Si content of 11–13 at% consisted of a two-
phases nanocomposite structure where δ-NbN nanocrystals were embedded in SiNx amorphous matrix.
Films deposited at UB¼0 V were highly (001)-textured. Application of substrate bias potential led to a
depletion of light atoms, and caused a grain size refinement concomitantly with the increase of (111)
preferred orientations in both films. The maximum hardness was 28 GPa and 32 GPa for NbN and Nb-Si-
N films, respectively. NbN and Nb-Si-N films deposited at UB¼�70 V exhibited compressive stress of �3
and �4 GPa, respectively. After vacuum annealing, a decrease in the stress-free lattice parameter was
observed for both films, and attributed to alteration of film composition. To obtain insights on interface
properties and related mechanical and thermal stability of Nb-Si-N nanocomposite films, first principles
molecular dynamics simulations of NbN/SiNx heterostructures with different structures (cubic and
hexagonal) and atomic configurations were carried out. All the hexagonal heterostructures were found to
be dynamically stable and weakly dependent on temperature. Calculation of the tensile strain-stress
curves showed that the values of ideal tensile strength for the δ-NbN(111)- and ε-NbN(001)-based
heterostructures with coherent interfaces and Si3N4–like Si2N3 interfaces were the highest with values in
the range 36–65 GPa, but lower than corresponding values of bulk NbN compound. This suggests that
hardness enhancement is likely due to inhibition of dislocation glide at the grain boundary rather than
interfacial strengthening due to Si-N chemical bonding.

& 2016 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
1. Introduction

Due to the unique combination of metallic, covalent and ionic
bonding character, transition metal nitrides offer exceptional
multi-functional properties, which make them attractive for a
wide range of applications in microelectronics, optoelectronics or
cutting tool industry. Among them, NbN exhibit a variety of in-
teresting properties like high melting point and high hardness,
electrical conductivity, chemical inertness. Improved mechanical
.l. All rights reserved.

nics, Sumy State University,
properties and thermal stability have been reported in NbN-based
nanolayers compared to monolithic coatings [1]. NbN films are
used as cathode material for field emission in vacuum microelec-
tronic devices [2] and can be exploited as tunnel junctions due to
their superconducting nature [3].

Nanostructured films [4–6] are widely used as wear-protection
coating on cutting tools due to high hardness, good corrosion
stability and low friction coefficient [7]. Among these films, na-
nostructured NbN-based films are of increasing interest. The
hardness of such films is much higher than the bulk material
(HV¼14 GPa) and higher than other binary nitride films (TiN, ZrN,
VN). The hardness of the NbN films deposited by different arc
deposition systems reaches 34–49 GPa [8–13]. The NbN films were
also prepared by using magnetron sputtering (MS) [14–18], ion
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beam assisted deposition [19], pulsed laser deposition [20]. An
increase in hardness was reached by the formation of the nano-
composite or nanolayered structures in ternary Nb-Si-N films [21–
29]. Silicon nitride is known for its high temperature stability, low
friction coefficient and high oxidation resistance. Hence, one can
expect that Nb-Si-N nanocomposite will combine the properties of
the constituent materials and will have improved properties as
compared to NbN. Recently the comprehensive review of the in-
vestigations on NbN and Nb-Si-N films deposited by magnetron
sputtering was reported [30]. It was shown that the NbN system
crystallizes in different structural phases: cubic δ-NbN (a small
number of vacancies are present in both the sublattices, space
group Fm-3m) and hexagonal ε-NbN (space group P-6 m2) and δ
′-NbN (space group P63/mmc), depending on deposition para-
meters. The formation of the hexagonal phases occurs at high ni-
trogen partial pressures and substrate biases [14–16,18]. The
hardness of the hexagonal δ′ and ε phases of NbN is higher
compared to that of the cubic δ-NbN [14,15]. The addition of sili-
con up to 3.4 at% led to an increase in hardness up to 53 GPa [21].
This hardness enhancement was due to the specific nanocompo-
site structure of Nb-Si-N films that represented nano-sized NbN
grains embedded in amorphous SiNx matrix [21–26]. An increase
in hardness from 25 GPa to 34 GPa was explained in the frame-
work of a two-step mechanism, i.e., by forming a solid solution of
Si atom in NbN lattice and by forming a nanocomposite material
[22–24]. The hardness of Nb-Si-N nanocomposite films reaches the
maximum values of 30–34 GPa for 5–13 at% of Si [23]. As in the
case of NbN, for the Nb-Si-N system, high substrate biases and
nitrogen partial pressures promote the growth of the ε-NbN grains
[25,26].

Despite extensive studies reported in the literature, the com-
parative evolution of NbN and Nb-Si-N films prepared at different
substrate biases was not yet carried out. Moreover, previous si-
mulations of NbN/SiNx nanostructures were restricted to
δ-NbN(001)/Si3N4 interfaces [30].

In this work we aimed to show a comprehensive report on the
physical and chemical properties of the NbN and Nb-Si-N films
and we close the gaps in the investigations of NbN and Nb-Si-N
films. The films were deposited on silicon wafers at various sub-
strate biases (UB). The films were then investigated by an atomic
force microscope (AFM), X-ray diffraction (XRD), X-ray photo-
electron spectroscopy (XPS), wavelength and energy dispersive
X-ray spectroscopy, nanoindentaion and microindentation. The
deposited films were annealed in vacuum at 1000 °C at a pressure
of 10�4 Pa to establish their thermal stability. NbN/SiNx hetero-
structures were calculated at various temperatures using first-
principles molecular dynamics simulations to interpret the ex-
perimental results on the Nb-Si-N films.
2. Experimental and computational details

2.1. Experiment procedures

NbN-based films were deposited on mirror-polished Si (100)
wafers by DC reactive magnetron sputtering using Nb (99.9%,
Ø72�4 mm) and Si (99.999%, Ø72�4 mm) targets in an argon-
nitrogen atmosphere at the following deposition parameters:
substrate temperature TS¼350 °С; flow rate (F) FAr¼40 sccm; FN2
¼13 sccm; working pressure PC¼0.17 Pa. The current applied to
the Nb target was 300 mA, which corresponded to a discharge
power density PNb¼17.1 W/cm2. The current on the Si target was
100 mA (PSi¼5.3 W/cm2). Substrate biases were UB

¼0,�20,�40,�50 and �70 V. Base pressure inside the vacuum
chamber was better than 10�4 Pa. The distance between the tar-
gets 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 Post-deposition va-
cuum annealing at 1000 °C was done using Pekly Herrmann
Moritz JF1013 device (France) with PFEIFFER HiCube 80 Eco va-
cuum pump (Germany). The residual pressure in the furnace was
10�4 Pa.

The thickness of the films was determined with an optical
profilometer “Micron-Gamma”. The thickness of the films de-
posited during 50 min increased with increasing bias (UB) from
0 to �70 V, from 0.6 to 0.8 mm (NbN films) and from 1.0 to 1.2 mm
(Nb-Si-N films).

The crystal structure of the films was determined by X-ray
diffraction (XRD, diffractometer DRON-3M) using CuKα radiation.
Broadening of XRD peaks from two reflections defined the size of
crystallites and microstresses in coatings based on the method of
Williamson-Hall. This method is easier than the Warren-Averbach
method, but in the case of wide diffraction lines of the reflections
of the second order it allows to receive more accurate results in
defining of substructure characteristics, such as size of crystallites
and micro-stresses. In order to define the stress-strain state of the
NbN and Nb-Si-N coatings we used the sin2ψ method [31]. This
method gives reliable results either for macro-objects or for films
and coatings and it allows to determine the stress-state state of
each component phase. Stress measurements were performed on
a four circle Seifert XRD diffractometer, operating at 40 mA and
40 kV, using point focus geometry with Cu X-ray source, a 1.0 mm
diameter collimator, a Ni filter to absorb the Cu Kβ wavelength and
a scintillation detector [32]. Measurements were taken by re-
cording 2θ scans of the cubic {200} NbN reflection at different
specimen tilt angles ψ ranging from 0 to 88°.

The chemical bonding state of the films was analyzed by X-ray
photoelectron spectroscopy (XPS, EC 2401, USSR) using MgKα ra-
diation (E¼1253.6 eV). The Au 4f7/2 and Cu 2p3/2 peaks with
binding energy at 84.070.05 eV and 932.6670.05 eV, respec-
tively, were used as a reference. Prior to the XPS measurements,
the samples were sputter-etched in argon plasma for 5 min.

Microstructure and element composition investigations were
done using scanning electron microscope (SEM) JEOL-7001F-TTLS
equipped with wavelength-dispersive X-ray spectroscopy (WDS)
microanalysis unit from Oxford Instruments, while surface mor-
phology was analyzed by atomic force microscope (AFM) Nano-
Scope IIIa Dimension 3000 (Digital Instruments, USA). Cross-sec-
tional transmission electron microscopy (XTEM) investigations
were carried out in high resolution, bright-field, dark-field and
selected area electron diffraction (SAED) modes using a JEOL-FS
device equipped with a field-emission gun and an omega energy
filter. A cross section of the Nb-Si-N sample, deposited at �70 V
bias, was prepared by focused ion beam (JEOL JIB-4000 ) using a
gallium ion source and acceleration voltage of 30 kV. The cross
section was then studied by high-resolution transmission electron
microscopy (HR-TEM, JEOL-ARM 200 F) with an accelerating vol-
tage of 200 kV, equipped with an energy-dispersive X-ray spec-
troscopy (EDS) detector. Samples were placed by micro-
manipulator on a commercially available ultra-thin copper grid.
The hardness and elastic modulus of films were determined from
indentation by Nanoindenter-G200 instrument equipped with a
Berkovich pyramidal tip under load in the range of 9–13 mN. This
range of loads was chosen in order to obtain prominent plastic
deformation of film while avoiding the influence of substrate
material. The nanohardness (H) and elastic modulus (E) data were
obtained from the load-displacement curves using Oliver and
Pharr method.
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2.2. Theoretical methods

We have considered hexagonal ε-NbN(001)/SiNx and
δ-NbN(111)/SiNx heterostructures as representative interfaces in
the NbN/SiNx nanocomposite films, and studied their strength
theoretically at 0 K and 1400 K in the framework of first-principles
quantum molecular dynamics (QMD) calculations with sub-
sequent static relaxation. The δ-NbN(001)/Si3N4 heterostructures
were investigated in our previous work [30]. Nevertheless, we
included the discussion on these interfaces to compare them with
the heterostructures computed in this investigation. Both (001)
and (111)-oriented heterostructures were examined since the
Table 1
Notation, composition, ideal tensile strength (sT) and failure tensile strain (εT) for
the bulk NbN and NbN/SiNx heterostructures.

Initial interface Notation Composition sT (GPa) εT

δ-NbN(001) [bulk] δ-NbN(001) Nb48N48 31.7 0.16
δ-NbN(001)/coherent Si0.75N δ-Si3N4 Nb40N40/Si6N8 14.1 0.08
δ-NbN(111) [bulk] δ-NbN(111) Nb27N27 95.1 0.52
δ-NbN(111)/Si3N4-like Si2N3 δ-Si2N3 Nb45N45/Si6N9 35.5 0.18
δ-NbN(111)/Si3N4-like SiN δ-SiN Nb27N27/Si9N9 20.2 0.14
δ-NbN(111)/coherent SiN δ-coherent SiN Nb18N18/Si9N9 63.9 0.16
ε-NbN(001) [bulk] ε-NbN(001) Nb36N36 105.8 0.32
ε-NbN(001)/Si3N4-like Si2N3 ε-Si2N3 Nb36N36/Si6N9 47.2 0.12
ε-NbN(001)/Si3N4-like SiN ε-SiN Nb27N27/Si9N9 6.4 0.08
ε-NbN(001)/coherent SiN ε-coherent SiN Nb27N27/Si9N9 48.0 0.10

Fig. 1. AFM images for: the NbN films, deposited at UB¼0 V (RMS¼6.4 nm) (а) and UB¼
and UB¼�70 V (RMS¼3.6 nm) (d). The RMS roughness was determined at the area of
Nb-Si-N films were found to exhibit either a (200) or (111) pre-
ferred grain orientation. Different chemical compositions and
atomic configurations of the initial supercells used for the in-
vestigation of the heterostructures are reported in Table 1, in-
cluding the case of coherent or non-stoichiometric interfaces.

The QMD calculations were performed with the quantum
ESPRESSO code [33] using periodic boundary conditions and the
generalized gradient approximation (GGA) of Perdew, Burke and
Ernzerhof (PBE) [34] for the exchange-correlation energy and
potential. Vanderbilt ultra-soft pseudo-potentials were used to
describe the electron-ion interaction [35]. The criterion of con-
vergence for the total energy was 10�6 Ry/formula unit
(1.36 �10�5 eV/formula unit). In order to speed up the con-
vergence, each eigenvalue was convoluted by a Gaussian with a
width s¼0.02 Ry (0.272 eV).

The initial structure was optimized by simultaneously relaxing
the supercell basis vectors and the atomic positions inside the
supercell using the Broyden-Fletcher-Goldfarb-Shanno (BFGS) al-
gorithm [36]. The QMD calculations of the initial relaxed hetero-
structure were carried out at 1400 K with fixed unit cell para-
meters and volume (NVT ensemble, constant number of particles-
volume-temperature) for 1.7 ps. In the QMD calculations, the time
step was 20 a.u. (about 10�15 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 calcu-
lation time of about 1 ps, and afterwards, the total energy of the
�70 V (RMS¼7.6 nm) (b); Nb-Si-N films, deposited at UB¼0 V (RMS¼2.8 nm) (с)
5 mm�5 mm.



Fig. 2. XRD patterns for NbN (1) and Nb-Si-N (2) films prepared at UB¼0 V (a), UB¼�40 V (b) and UB¼�70 V (c).

Table 2
Structural characteristics of NbN and Nb-Si-N coatings deposited at different bias
voltage (UB) and after vacuum annealing at Tan. D refers to the average grain size, 〈ε〉
to the average microstrain.

Coatings UB, V Tan, °С Main phases D, nm 〈ε〉, % Axis of preferred
orientation

NbN 0 – δ-NbN 27 1.5 [100]
�40 – δ-NbN 86 2.1 Random
�40 1000 δ-NbN 200 0.22 Random
�70 – δ-NbN 17 1.7 Random
�70 1000 δ-NbN 87 0.45 Random

Nb-Si-N 0 – δ-NbN 50 0.5 [100]
0 1000 δ-Nb(Si)N 67 0.47 [100]
�20 – δ-NbN/Si3N4 47 0.5 [100]
�40 – δ-Nb(Si)N 27 0.5 [100]
�40 1000 δ-Nb(Si)N 120 0.25 [100]
�70 – δ-NbN/SiNx

(amorph.)
9.1 0.6 Random

�70 1000 δ-NbN/SiNx 150 0.3 [100]

Fig. 3. Sin2 ψ plot for the NbN and Nb-Si-N films deposited at UB¼�70 V before
(shaded circles) and after (non-shaded circles) vacuum annealing.
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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 (Γ point) were used in
order to save computing time without compromising accuracy.
The justification of such an approach was validated in a previous
work [37].

After QMD equilibration, the geometry of the heterostructure
was optimized by simultaneously relaxing the supercell basis
vectors and the positions of atoms inside the supercell using the
BFGS algorithm [36]. The Monkhorst-Pack (2 2 2) mesh was used
[38]. The relaxation of the atomic coordinates and of the supercell
was considered to be complete when atomic forces were less than
1.0 mRy/Bohr (25.7 meV/Å), 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 heterostructures, we introduced the following ab-
breviation: “ZT” and “HT” refers to heterostructures generated at
0 K and 1400 K, respectively. The tensile stress-strain relations



Fig. 4. XRD patterns of the NbN and Nb-Si-N films deposited at UB¼�70 V before
(shaded circles) and after (non-shaded circles) vacuum annealing.

Table 3
Second order elastic constants C11, C12 and C44 (in GPa), anisotropy factor A, Young
modulus E (in GPa) and Poisson ratio ν of cubic NbN compound obtained from first-
principle calculations or experimental data of the literature.

C11 C12 C44 A E ν Ref.

590 143 80 0.36 295 0.332 Calc.a

673 128 103 0.38 361 0.306 Calc.b

568 179 108 0.56 358 Calc. [55]
628 133 103 0.42 582 0.174 Calc. [56]
630 134 85 0.34 346 0.307 Calc. [57]
649 136 80 0.31 Calc. [58]
697 101 94 0.32 Calc. [59]
498 212 89 0.62 Calc. [60]
556 152 125 0.62 Expt. [61]
608 134 117 0.49 Expt. [48]

a Present calculations for NbN.
b Present calculations for NbN0.75.

Table 4
Results of the XRD stress analysis of films deposited at �70 V and annealed at
1000 °C.

Coating a0 (Å) Stress s (GPa)

As-deposited NbN 4.40170.005 �3.270.2
Annealed NbN 4.35770.005 1.870.3
As-deposited Nb-Si-N 4.35770.007 �4.370.9
Annealed Nb-Si-N 4.33670.007 �6.070.7

Table 5
Chemical composition of the NbN and Nb-Si-N films (in at%).

Coatings Nb Si N O Nb/Si Method

NbN (Ub¼�70 V)
As-deposited 40.3 / 54.4 4.3 / WDS
Vac. annealed 39.8 / 53.8 6.4 / WDS

NbN (Ub¼�50 V)
As-deposited 44.5 / 55.5 N. A / XPS

Nb-Si-N (Ub¼�70 V)
As-deposited 27.4 11.9 55.7 5.0 2.3 WDS
Vac. annealed 29.6 10.2 55.2 5.0 2.9 WDS

Nb-Si-N (Ub¼�50 V)
As-deposited 37.0 14.8 48.2 N. A 2.5 XPS
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were calculated by: 1) elongating the supercells along the c-axis in
an incremental step, 2) fixing of the c basis vector and 3) si-
multaneously relaxing the a-and b-basis cell vectors and the po-
sitions of the atoms within the supercell. The stress of the het-
erostructures under shear strains was calculated as follows: first
an incremental shear distortion was imposed, then, the basis su-
percell vectors orthogonal to the applied strain 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.

To validate our computational method, we also studied the
bulk properties of δ-NbN compound. The calculated lattice con-
stant, aNbN¼4.41 Å, was found to be close to the experimental
value of 4.394 Å, and comparable to other theoretical results of
4.378–4.42 Å [39]. The elastic constants for δ-NbNx compounds
(x¼1 and x¼0.75) were calculated using cubic Nb4N4 and Nb4N3

cells and the Monkhorst-Pack (8 8 8) mesh in the framework of
the formalism [40]. Besides, the computational procedures were
tested in simulations of similar heterostructures consisting of
other materials [37,38,41,42]. The motivation for the selection of
the NbN/SiNx interfaces in the present investigation (cf. Table 1) is
the fact that these types of interfaces have been reported in a
number of transition metal nitrides/silicon nitrides nanocompo-
sites [37,41–46].
3. Results and discussion

3.1. Experimental results

Fig. 1 shows the AFM surface topography of the NbN and Nb-Si-
N films deposited at various UB. One can see that the film surface
roughness increases with UB. In addition, the surface roughness in
Nb-Si-N films is smaller than in NbN films, which can be due to the
formation of a nanocomposite structure with smaller grain size
and presence of amorphous SiNx matrix (see below). It follows that
a decrease in substrate bias UB and an introduction of silicon
promote the reduction of surface roughness.

In Fig. 2 we show the XRD patterns of the NbN and Nb-Si-N
films deposited at different UB. For the NbN film deposited at
UB¼0, we can observe the (111) and (200) reflexions from the
cubic crystal lattice (δ-NbN, NaCl structure type, PDF No. 38-1155,
cf. Fig. 2a, XRD-pattern 1). In the case of Nb-Si-N film (cf. Fig. 2a,
XRD-pattern 2), we observe strong reflexions from the cubic δ-
NbN phase. For both films we note the (200) predominant or-
ientation of the growth of δ-NbN crystallites. Asymmetry of δ-NbN
XRD lines towards large angles indicates the existence of so-called
packing defects that are usually observed for highly strained films.

For NbN films, an application of substrate bias of �40 V caused
the enhancement of the (111) reflexion (cf. Fig. 2b, spectrum 1).
However, in the case of Nb-Si-N films, an application of substrate
bias did not influence strongly the XRD pattern: the clear pre-
ferential orientation of the crystallites along the [100] axis, per-
pendicular to the plane of growth, was preserved. We should also
note that, for this film, weak reflexions from δ-NbN at 2θ¼70° and
90° were detected.

A further increase in UB up to �70 V during the deposition of
NbN films resulted in significant XRD line broadening without
changing preferential orientation (cf. Fig. 2c, XRD-pattern 1). A
remarkable change in the XRD pattern of the Nb-Si-N film occurs
after deposition at UB¼�70 V. In particular, the strong δ-NbN(111)
reflexion and broad peak in the range of 2θ¼30–38° appear
(Fig. 2c, XRD-pattern 2). The latter feature can be explained by



Fig. 5. Cross-sectional SEM images of NbN films (a-b) and Nb-Si-N films (c-d) deposited at UB¼�70 V, in their as-deposited (a, c) and vacuum annealed (b, d) states.

Fig. 6. Plan-view SEM images of the surface of the NbN (a) and Nb-Si-N films deposited at UB¼�70 V.
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superposition of scattered intensity from crystalline and amor-
phous phases related to silicon nitride. We assumed, that halo
peak in the angle range 2θ¼30–38° belongs to amorphous-like
phase of silicon nitride on the basis of the works [47], where the
authors showed the transition of such state into Si3N4 crystallites
during high-temperature annealing. It is possible if on the stage of
short-range ordering in the amorphous-like state coupled regions
of Si and N atoms ((a-SiN)) are created as a prototype of further
crystallization into the Si3N4 phase. The thermodynamic factor,
which determined primary bond between Si and N atoms in
amorphous-like state, is a large energy gain in the formation of
silicon nitride. We note that such broadening of the XRD lines and
the formation of diffuse scattering from amorphous-like state are
typical features of the films deposited at large bias potentials. It is
well known that large bias voltages promote a refinement of
grains and an enhancement of biaxial stress. In our case, an in-
crease in UB also alters the preferred orientation of Nb-Si-N films.

We analyzed the structure of the deposited NbN and Nb-Si-N
films using a fitting procedure of XRD line profiles by Cauchy
functions. The main results of the structural analysis are presented
in Table 2. One can see from Table 2 that incorporation of Si de-
creases microstrain of the crystallites and their average size.

It is seen from the Table 2, that the structure of the films de-
posited at �40 V and �70 V is significantly influenced by the
annealing, as revealed by the strong increase of the average
crystallites size and decrease of microstrain by a factor two.
However, the grounded Nb-Si-N films were found to be thermally
stable after annealing. They also exhibited a low microstrain level
(0.5%), even in their as-deposited state. This can be explained by
the lower concentration of ion bombardment-induced defects.

Fig. 3 shows the evolution of the lattice parameter of NbN
crystallites measured from (200) interplanar spacings as a function
of sin2 ψ for NbN and Nb-Si-N films deposited at Ub¼�70 V. A
linear variation is observed for the NbN film, while deviation from
linearity is noticed in the presence of Si atoms. This can reflect the
presence of stress gradients along the film depth or a more com-
plex stress state due to the presence of neighboring interacting
crystallites with hexagonal structure. The deviation from linear
dependence may be also due to the change of the nature of the
interatomic bonding from more ionic for NbN to more covalent for



Fig. 7. Core-level XPS spectra for NbN (solid line) and Nb-Si-N (dashed line) (UB¼�50 V): Nb 3d states (a) N 1 s states (b), Si 2p states (c) and O 1 s states (d).
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SiN. However, it can be seen that the presence of Si decreases the
lattice parameter of NbN crystals. This decrease can be explained
either by appearance of vacancies in nitrogen sublattice (i.e. for-
mation of non-stoichiometric films) or by partial substitution of
Nb atoms by Si ones in the crystal lattice. The as-deposited films
are under a compressive stress state, as evidenced from the ne-
gative slope of the sin2ψ plots. After annealing at 1000 °C, the
lattice parameter of both films is found to be smaller. For the NbN
film, a tensile stress state is finally reached, while the stress is still
compressive for the Nb-Si-N nanocomposite film, despite a clear
improvement of film crystallinity (see Fig. 4), associated with a
decrease of microstrain and increase of average size of crystallites.

The stress analysis was performed assuming a macroscopically
(elastically) isotropic specimen, subjected to a rotationally sym-
metric in-plane biaxial stress state, s1¼s2¼s. For a cubic mate-
rial, the strain-stress relation is given by
ε ψ σ= − = +
⎛
⎝⎜

⎞
⎠⎟

a a
a

S S Sin2
1
2

,hkl
hkl hkl hkl0

0
1 2

2

where Shkl
1 and Shkl

2 are the so-called X-ray elastic constants (XECs)
for the {hkl} reflections employed in the diffraction measurements,
and a0 is the stress-free lattice parameter. The XECs differ from the
mechanical elastic constants, = − νSmech

E1 and = ν( + )Smech
E2

2 1

usually employed to describe the behavior of isotropic poly-
crystalline aggregates, where E is the Young modulus and ν the
Poisson ratio. NbN is characterized by a significant elastic aniso-
tropy, as the anisotropy factor A¼2C44/(C11�C12) is much lower
than 1, it varies between 0.31 and 0.62 depending on reported
values of the literature (cf. Table 3). It is seen that our results for
NbN and NbN0.75 agree well with the experimental and theoretical
data of other authors. The presence of nitrogen vacancies leads to
an increase of the Young modulus and anisotropy factor and to a
lowering of the Poisson ratio, which points to the strengthening of



Fig. 8. Cross section images of the Nb-Si-N film deposited at UB¼�70 V (a) total thickness of the film (b) high magnification of the interface with SAED diffraction insets.
(Zone axis [110]).
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N-deficient niobium nitride. In the present analysis, the XECs were
calculated for the {200} reflection using the experimental data
reported by Chen and co-workers [48] and assuming a Reuss
model (i.e. equal stress state for all crystallites; see Appendix A
[31] for the detailed expressions). The results of stress analysis are
reported in Table 4.

One can see that compressive stresses with magnitude of 3–
4 GPa are obtained in the as-deposited films. The bombardment of
the growing film with ions accelerated across the substrate sheath
– they acquire an energy of (Up�UB), where Up is the plasma
potential – is at the origin of defect incorporation into the NbN
crystallites, a phenomenon often referred as atomic peening. The
stress-free lattice parameter of NbN film is found to be slightly
expanded compared to the bulk value (4.394 Å), suggesting the
presence of defects acting as misfitting particles associated with
hydrostatic stress component [32,49]. During vacuum annealing at
1000 °C, there exist sufficient atomic mobility to ensure annihila-
tion of growth-induced defects and grain boundary migration,
resulting in grain growth. The next result is the development of
tensile stress with magnitude of 1.8 GPa. The fact that the stress-
free lattice parameter becomes lower after annealing than the bulk
value of NbN suggests alteration of the chemical composition of
the coating. WDS analyses reveal a slight incorporation of oxygen
atoms (þ1.5 at%) after annealing together with a loss of nitrogen
atoms (�1 at%). A similar behavior is observed for the Nb-Si-N
nanocomposite film. In this latter case, the oxygen and nitrogen
contents were found to remain unchanged (see Table 5), while the
Nb/Si ratio changed from 2.3 to 2.9 after annealing.

Cross-sectional SEM images are presented in Fig. 5 for NbN and
Nb-Si-N films deposited at UB¼�70 V. No clear columnar struc-
ture could be seen on the as-deposited fractured samples and the
films appear to have a very dense microstructure. In particular, for
the Nb-Si-N film (Fig. 5c), a fine grained globular morphology is
discernible at higher magnification. This is in line with XRD results
of Fig. 2c, where a significant line broadening was observed at UB

¼�70 V. After vacuum annealing (Fig. 5b-d, one can notice that
film integrity is preserved, although delamination at the coating/
substrate interface can occur locally. Some columns are visible in
the upper part of the annealed Nb-Si-N film (Fig. 5d), which can be
ascribed to grain growth or recrystallization based on XRD pat-
terns of Fig. 4. No oxidized layer could be observed in the annealed
coatings, showing their good thermal stability, in agreement with
WDS analyses on annealed films (see Table 5). Fig. 6b shows the
SEM image of the surface of the Nb-Si-N film deposited at UB
¼�70 V, comparatively to the NbN film deposited under the same
deposition conditions (Fig. 6a). The featureless surface morphol-
ogy is consistent with the AFM observation of Fig. 1 for the high-
biased Nb-Si-N film and testifies the high degree of compactness
of this film.

To identify the structure of the amorphous tissue we measured
the core-level XPS spectra of the NbN and Nb-Si-N films deposited
at �50 V. The measured XPS spectra of the as-deposited film are
presented in Fig. 7. It is known that a native oxide grows on Nb
compounds when exposed to air [25], and the peaks at 204.07 eV
and 206.88 eV can be assigned to Nb 3d states in NbN (203.97 eV
[27]) and Nb2N2�xO3þx (207.0 eV [50]), respectively. For NbN
films, the peak at 397.4 eV in the N 1 s spectrum is determined by
Nb-N bonds (397.4 eV [25]), whereas for Nb-Si-N films, this peak is
shifted to 397.2 eV. We suppose that the asymmetry of the N 1 s
peak can be caused by the Si-N bonds in Si3N4 (397.8 eV [51]). XPS
measurements of the Si 2p spectrum provide further information
on the Si bonding in the Nb-Si-N films. The peak at a binding
energy of 101.7 eV is assigned to Si in Si3N4 (101.7 eV [51]), and a
shoulder at 103.3 eV is supposed to be due to the Si–O bonds in
SiO2 (103.5 eV [51]). Based on these findings, one can suppose that
the amorphous matrix in Nb-Si-N films is close to the amorphous
Si3N4 phase (a-Si3N4) with a small admixture of oxygen. We also
note that the O 1 s spectra of the NbN and Nb-Si-N films are
centered around 530.5 eV and 531.0 eV, respectively, and can be
attributed to the Nb–O bonds in Nb2O5 (530.4 eV) and Nb2O2

(530.7 eV [51]), respectively. In the case of Nb-Si-N films, the Si–O
bonds in SiO2 can form the wide tail around 532.9 eV [51] (see
Fig. 7d).

Using the XPS data, we estimated the niobium, nitrogen and
silicon contents (CNb, CN and CSi, respectively) in NbN and Nb-Si-N
films. It was found that CNb¼44.5 at%, CN¼55.5 at% for NbN films
and CNb¼37.0 at%, CN¼48.2 at% and CSi¼14.8 at% for Nb-Si-N
films. These values are consistent with those obtained from WDS
(see Table 5). One can see also that the XPS procedure slightly
overestimates the silicon content in the films as compared to that
determined from WDS measurements.

Comparison of the results presented in Figs. 1–7 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 nano-
composite structure, and represent an aggregation of δ-NbNx na-
nocrystallites embedded into the amorphous Si3N4 tissue
(nc-δ-NbNx/a-Si3N4). The low-biased Nb-Si-N films are textured
with the preferable (200) grain orientation.



Fig. 9. HR-TEM micrographs and FFT images of Nb-Si-N thin film deposited at UB¼�70 V. Images were collected in regions close to the interface a), in the middle of the
coating b), and near the surface c).
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Fig. 10. Dependences of the nanohardness (H) and elastic modulus (E) on nanoindenter penetration depth (L) for NbN and Nb-Si-N films deposited at different substrate
biases UB. The H(L) and E(L) curves for the films deposited at other substrate biases fall within the corresponding curves marked as solid and dashed lines.
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A cross-sectional TEM image is presented in Fig. 8a for the Nb-Si-
N coating deposited at UB¼�70 V. The total thickness is 1.15 mm. No
visible grain boundaries could be revealed at this lower magnifica-
tion. EDS mapping confirmed the homogeneous distribution of the
Nb and Si elements over the entire depth of the coating. A sharp
interface, where the crystalline Si substrate contrasts with the na-
nocomposite nature of the coating, is shown in Fig. 8b. A brighter
contrast is visible at the coating/Si interface, related to native oxide of
Si substrate and/or possible mixing region. The nanocomposite
structure is evidenced by the presence of diffuse rings with weak
intense spots in the SAED pattern shown in Fig. 8b.

Further analysis focusing on different sections of the coating
are shown in Fig. 9. The small crystalline regions are visualized
with the help of the Fast Fourier Transform (FFT) which shows
some diffuse rings with well localized spots, confirming the na-
nocrystalline/amorphous structure of the sample, similar to one
observed in NbC nanocomposite films [52]. The FFT image shows
well defined rings attributed to [111], [200], [220] and [311] of the
cubic δ-NbN structure. The lattice constant is determined as
a¼4.32870.007, this value shows a lattice reduction from the δ-
NbN bulk value, accounting for the incorporation of Si atoms in the
NbN unit cell and/or presence of nitrogen vacancies, values that
are consistent with the XRD data presented in Figs. 2 and 4.
Moreover, the crystal size can be estimated using the FFT filtered
imaged, where nanocrystallites of 3(71) nm are observed. EDS
analysis confirms the homogeneous distribution of Nb and Si in
the coating with 2.2 times more Nb than Si in the sample, values in
agreement with the XPS data shown in Fig. 7 (see also Table 5).

The dependence of nanohardness (H) and elastic modulus (E) on
indenter penetration depth (L) of the deposited films are presented
in Fig. 10. It is seen that at larger indentation depths (L4100 nm),
the nanohardness practically does not depend on L and is therefore
representative of the film only. The elastic modulus is maximum at
L¼50 nm and then slightly decreases at higher L, due to the influ-
ence of the softer silicon substrate. In Fig. 10 we present the curves
that correspond to the maximum and minimum values of H and E.
We see that the mechanical characteristics are weakly dependent on
substrate bias. An increase of UB leads to increasing H and E in NbN
films, whereas for Nb-Si-N films these characteristics decrease with
increasing UB. We will try to account for this fact below using
theoretical findings. It is seen that the films with best mechanical
properties correspond to H∼28 GPa and E∼320 GPa (NbN) and
H∼32 GPa and E∼340 GPa (Nb-Si-N).

We found recrystallization of the coatings after high-tempera-
ture annealing (1000 °C). It was accompanied by the formation of
preferred orientation of crystallites with the plane (100), which is
parallel to the surface of growth that corresponds to the minimum
of surface energy. In addition, we found relaxation of compressive
stresses and their transition to tensile stresses during high-tem-
perature annealing (1000 °C) of NbN films on Si substrates. Doping
of the coatings by Si during deposition and formation of two-
phase state (δ-NbN and SiNx phases) prevents relaxation of the
compressive stresses during annealing. Distribution profile of the
stress state is heterogeneous.

3.2. Theoretical results and the interpretation of experimental data

In Fig. 11 we show the atomic configurations of the HT het-
erostructures under consideration. The geometry optimization of
the initial δ-Si3N4 heterostructure at 0 K (not shown here) pre-
served the heteroepitaxial arrangement for the interface in a si-
milar way as described for the TiN(001)/Si0.75N heterostructure
[37]. 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 (cf. Fig. 11a). There is an almost
symmetrical, “down” and “up” shift of the N atoms in the layer just
above and below the interfacial layer, an almost random shift of
the Si atoms within the interfacial plane, and breaking of about
half of the Si-N bonds. This leads to the formation of distorted
over-coordinated Si3N4–like units that are represented by the SiN4

and SiN5 units. One can see from Fig. 11a that, along with the new
Si3N4–like units, some of the original six-fold coordinated SiN6

units are still present albeit distorted. More information about this
interface can be found elsewhere [30].

The hexagonal δ-SiN, δ-coherent SiN and ε-Si2N3 hetero-
structures shown in Fig. 11c, d and e, respectively, are found to be
stable and weakly dependent on temperature in the range of 0–
1400 K. The interfaces in the HT δ-Si2N3 and ε-SiN hetero-
structures are slightly disordered (cf. Fig. 11b and f) compared to



Fig. 11. Atomic configurations of the HT heterostructures: δ-Si3N4 (a), δ-Si2N3 (b), δ-SiN (c), δ-coherent SiN (d), ε-Si2N3 (e), ε-SiN (f), ε-coherent SiN (g). The supercells are
translated in the z-direction. The large, middle and small circles are the niobium, silicon and nitrogen atoms, respectively. The bond length cutoffs are: 2.3 Å (Si-N) and 2.6 Å
(Nb-N).
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Fig. 13. Calculated shear stress-strain curves for the HT heterostructures based on
δ-NbN (cf. Table 1).
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those in the initial heterostructures. The four-fold coordination of
the silicon atoms is preserved. The total energy of these hetero-
structures increases insignificantly compared to that of the initial
relaxed heterostructures (by 0.003 eV/atom). The interface in the
ε-coherent SiN heterostructure changed during the initial relaxa-
tion, and its temperature modification was insignificant (cf.
Fig. 11g). The Si atoms on this interface are surrounded by four
silicon and two nitrogen atoms, whereas the initial hetero-
structure consisted only of SiN6 units.

The calculated stress-strain dependencies, s(ε), of the bulk
NbN phase and the various HT NbN/SiNx heterostructures are
shown in Figs. 12 and 13. The ideal tensile strength, sT, corres-
ponds to the maximum stress before failure. Values of sT derived
from the stress-strain relations are summarized in Table 1. It is
seen that the formation of the SiNx interfaces in NbN leads to a
reduction of ideal tensile strength. This means that interface for-
mation does not result in a strengthening of the nanocomposites
based on NbN/SiNx from a chemical bonding perspective, as was
shown for TiN/SiNx heterostructures [53]. Due to symmetry and
the specific electronic structure of different phases of NbN [54] the
values of sT for the hexagonal structures are higher than for the
cubic ones, for which reason the mechanical characteristics for ε-
Fig. 12. Calculated tensile stress-strain curves for the bulk NbN and HT hetero-
structures based on δ-NbN (a) and ε-NbN (b); see notations in Table 1. Tensile
strains were in the (111) direction (δ-NbN–based heterostructures) and the (001)
direction (ε-NbN–based heterostructures). In the insert: the tensile stress-strain
curves for δ-NbN(001) (full squares) and δ-Si3N4 (open squares) structures.
NbN films should be higher than for δ-NbN ones, in agreement
with experiments [14,15].

Several important features can be gained from these calcula-
tions to understand experimental findings. It is well known that
the elastic modulus is determined by the slope of the stress-strain
curve at small tensile strains: the higher the slope, the larger the
elastic modulus. A careful analysis of the slopes of the s(ε) curves
shown in Fig. 12 indicates that the Young moduli for the
δ-NbN(001)/Si3N4 and δ-NbN(111)/Si3N4-like Si2N3 hetero-
structures should approximate 263 GPa and 223 GPa, respectively.
It follows that a decrease in the elastic modulus of the deposited
Nb-Si-N films with increasing substrate bias can be assigned to an
enhancement of the δ-NbN(111) texture. The ideal tensile strength
for the heterostructures with the coherent interfaces and the Si2N3

interfaces are highest (cf. Table 1, Fig. 12). We calculated the for-
mation energy of a single Si vacancy (EV) for the heterostructures
with the SiN interfaces. The values of EV were �2.943, �0.590 and
2.233 eV/atom for the δ-NbN(001)/coherent SiN, δ-NbN(111)/co-
herent SiN and ε-NbN(001)/coherent SiN heterostructures, re-
spectively. It follows that, for the δ-NbN–based heterostructures,
the coherent SiN interfaces are unstable with respect to a forma-
tion of Si vacancies, and the more realistic interfaces in
δ-NbN/SiNx nanocomposites will be Si3N4–like interfaces, in
agreement with our experimental results. On the contrary, the
stoichiometric coherent SiN interface in the ε-NbN(001)/SiN het-
erostructure is quite stable with respect to the formation of Si
vacancies. This means that the ε-NbN–based nanocomposites with
the coherent SiN interface will be stable at nanoscale and should
exhibit the best mechanical properties. Nevertheless, based on our
theoretical results, we note that the formation of both the stoi-
chiometric and substoichiometric interfacial silicon nitride layers
in ε-NbN and δ-NbN destabilizes niobium nitrides. Therefore, the
observed strength enhancement in the NbN/Si3N4 nanocomposite
films should be ascribed mostly to the interfaces that play the role
of barriers inhibiting dislocation motion.

Let us estimate an effect of the interfaces on the hardness of the
deposited Nb-Si-N films. It is assumed that an “intrinsic” hardness
of a material correlates to its ideal shear strength for a weakest
shear system. We calculated the shear stress-strain relations for
the two δ-Si3N4 and δ-Si2N3 heterostructures, as representative of
interfaces found experimentally for (001) and (111) oriented films
(cf. Fig. 2). In Fig. 13, the shear stress-strain relations for the
δ-Si3N4 and δ-Si2N3 heterostructures are presented. We see that
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the ideal shear strength for the δ-NbN(001)-based heterostructure
is higher compared to that for the δ-NbN(111)-based one, which
can account for the lowering of the hardness of the films when
forming preferential NbN(111) crystallites (cf. Figs. 2 and 10).
4. Conclusions

NbN and Nb-Si-N films were deposited on silicon wafers by
magnetron sputtering at various substrate biases varying between
0 and �70 V. The comparative investigation of the structural and
mechanical properties of the deposited films was carried out. AFM
and SEM investigations show that a decrease in UB and an in-
troduction of silicon promote the reduction of the surface rough-
ness of the films. Based on XRD, XPS and TEM observations the
structure of the deposited films was established: the NbN films
were nanostructured, and the Nb-Si-N films had a nanocomposite
nc-δ-NbNx/a-Si3N4 structure with a small admixture of oxygen in
the amorphous matrix. The NbN films deposited under negative
bias consist of δ-NbN crystallites. In contrast to the NbN films, the
low-biased Nb-Si-N films (UBo�70 V) are textured with the
preferential (200) orientation. The Nb-Si-N films exhibit hardness
of H∼32 GPa which is higher than that of the NbN films
(H∼28 GPa) mainly due to the formation of the nanocomposite
nc-δ-NbNx/a-Si3N4 structure. For Nb-Si-N films, an application of
higher bias potential resulted in a depletion of the light atoms.

It was shown that the structure of the Nb-Si-N film deposited at
�70 V was strongly influenced by annealing at 1000 °C. The
average size of crystallites increased from 9.1 nm to 150 nm, and
microstrain changed from 0.6% to 0.3%.

The results of first principles molecular dynamics simulations of
the NbN/SiNx heterostructures at 0 K and 1400 K show that the high-
temperature interface in the cubic δ-NbN(001)/Si3N4 heterostructure
consists of distorted over-coordinated Si3N4–like units, as well as the
original six-fold coordinated δ-SiN6 units. The hexagonal hetero-
structures are weakly dependent on temperature. Calculations of the
stress-strain curves show that the values of ideal tensile strength for
the heterostructures with the coherent SiN interfaces and the
Si3N4-like Si2N3 interfaces are the highest. The ideal shear strength of
the δ-NbN(001)-based heterostructure was found to be higher com-
pared to that of the δ-NbN(111)-based one. These finding can be
considered as one of plausible explanations for lowering the hardness
of the Nb-Si-N films when forming NbN(111) crystallites.
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