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Abstract—This review summarizes the present-day achievements in the study of the structure and properties
of protective nanocomposite coatings based on NbN, NbAIN, and NbSiN prepared by a variety of modern
deposition techniques. It is shown that a change in deposition parameters has a significant effect on the phase
composition of the coatings. Depending on the magnitude of negative potential on the substrate, the pressure
of nitrogen or a nitrogen—argon mixture in the chamber, and the substrate temperature, it is possible to obtain
coatings containing different phases, such as NbN and SiN, (Siz;Ny), AIN, and NbAL,N. It is found that, in
the case of formation of the e-NbN phase, the coatings become very hard; their hardness achieves values on
the order of 53 GPa. At the same time, they remain thermally stable at temperatures of up to 600°C, chemi-
cally inert, and resistant to wear. The effect of the nanograin size, the volume fraction of boundaries and
interfaces, and the point defect concentration on the physicomechanical properties of these coatings is
described. Niobium nitride-based coatings can be used in superconducting systems and single-photon detec-
tors; they are capable of operating under the action of strong magnetic fields of up to 20 T; they can be used

in integrated logic circuits and applied as protective coatings of machine parts, edges of cutting tools, etc.

DOI: 10.1134/52070205116050191

INTRODUCTION

Niobium nitride (NbN) has a high transition tem-
perature and is classified as a refractory compound,;
these features make it promising for practical applica-
tions [1]. A potential application of niobium nitrides in
engineering is in the design of devices based on a super-
conductor—insulator—superconductor (SIS) junction.
Superconducting devices with SIS junctions are pre-
pared from materials based on Pb, Nb, and NbN
[2, 3—14]. NbN-based coatings are used in the design
of large-scale Josephson integrated logic circuits [15—
18], bolometers [19—24], and superconducting single-
photon detectors [25—30]. An advantage of NbN coat-
ings is the preservation of the characteristics of the
device in a wide temperature range of 4—300 K. In
addition, since NbN-based coatings are capable of
operating under the action of strong magnetic fields of
up to 20 T at a current density of up to 4000 A/cm?,
these coatings are a high-priority material for use in
devices operating under the action of high-intensity
electromagnetic fields [31—35].

Deposition of niobium nitrides is a more complex
process than the deposition of pure Nb because the
superconducting phase of NbN is metastable [7] and

the coating should be deposited by reactive sputtering.
It is known that optimization and control of reactive
ion sputtering are fairly complicated [36—38] because
of the hysteresis effect that occurs upon the addition of
a reactive gas that affects the coating stoichiometry
directly during deposition. Nb—X—N coating is
mostly deposited via chemical vapor deposition
(CVD) [39, 40] or physical vapor deposition (PVD)
techniques [41—52]. Coating deposition parameters,
such as the substrate temperature, the flow rate, the
energy of atoms and ions incident on the surface of the
growing coating, and the deposition rate, have a sig-
nificant effect on the chemical composition and struc-
ture of the coating. It was found that it is necessary to
provide a high substrate temperature [53, 54] or intro-
duce impurities [8, 55—60] to obtain a superconduct-
ing phase of NbN with a critical temperature of about
16 K. The main feature of the currently available mag-
netron sputtering method [9—11] is the possibility of
depositing coatings without introducing impurities or
heating the substrate to high temperatures.

To explore the possibility of improving the func-
tional properties of NbN-based coatings, nanocrystal-
line and amorphous ternary systems, such as Nb—AIl—N,
Nb—Si—N, and other Nb—X—N systems, were studied
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Fig. 1. Equilibrium phase diagram of NbN [1].

[39—80]. The studies revealed that the addition of Al
or Si in binary NbN compounds leads to a significant
improvement of the hardness, thermal stability, and
chemical inertness of the coatings [41—45]. In partic-
ular, it was shown that Nb—Si—N coatings can be used
as diffusion barriers and electrodes for phase-change
random-access memory devices. The addition of sili-
con provides the formation of a solid solution of a sin-
gle-phase Nb, _ Si N material or a nanocomposite
(amorphous SiN, and NbN nanocrystallites). The
physical and mechanical properties of coatings are sig-
nificantly affected by the grain size, grain surface,
intergrain regions, and point defect density. It should
be noted that the sizes of crystals in these nanocom-
posite coatings are as small as a few nanometers. The
location and chemical composition of the amorphous
SiN, phase has a dominant effect on the electrical and
mechanical properties of the coating [60—63].

In view of the extensiveness of the issue of proper-
ties of NbN-based coatings, this review is limited to
the problems of structure formation and improvement
of the protective properties of niobium nitride-based
nanocomposite coatings depending on deposition
parameters.
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Fig. 2. Crystallographic structures of NbN and Nb—AI—N:
(a) cubic B1, (b) wurtzite B4, (c) hexagonal By, (d) hex-
agonal B;, and (e) hexagonal B8,. Small blue and large
green spheres indicate nitrogen and metal atoms, respec-
tively [85].

CRYSTAL STRUCTURE AND MORPHOLOGY
OF NbN-BASED COATINGS

According to the phase diagram for NbN (Fig. 1),
for deposition at room temperature and a nitrogen
concentration above 45%, two different phases can be
identified in the coating, namely, 8-NbN with a cubic
B1 structure (Fig 2a, NaCl, #225, Fm3m), which is
described in detail in [81—84] and e-NbN with a hexago-
nal B; structure (Fig. 2d, TiP, #194, P6;/mmc) |81, 83].
A specific feature of thin coatings is the presence of
0'-NbN with a hexagonal B, structure (Fig. 2e, NiAs,
#194, P6;/mmc) |82, 84].

In the case of addition of aluminum, the AI-N com-
pound has the form of a wurtzite B4 phase (Fig. 2b, ZnS,
#186, P6s;/mc) [2]. In addition, the hexagonal B,
structure (Fig. 2c, BN, #194, P6;/mmc) is taken into
account because it is similar to the B1 and B4 struc-
tures and can act as an intermediate in the transition
from the B1 to B4 structure.

The authors of [86] studied the structural phase
state, nanograin properties and sizes, and hardness
and microstrains of NbN and Nb—Si—N nanocom-
posite coatings prepared by magnetron sputtering
under different deposition conditions. The experi-
mental results for the deposited Nb—Si—N films were
explained on the basis of data of first-principle molec-
2016
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ular dynamics calculations of NbN/Si, N, heterostruc-
tures.

Figure 3 shows the atomic configurations of
0-Si;IN4(001) heterostructures. It is evident that the
optimization of the initial heterostructure geometry at
0 K has preserved the heteroepitaxial structure, as
described for the TiN(001)/Si;N, heterostructure. At
1400 K, the 6-Si;N4(001) interface structure under-
goes changes. The nitrogen atoms undergo almost
symmetrical “downward” and “upward” shifts in the
layers above and below the boundary layer, the silicon
atoms are also shifted, and about half the Si—N bonds
are broken. These events lead to the formation of dis-
torted Si;N,-like blocks, which are represented by
individual SiN, and SiNj; clusters. The high-tempera-
ture (HT) heterostructure comprises, along with new
Si;N,-like blocks, initial B1—-SiNj clusters.

Since the length of the Si—N bond in B-Si;N,
(1.75—1.77 A) is much shorter than the length of the
Nb—N bonds in pure NbN (2.205 A), the NbN/ Si,N,
interfaces experience stresses. These stresses and the
tendency of silicon to form a fourfold coordination
with nitrogen atoms (as in Si;N,) are the main factors
that cause changes in the interface layers. Comparison
of the structure and structural functions of the HT
0-Si;N,(001) interface with the parameters calculated
in [28] for amorphous Si;N, shows that the interface
structure is very similar to the structure of supercoor-
dinated amorphous Si;N,. Thus, the structure of the
HT 6-Si;N,(001) interface is amorphous, rather than
heteroepitaxial; this finding is consistent with experi-
ments of [86].

Figure 4 shows the HT hexagonal e-NbN(001)/Si,N,,
and 0-NbN(111)/Si,N, heterostructures. Analysis of
the atomic configurations and total energies of zero-
temperature (ZT) and HT heterostructures shows that
e-SiN(001), e-Si;N,—Si,N5(001), and 8-SiN(111) het-
erostructures vary only slightly with temperature. The
initial heteroepitaxial layer in the e-SiN(001) hetero-
structure undergoes changes even during static relax-
ation at 0 K. The interfaces in the £-Si;N,—SiN(001)
and 6-Si;N,—Si,N;(111) heterostructures become
amorphous at a high temperature. As a consequence,
the total energy of these systems increases with tem-
perature.

Finally, an increase in the temperature of the
0-Si;N,—SiN(111) heterostructure contributes to the
optimization thereof and a decrease in the total energy.
The fourfold coordination of the silicon atoms in the
Si;N,—SiN and Si;N,—Si,N; interfaces is preserved at
high temperatures. It is evident that, in the 6-SiN(111)
heterostructure, the interface is heteroepitaxial and
temperature-independent. These results show that, of
all the discussed possible configurations of interfaces,
only the HT &-Si;N,—Si,N;(001), 6-SiN(111), and &-
Si;N,— SiN(111) interfaces are ordered.

PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES
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Fig. 3. Atomic configurations of the NbN(001)/Sij 75N
heterostructures: (a) ZT in equilibrium and (b) HT in equi-
librium. Bond length cutoff: (Si—N) 2.3 A and (Nb—N)
2.6A. Gray spheres denote Nb atoms; large and small
black spheres stand for Si and N atoms, respectively [86].

Results of first-principle calculations of
NbN/Si,N, heterostructures show that, in the absence
of lattice defects, the formation of the Si,N,, interface
does not lead to the strengthening of chemical bonds
and an increase in the ideal tensile strength of the

nanocomposites.

Data of experimental and theoretical studies of
Nb—AI—N coatings prepared by magnetron sputtering
in an Ar—N, atmosphere under different deposition
conditions are described in [87]. Experimental results
of the studies of the structure of Nb—AIl—N coatings
were also verified using first-principle calculations of
B1—-NbN, BI—-Nb,Al, _ N solid solutions, the B1—
NbN(001)/B1—AIN heterostructure, and the ordered
Nb,AIN phase. For calculations, the authors used 96-
atomic structures constructed via translating the 8-
atomic B1—NDN cell to form a 2 X 2 X 3 cell and
selected identical compositions of solid solutions and
heterostructures. The studied structures include all
the possible configurations of the Nb,Al,_,N system.

Figure 5 shows the atomic configurations of the
B1-NbN(001)/1 ML AIN and BI—-NbN(001)/2 ML
B1—AIN heterostructures, the ML-monolayer, and
B1—-Nb,Al,_.N solid solutions. Analysis of the total
energies of the heterostructures and the solid solutions
shows that B1—Nb,Al,_,N solid solutions for x < 0.67
should undergo decomposition; at these concentra-
tions, a nanocomposite structure composed of B1—
NbN and B1—AIN crystallites can be formed. The
atomic configurations determined by first-principle
calculations were used to calculate X-ray diffraction
patterns for the BI-NbN(001)/2 ML B1—AIN het-
erostructure and the BI—NbN, B1-Nb,Al, _ N (x ~
0.67), and Nb,AIN phases. The calculated XRD spec-
Vol. 52
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Fig. 4. Atomic configurations of the HT heterostructures: (a) e-SiN(001), (b) e-Si3N4—SiN(001), (c) e-SizNy4—Si;N5(001),
(d) 8-SiN(111), (e) 6-SisNy—SiN(111), and (f) 8-SisNy4—Si,N5(111). Bond length cutoff: (Si—N) 2.3 A and (Nb—N) 2.6 A. Des-
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Fig. 5. Atomic configurations of (a) the BI-NbN(001)/1 ML B1—AIN heterostructure, (b) the Nb g3Al ;7N solid solution,
(c) the BI-NbN(001)/2 ML B1—-AIN heterostructure, and (d) the Nby ¢7Al 33N solid solution. The composition of structures
(a) and (b) is the same; accordingly, the composition of heterostructure (c) is identical to the composition of solid solution (d).
The inscription above the figure represents the difference between the total energies of the heterostructure and the respective solid
solution with a random arrangement of atoms in the metal lattice [87].

tra are shown in Fig. 6. In comparing the results of
theoretical and experimental studies, the authors have
speculated that the films do not contain either
Nb,AIN or BI—-AIN crystallites and contain alumi-
num nitride in the form of an amorphous phase. The
theoretical results show that the films are composed of
BI—NbN and BI-Nb,Al, _,N (x ~ 0.67) crystallites
incorporated into an amorphous a-AIN matrix. This
conclusion is supported by the fact that, for each of the
(200) and (400) diffraction peaks, the difference
between the peak positions A20 = 20(B1—-NbN) —

PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES

20(B1-Nb,Al, _,N) in the experimental and theoret-
ical diffraction patterns is almost the same. Niobium
nitride-based films are prone to accumulating small
amounts of oxygen, which can replace a portion of nitro-
gen in the solid solutions and the amorphous matrix.
Therefore, for the solid solutions and the amorphous
matrix, a more realistic structure is Nb,Al,_,N,O,_,,
where x ~0.67 and 1 — y << 1, and a-AINO, respectively.

For NbN coatings prepared by magnetron sputter-
ing, the effect of pressure [88] and substrate bias [89]
on the phase composition of the coating was studied
Vol. 52
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Fig. 6. Calculated X-ray diffraction patterns for the Nb—
Al—N coatings [87].

by XRD (Figs. 7, 8). At low nitrogen concentrations
(x =10.57 and 0.64), the 3-Nb,N phase with a hexago-
nal structure is observed; in the phase diagram shown
in Fig. 1, this phase corresponds to regions with a
nitrogen concentration of 36.3 and 39%, respectively,
However, unlike the bulk samples, the 8-NbN phase
appears at a nitrogen concentration of 39%. At con-
centrations above 47.9%, the phase composition
undergoes transformation into 8- and §'-NbN.

It should be noted that the application of a zero bias
potential to the substrate during coating deposition
leads to the formation of a 8-NbN texture with the
preferred (111) orientation; in the case of application
of a potential of —40 to —80 V, the growth direction
changes to (200). At —80V, the (111) phase appears; an
increase in the substrate bias above —120 V leads to the
formation of the §'-NbN(100) phase. With an increase
in the bias to —160 V, only the 6'-NbN(100) and
0'-NbN(110) phases remain. With a further increase in
the bias potential, only the (110) phase is observed in
the coating.

The authors of [90] speculated that grain growth in
thin coatings is provided by minimization of the strain
energy and surface energy of the coating. Hence, the
ratio of these two energies has an effect on the coating
structure. It is shown in [91] that the surface energy of
0-NDbN(200) is low; therefore, low voltages should
provide the formation of a structure with the (200) tex-
ture orientation; in this case, the surface energy makes
the main contribution to the total energy of the system.
The application of a high bias potential to the substrate
during coating deposition leads to the occurrence of a
preferred orientation with the dominant elastic strain
energy, which corresponds to the -NbN(111) phase.
The strain energy of the &'-NbN(100) and
O0'-NbN(110) phases is lower than that of 0-NbN(111).
Thus, it is reasonable to expect that the texture of

PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES
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Fig. 7. Phase composition as a function of substrate bias for
the NbN coating [89].

O0'-NDbN is formed owing to the minimization of the
strain energy; hence, a pure 8'-NbN phase takes place
only at a high compressive stress.

The studies of the phase composition of Nb—Si—N
coating as a function of silicon concentration (Fig. 9)
showed that, in the absence of Si, two phases—06 and
O'—are observed. At a Si concentration of 1.1—10.7 at %,
only the 0 phase is detected. At a Si concentration
above 10.7 at %, the coating becomes amorphous.

All the Nb—Si—N coatings have the [200] growth
direction, except for those containing 3.2 at % Si (the
[111] growth direction) and 4.9 at % Si (no particular
growth direction). Coatings of pure NbN have a grain
size of about 5 nm. At a silicon concentration of 1.1 at %,
the grain size increases to 12 nm; this finding is
attributed to the transformation of the two-phase
(0 and &) structure into a single-phase (d) structure.
With an increase in the silicon concentration to 4.9 at %,
the grain size remains unchanged; at a value of 6.5 at %,
the grain size increases to 18 nm. Silicon nitride was
not detected during the studies; this fact suggests the
presence of this material in an amorphous state.

In the study of the dependences of the phase com-
position of the coatings on the substrate bias (Fig. 10),
the presence of the 8-NbN(200) phase at U, = —50 V
can be observed. An increase in the bias to U, = —100 V
leads to a decrease in the 6-NbN(200) peak and the
formation of 8-NbN(111) (this finding may also be
associated with a decrease in the Si concentration with
increasing bias potential). An increase in the bias
2016
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potential to U, = —100 V leads to the disappearance of
the 0-NbN(200) peak and the formation of hexagonal
e-NbN(004) and e-NbN(110) phases; these features
are characteristic of NbN coatings at an increase in the
nitrogen pressure in the chamber to 0.04 Pa during
deposition [95]. The authors of [93] argue that the for-
mation of e-NbN phases is attributed to a high degree
of nitriding of Nb, as confirmed by the phase diagram
in Fig. 1.

SEM AND TEM STUDIES
OF NbN-BASED COATINGS

At low substrate potentials during the deposition of
NbN coatings (Fig. 11) [96], a columnar structure is
not observed. An increase in the bias potential to —150 V
leads to the formation of a coarse columnar structure.
The best structure is observed at a bias potential of
—200V; a further increase in the substrate bias leads to
a deterioration of the quality of the structure, which is
associated with the kinetic energy of the argon and nio-
bium ions, which affect the surface quality. Extremely
high energy bias potentials (higher than —200 V) lead
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Fig. 9. X-ray diffraction patterns of the Nb—Si—N coating
at varying Si concentration [92].

to collapse of the structure; low values (up to —150 V)
are not sufficient for effective structure formation.

For Nb—Si—N coatings at low concentrations (up
to Cg; = 4.9 at %), a columnar structure is observed
(Fig. 12) [97]. At a Si concentration of more than 12 at %,
a common structure is still present in the coating,
although crystallites of different orientations are
formed within each of the columns; as a consequence,
excess stress is eliminated. The columnar structure
disappears at a silicon concentration of 24 at %.

At a silicon concentration of 20 at %, the coating is
a mixture of well-crystallized columns located inside a
quasi-amorphous matrix. A XEDS study shows that the
silicon content in the crystallite and the quasi-amor-
phous matrix is 23 and 18 at %, respectively (Fig. 13).

ELECTRONIC STRUCTURE
OF NbN-BASED COATINGS

In coatings with a silicon concentration of up to
1.1 at % (Fig. 14), a binding energy peak at 99.4 eV is
observed. Another binding energy peak at 101.2 eV
appears with increasing silicon concentration and
2016
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becomes pronounced at a value of 6.5 at %. This peak
corresponds to the transformation of free Si into Si;N,
and the replacement of the Si—Si bonds by Si—N.

OXIDATION PROCESSES
IN NbN-BASED COATINGS

The authors of [98] (Fig. 15) conducted XPS stud-
ies of the stoichiometry of NbN coatings after long-
term oxidation at room temperature (300 K). Simula-
tion of the Nb 3d, N 1s, and O 1s peaks shows that
NDN coatings are characterized by the formation of
the following oxides:

(a) dielectric Nb,Os, which is the most stable form
of the oxide coating;

(b) dielectric Nb,N,_,Os,, (x < 1);

(c) NbNO and NbO,, which form defects at the
boundary with metal compounds; and

(d) NbN,_,O, (x = 0.2) and NbO, which form a
layer on the metal surface.

PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES

Fig. 11. SEM micrographs of the NbN coating at different
deposition potentials: (a) 0, (b) —50, (c) —100, (d) —150,
(e) —200, and (f) —250 V [96].

Fig. 12. TEM images of the Nb—Si—N coating with vary-
ing Si concentration: Cg; = (a) 4.9, (b) 12.7, (c¢) 20.0, and
(d) 24.0 at % [97].
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Fig. 13. STEM image with marked points for XEDS analysis
in the Nb—Si—N coating with a silicon concentration of
20 at %.
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Fig. 14. Si 2p XPS spectra in the Nb—Si—N coating with
varying Si concentration [92].

MECHANICAL PROPERTIES
OF NbN-BASED COATINGS

It is known that the dominant phase in the coating
has a significant effect on the mechanical properties of
the coating (Fig. 16) [99]. Coatings with a dominant
e-NDbN phase exhibit the highest hardness; this feature
is attributed to a more intense ion bombardment at
high bias potentials. Thus, in the coatings deposited at
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Fig. 15. XPS spectra of NbN coatings after oxidation:
(a) the Nb 3d, (b) N 1s, and (c) O ls spectrum lines [97].

a substrate bias potential of —50 and —100 V, the dom-
inant formation of a e-NbN phase is observed; this
factor provides nanohardness values of 45 and 41 GPa,
respectively. At the same time, the coatings with dom-
inant B-Nb,N and §-NbN phases exhibit a nanohard-
ness and a Young’s modulus of 30 and 300 GPa,
respectively.
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Fig. 17. Nanohardness as a function of Si concentration in
Me—Si—N coatings (Me = Ti, Nb, Zr, Cr) [97].

Similar dependences of nanohardness on silicon
concentration are observed for all Me—Si—N coatings
(Fig. 17). These structures obey two basic mechanisms
of formation of a high coating hardness—the forma-
tion of a hard alloy of Si atoms in the Me—N lattice or
the formation of an nc-Me—N nanocomposite and an
amorphous phase comprising silicon atoms. Internal
stresses do not have a substantial effect on hardness
[100].
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Morphological zones as a function of silicon con-
centration are shown in Fig. 18 [101]. It is evident that,
at a low silica content, the coating is characterized by
the presence of large elongated grains in zone A, the
complete interpenetration of the two phases in zone B,
and the presence of isolated nanocrystals in zone C.

Hardness measurements in pure NbN showed a
nanohardness at a level of 35 GPa (Fig. 19). This high
hardness is provided by the ' phase with a hardness of
40 GPa. The addition of Si leads to an abrupt decrease
in the coating hardness to 25 GPa owing to the pres-
ence only of the cubic d-phase. As the silicon concen-
tration increases from 1.1 to 4.9 at %, the nanohard-
ness increases to 34 GPa because the silicon atoms
form a solid solution in the NbN lattice. At a silicon
concentration of 4.9—11.0 at %, the coating exhibits a
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stable nanohardness at a level of 34 GPa; this feature
indicates the formation of a nanocomposite coating.
At a higher silicon concentration, the nanohardness
decreases owing to a decrease in the nanocrystal sizes
and an increase in the amorphous component [97]. It
should be noted that this behavior of the dependence
of nanohardness is characteristic of compounds of the
Me—Si—N type.

Compressive stresses, which are generated owing to
the difference in the thermal expansion of the sub-
strate and the coating, are about 0.4 GPa. At silicon
concentrations of up to 3.2 at %, no changes in the
compressive stress are observed. An increase in the sil-
icon concentration to 6.5% leads to an increase in the
stresses; however, with a further increase in the silicon
concentration, the compressive stress decreases again.
Compressive stress variations as a function of concen-
tration suggest that the coating undergoes microstruc-
tural changes.

CONCLUSIONS

The main results of studies of niobium nitride-
based coatings—NbN, Nb—AI—-N, and Nb—Si—N—
prepared by a variety of modern deposition techniques
have been briefly reviewed. Particular attention has
been paid to the structure and physicomechanical
properties of the coatings. It has been shown that the
deposition parameters and the addition of silicon or
aluminum in varying proportions have a significant
effect on the coating structure, phase composition,
hardness, and Young’s modulus; in some cases, the
two last-mentioned parameters can achieve values of
up to 45 and 300 GPa, respectively. These mechanical
properties make the discussed coatings promising for
use as protective coatings for machine parts and edges
of cutting tools.
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