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Analysis of the Influence of Deposition Conditions on the Structure of the Coating Nb-Al-N
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Nanocomposite Nb-Al-N films prepared by magnetron sputtering have been studied. It has been found
that, in the films, there are two stable crystalline structural states, namely, NbN; and B1-Nb: - xAl:N,O1 _,,
and an amorphous like component related to aluminum oxynitride upon reactive magnetron sputtering.
The substructure characteristics are sensitive to the current supplied to an Al target and related to the
Knoop nanohardness and hardness, which change within in the ranges of 29-33.5 and 46-48 GPa, respec-
tively. Ab initio calculations for the NbN. and Nb2AIN phases and NbN / AIN heterostructures have been
performed to interpret the obtained results for the first time.
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1. INTRODUCTION

Films based on NbN demonstrate a variety of inter-
esting properties, such as high hardness, electrical
conductivity, thermal stability, and chemical inertness
[1]. The NbN films are used as cathode materials for
the field emission under vacuum in microelectronic
devices [2]. It was shown that introduction of Al atoms
into the crystal lattice leads to the formation of
Nb1 - xAl:N solid solutions. The Nb-Al-N films consist of
Nbi1-zAl:N solid solutions with the Bl (rarely, BK,
which is the §-NbN phase) and B4 structures or their
mixtures [3-7]. In Nb1-xAl:N solid solutions, the Bl
structure is more preferable at aluminum concentra-
tions x lower than 0.45. In the range from x =0.45 to
0.71, a mixture of Bl and B4 structures is observed,
while at x > 0.71, the B4 structure (wurtzite type with a
hexagonal structure) is formed [6,7]. On the other
hand, nanocomposite NbN/AIN films have not yet
been studied up to now. Thus, the aim of this work was
to study Nb-Al-N films, because nanocomposite struc-
tures of films with higher mechanical properties as
compared to those of films consisting of substitutional
Nb1 - xAl:N solid solutions can be formed under specific
conditions.

2. SAMPLE PREPARATION AND EXPERI-
MENTAL TECHNIQUE

The Nb-Al-N films were deposited on specularly pol-
ished Si(100) plates using a magnetron dc sputtering of
Nb (99.9 %) and Al (99.999 %) 4 mm thick targets
72 mm in diameter in argon and nitrogen atmospheres
with the following deposition parameters: substrate
temperature T's = 350 °C, bias voltage of the substrate
Us=-50V, flow rates Far = 40 cm?min, = 13 cm?min,
and operating pressure p = 0.17 Pa. The currents sup-
plied to the Al target were Ia1 =50, 100, 150, 200, 250,
and 300 mA, which corresponded to the discharge pow-
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PACS numbers: 61.05.C —, 61.05.cp, 68.37.Ps, 61.05,)

er densities Pa=2.9, 5.7, 86, 11.4, 14.3, and
17.1 W/em?, respectively. The current supplied to the
Nb target was INb =300 mA (Pnb=17.1 W/cm?). The
base pressure in the vacuum chamber was lower than
10-4Pa. The distance between the target and the tar-
get holder was 8 cm. The dihedral angle between the
targets was ~ 45°. The substrates were cleaned by ul-
trasonic treatment before placing them into the cham-
ber. In addition, the substrates were etched in the vac-
uum chamber in a hydrogen plasma for 5 min before
the deposition. The structural and mechanical proper-
ties were analyzed as functions of Pa. The coating
structure was studied using X-ray diffraction (XRD,
Dron 3M diffractometer, CuKa radiation). When the
complex diffraction profiles were superposed, they were
separated using the program developed by the authors.
The substructure characteristics (crystallite size and
microstrain) were determined by an approximation
method using the Cauchi function as the approximat-
ing function. The Fourier spectra were measured on a
TSM 1202 (LTD Infraspek) spectrometer in the range
of 400-4000 cm-! at room temperature. The Knoop
hardness (HK) was estimated using a Microhardness
Tester Micromet 2103 BUEHLER LTD equipped with a
Berkovich indenter. Loads were chosen based on the
following condition: the indenter penetration should be
not higher than 10-20 % of the film thickness. The elas-
tic modulus was measured in a dynamic mode on a Tri-
boindenter TI-950 (HYSITRON) apparatus. The film
thickness was determined using a “Micron-gamma”
optic profilometer. The thickness of Nb-Al-N coatings d
weakly depended on Pal. The values of d were in the
range of 0.7-0.9 um.

3. RESULTS AND DISSCUSSION

Figure 1a shows the X-ray diffraction patterns of
the Nb-Al-N films at different powers Pal. The marked
peaks correspond to the B1-NbN: structure [8]. The
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patterns demonstrate a halo-like component from an
amorphous phase in the diffraction angle range
260 = 18-30°, the component can be identified as the
aluminum nitride amorphous phase based on previous
studies. It is seen that reflection (200) is the main re-
flection. It follows that crystallites with the dominant
growth orientation along axis [100] perpendicular to
the surface plane are formed at all Pal and a relatively
low constant bias potential on the substrate of ~50 V.
The X-ray diffraction patterns show that reflections
(200) and (400) are asymmetric (to the side of larger
angles). Separation of these reflection profiles shows
the existence of two components with similar types of
the crystal lattices but two characteristic lattice pa-
rameters. Figure 1b shows the result of the deconvolu-
tion of the peaks (200) and (400) into Gaussians for the
film deposited at 150 mA (Fig. 1a, curve 3). In Fig. 1b,
curves 1 correspond to cubic niobium nitride with lat-
tice parameter a=0.439-0.438 nm. Gaussian curve 2
can be assigned to a cubic NbN with a low content of
substituting aluminum with a = 0.428-0.429 nm, which
is characteristic of the Nb-Al-N system with the pro-
portion of aluminum and niobium atoms in the crystal
lattice of 1/2 (approximate composition Nbo.s7Alo.33N).
The latter was determined based on the Vegard’s law
for one type crystal lattices when substituting atoms of
different radii [9]. In this case, the base lattice parame-
ters are 0.4393 and 0.4120 nm for B1-NbN. and B1-
AIN, respectively. As Pal increases, the Gaussian peak
positions are almost unchanged but the peak intensi-
ties increase. At high currents, the proportion of the
NbN: / Nbo.67Alo.33N phases is almost 3/5.
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Fig. 1 - X[ ray diffraction patterns of the Nb-Al-N coatings depos-
ited at Par=2.9 (1), 5.7 (2), 8.6 (3), 14.3 (4), and 17.1 W/cm? (5)

To determine the substructure characteristics, we
used the method of approximation of two orders of the
diffraction reflections. We used the (200)-(400) pair.
The results of determining the substructure character-
istics are shown in Fig. 3. It is seen that the crystallite
size and the microstrain increase in the direction of the
[100] texture axis for both NbN. crystallites (depend-
ences 1 in Fig. 3) and crystallites of the Nbo.s7Alo.33N
phase (dependences 2 in Fig. 3) as power Pal increases.
The sharp decrease in the crystallite size and the mi-
crostrain at the highest current Pai= 17.1 W/cm? can be
due to the annealing and the ordering of the defect
structure with the formation of new boundaries by type
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of the polygonization process. A higher microstrain in
Nbo.67Alo.33N crystallites (dependence 2 in Fig. 3b) is like-
ly determined by dissolution of aluminum atoms in the
niobium lattice, which strongly distorts the lattice.
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Fig. 2 — A fragment with separation into components of the
diffraction profile of the Nb-Al-N coatings deposited at
Pa=8.6 mA: (1) NbN, (2) NbosrAlossN, (3) total approximat-
ing curve, and (4) points of the initial data array
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Fig. 3 — Dependences of the substructure characteristics (a) aver-
age crystallite size L and (b) microstrain & on Pal for different
crystalline components: (1) NbN, (2) Nbos7AlossN (or Nb2AIN)
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Fig. 4 - (a) Nanohardness (H), Knoop hardness (HK), and (b)
elastic modulus (E) as functions of TAl for the nwo.67Alo3sN coatings.

We deposited AN films at different powers Pa. The
X-ray diffraction patterns show that all the AIN films
are amorphous (a-AlIN, the patterns are not shown in
this work). The infrared absorption spectra of the AIN
films show that the number of the Al-N bonds increases
with Pal (the absorption band at 667 cm~1 related to the
Al-N vibrations becomes more noticeable). Based on
these results, it can be suggested that the films have two
stable crystalline structural states: B1-NbN and a solid
solution with the composition close to B1-Nbo.67Alo.33N.
The films also contain an amorphous-like component
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related to aluminum nitride. Thus, the films exhibit a
nanocomposite structure and consist of B1-NbN. and B1-
Nb1-»Al:N nanocrystallites introduced into the a-AIN
matrix.

The results of nanoindentation and microindentation
of the films deposited are shown in Fig. 4. A comparison
of the results presented in Figs. 3 and 4 shows that there
is a correlation between the mechanical characteristics
and the microstrains in the Nb-Al-N films. The nano-
hardness, the elastic modulus, and the Knoop hardness
are maximal in the Nb-Al-N films with grain sizes of 30-
40 nm. The increase in the nanohardness from 28 GPa
in the NbN film [11] to 32 GPa in the Nb-Al-N films is
likely due to the formation of a nanocomposite structure
of this film [12-17]. We find that the Knoop hardness is
~50% higher than the nanohardness. This circum-
stance can be due to that the nanoindentation is per-
formed in a dynamic mode, while the Knoop hardness is
determined at static conditions.

4. CONCLUSION

Thus, we studied the Nb-Al-N films deposited on sili-
con substrates by magnetron sputtering of Nb and Al
targets at different discharge powers on the Al targets.
The experimental studies showed that the films pre-
pared using the chosen deposition parameters have a
nanocomposite structure and consist of nanocrystallites
B1-NbN: and B1-Nbi1-:AlNyO1-y embedded in the
a-AINO matrix. The nanocomposite coating demon-
strates high values of hardness (to 32 GPa) as a result of
microstrains due to the difference between the atomic
radii of the metallic components of the crystal lattices.
Taking into account the mechanical properties of the
deposited nanocomposite films, these films can be rec-
ommended as wear-resistant and protective coatings.
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