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Abstract

Phase transformations of Al doped NbN nanocompasi&tings are studied in
detail focusing on their microstructural evolutiand phase composition. Several
techniques such as XRD, SEM, HR-TEM, Nanoindentatiod molecular dynamics
simulation are employed in order to understandpti@se evolution of the Nb-Al-N
system. The nanocomposite structures were formdgeircoatings, the roughness of
the coatings decreased with increasing the Al aoinagon due to decreasing grain
size. First-principles investigation of Nb-Al-N sblsolutions was carried out to
interpret film properties. It was found, that fonall Al fractions, the solid solutions
will form in agreement with our experimental resulfhe spinodal decomposition of
Nb-Al-N solid solutions is supposed to be respdesitor the formation of the
nanocomosite structure observed in the depositedINN films.
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I ntroduction

NbN based coatings are quite perspective for im@distpplication due to their
high melting temperature, splendid physico-mectaniand superconducting
properties [1-9]. Such coatings can be widely uedabrication of Josephson’s
large integrated circuits [10-13], bolometers [10%} and superconducting one-
photon detectors [1,4,14-24]. Low thermal stabilgd oxidation resistance are
among the main disadvantages of such coatings.tidddf impurities to the crystal
lattice of the transition metal nitrides form naimostured coatings with improved
properties [25—-32]. Ternary nitrides, such asAiyN, Zr,,AlyN and Ci,Al,N have
higher hardness, oxidation resistance and thermahilisy in comparison with binary
CrN, ZrN and TiN coatings [33—43]. Mainly, the madical and chemical properties
of Me,,AlN improve due to the increasing of Al concentratignto a critical value,
when the B1 structure transforms into the B4 ores Teads to significant decreasing
of hardness and wear resistance [40,42,44-46]. vindtbon of the two-phase
structureB1+B4 leads to decreasing oxidation resistance [40 9]/—4

Changes in the composition of NN films are due to changing the Al
content [50-53]. Whemi <0.08, the mix ofé’ (hexagonal)® (cubic B1, Fm3-m)
phases forms [52]. When the Al concentration ihanrange 50-53 %, the films have
cubic B1-structure, with the (200) preferred plane of gflowb0-53]. The 50-66%
concentration of Al leads to the formation BL-Nb, ,Al,N with the B4 (wurtzite-
type) -AlIN structure [50-52,54]. When the concetmraof Al is higher than 65%, a
nanocomposite structure is formed with 20 nm B4-Atistallites [50].

To our knowledge, the Nb-AI-N films with a nanocoosfie structure were not
yet prepared, although we suppose that such filnsbe synthesized under certain
conditions. To verify this assumption we have dépds Al-Nb-N films by
magnetron sputtering at different currents suppliedthe Al target. Deposited
coatings were annealed at the temperature 2Q0fdr one hour in order to check
their thermal stability. To interpret coating stwe, first-principles investigations of

Nb-Al-N solid solutions were carried out.



Experimental details

Nb—-Al-N coatings were deposited on mirror-polisi&id(100) wafers by DC
reactive magnetron sputtering using Nb (99.9 %2@& 4 mm) and Al (99.999 %, @
72 x 4 mm) targets in an argon-nitrogen atmosphiéEre.deposition conditions were:
substrate temperature s¥ 350 °C; substrate bias d=-50V; flow rates
F. = 40 cni/min and K,= 13 cni/min; working pressure P = 0.17 Pa. The currents,
applied to the Al target () were 0, 50, 100, 150, 250 and 300 mA, which
corresponded to discharge power densitieg=®, 2.9, 5.7, 8.6, 13.7 and
Py =17.1 W/crA, respectively. The current, applied to the Nb earfh,), was
300 mA (R = 17.1 W/crf). The base pressure inside the vacuum chambetesss
than 10" Pa. The distance between the targets and therategbsblder was 8 cm. The
dihedral angle between the target planes was are@lfid The substrates were
preliminary cleaned ultrasonically and were etchedthe vacuum chamber in
hydrogen plasma during 5 min before deposition. d&position parameters for all
samples are presented in the Table 1. Post-deposrcuum annealing of the
coatings at 600, 800 and 1000 was done.

Studies of the surface of the coatings were domeguscanning atomic-force
microscope Bruker's Innova in a half-contact modd alectron microscope JEOL
7001 F with SEI detector, the accelerating voltages 15 kV. Structural and
mechanical properties were determined in dependendbe currents applied to the
Al target and annealing temperatures. Microstrictifrthe coatings was determined
by X-ray diffraction (XRD, X'pert3 MRD (XL) from PHNalytical) using CHKa
radiation. PowderCell 2.4 software was used foffilg® separation in the case of
overlaying of the complex profiles. Substructur@laacteristics, such as size of
crystallites and microdeformation, were determinsihg approximation method,
Cauchy function was used as approximating functi€noss-sections of the samples
were prepared by focused ion beam (FIB, JEOL JI@340The cross-sections were
then studied by high-resolution transmission etectmicroscopy JEOL-ARM 200F
with an accelerating voltage 200 kV, equipped wath energy-dispersive X-ray
spectroscopy (EDS) detector. The hardness of tlaings was determined from

nanoindentation by Nanoindenter-G200 instrumentipgopd with a Berkovich



pyramidal tip. The range of loads was chosen ireotd obtain prominent plastic
deformation of the coating while avoiding the imhce of substrate material. Thus,
the indenter’s penetration depth did not exceed@%-of the total thickness of the
coating. Microhardness measurements were done UuBIBYETEST device
(Switzerland), nanohardness and elastic modulug werdied using Triboindentor
T1-950 (HYSITRON Inc.) in dynamic mode. Thicknes$ the coatings was
determined by optical profilometer “Micron-gammaid it was in the range of 0.7-
0.9 um.

Theoretical details

We performed first-principles investigation of N solid solutions (alloys)
to interpret our experimental results. In ordemiegestigate Nb-Al-N solid solutions
with the B1 structure (space group Fm-3m, No. 2@&)considered cubic supercells
Nb3oNog,  NbosAlgNog, NbieAl1gN3o, NsAls Nii, AlzoNs,, representing special
quasirandom structures (SQS) NAINgz+s [55]. We put the accent on
substoichiometric niobium nitrid&-NbNg g75 (or B1-NbN, g79 that was mixed with
stoichiometric cubic aluminium nitride, B1-AIN. Thmotivation was the fact that
stoichiometric cubic niobium nitride is dynamicallynstable, for which reason it
cannot be synthesized without nitrogen vacancie§,5[1. First-principles
calculations were carried out using the QuantumfBESHFSO code [58]. Vanderbilt
ultra-soft pseudo-potentials were used to desdhleeelectron-ion interaction [59].
The semi-core states were treated as valence .stéhes generalized gradient
approximation (GGA) of Perdewt al. [60] was employed to describe exchange-
correlation energy. The criterion of convergenaettie total energy was T@Ry/cell.
To speed up convergence, each eigenvalue was ewedolith a Gaussian with a
width of 0.03 Ry (0.408 eV). The cut-off energy tbe plane-wave basis was set to
38 Ry (516.8 eV). The integration in the Brillodone (BZ) was done on special
points determined according to the Monkhorst-Patiese using a non-shifted mesh
(4 2 2). All initial structures were optimized biymsiltaneously relaxing the supercell
basis vectors and the atomic positions inside tngersells using the Broyden—
Fletcher—Goldfarb—Shanno (BFGS) algorithm [61]. Titedaxation of the initial



structures was considered to be complete when atéonces were less than 1.0
mRy/Bohr (25.7 meV/A), stresses were smaller th@3 GPa, and the total energy
during the structural optimization iterative pragesas changing by less than 0.1
mRy (1.36 meV). The phonon spectra of the alloygewealculated using the
PHONOPY code [62]. The Gibbs free energy of mixi@g, is given by:
Grin(X,T) = G(NBLALNxy) = (1X): G(NDN.g79 — x- G(AIN),

where each G value contains electronic, configomali and vibrational (phonon)
terms [63]. The vibrational contribution was calteld neglecting anaharmonic

effects.

Results and Discussion

Experimental results

The elemental composition of the deposited filmgresented in the Table 2 as a
function of the currenta). It is obvious that the Al concentration increasdath
increasing the current at the Al target. At the sdaime, the concentration of oxygen
decreases due to increasing in film densificatioesh @anging a structure type.

Figures la— 1c show the AFM surface topographyhef as-deposited and
annealed at ;J,= 1000°C films. Weakly columnar structure is obeel The surface
roughness slightly increases with,Tsee Fig. 1d. On the contrary, it decreases from
4.82 nm to 1.61 nm with increasing the currgnt |

The observed reduction of surface roughness caexpkined by decreasing
grain size due to appearing a large amount of at@fites adding a doping element
[64]. In addition, surface diffusion leads to snfony the surface of the coating
[65,66]. The surface roughness increased to 2.6@ft@n annealing, which can be
explained by the formation of faceted phases adesiwith good crystallization [67].
The smallest values of the surface roughness cdah®le 5 can be explained by the
formation of the amorphous phase in the nanoctysadtructure of the coating.

In Figure 2 we show the XRD patterns of the Nb-Atdatings, before and after
annealing. An asymmetric shift of peaks towardgdaangles can be seen. Separation
of these peaks showed, that two phases appeaneg di@positiond-NbN, (marked

by arrows) an@-(Nb,Al)N phases that formed a solid solution.



We calculated concentration of Al in the first asetond phases using Vegard’s
rule [68] it was less than 4 at.% and less than 14 at.% diogly. We used
a(AIN) = 4.069 A for samples 2 — 6, and a(NbN)=4.3% for Sample 1 [69] as
reference values. Structural characteristics of dbatings under investigation are
presented in the Table 2.

An application of high currents (250, 300 mA — Sémsp5 and 6) to the Al
target (curve 1 in Fig. 2a and curve 3 in Fig. 28) to appearing halo-like
component in the range of angles 18 — 30°, whiahficoed the existence of the
amorphous phase in the coating. Changes of thigpopemt after annealing (see
curve 2 in Fig. 2a) indicates recrystallizationtbé coating due to annealing and
decreasing amorphous phase. The preferred plargrogfth remains (200) after
annealing, but crystallites with the (400) oriematdisappear, and (311) oriented
crystallites appear. The size of the crystallitdstloe 5-NbN, phase increased
1.6+1.9 times as compared to those of as-depos#etgples. By the way, we did not
observe changes in the size of the grain&-(Nb,Al)N phase, and the as-deposited
coating had more ordered structure in comparisdn annealed one (sample 1, curve
3 in the Fig. 2a).

Ordering of the coating structure growth was obsermw the sample with small
content of Al in the as-deposited state (curve henFig. 2a) and in the sample with
high content of Al (curve 3 in the Fig. 2a). Théiselings differ from the results for
Sample 1 (curve 1 in the Fig. 2a). A formation loé tpreferred orientation (200)
caused the reduction of the coating surface er@@y1].

Figure 3 shows the SEM image of the Nb-Al-N coatihgfore 4-c) and after
annealing (d). Strong columnar structure is obskordy for Sample 1, in agreement
with the AFM observations (see Fig. 1a). The swfat the coatings is almost
smooth for other samples. There are no significhanges in the surface roughness
after annealing, thus we can conclude, that thestaddility of the coatings is quite
high [72].

In Figure 4 we present the TEM image of the crestisn of the sample 6. We
can see columnar structure of the coating growthdi&s of the transition layer

between the coating and substrate (Fig. 5) detemtddn 3.6 nm layer of silicon



oxide that was deposited due to short-time reactpettering of oxygen before
coating deposition in order to form diffusion barrbetween substrate and coating.
Grains were not detected near the surface of thdizexl layer. Fast Fourier
Transformation (FFT) method [73] was applied testlayer and we did not found
any peaks, which confirmed the absence of any gieabstructure in this layer.

FFT studies of the surface of the coatings (Fig. €fsowed three different
structural components (Fig. 6b). Reverse FFT imafgesach structure are presented
in Figs. 6¢, 6d and 6e, respectively. An inspectdrthe red and green regions
indicates the presence of 3+4 nm nanoparticlessiwisi consistent with the results of
XRD studies of the size of grains in thd\bN, phase (see Table 1). Based on TEM
results we can assume, tléa(Nb,Al)N solid solution was not formed in the near
surface regions, despite the fact that Musil [3d§gested that such phases could
appear in the near-surface regions and this caailth® reason for low roughness of
the coatings. The nc-NbN/a-AIN nanocomposite stmgctear the coating surface
forms a protective layer against oxidation. Thisc@nfirmed by decreasing the
oxygen concentration in the samples 5 and 6 cordgar¢hat in the samples 1 and 2
that consist only of th&-NbN, or 5-(Nb,Al)N phase (cf. Table 2). At the same time,
0-NbN, andé-(Nb,Al)N phases (probably, embedded into the a-Alhltrix) form in
the depth of the coatings.

Figure 7 shows the diffraction patterns of the dam@ combined with
corresponding light-field images and SAED pattédne can see that the fcc lattice
was formed in the coating (see Fig. 7c and 7g)teRed orientation of the crystal
planes was not observed. SAED patterns (Fig. 7d)tpdo the formation of four
crystallographic orientations, such as (200), (22@311) and (400), which is
consistent with the results [9].

Distribution of the coating elements over the degd#termined by EDX is
presented. The thickness of the coating is 6 The Nb concentration decreased
with increasing coating thickness.

Dependencies of hardness, elastic modulus and @areakl concentration are
presented in Fig. 9. Doping of Al into the coatilegl to decreasing hardness and
elastic modulus from 27 GPa to 19.5 GPa and frorf &Pa to 190 GPa,



respectively. However, wear resistance of the ngatincreased. It is characterized
by H/E ratio [75,76] that was in the range from3®t0 0.1. Mechanical properties of
the coatings did not change after annealing attémeperature 100%C, which
indicates high thermal stability of the depositeatings. Thus, we can assume that

the deposited Nb-Al-N coatings are perspective egrwesistant ones.

Theoretical results

In Fig. 10 we show the lattice parameter (a) aftenctural optimization as a
function of composition. We note that the latti@mstant shows a positive deviation
from Vegard's law (dashed line). This fact usuallgicates towards phase separation.

The Gibbs free energy of mixing for B1-NBIN.xsrandom alloy, calculated
at different temperatures, are presented in Figsla function of the fraction of AIN,
X. The positive formation energy implies that tHeys are not stable, and will
decompose into Nbf¥7s and AIN with the chemical driving force {£z). However,
the alloys can be stabilized in some range of caiipa depending on temperature,
owing to configurational and vibrational contribaris. Figure 11 shows also that the
vibrational contribution strongly reduces the Gildbse energy of mixing at high
temperatures.

In Figure 12 we compare the phase diagram with thétulated neglecting
lattice vibrations. The difference in both the cddted phase diagrams is dramatic.
By allowing for the phonon contribution, the maximwf the miscibility gap reduces
from 11000 K to 6000 K. We see that, for smallfisctions, x, the solid solutions
will form in agreement with our experimental result moderate temperatures (less
than 1000 K), when diffusion will activated, a fuet increase in x will lead to phase
segregation thorough spinodal decomposition. Weinassthat it is the spinodal
decomposition of Nb-Al-N solid solutions that ispensible for the formation of the

observed nanocomosite structure of the depositedINt films.



Conclusions

Nb-AlI-N coatings were deposited using magnetronttegng on silicon
substrates. An application of different currentghia range 0+300 mA to the Al target
led to different concentrations of Al in the cogsn

Phase transformations were observed in the coatlagending on the current
supplied to the Al target ). First, thed-NbN, phase and then solid solutioss
(Nb,Al)N, formed in the coatings deposited gt+ 0+50 mA. The nanocomposite
structure that consisted of the mixtureseflbN, ands-(Nb,Al)N, phases was formed
in the coatings deposited af = 100+150 mA. At A, = 250+300 mA, the nc-
NbN/a—AIN nanocomposite structure forms on and tiearcoating surface, and the
nc-NbN/nc-(Nb,AlN,/a-AIN structure was observed in the middle of tieatings.
The formation of different phases was caused bynbamogeneous distribution of
elements over the depth of the coatings. As thaltrebe roughness of the coatings
decreased with increasing the Al concentration doedecreasing grain size.
Annealing did not lead to changes in surface roeghngrain size and mechanical
properties of the coatings. Comparatively high galof H/E ratios make the coating
suitable for the use as wear-resistant coatings.

First-principles investigation of Nb-Al-N solid sdglons was carried out to
interpret film properties. In particular, the phadiagram for solid solutions was
calculated. It was show an important role of thergn contribution to the Gibbs free
energy of mixing. By allowing for the phonon cohtrtion, the maximum of the
miscibility gap reduces from 11000 K to 6000 K. Toa&lculated phase diagram
shows that for small Al fractions, x, the solidgans will form in agreement with
our experimental results. A further increase in M Vead to phase segregation
thorough spinodal decomposition. The spinodal dgmsiion of Nb-AI-N solid
solutions is supposed to be responsible for thendtion of the nanocomosite

structure observed in the deposited Nb-AI-N films.
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Table 1. Parameters of coating's deposition.

Sample | la, MA | Py, Wienf | Iy, MA | Py, Wient Pehamber Pa

1 0 0

2 50 2.9 .
300 17.1 10

3 100 5.7

4 150 8.6




Table 2. EDX concentration of elements depending on the curitethieaAl

target.

Ne lar, MA Nb Al N O Nb/Al

Sample 1 0 38.44 - 51.70 | 9.87 -

Sample 2 50 33.66 | 3.69 | 53.38 | 8.87 9.36

Sample 2
_ 50 2452 | 3.43 | 62.22 | 9.83 7.15
(Cross sectior

Sample 4 150 3791 | 537 | 50.48 | 6.26 7.06

Sample 5 4.41
s 050 | 3158 | 7.16 | 46.47 | 4.70

Sample 5 | o0 | 3738 | 686 | 49.85 | 541 | 552
(800C) : ' : '

Sample 5 | o0 | 3150 | 883 | 5353 | 6.13 | 357
(10000) : ' : '

Sample6 | 300 | 22.77 | 18.40| 53.11 | 5.71 | 124




Figures

Fig. 1. AFM images of Nb-Al-N coatings: sample 1 (a), séartpbefore (b) and
after annealingd). The surface rougness of the deposited filmsfas@ion of |.(d)

Fig. 2. (a) XRD patterns of sample 5 before (curve 1) aftek (curve 2)
annealing in comparison with pattern for annealachi@e 1 (curve 3); (b) XRD
patterns of sample 1 (curve 1), sample 4 (cunan#)sample 6 (curve 3).

Fig. 3. SEM-images of Nb-Al-N coatings: Sample 1 (a), Skn2p(b) and
Sample 5 beforec] and after annealing (d).

Fig. 4. Light-field and dark-field TEM images of the cressction of the Nb-Al-
N coating (sample 6).

Fig. 5. TEM image of the transition layer between substeaitd coating (sample
6) and their SAED patterns.

Fig. 6. TEM image of the surface of the Nb-Al-N coatin@3le 6)

Fig. 7. Diffraction patterns of sample 6 from the substr@}, region between
substrate and the coating (b) and from the codtngorresponding light-field
images (e,f), SAED pattern (d), profile obtaineoingl the blue line (g)

Fig. 8. Depth profile of the coating, obtained using EDXthod (Sample 6).

Fig. 9. Hardness (H)a)), elasticity modulus (E) (b) and the H/E ratw) for the
Sample 1 (black curve), Sample 4 (green curve)Sardple 5 after annealing (red
curve).

Fig. 10. Lattice parameter (a) of NRAINz.xysas a function of x. The dashed
line is linear interpolation between the latticegmaeters for Nbig;sand AIN.

Fig. 11. Gibbs free energy of mixing (G) for the alloys. Tdwid and dashed
lines are G values calculated without and with mooontribution, respectively.

Fig. 12. Calculated phase diagram for B1-NAIN.xys random alloy. The
dashed and solid lines correspond to the bimode&@ spinodal (S) with and

without vibrational contribution, respectively.
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Highlights

* Nb-AlI-N coatings were deposited using magnetron sputtering on silicon
substrates

» Different phase transformations were observed depending on the Al content

» First-principlesinvestigation of Nb-Al-N solid solutions was carried out

» Nanocomosite structure depends on spinodal decomposition of Nb-Al-N
solid solutions

» Deposited coatings have good resistance to high-temperature annealing

Nanocomposite Nb-Al-N coatings: Experimental and theoretical principles of phase transformations [T
excr] / A. Pogrebnjak, V. Rogoz, V. Ivashchenko [r1a in.]
// Journal of Alloys and Compounds. — 2017. — Ne718. — C. 260-269.



