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ABSTRACT

Face-centred cubic (fcc-) Mo-N and Ta-N exhibit an inherent driving force for vacancy formation. To study their
interaction and effects on structural evolution and mechanical properties, we synthesised Mo-Ta-N coatings by
reactive magnetron sputtering using nitrogen-to-total pressure ratios, pn2/p, of 0.32 and 0.69.
Low pny/pr results in high concentration of N vacancies, which stabilise single-phase fcc-Mo;_Ta,N, up to x =
0.76. These solid solutions follow the MoNg s-Tag g75No 875 quasi-binary tie line. Compressive residual stresses,
o, indentation hardness, H, and toughness, K, increase with Ta content, reaching their maxima of (on average)
-2.0 GPa, 28 GPa, and 7.0 MPavm, respectively, within the x range 0.38-0.69. Higher Ta contents favour higher
concentration of metal vacancies deteriorating the properties.
High pno/pr favours the formation of fcc-Mo;_,Ta,N, rich in metal vacancies, which however always coexists with
a hexagonal phase. Within the x range 0.33-0.66, the fraction of the hexagonal phase is negligible, and o, H, and
Kc deviate from —1.0 GPa, 28 GPa, and 2.9 MPavm, respectively, within the error of measurements.
The combination of experimental and theoretical studies demonstrates the power of point defects in stabilising
desired crystal structures and improving mechanical properties through the thereby tuned atomic configuration.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction

with a high defect density. In particular vacancies - present in nearly
any PVD processed materials (even to a very large extent) - significantly

Physical vapour deposition (PVD) techniques in combination with influence structure and properties. Quantification of these important
low substrate temperatures allow for the generation of various metasta- defects is anything but a trivial experimental issue [1]. However, the
ble, supersaturated, and even thermodynamically unstable structures combination of computational and experimental materials science is
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an excellent tool for understanding the impact of vacancies on the for-
mation and properties of (non-stoichiometric) transition-metal nitrides
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[16-18]. Motivated by the inherent driving force of the cubic phases
within binary Mo-N and Ta-N for nitrogen and metal vacancies
[19-21], we developed and investigated cubic-phase materials within
the hitherto barely investgated ternary system Mo-Ta-N with different
concentration of vacant sites on the nitrogen and metal sublattices. Of
particular interest are mechanical properties of these materials as both
consitututing nitrides are predicted to enhance the toughness of the
transition-metal nitride alloys [22].

2. Methods
2.1. Experimental

The binary Mo-N and Ta-N as well as ternary Mo-Ta-N coatings
were synthesised in mixed Ar and N, DC glow discharges (both gases
with purity above 99.999%) in a modified Leybold Heraeus Z400 magne-
tron sputtering system. Mo-rich quasi-binary nitride coatings were syn-
thesised from a molybdenum target (99.97% purity, @75 mm) by
placing various amounts of small Ta disks (99.95% purity, @6 x 3 mm)
on the race track. Correspondingly, the Ta-rich compositions were ob-
tained by using a tantalum target (99.95% purity, @75 mm), where var-
ious amounts of small Mo disks (99.97% purity, @5 x 3 mm) were
uniformly placed on the race track. All depositions were prepared at
a constant target current of 0.4 A, floating potential at the substrates
(~-15V), and a constant substrate temperature of 450 + 20 °C. Prior
to every deposition processes, the chamber was evacuated to a base
pressure of ppase < 5-10~% Pa. The depositions were prepared with two
different nitrogen-to-total pressure ratios, pno2/pr, of 0.32 and 0.69 and
at a total pressure, pr, of 0.35 Pa. Single-crystal silicon, Si (100), and
polycrystalline austenite steel substrates were ultrasonically pre-
cleaned in acetone and alcohol (for 5 min) before loading to the deposi-
tion chamber, and r.f. plasma etched (within the chamber) prior to the
deposition using an argon pressure of 2 Pa, a voltage of 350 V, and a
pulse frequency of 50 kHz and a width of 2656 ns. Before venting the de-
position chamber, the substrates were cooled down to a temperature
below 100 °C, in order to minimise surface chemistry alterations [23].

X-ray diffraction was performed in symmetric (Bragg-Brentano) and
asymmetric (glancing angle, with 2° incidence angle) geometries using
monochromised Cu K, radiation (A = 1.54 A). The stress-free lattice pa-
rameters of the single-phase coatings, ao, and dimensions of the coher-
ently scattering domains (CSD) were obtained using the sin“y method
[24] and Williamson-Hall plot, respectively. A Poisson's ratio of 0.35 -
which is virtually insensitive to the metal fraction Ta/(Mo + Ta) - was
chosen based on the computational results of Koutna et al. [25]. The
scanning electron microscopy (SEM) morphological investigations
were performed using the Schottky emitter that results in the spatial
resolution of ~2 nm. Energy dispersive X-ray spectroscopy (EDX), cali-
brated using SECS Light-element Calibration Standard CrN (Ardennes
Analytique SPRL), was used for chemical investigations of the coatings.

The nanoindentation measurements were carried out using an ultra-
micro-indentation system (UMIS) equipped with a Berkovich diamond
tip in the load range of 3-45 mN. To guarantee the accuracy of the mea-
surements, the instrument was calibrated using a fused silica standard
(E = 72.5 GPa [26]) and a few other reference samples as shown in
Ref. [27]. The evaluation of the coating-only indentation hardness, H,
and modulus, E, is described in detail in Refs. [28, 29, 30]. The fracture
toughness, K¢, was obtained by the nanoindentation cracking technique
[31-34], using a cube-corner indenter, in accord with the formula de-
vised by Lawn, Evans, and Marshall (LEM):

E P
Kc :oz-\/%.c3T (1)

where c is the average length of the cracks emanating from the corners
of an indentation imprint after applying a load P and obtained by imag-
ing the indentations via SEM and « is an empirical calibration constant.
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In this study, « is taken for 0.036 according to the study of Harding,
Pharr, and Oliver [35], which considers a wider range of brittle materials
than their earlier work reporting on o of 0.0319 [36]. If nanoindentation
data on soda-lime glass in study of Harding et al. are not considered, o
will become 0.040, as shown by Pharr [37]. Additionally, a value of
0.0535 is obtained by Scharf et al. for hard SiC-N coatings [38]. Both lat-
ter values would evidently provide nearly 11% and 50% higher K¢ than in
the present study (for numbers see Table 1 in Supplementary Material).
Hence, our results represent rather the lower limit of K- according to the
LEM model. To guarantee the measurement accuracy, five indents were
made at every load within the range 50-300 mN in 50 mN steps. The use
of a cube-corner indenter allows to substantially reduce the cracking
threshold and hence to measure fracture toughness of thin coatings
[36,37]. Note that due to the presence of residual stresses in the coat-
ings, K¢ characterises the fracture behaviour of the system coating/sub-
strate, in other words K¢ quantifies the apparent fracture toughness [39],
which is highly useful for both fundamental [40] and applied [41] as-
pects. The residual stresses, o, were calculated using the Stoney
Eq. [42-44], after measuring the curvature of the coated Si (100) sub-
strates by means of a chromatographic, confocal profilometer Nanovea
PS50. To analyse the impact of o on K¢, the stress intensity factor, K,
was calculated accoring to the following equation (taking the geometry
term Q for 0.3 [45]):

K = o-vVnQc (2)

2.2. Computational

Density Functional Theory (DFT) calculations were carried out
employing the Vienna Ab-initio Simulation Package (VASP) [46,47] to-
gether with the projector augmented plane wave (PAW) pseudopotentials.
Exchange and correlation effects were treated using the Perdew-Burke-
Ernzerhof (PBE) generalised gradient approximation (GGA) [48]. The
plane-wave cut-off energy was set to 700 eV and the k-vector sampling
of the Brillouin zone was checked to provide a total energy accuracy
of about 1073 eV/at. According to our experimental results, models for
Mo;_xTayN solid solutions were based on the cubic NaCl (Fm-3 m,
#225), and the hexagonal NiAs (P63/mmc, #194) and WC (P-6 m2,
#187) type structures. Various vacancy types (Mo, Ta, or N) and concen-
trations, as well as the chemical disorder on the metal sublattice were
generated according to the Special Quasi-random Structure (SQS)
method [49], and compared in terms of formation energies obtained
by the following equation:

Ef = (ET_;ni'H,) /;ni 3)

where Er is the total energy, n; and ; are the number and chemical po-
tential of the i atom species Mo, Ta, and N atoms. To investigate the im-
pact of vacancies on phase formation within the system Mo-Ta-N, four
tie lines preserving their stoichiometries were chosen based on our
computational pre-studies [20]. Three of them are based on the low-
energy binary defected structures. These are Tag7sN, MoNgs, and
Tapg75Nog75 (12.5% Schottky defects) and they result in the tie lines
Mog.75N-Tag 75N, MoNg s-TaNg s, and Mog g75No.g75-Tapg75No.g75. The
fourth tie line MoN-TaN reflects the formation of the defect-free struc-
tures. For a more convenient comparison of the formation energies of
the different structures, a parabolic fit of the calculated data points for
the defect-free structures, i.e. those following the MoN-TaN
quasi-binary tie line, was subtracted from parabolic fits for all other in-
vestigated structures. By investigating the impact of vacancies on the
stability of the cubic, NaCl-type structures with respect to the hexago-
nal, NiAs- and WC-type structures, the chemical potentials have been
set to that of bulk bcc-structured Mo, yo(bcc-Mo), and Ta, pira(bec—
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Fig. 1. The normalised nitrogen concentration of our Mo-Ta-N coatings as a function of
their Ta/(Mo + Ta) ratio obtained by EDS. The quasi-binary tie lines, with constant N or
Me content over the entire Ta range 0 < x < 1, are based on the low-energy
configuration of one of the boundary system (MoNg s, Tagg75Nog7s, and Tag7sN) [20].

Ta), as well as of N, molecule, tiy(N2). While uy - pin(N2) = 0 indicates
N-rich conditions during synthesis [50], that is high pn2/pr, for model-
ling of the N-poor conditions, hence low pny/pr, the value of the nitro-
gen chemical potential piy - tin(N3) was shifted from 0 to —1.5 eV as
follows from comparison of y in y-MoN,, in the current study and our
previous calculations [19,20].

3. Results
3.1. Microstructure

The chemical composition of our coatings synthesised at low
nitrogen-to-total pressure ratio, pno/pr = 0.32, suggests a gradual in-
crease of the normalised nitrogen concentration, i.e. N/(Mo + Ta + N)
ratio, from 28 to 50 at.% with increasing Ta/(Mo + Ta) ratio from x =
0 to 1, see Fig. 1. In contrast, at high nitrogen-to-total pressure ratio,
pn2/pr = 0.69, the nitrogen concentration increases from 45 to 48 at.%
when increasing the Ta content from x = 0 to 0.25, and further from
48 to 50 at.% when increasing the Ta content from 0.25 to 0.7. Especially
for the Ta contents between 0.25 and 0.7, the variation in N content is

(q)__
X =02

film
substrate
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within the error of measurement. Only binary Ta-N, deposited at pny/
pr = 0.69, shows a much higher N concentration of 57 at.%, Fig. 1.

Thus, the compositions of our Mo-Ta-N coatings are closer to the
quasi-binary tie line MoNg s-TaN when prepared with a low nitrogen-
to-total pressure ratio (pn2/pr = 0.32) and the quasi-binary tie line
MoN-TaN when prepared with a high nitrogen-to-total pressure ratio
(pn2/pT = 0.69). From these chemical investigations, of course any
Schottky defect concentration would be possible as well, therefore we
added to Fig. 1 the Moo g75Ngs75-Tagg75Nog75 tie line for example. The
chemistry of our coatings prepared with pna/pr = 0.32 could thus also
follow the MoNo 5-Tagg75Nos75 tie line.

All prepared coatings reveal a smooth surface and a dense growth
morphology, which is a bit more columnar when using a low pna/pr
ratio, compare Fig. 2a (pn2/pr = 0.32) with 2b (pn2/pr = 0.69). The
growth rates of the coatings deposited at py2/pr = 0.32 are approxi-
mately 30% above those deposited at pn2/pr = 0.69 for a similar x,
see Fig. 3. Generally, higher Ta contents x result in lower deposition
rates due to significantly higher target poisoning effects caused by
the more negative enthalpy of a nitride formation (at 298 K), com-
pare —60.10 kcal/mol for TaN or — 65.00 kcal/mol for Ta;N with
—9.75 kcal/mol for MoNg 5 [51]. Quantitatively expressed, the addi-
tion of Ta disks on the Mo-target results in a reduction of deposition
rate from 4.3 to 1.2 um/h (low pn2/pr) and from 3.0 to 1.2 pm/h
(high pn2/pr) for coatings having x = 0 and 1, respectively. This phe-
nomenon provides an explanation for the discrepancies in deposition
rates, when sputtering Mo target with Ta disks and Ta target with Mo
disks for both pn»/pr conditions (Fig. 3). Nevertheless, their growth
morphologies and N contents are comparable (for similar Ta and
Mo content) irrespective of whether a Ta target with Mo disks or a
Mo target with Ta disks was used.

The XRD investigations of the coatings deposited with low pyna/pr of
0.32 reveal the formation of cubic-phase solid solutions with preferred
(200) orientation and small coherently scattering domains (CSD) of
~23 4+ 8 nm for Ta contents x below 0.76, see the corresponding XRD
patterns in Fig. 4a. The Mo-free Ta-N coating exhibits also pronounced
XRD peaks from a hexagonal phase.

On the contrary, in ternary coatings prepared with high pno/pr of
0.69, a hexagonal phase (NiAs or WC prototype) always develops
along with the cubic, see Fig. 4b. Its fraction in the compounds is how-
ever insignificant, and the reflections in Fig. 4b become visible only
due to a logarithmic scale of the XRD patterns. A possible reason for
the dual-phase nature of Mo-rich compounds with a stoichiometry
close to 1:1 might originate from elastic and phonon instabilities of

illl
substrate

Fig. 2. SEM fracture cross-sections of selected Mo-Ta-N coatings prepared at pnz/pr = 0.32 (a) and 0.69 (b) with x representing their Ta/(Mo + Ta) ratio.

3
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Fig. 3. Growth rates of our Mo-Ta-N coatings deposited with pno/pr = 0.32 (red-filled and
red-black-filled squares) and 0.69 (yellow-filled and yellow-black-filled diamonds) as a
function of their Ta/(Mo + Ta) ratio. The single-colour filled symbols refer to the
coatings prepared from Mo target with the addition of Ta disks, and the bicolour filled
symbols refer to the coatings from Ta targets with the addition of Mo disks.

defect-free y-MoN [52]. Computational study of Bouamama et al. on
defect-free face-centred cubic (fcc-) Mo, ,Ta,N suggest that fcc-Mo,.
«TayN can be stabilised for Ta contents x > 0.27 [53] (and even less
than 0.09 as suggested by the SQS method [25]). Indeed, also for our ex-
periments the fraction of fcc-Mo;_Ta,N, increases with Ta concentration
(starting from x > 0.16) reaching its maximum for 0.33 < x < 0.66. The
molybdenum nitride itself is composed of an fcc phase, and even exhibits
a superstructure, see the superstructure reflections at 20 ~ 21° in Fig. 4b.
These originate from partial ordering of N-sublattice vacancies causing
the formation of y'-MoN g, as reported in [ 19]. No superstructure reflec-
tions are detectable for understoichiometric y-MoNg 39 (With respect to
stoichiometric MoNg s0). Also the ternaries with low Ta content exhibit
such superstructure reflections (Fig. 4b). With increasing Ta content,

B  £TaN(NaCl) B  »MoN,, (defected NaCl) ©  &-MoN (NiAs)
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the strong (200) preferential growth decreases, especially when using
a high pny/pr ratio, which in further consequence causes a strong reduc-
tion of the superstructure reflections. But also the overall N content sig-
nificantly increases with the Ta content, and ordering of N-sublattice
vacancies is not preferred for Ta-N compounds [20].

An essential difference between the two coating series (prepared
with low and high pn2/pr) is that the coatings prepared with a high
Pn2/pr of 0.69 exhibit a finer growth morphology (Fig. 2b). This might
originate from additional nucleation sites provided by excessive nitro-
gen and hexagonal phases interrupting the columnar preferential
growth. A more frequent re-nucleation of the fcc-Mo;_,Ta,N, grains is
also reflected in smaller CSD of ~14 4 5 nm. A schematic illustration
of the phase fractions for the coatings prepared with low or high py/
pr is summarised in the bicolour plots of Fig. 4c.

The stress-free lattice parameter, ao, of the understoichiometric bi-
nary y-MoN 39 (prepared with the low pyy/pr of 0.32) is 0.418 +
0.003 nm, lying thus between 0.420 nm and 0.416 nm calculated
for y-MoNg 50 and y-MoNg 3g, respectively [19]. The partially ordered
¥'-MoNp s, synthesised with the high pny/pr of 0.69 exhibits ag of
0.423 £ 0.003 nm, which is significantly below 0.430 nm obtained for
a N-vacancy containing fcc-MoN,, of comparable chemical composition
[19]. Only if vacancies on both Mo and N sublattices are considered,
the ab initio calculated lattice parameter of y'-MoNg g, matches. The
stress-free lattice parameter, a, of the cubic-structured Mo;_4Ta,N,,
solid solutions, prepared with low pyn»/pr increases nearly linearly
from 0.418 £ 0.003 to 0.435 + 0.003 nm with increasing Ta content
from x = 0 to 0.76. The Mo-Ta-N coatings prepared with high pno/pr
as well as the binary Ta-N (both pny/pr conditions) crystallise with a
dual-phase structure, thus making the calculation of the stress-free lat-
tice parameter unreliable due to heterogeneity of the elastic constants
(corresponding symbols are shown slightly transparent in Fig. 5).

Energy of formation helps to shed light on the structural develop-
ment of the cubic phases. In particular, a crucial role plays the nitrogen
chemical potential, iy - pn(N2), which can be associated with the
nitrogen-to-total pressure ratio used during reactive sputtering [50].
The left plot in Fig. 6a represents the data of the individual cubic-
structured solid solutions for piy - pin(N2) = 0 — which mimics N,-rich
conditions during reactive sputtering — suggesting that the 25% Me-
vacant solid solutions (along the Mog;5N-Tag 75N quasi-binary tie
line) win along the entire Ta-range. At the Mo-rich side, the 50%
N-vacant as well as the 12.5% Schottky defected structures come close,
but at the Ta-rich side only the 12.5% Schottky defected structure

@  4.TaN (WC) v Sisubstrate
1

(@, eye=032 (b)) eyer=0sr | (c)
; E8 § & E8YT =
A ] | .l
% o z !
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Fig. 4. Logarithmically scaled XRD patterns (symmetric scans) of significant coatings in the system Mo-Ta-N deposited at low pna/pr of 0.32 (a) and high pna/pr of 0.69 (b) with increasing
Ta/(Mo + Ta) ratio, from bottom to top. The indicated phases are 6-TaN (NacCl prototype, ICDD 00-049-1283), y-MoNy 5 (NaCl prototype, ICDD 00-025-1366), 6-TaN (WC prototype, ICDD
04-003-2154), and 6,-MoN (NiAs prototype, ICDD 04-012-3451). The Kj; reflections are due to the highly intense peaks of (200) strongly oriented coatings. The bicolour plots

(c) represent a schematic illustration of the phase composition.



FF. Klimashin, L. Lobmaier, N. Koutnd et al.

0.455F Experimental: Ab initio fie lines: 1

Pw,/Pr &— MoN-TaN
0450F W o0.32 F— MOy g75N0.875T00.875N0.875
0.69 MoNg 5-TaNg 5
0.445} A MOy 5N-Taig 7gN 1
E 0.440
€ 0435
N
o
T 0.430
0.425
0.420
0.415

0.0 0.2 OI.4 Ol.é 0.8 1.0
x =Ta/(Mo+Ta)

Fig. 5. Stress-free lattice parameters of the cubic-structured solid solutions Mo;_sTa,N,
prepared with a low pna/pr of 0.32 (red-filled squares) and dual-phase Mo-Ta-N
coatings obtained at a high pno/pr of 0.69 (yellow-filled diamonds). The latter are shown
slightly transparent as the heterogeneity of the elastic constants was not taken into
account. The ab initio obtained lattice parameters for fcc-structured solid solutions along
the quasi-binary tie lines MoN-TaN, Mog g75No.g875-Tag.g75No 875 (With 12.5% Schottky
defects), MoNgs-TaNgs (50% N vacancies), Mog75sN-Tag 75N (25% Me vacancies) are
indicated by smaller circle, asterisk, cube, and triangle symbols, respectively.

comes close. The right plot in Fig. 6a represents the data of the individ-
ual cubic-structured solid solutions for piy - in(N2) = —1.5 eV - which
mimics N»-poor conditions during sputtering and where the formation
of understoichiometric y-MoNg 35_¢ 44 is favoured [ 19] - suggesting that
the 25% Me-vacant solid solutions lose against the 12.5% Schottky
defected or 50% N-vacant solid solutions. The latter win up to x = 0.85
and are surpassed by the 12.5% Schottky defected solid solutions for
x > 0.85. This is in agreement with the general tendency of fcc-MoN
to prefer N vacancies and fcc-TaN to prefer Me vacancies or Schottky
defects.

Hence, for the solid solutions formed at low py»/pr, the compositions
along the quasi-binary MoNgs-TaN tie line (which could be possible
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when considering only the chemistry of the coatings prepared with
low pna/pr) are clearly outperformed energetically by the compositions
along the quasi-binary MoNg s-Tagg75Nog75 tie line (combining the
low-energy configurations along MoNgs-TaNgs for Mo-rich and
Moo 875No.875-Tao.g75Nog75 for Ta-rich compositions). The formation of
fcc-Tag g75Ng g75 in the dual-phase Ta-N is indeed probable. If Tag 75N
forms, the coexisting hexagonal phase should have a significantly
lower N content (N/Ta << 1, like Ta;N) to meet the overall chemical
composition. This seems to be rather unlikely based on the binary
phase diagram showing that these phases are not neighbours. If
Tagg75Nog75 forms, the coexisting hexagonal phase should have a N/Ta
ratio of about 1, which is reasonable also based on the phase diagram.
Interestingly enough, also the stress-free lattice parameter matches
the computational values obtained for fcc-Tag g75Ng.g75 despite hetero-
geneity of the elastic constants.

In contrast, for the solid solutions formed at high pn»/pr, structural
description of the cubic phase appears more challenging due to lack of
supportive data on the stress-free lattice parameter. One of the bound-
aries, y'-MoNg g, was found to form with vacancies on both Mo and N
sublattices (Schottky defects). Another boundary compound, Ta-N,
forms with an N content of ~57 at.%. If Tag g75Ng g75 forms, the N/Ta
ratio of the coexisting hexagonal phase should be above 1, like TaN,,
while the XRD studies (Fig. 4b) indicate the formation of the WC-type
TaN (N/Ta = 1). Consequently, the formation of fcc-Tag7sN (~25%
metal vacancies) is most likely when using a high pyn»/pr of 0.69. Thus,
the fcc-Mo-Ta-N phase appears to form with a much higher concentra-
tion of vacancies on the metal sublattice.

A comparison of the formation energies further allows to rate the
possibility of cubic or hexagonal phase formation. They also reveal
why ternary Mo-Ta-N synthesised at low py»/pr ratio rather form
single-phase solid solutions, while at high pn»/pr ratio hexagonal and
cubic phases form simultaneously. Energetically, hexagonal phases are
preferred over defect-free cubic structures within the entire composi-
tion range, see Fig. 6b (“no vacancies”). Mo-rich solid solutions favour
the NiAs-type for x < 0.35, while for higher Ta contents the WC-type
structure should develop. The cubic NaCl-type structure is energetically
favoured over the hexagonal ones (NiAs and WC types) along the entire
Ta composition range if their N sublattice contains 50% vacant N sites
(i.e., solid solutions along the quasi-binary MoNgs-TaNg s tie line).
If 12.5% Schottky defects form (i.e., solid solutions along the
quasi—binary M00_875N0'375—Tao'875N0.g75 tie line), the cubic NaCl—type
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Fig. 6. (a) Differences in energy of formation between defected and defect-free cubic structures AEf"? = Ef'P-Ef""(defect-free) shown as circles, cubes, asterisks, and triangles for no
vacancies, 50% N vac, 12.5% Schottky, and 25% Me vac, respectively. The chemical potentials tive and piy are set to that of bulk bee-structured metals, tiye(bcc-Me), and of N, molecule,
n(Ny), respectively. The left plot in (a) shows the AE§® curves for Moy_TayN, Mo;_,TayNg s, (M0;_Tay)o.575No.s75 and (Moy_Tay)o7sN for the nitrogen chemical potential of N
(N,) = 0 eV and the right plot in (a) shows these AEf"" curves for iy - n(N,) = —1.5 eV. (b) Differences in energy of formation (AF;) between hexagonal (Ef®¥), NiAs-type (empty
hexagons) and WC-type (solid hexagons), and defect-free cubic (Ef"), NaCl-type structures. The defect-free situation is indicated by “no vacancies”, while the further plots show the
impact of 50% N-vacancies (“50% N vac”), 12.5% Schottky defects (“12.5% Schottky”), and 25% Me vacancies (“25% Me vac”) on AE; for these hexagonal structures (AE; = EFeX-Ef"°

(defect-free)) but also for the cubic structure (AE; = Ef*°-Ef*"(defect-free)).
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Fig. 7. (a) Indentation hardness (red) and modulus (blue) and (b) the ratios H/E and H>/E?
(red and blue, respectively) for the coatings on single-crystal (100) silicon wafers
synthesised at low (empty symbols) and high (full symbols) nitrogen-to-total pressure
ratios. Grey empty triangles in (a) indicate the indentation hardness of single-phase fcc-
structured coatings (low pny/pr ratio during deposition) grown on polycrystalline
austenitic steel substrates.

is preferred for Ta contents x > 0.4. If 25% Me vacancies form (i.e., solid
solutions along the quasi-binary Mog75N-Tag 75N tie line), the cubic
NaCl-type is preferred for Ta contents x > 0.2, see the corresponding
plots in Fig. 6b. Consequently, the composition range in which the
cubic structure is preferred over the hexagonal one, can be tuned by
the vacancy content. At the Mo-rich side, especially the N vacancies
help, and at the Ta-rich side, especially the Me vacancies help.

The crystallisation of binary Ta-N coatings with two competing
phases for low and high pn,/pr ratios suggests the formation of vacancy
containing structures, because for vacancy-free structures, the hexago-
nal WC-type structure is clearly preferred. Especially the formation of
12.5% Schottky defected and 25% Me-vacant fcc-Ta-N is clearly pre-
ferred over their defected hexagonal WC-type counterparts, Fig. 6b.
This is in agreement with the study of Pacher et al. [54] showing that
>14% Me-vacant fcc-Ta-N are energetically more favourable than >14%
Me-vacant hexagonal WC-type Ta-N and with the recent work of
Abadias et al. [4] devoted to the vacancy-stabilised cubic tantalum
nitride.
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3.2. Mechanical properties

As compared to y-MoNp 39 with its indentation hardness, H, of
25.0 £ 1.0 GPa, our quasi-binary cubic-structured coatings fcc-Mo;.
xTa:N, synthesised at low nitrogen-to-total pressure ratios show larger
H values. Within the x range of 0.19-0.76, H varies between 27 and
30 GPa (with an average measurement accuracy of about 1.5 GPa),
peaking for x = 0.38 (H = 29.8 4 1.4 GPa) and hitting the bottom for
x = 0.76 (26.6 £ 1.1 GPa), see Fig. 7a. The indentation modulus, E, re-
mains nearly unchanged at around 360-370 GPa for the low N, contain-
ing sputter conditions. Consequently, the ratios H/E and H>/E?, which
often serve as empirical criteria for the materials wear resistance, di-
rectly correlate with the hardness [55,56]. Accordingly, within the x
range of 0.19-0.76, H/E and H°/E? vary within 0.07-0.08 and
0.14-0.19 GPa, respectively, both peaking for x = 0.38, see Fig. 7b.

This is in contrast to the dual-phase coatings synthesised with the
high nitrogen-to-total pressure ratio. Here, the indentation hardness
and modulus behave similarly with increasing Ta content. Initially,
with increasing Ta concentration x from 0 to 0.24, H increases from
23.4 4 0.6 GPa to 29.5 £ 0.9 GPa and E increases from 287 + 6 GPa to
349 + 15 GPa, resulting in insignificant deviations of H/E from 0.08
and in a slight increase of H*/E? from 0.16 GPa to 0.21 GPa. This corre-
lates with an increasing fraction of the hexagonal phase (based on
XRD, with the WC-type structure), compare with Fig. 6. With a further
increase of Ta to 0.61, H and E remain within the error of measurement
at about 28 GPa and 340 GPa (and consequently also H/E and H*/E? at
about of 0.08 and 0.2 GPa), respectively. In general, the dual-phase coat-
ings synthesised with high pna/pr show nearly the same hardness de-
pendence on their Ta content as the single-phase fcc-structured ones
synthesised with low pyo/pr. But their indentation modulus is lower es-
pecially for Ta contents below x = 0.2 (Fig. 7a). This leads to generally
higher H/E and H?/E? ratios (Fig. 7b).

Indentation hardness of the single-phase fcc-Moq_,Ta,N, coatings
correlates well with the residual stress, o (empty blue circles in
Fig. 8), as both properties increase by about 2 GPa with increasing Ta
content up to x ~ 0.6. This stress dependence of the hardness values
partly explains hardness enhancement of about 5 GPa for the coatings
grown on austenitic steel substrates, where typically higher compres-
sive residual stresses are accumulated than on Si substrates [57,58] -
mainly because of the different coefficients of thermal expansion
(CTE) between coating and substrates. While Si has typically a lower
CTE than these nitride coatings, that of stainless steel is larger.
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Fig. 8. (a) Apparent fracture toughness K¢ (green square data points) and residual stresses
o (blue circle data points) of the coatings obtained at low (empty symbols) and high (full
symbols) nitrogen-to-total pressure ratios, pna/pr-
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Fig. 9. SEM top-view images of the residual imprints after cube-corner nanoindentation with 150 mN on the Mo-Ta-N coatings synthesised at low (top raw) and high (bottom raw) pno/pr
ratios. Their corresponding Ta metal fraction Ta/(Mo + Ta), x, is given in the images. The yellow arrows indicate the crack tips.

Consequently, thermally induced tensile stresses are added to coatings
on Si substrates, whereas thermally induced compressive stresses are
added to coatings on austenitic steel substrates upon cooling to room
temperature from the deposition temperature.

The residual stress furthermore excellently correlates with the ap-
parent fracture toughness, K, of the single-phase fcc-Moq_Ta,N, (pre-
pared at low nitrogen-to-total pressure ratio). With increasing Ta
content from x = 0 to 0.38, o changes gradually from +0.3 GPa (tensile
residual stress) to —2.6 GPa (compressive residual stress), while K¢
rises from 1.6 + 0.7 MPavm for y-MoNg 39 to 7.2 4+ 0.4 MPavm for
Moy 62Tag 3sNo 52, See Fig. 8. Here, both properties reach a plateau for
Ta contents up to x = 0.69, while further increasing x to 0.76 results
in the relaxation of o to —1.3 GPa and smaller K¢ values of 5.4 +
0.2 MPavm.

It is worth emphasising again that such high Kc values aren't indica-
tive of the intrinsic fracture toughness of the material system as they are
strongly influenced by the residual stresses of type I. In fact, compres-
sive residual stresses are an extrinsic toughening mechanism impeding
crack growth by counteracting the stresses and strains experienced at
the crack tip [59,60]. Resulting from the superposition of extrinsic and
intrinsic effects, apparent fracture toughness should rather serve as a
qualitative characteristic of the fracture behaviour of the system coat-
ing/substrate [61]. More sophisticated techniques are required to deter-
mine materials fracture toughness [62-64]. For example, a
microcantilever bending test on free-standing coatings [65,66] yields
lower values for transition-metal nitride coatings (below 5 and
3 MPavm for TiN- and CrN-based compounds, respectively, as
summarised by Glechner et al. [67]). However, even these values are in-
fluenced by residual stresses of type Il and III.

For the coatings prepared with high pny/pr, the apparent fracture
toughness and residual stress have a slightly weaker correlation, proba-
bly due to their dual-phase nature. The highest Kc values of 6.8 + 0.4
and 6.9 + 0.9 MPavm are observed for the partially ordered y'-
MoNp s, and the dual-phase ternary MoqcTayN, with the highest

fraction of a hexagonal phase (x = 0.16). These coatings also crystallised
with the highest compressive stresses o of about —2.3 and — 1.8 GPa,
respectively. A lower fraction of a hexagonal phase at higher Ta contents
results in much lower K¢ and lower negative o values (with the excep-
tion of the coating with x = 0.24). For Ta contents 0.33 < Ta/
(Mo + Ta) < 0.66, the values of the apparent fracture toughness and
compressive residual stress vary in the range 2.6-3.2 MPavm and
between —0.8 and — 1.1 GPa, respectively, nearly within the error of
measurement. Even though these coatings crystallised mostly as
fcc-MoqTaxN, (as revealed by XRD, Fig. 4), they exhibit a significantly
lower apparent fracture toughness than those prepared at low pna/pr.
The dependence of the apparent fracture toughness on the Ta con-
tent for both coating series, i.e. prepared with low and high pn./pr, is
also visible in the corresponding SEM top-view images of the imprints
after the cube-corner nanoindentation tests, see Fig. 9. Clearly, the ter-
nary single-phase fcc-Mo,_<TayN, coatings (upper row) with x = 0.38
and 0.76 as well as the ©y'-MoNg g, (bottom row) exhibit the shortest
cracks emanating from the imprint corners. A comparison with the
SEM fracture cross-sections, Fig. 2, shows that this behaviour is not
driven by their different growth morphology. In fact, a comparably
high load of 150 mN turns out to be even below the cracking threshold
of fcc-Mog 62Tag 38No 52 and y'-MoNp g, coatings attesting to their excep-
tional crack resistance. Extruded material observed around the edges of
the imprints of all coatings with high K values appears by virtue of an
extensive plastic deformation and is typical for ductile materials.

4. Discussion

The presence of vacancies on either sublattice of Mo;_,TayN favours
the formation of the fcc phase over the thermodynamically stable
NiAs- (Mo-rich) or WC-type (Ta-rich) structures. While we were able
to prepare single-phase fcc-Moy_4Ta,N by using low pyo/pr during depo-
sition, a competing hexagonal phase always formed at high pn,/pr. The
best results in stabilising the fcc phase at high pn2/pr were achieved
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within 0.33 < x < 0.66, where the coatings contain only a small fraction
of a hexagonal phase (hereafter we refer to these coatings as predomi-
nantly fcc-Moj_,TayN, ). This in turn enables us to provide insights into
the role of vacancy configuration and preferential orientation in me-
chanical performance of fcc-Moy_Ta,N,.

Accordingly, high pn2/pr resulted in predominantly fcc-Moq_,Ta,N,,
forming with a high concentration of vacancies on both sublattices,
while low pny/pr resulted in single-phase fcc-Moq_,Ta,N,, forming
mainly with vacancies on the N sublattice, see Figs. 1, 5, and 6. This
might have influenced the preferential orientation being (200) and
(220) when using high pn2/pr and strongly (200) when using low pno/
prduring deposition, see Fig. 4. Cubic solid solutions stabilised by vacan-
cies on both sublattices show a considerably lower (2.4 times lower on
average) apparent fracture toughness than those stabilised by vacancies
mainly on the nitrogen sublattice, but also exhibit only about a half of
the compressive residual stress level. In absolute values, predominantly
fcc-Moy<TaxN, coatings stabilised by vacancies on both sublattices
show comparably low Kc and o values of about 2.9 MPavm
and —1.0 GPa, respectively. On the contrary, single-phase fcc-Mo1_
«TaxN, coatings stabilised by vacancies on the nitrogen sublattice exhibit
Kc and o values of about 7.0 MPavm and —2 GPa, respectively.
Nevertheless, their hardness values are in the range 28-30 GPa, show-
ing differences only within the error of measurement.

In order to ascertain the causes of hardening and toughening, we
shift our focus towards single-phase fcc-Moy_TayN, coatings, i.e. those
prepared with low pnz/pr, which combine high fracture toughness
with high hardness. The impact of residual stresses on apparent fracture
toughness and indentation hardness of these fcc-Mo;_sTayN, coatings is
highlighted again by showing the dependence of K¢ and H on o, Fig. 10.
Both mechanical properties (Kc and H) exhibit nearly the same depen-
dence on o with the slopes dKc/do and dH/do being —1.3 +
0.5 MPavm/GPa and —1.4 + 0.3 GPa/GPa, respectively. An extrapolation
to o = 0 yields Kc = 3.9 + 0.5 MPavm - a plausible value for a ceramic
material [68,69] - and H of 25.8 + 0.8 GPa. It is noteworthy that similar
values of indentation toughness can be obtained when K is corrected
for the stress intensity factor given by Eq. (2) (see Table 1 in Supple-
mentary Material). Thus, fcc-Moq_,TayN, coatings appear to substan-
tially outperform unalloyed y-MoNg 39 coatings with Kc = 1.6 +
0.7 MPavm in terms of indentation fracture toughness.

These results clearly reveal an extrinsic component of hardening and
toughening of the single-phase cubic-structured coatings. Direct rela-
tionship between hardness or fracture toughness and residual stress
in CVD and PVD coatings has been known for decades [70], and the
growth of residual compressive stresses is often accompanied by in-
creased indentation hardness [71-73] and toughness [61,74,75]. Resid-
ual stresses arise mainly due to the mismatch of the coefficients of
thermal expansion between coating and substrate as well as from the
growth process itself. Our calculations (not shown here) suggest that
compositional variations along the MoNgs-TaN tie line do not notably
affect thermal expansion coefficients of the solid solutions Mo;.
xTaxNo5(1+x). Thus, the differences in the residual stresses are expected
to arise mainly from the internal, growth-related stresses, which are cu-
mulated by microstructural and chemical defects [76-81]. Such defects
might form, for instance, during atomic peening of the growing coating
with energetic Ar neutrals backscattered from the heavy target atoms
[82-84]. The concentration of Ar in the coating is approximately propor-
tional to (Mi/Ma,)?, with M; and My, being the atomic masses of the tar-
get element and Ar, respectively [83,85]. Thus the higher the content of
heavier Ta atoms in the target, the higher the content of Ar in particular
and density of defects in general, which raise compressive residual
stresses in the coating. (The fraction of Ar incorporated into the coatings
deposited at high pno/pr decreases due to a higher scattering probability
of Ar neutrals in the gas phase and hence their thermalisation [82]. In
the dual-phase coatings deposited at high pn,/pr, also the presence of
a second phase with a different molar volume has to be taken into ac-
count.) A saturation or even an onset of compressive stress relaxation
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Fig. 10. Apparent fracture toughness, K, (green square data points) and indentation
hardness, H, (red triangle data points) of the single-phase cubic-structured Mo-Ta-N
coatings, prepared with pna/pr = 0.32, as a function of their macroscopic residual
stresses. The “isolated” data points at o = 0.3 GPa are from the binary y-MoNg 39 coating
prepared with pno/pr = 0.32.

observed for higher concentration of Ta might be a result of other mech-
anisms coming into play such as, e.g., increasing homologous tempera-
ture/decreasing mobility of the adatoms (i.e. towards type I behaviour
according to Abermann [86]) or decreasing deposition rate and conse-
quently defect concentration [87,88]. (The latter also holds for the ter-
nary coatings deposited at high pn2/pr, i.e. at lower deposition rates,
showing lower compressive residual stresses).

It is noteworthy that we observe no correlation between residual
stress and coating thickness, which exceeds 3 pm for nearly all single-
phase fcc-Mo;_4TayN, (similar observations for the coatings thicker
than 2 pym and deposited on Si (100) substrate were made by,
e.g., Kostenbauer et al. [89] and Seidl et al. [58]). This might be due to
the similar size of the grains and hence similar area density of the
grain boundaries (GBs), which significantly influence intrinsic stresses
[90-93]. Similar area density of GBs implies similar chemical potential
gradient between surface and GBs - a driving force for weakly bounded
interface/surface adatoms to migrate to the low-density disordered GBs
[90] - and hence equal contribution to compressive residual stresses.

These considerations reveal, at least partly, the observed hardening
and toughening of fcc-Mo;_,TaxN, coatings. Larger compressive residual
stresses are associated with higher density of defects acting as barriers
to dislocation motion, thus increasing hardness, and higher compressive
forces counteracting the stresses and strains experienced at the crack
tip, thus impeding crack growth and increasing toughness. Also GBs
strongly affect the mechanical response in general and fracture behav-
iour in particular of the fcc-Mo;_,Ta,N,, coatings. Due to much lower
fracture energy of GBs as compared to the grain interior, the crack prop-
agates preferably along GBs [94,95]. For a columnar microstructure this
implies a crack path leading through the entire thickness of the protec-
tive coating. Hence, along with the stress engineering, design of GBs, e.g.
by twisting and tilting [96-99], activating delamination toughening
[100] or influencing column boundaries by multilayer and superlattices
[101,102], is vital to delay premature failure of such brittle coatings.

Another hardening and toughening mechanism might originate
from the electronic structure, which can be substantially altered
through alloying elements and vacancy content and configuration.
Strengthening is naturally promoted by the bond energy (besides the
microstructural obstacles impeding dislocation motion), determining
the ease in nucleation and motion of dislocations. Holleck observed
that the microhardness of non-stoichiometric transition-metal
carbonitrides peaks in the vicinity of the valence electron concentration
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Fig. 11. (a) Indentation hardness, H, (red triangle points), apparent fracture toughness, K, (green square data points) and macroscopic residual stress, o, (blue circle data points) of our
single-phase fcc-structured Mo;_TaxN,, coatings as a function of their valence electron concentration per unit cell. The data for single-phase cubic binary Mo—N coatings are added for
comparison (empty symbols for low pnz/pr, solid symbols for high pn2/pr). The large error bars for VEC of y-MoNg g, arise from the uncertainty in the metal vacancy concentration.
(b) VEC position of the peaks in parabolic fits for H-VEC, K--VEC, and o—VEC dependences using different concentrations of Schottky defect.

(VEC) of about 8.4 e/f.u. [103]. By approaching the VEC of 8.4-8.6 e/f.u.,
as shown by Jhi et al. [16], the shear-resistive p-d bonding states be-
come fully occupied, resulting thus in the maximum of C44 [9,16]. The
elastic shear stiffness Cy4 is in turn directly associated with the elec-
tronic response of the crystal to the applied shear strain and serves as
a strong indicator of the bond energy. The ductility enhancement in
transition-metal nitrides (reflected for instance by Pugh's [104] and
Pettifor's [105] ductility criteria), was proposed by Sangiovanni et al.
to originate from their electronic structure [22,106]. Accordingly, en-
hanced ductility is based on an increased volume fraction of metallic
d-d bonding states, which is also reflected in higher VEC values. Highly
populated metallic d-d bonding states allow in turn - as recently eluci-
dated by Sangiovanni et al. with comprehensive molecular dynamics
simulations [106] - the formation of new chemical bonds and absorb
much higher stresses. The correlation of C44 and ductility criteria with
the VEC was soon spread to many other non-stoichiometric compounds
crystallising with the NaCl-type structure. Just recently Balasubramanian
and co-workers extended this model in their computational research to
many binary and ternary carbides, nitrides, and carbonitrides of transi-
tion metals of groups 4 to 12 [107].

In our earlier work, we observed hardening in y-MoN, (with vary-
ing concentration of nitrogen vacancies) by approaching the VEC of
8.4-8.6 e/f.u.[19]. Both Mo-N and Ta-N are predicted to improve mate-
rials ductility [22]; although ductility is a necessary-but-not-sufficient
condition for improved toughness, also enhanced fracture toughness
was observed experimentally for nitride coatings when alloyed with
Mo [2,108] or Ta [109]. The toughening effect for Vo sMog 5Ny coatings,
comprehensively investigated by Kindlund et al. [2,108,110], is based
on the presence of nitrogen vacancies and the thereby associated in-
creased volume fraction of metallic d-d bonding states, which allow
the formation of new chemical bonds and hence absorb much higher
stresses [106].

In order to calculate the VEC accurately, the structure and especially
the vacancy concentration on either sublattice is of crucial importance.
An indirect approach, requiring the knowledge of the composition, lat-
tice constant, and atomic area density was recently suggested by
Ozsdolay to distinguish between cation and anion vacancies [111,112].
In this work, we estimate the concentration of vacancies based on the
elemental composition and by comparing experimental and computa-
tional stress-free lattice parameters and formation energies, that is
in accord with the structural development along the MoNgs—
Tagg75No.g75 tie line. For such solid solutions (i.e., Mo;.xTagg75xNo.s

10375x), We observe the maxima of indentation hardness, apparent frac-
ture toughness, and residual stresses (actually the maxima of the para-
bolic fits) in the vicinity of VEC = 8.0-8.1 e/f.u,, see Fig. 11a. However,
we need to mention that especially the concentration of Schottky de-
fects (which are not easy to determine exactly) strongly influences
this peak position as shown in Fig. 11b, which was not precisely deter-
mined in this work. Even most accurate chemical characterization
such as ERDA or RBS will not provide information about the Schottky
defect concentration. Therefore, we used chemical and structural inves-
tigations in combination with the density functional theory, to have at
least a plausible estimation.

5. Summary and conclusions

Based on our experimental and ab initio results we conclude that
single-phase cubic-structured coatings within the system Mo-Ta-N
can be stabilised by tuning their vacancy configuration. Vacancies on
the nitrogen sublattice (realised by a rather low nitrogen-to-total pres-
sure ratio pno/pr of 0.32 during reactive magnetron sputtering) guaran-
tee for single-phase cubic-structured solid solutions up to a high Ta
metal fraction, Ta/(Mo + Ta), of x = 0.76. Based on chemistry, lattice
parameter variation, and energy of formation considerations, their fcc-
Mo-Ta-N solid solutions basically follow the quasi-binary MoN 5-
Tagg75Nog7s tie line. Starting with a nearly 50% vacant N-sublattice in
fcc-MoNg s, especially these vacancy sites are occupied (with N) upon
increasing the Ta content x to 0.38, leading to continuously growing
compressive residual stresses, hardness and apparent fracture tough-
ness to —2.6 GPa, 30 GPa, and 7.2 MPavm, respectively. Here, o, H,
and K¢ reach their plateaus, showing deviations within the error of mea-
surement for Ta contents up to x = 0.69. With higher Ta contents, a sig-
nificant amount of metal vacancies will form, as the formation of
Tag g75No.g75 compounds (12.5% Schottky defects) is realistic based on
chemistry, lattice parameter, and energy of formation considerations.
Thereby, the compressive residual stresses, hardness, and apparent frac-
ture toughness decrease to —1.3 GPa, 27 GPa, and 5.4 MPavm, respec-
tively, at x = 0.76.

Preparing the coatings with a significantly higher pn./pr of 0.69 only
allows for a single-phase fcc-structured coating when x = 0, hence,
¥'-MoNg s,. This binary forms with partially ordered vacancies and ex-
hibits one of the highest compressive residual stresses of —2.3 GPa,
apparent fracture toughness of 6.8 MPavm, but also the lowest hardness
of 23 GPa among all coatings tested. With increasing Ta content to
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x = 0.33, soon a significant fraction of metal vacancies is formed
favouring the fcc phase and leading to a drop in the apparent fracture
toughness to 3.2 MPavm and compressive residual stresses to
—1.1 GPa, although the hardness increases to 28 GPa. Within the Ta-
content range 0.33 < x < 0.66, coatings contain only a small fraction
of a hexagonal phase, while higher Ta contents promote the formation
of the hexagonal phase.

The relatively small fraction of a hexagonal phase for coatings pre-
pared with high pn/pr if their Ta-fraction x is between 0.33 and 0.66, al-
lows us to draw a comparison with the single-phase fcc-Mo_<TaxN,
coatings prepared using low pna/pr with a fair degree of accuracy. In
other words, it allows to compare solid solutions stabilised by vacancies
either on both sublattices or N sublattice. Accordingly, cubic solid solu-
tions stabilised by vacancies mainly on the nitrogen sublattice clearly
outperform those stabilised by vacancies on both sublattices, especially
in terms of the apparent fracture toughness, by 140% on average. At the
same time, however, they also show higher compressive residual
stresses but a similar hardness.

Both hardness and apparent fracture toughness were found to corre-
late with residual stresses, which in turn are mainly controlled by the
energetic vapour flux during the coating growth. The simultaneously
good correlation with the VEC suggests that especially the hardening ef-
fect in single-phase fcc-Mo;_,Ta,N,, coatings could also originate from
changes in the electronic structure, by populating the shear-resistive
p-d bonding states.

The combination of experimental and theoretical studies allowed us
to provide deep insights into the role of microstructure and defects in
phase stability as well as hardening and toughening effects in the sys-
tem Mo-Ta-N. Our results demonstrate the power of defects (especially
point defects) in stabilising desired crystal structures (here fcc) and im-
proving mechanical properties (hardness in combination with apparent
fracture toughness) through the thereby tuned atomic (and possibly
even electronic) configuration.
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