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Elemental composition design is a common strategy for tuning the crystallographic structure of films, thereby
optimizing their mechanical properties. The evolution of film structure is highly dependent on both selection and
concentration of cation and anion elements. In this work, we utilized strong nitride-forming elements (Hf, Nb, Zr,
and Ta) and the weak nitride-forming element Mo as the metallic cations in a multi-principal element nitride
system. The nitrogen content in the (HfMoNbZrTa); 4Ny film was manipulated by varying the Ny/Ar flow ratio
(RN) during reactive magnetron sputtering. The results showed that the HfMoNbZrTa metallic film crystallized
weakly into a body-centered cubic (BCC) structure, yielding a hardness (H) of approximately 10.7 + 0.2 GPa. The
incorporation of nitrogen immediately induced a transformation from BCC to a face-centered cubic (FCC) pre-
dominated multi-phase structure at substoichiometric regimes (10% < Ry < 20%). A further increase of Ry to
>25%, i.e., at near-stoichiometric regimes, resulted in the formation of single-phase FCC structure. Hardness and
wear rates both reached their optimal values at Ry = 20-25%. The strengthening mechanism was elucidated
through density functional theory (DFT) calculations, which suggest that higher H of the substoichiometric film is

mainly associated with the increased local lattice distortion and the formation of a multi-phase structure.

1. Introduction

The transition metal nitrides (TMNs) with TM in groups of IVB, VB
and VIB (TM = Ti, Zr, Hf, V, Nb, Ta, Cr, Mo and W) are widely used as
protective films on cutting tools and other mechanical applications.
These films typically in a face-centered cubic (FCC) Bl-structure,
featuring a closely packed metallic sublattice with nitrogen atoms
occupying interstitial positions. This structure brings multi-bonding
characteristics of TMNs that could contribute to the cohesive energy,
i.e., ionic and metallic, which simultaneously, resulting in exceptional
properties such as high hardness, excellent wear resistance and corro-
sion resistance [1,2]. The properties of TMNs can be finely tuned by
varying the concentration of point defects, such as substitutional atoms,
interstitial atoms, and vacancies. It is well established that incorporating
aluminum (Al) into the Bl-type TiN lattice decreases the interatomic
distance as the Al content increases, leading to an enhancement in film
hardness [3,4]. Additionally, interstitial nitrogen plays a crucial role in

the material’s mechanical properties. For instance, the addition of 0.52
atomic percent nitrogen has been shown to enhance strength without
significantly compromising the ductility of multi-component equiatomic
alloys. This is attributed to the interstitial nitrogen atoms, which in-
crease resistance to cross-slip and promote dislocation multiplication
[5]. Notably, studies indicate that hardness and elastic modulus of TMNs
are highly dependent on the concentration of nitrogen vacancies, pro-
cessing similar hardening mechanism as those of interstitial nitrogen
[6].

Intensive studies have been carried out in recent years to attain
improved mechanical performance of multi-principal element nitrides
(MPENSs) in either conventional or extreme application environments
[7-10]. The complex composition feature of MPENs enable further
tunable film structure, and thereby allows for structure design with the
aim of elevating film mechanical properties. Research on (HfNbTiVZr)
Ny films shows that the presence of nitrogen vacancies, i.e., decreasing
nitrogen content in substoichiometric nitride, weakening strong and
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directional nitrogen p-metal d bonding states, and thereby decreases
both film hardness and Young’s modulus [11]. Besides, a reduction in
lattice constants has been observed as more nitrogen vacant site is
incorporated into FCC-type (AICrMoTaTiZr)Ny lattice, resulting in a
decrease in hardness [12]. Similar phenomena are discovered in
TiNbZrTa-based nitride system, where the decrease of nitrogen vacant
site, i.e., increase of nitrogen anion site, increases film hardness [13,14].
These studies indicate that the mechanical properties of MPENs are
generally linearly influenced by the concentration of point defects.

In addition to the anions, the mechanical properties of the above-
mentioned MPENs are proved to highly dependent on the nitride-
forming ability of the metallic elements. As an example, the strong
nitride-forming elements (Hf, Nb, Zr and Ta) contributes the higher
hardness of nitrides, while weak nitride-forming elements such as Mo
improves film toughness [15]. The strong nitride-forming elements,
generally from group IVB and VB, are more chemically stable compared
to those in group VIB. It is mainly due to the filling of electrons in an-
tibonding states within the system, e.g., for Mo-N, the cubic B1 structure
is energetically unfavorable, whereas a hexagonal structure is preferred.
In addition, experimental and theoretical studies prove that the struc-
tural evolution of group -VI nitrides is correlated with the number
density of nitride vacancies. Studies on Mo-N films indicate that the
NaCl-type y-MoNy phase is favored with x = 0.30-0.53, while at higher
nitrogen contents, e.g., MoNg g7, 7-MoNy phase with vacant sites on
nitrogen sublattice is usually achieved [16]. As such, the combination of
strong and weak nitride forming elements in MPENs enables structural
tailoring by simply manipulating nitrogen flow rate, and thereby
achieving desired film properties in mechanical applications.

In this study, HfMoNbZrTa is selected as the multi-principal element
family, where the evolution of structural and mechanical properties
within HfMoNbZrTa nitrides with regards to nitrogen content is
explored. The deposition process is achieved by using Hf35M025NbosZras
and Ta co-sputtering by direct current magnetron sputtering. Constant
target discharge powers are employed to keep nearly equal-molecular
metallic elements in the as-deposited films, with controllable nitrogen
percentage by alternating the No/Ar flow ratio. The film crystal structure
and mechanical properties, accompanied by calculations based on
density functional theory (DFT) are then carried out to understand the
correlation between film crystallographic structure and mechanical
properties. The current study could serve as the basic guidance for
composition selection and design for MPENS.

2. Experimental details
2.1. Film deposition

The (HfMoNbZrTa); xNx (0 < x < 0.5) films were grown in a high
vacuum sputtering system using a 3-inch HfssMoasNbasZras (99.95%
purity) compound target and a Ta (99.8% purity) single-element target
in co-sputtering configurations. One-side polished 10 x 10 mm-sized
silicon (001) was used as substrates. All substrates were cleaned with
petroleum ether and isopropanol for 20 min. Then they were mounted
on the substrate holder at a distance of 11 cm from the target surface.
Prior to deposition, the targets were sputter etched in Ar (99.997%
purity) atmosphere for 5 min to remove contaminants from the target
surface by ensuring that the substrate shutter was closed. Films were
grown at room temperature, i.e, without external heating. The
HfMoNbZrTa alloy interlayer was deposited using direct current
magnetron sputtering (dcMS) with a discharge power of 200 W and 50
W for HfpsMoasNbasZrys and Ta targets for 1 min, respectively.
(HfMoNbZrTa), xNy films were grown by introducing N5 (99.997% pu-
rity) and Ar (99.997% purity) into the chamber and adjusting the
throttle valve to maintain a working pressure of 0.45 Pa. The flow rate of
No/Ar was set to 0 sccm/40 sccm, 2 sccm/38 scem, 4 scem/36 scem, 6
scem/34 scem, 8 scem/32 scem, 10 scem/30 scem, 12 scem/28 scem and
14 scem/26 scem, resulting in Ny flow ratios (Ry = fi,/ (fn, + far) X
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100%, where fy, and far are the flow rate of Ny and Ar, respectively) of
0%, 5%, 10%, 15%, 20%, 25%, 30% and 35%, respectively. Both
HfysMogsNbasZras and Ta targets were operated in dcMS mode, with
target discharge power of 200 W and 50 W respectively, to maintain
nearly equal atomic percentages of metallic elements in
(HfMoNbZrTa); 4Ny films. The substrates were kept at floating potential
during deposition. All films were deposited for 2 h.

2.2. Film characterization

The crystallographic structures of the films as-deposited were eval-
uated by X-ray diffraction (XRD) spectrometer (D8 Advance, Bruker) in
a Bragg-Brentano (0-20) geometry with the Cu-Ka radiation (A =
1.540597 A). The recorded 20 ranges from 30° to 80° with a step size of
0.01° and a scan speed of 2°/min, with the acceleration voltage and
emission current set to 30 kV and 40 mA, respectively. Plan-view and
cross-sectional morphologies of the as-deposited films were measured
using a scanning electron microscope (SEM, Sigma 300, Zeiss). The
elemental composition of the films was evaluated by energy-dispersive
spectroscopy (EDS, X-Max, Oxford Instruments) in the same chamber.
The film grown at Ry = 20% was selected for detailed structural analysis
by using (scanning) transmission electron microscopy ((S)TEM, Talos
F200X G2, ThermoFisher) with a field emission gun operated at 200 kV.
The specimen for (S)TEM measurement was prepared with a focused ion
beam (FIB, Scios 2 HiVac, ThermoFisher). In this process, a 30 kV Ga ion
beam was used for initial polishing, followed by a subsequent 5 kV Ga
ion beam for the final polishing stage. Hardness (H) and elastic modulus
(E) of the as-deposited films were measured by a nanoindentation tester
(TTX-NHT3, Anton Paar) equipped with a Berkovich indenter. The
measurement was performed at a load of 5 mN and H and E were ob-
tained from the load-displacement curve according to the method of
Oliver and Pharr [17]. 5 indentations were performed for each sample,
and H and E values were calculated by averaging the results. H/E and
H3/E*? ratios were calculated to indicate film the elastic deformation
response of the films and its resistance to plastic deformation in surface
contact [18,19]. The effective elastic modulus (E*) was estimated using
the film elastic modulus (E) and Poisson ratio (v) [20]. Dry sliding
tribological investigations were carried out on a ball-on-disc tribometer
(MFT-5000, Rtec) fitted with a 6 mm diameter GCr15 ball in ambient
air. The normal load, sliding speed and sliding time were set to 5 N, 200
mm/min and 30 min respectively. The morphologies of the wear tracks
were analyzed using a 3D surface profiler (Contour Elite K, Bruker).
Wear rates K were calculated using the equation [21]:

where V is the wear volume (m3), F is the normal load (N) and S is the
sliding distance (m).

2.3. DFT calculation

Calculations based on density functional theory (DFT) were carried
out in order to get further understanding of film structure and hardness
evolution. A 3 x 3 x 3 HfMoNbZrTa supercell in the BCC (Im3m)
structure and a 2 x 2 x 2 (HfMoNbZrTa); xNx supercell in the FCC
(Fm3m) structure were selected as calculation models. The 3 x 3 x 3
HfMoNbZrTa supercell included 54 metal atoms (Hf: Mo: Nb: Zr: Ta =
11:11: 11: 11: 10), while the 2 x 2 x 2 (HfMoNbZrTa); 4Ny supercell
consisted of 60 atoms (Hf: Mo: Nb: Zr: Ta: N = 6: 7: 7: 6: 6: 28,
(HfMoNbZrTa)33N2g) and 64 atoms (Hf: Mo: Nb: Zr: Ta: N) = 6:7: 7: 6: 6:
32, (HfMoNbZrTa)32N32), giving a nitrogen percentage of 46.7 at.% and
50 at.%, respectively, in the (HfMoNbZrTa); 4Ny crystals. All supercells
were first constructed via the special quasi-random structures (SQS)
method generated using the mcsqs code [22] of the Alloy Theory
Automated Toolkit (ATAT) [23]. The density of states (DOS) of
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constructed crystals were then calculated by ab-initio calculations based
on DFT, using the Vienna Ab Initio Simulation Package (VASP) [24]. The
interaction between ions and electrons was simulated using the Pro-
jector Augmented Wave (PAW) method [25]. The Generalized Gradient
Approximation (GGA) with Perdew-Burke-Ernzerhof (PBE) potential
was used to describe the exchange correlation function [26,27]. To
ensure that the energy is converged to less than 1 meV per atom, the
plane wave cut-off energy was set to 520 eV [28], and the k-mesh over
the Brillouin zone was 3 x 3 x 3 Monkhorst-Pack sampling. The energy
convergence of self-consistency cycles and ionic relaxation was set up as
EDIFFG = —0.001 and EDIFF = 1E-7, respectively. The equilibrium
volume was obtained by fitting the third-order Birch-Murnaghan equa-
tion of state (EOS) [29]. The calculated results were post-processed by
VASPKIT [29]. The theoretical hardness (Hieo.) of the supercell was
calculated using the empirical model of Chen [30]:

0.585

Hipeo. = 2(G*/B?) 3
where G and B are the polycrystalline shear and bulk moduli, respec-
tively, of the material under consideration.

3. Results
3.1. Composition and crystal structure

The elemental composition, the atomic ratio between the nitrogen
and the total amount of metallic elements (N/Me), and the atomic ratio
between Ta and Me (Ta/Me) of (HfMoNbZrTa); «Nx films grown at
varied Ry are shown in Fig. 1. As can be seen in Fig. 1(a), all metallic
elements show nearly equal atomic ratio (+1.9 at.%). With the increase
of Ry, the nitrogen content in the as-deposited film increases, while the
overall quantity of metallic elements decreases. When Ry > 25 %, the
N/Me ratio reaches the maximum value of approximately 1 and remains
unchanged even with further increases in Ry (Fig. 1(b)). It should be
noted that the atomic percentage of Ta shows a variation of approxi-
mately 0.02 between the maximum and minimum Ta/Me values, as
shown in Fig. 1(c). This discrepancy is unlikely to be caused by differ-
ences in the hysteresis behavior of the Ta and HfssMo25NbasZros targets
due to the absence of a linear trend in the Ta/Me ratio.

Fig. 2 shows X-ray diffractograms of the (HfMoNbZrTa); 4Ny films,
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(HfMoNbZrTa)3oNog and (HfMoNbZrTa)3sN3o (corresponding to Ry =
0%, 20%, and 35%, respectively), and the corresponding theoretical and
experimental position of the peak in between 20 = 34° and 38° for
HfMoNbZrTa, (HfMoNbZrTa)3aNog and (HfMoNbZrTa)3aNsg. In Fig. 2
(a), the films grown under inadequate nitrogen flow rate (Ry < 5%)
show low crystallinity with body-centered cubic (BCC) 110 reflections,
consistent with previous findings where the HfMoNbZr-based alloy films
predominantly form an amorphous matrix under RT or 500 °C [31,32].
It is also clear that the BCC 110 diffraction peak shifts to lower 26 angles
as nitrogen is incorporated into the film. As Ry increases to 10%, higher
crystallinity FCC NaCl-type crystallographic structures with 111, 200,
220, 311 and 222 predominant diffraction peaks are seen at 26 = 35.2°,
40.8°, 59.0°, 70.5° and 74.3°, respectively. However, diffraction peaks
corresponding to the hexagonal structured n-TaN (004) and y-TasN
(100) planes (ICSD-644728, P63/mmc, space group 194 and
ICSD-290431, P63/mmc, space group 194, respectively) and p-MoaN
(112) peak (ICSD-30593, I41/amd, space group 141) are seen when Ry
= 20%. At 10% < Ry < 20%, the 111 peak intensity increases while that
of the 200 peak intensity decreases with the increase of Ry. On the
contrary, for the Ry > 25% cases, the peak intensity of 200 increases
with increasing Ry, accompanied by a simultaneous decrease of 111
peak intensity. For all the films grown at Ry > 10%, the reflections from
the FCC planes shift to lower diffraction angles with the increase of Ry,
indicating an increase of the out-of-plane lattice constant (agp) due to the
increasing amount of nitrogen incorporation in the crystallites (see ex-
amples of ag calculated using 111 and 200 peak in Fig. S1). This trend is
supported by the theoretical shift shown in Fig. 2(b)-(c), where the
theoretical peak position shifts to lower angles when comparing
HfMoNbZrTa (Ry 0%), (HfMoNbZrTa)3sNog (Ry = 20%) and
(HfMoNbZrTa)3aNs2 (Ry = 35%) cases. It is noteworthy that all exper-
imental reflections show lower peak positions as compared with those of
theoretical, which is mainly due to the increased lattice distortion under
the ion irradiation of rare gas ions [32].

The cross-sectional morphologies of (HfMoNbZrTa); x\Ny films are
illustrated in Fig. 3. The as-deposited films (Ry = 0% and 5%) show a
glass-like feature in the cross section which is consistent with the
identified broadened X-ray diffraction peaks (Fig. 2). As Ry increases,
the nitrogen containing films tend to grow towards columnar structure,
while with Ry > 30% the columnar structure is slightly weakened. This
phenomenon is in agreement with the previous studies [33-35] which

including  calculated X-ray diffractogram  for  HfMoNbZ:Ta, suggested the high nitrogen flow rate leads to a disordered film growth.
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Fig. 1. (a) Elemental composition, (b) the atomic ratio between the nitrogen and the total amount of metallic elements (N/Me), and (c) the atomic ratio between Ta
and Me (Ta/Me) of (HfMoNbZrTa), 41Ny films grown at N5 flow ratio (Ry) ranges from 0% to 35%.
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Fig. 2. (a) X-ray diffractograms of (HfMoNbZrTa); 4Ny films grown at N, flow ratio (Ry) ranging from 0% to 35%. (b) The calculated X-ray diffractogram and (c)
theoretical and experimental position of the peak in between 20 = 34° and 38° of HfMoNbZrTa, (HfMoNbZrTa)3>Nog and (HfMoNbZrTa)3,N3, supercell (corre-
sponding to Ry = 0%, 20%, and 35%, respectively). Theoretical X-ray diffractograms in between 20 = 34° and 38° shown in (b) are framed in blue box. Theoretical
and experimental diffraction positions from BCC (110) and FCC (111) planes in between 20 = 34° and 38° shown in (c) are framed by blue dashed lines.
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Fig. 3. Cross-sectional SEM micrographs of (HfMoNbZrTa); 4Ny films deposited at N, flow ratio (Ry) of (a) 0, (b) 5%, (c) 10%, (d) 15% (e) 20% (f) 25%, (g) 30% and

(h) 35%. The measured thickness of as-deposited films is labelled.

In addition, with the increase of Ry, the growth rate of these films de-
creases, correlating with the lower sputtering yield of nitrides formed on
the metallic target at high Ry.

To get a better understanding of the crystallographic structure and
the elemental distribution of the grown film, cross-sectional TEM and
EDS mapping are performed for the (HfMoNbZrTa); 4Ny film grown at
RN = 20% (Fig. 4). As shown in Fig. 4(a), the EDS mapping of the film
indicates uniform distributions of Hf, Mo, Nb, Zr, Ta, and N throughout
the film, with no noticeable elemental segregation. The low-resolution
cross-sectional image in Fig. 4(b) reveals the typical columnar struc-
ture of the as-deposited film, consistent with the observations in Fig. 3,
which should compare with the nearly amorphous structure of the
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HfMoNbZrTa film (Fig. S2). Stacking faults (SFs) are also observed in the
vicinity of grain boundaries as indicated in Fig. 4(b). In Fig. 4(f)-(h),
crystallites in FCC and hexagonal structures, and FCC-structured SFs are
identified as evidenced by their Fast Fourier Transformation (FFT)
patterns (see Fig. 4(i)-(k)).

3.2. Mechanical property

The values of H, E, H/E, and H3/E*? for (HfMoNbZrTa); 4Ny films are
shown in Fig. 5. As is depicted in Fig. 5(a), for 5% < Ry < 20%, which
corresponds to sub-stoichiometric film regime, the H and E of the as-
deposited films are significantly improved with the increasing Ry.
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50.nm

Fig. 4. Cross-sectional (S)TEM images and EDS mapping of the (HfMoNbZrTa); 4Ny films grown at Ry = 20%. (a) EDS mapping of Hf, Mo, Nb, Zr, Ta, and N. (b) Low-
resolution and (c)—(e) high-resolution cross-sectional images of the film at varied positions. (f)-(h) high-resolution images selected from blue-boxed, green-boxed,
and yellow-boxed area in (c)-(e), respectively. (i)-(k) are the Fast Fourier Transformation (FFT) patterns of (f)—(h).

However, this trend reverses when Ry reaches 20%, as H gradually de-
creases with further increases in Ry. A similar trend is observed in the
changes of the H/E and H3/E* ratios as Ry increases, where maximum
values occurring at Ry = 20% (Fig. 5(b)). Notably, a similar H/E value is
achieved for 20% < Ry < 30%. Since higher H/E and H3/E*? values
generally indicate better abrasion resistance of the films, it can be
inferred that the optimal abrasion resistance is achieved when the Ny
flow ratio ranges between 20% and 30% [18].

3.3. Tribological property

The coefficient of friction (COF) as a function of sliding time, wear
track 2D profiles, average COF, and wear rate of the (HfMoNbZrTa); xNy
films grown at varied Ry are shown in Fig. 6. As shown in Fig. 6(a), all
films exhibit typical tribological stages: the COF rises sharply in the run-
in period due to the high surface roughness of the film and counterpart,
followed by gradual smoothing of the interface leading to a near-stable
COF value during the steady-state period [36]. A much lower COF value
(~0.4), accompanied by significant fluctuation of COF curve at
steady-state period is seen for the Ry = 0% film as compared with films
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grown at higher Ry. This indicates a complete failure of the film (see the
wear depth in Fig. 6(c)), which is in line with the reported phenomenon
[8,31]. As Ry increases to 5%, the COF value is still low but with a much
lower wear depth as compared with that of Ry = 0% film, i.e., without
any film wear-out phenomenon. Higher COF values are seen for film
grown at Ry ranges from 10% to 35%, which is identical to the previous
article [37]. However, slightly lower average COF values are observed
for Ry = 15%, 20%, and 35% are identified as compared with those in
the same Ry range (Fig. 6(b)). As shown in Fig. 6(c) and (d), the wear
depth of wear track for Ry = 35% film is much higher than the films
grown at 5% < Ry < 30% which is identical with the estimated wear rate
of films in Fig. 6(e) that the Ry = 35% film exhibits the highest wear
rate. As seen in Fig. 6(d) and (e), Ry = 25% film generally has the lowest
wear track depth and wear rate.

3.4. Density of states and electron localization function

To further understand the structural evolution of the films at varied
nitrogen content, calculations based on DFT are performed. Total den-
sity of states (TDOSs) of HfMoNbZrTa, (HfMoNbZrTa)ssNag and
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Fig. 5. (a) Hardness (H) and elastic modulus (E), and (b) H/E and H3/E*? of (HfMoNbZrTa); 4Ny films on Si substrates deposited at different N, flow ratio (Ry).

(HfMoNDbZrTa)3sN32 (corresponding to Ry = 0%, 20%, and 35%,
respectively), and the partial electronic density of states (PDOSs) of
(HfMoNDbZrTa)3sN3, are shown in Fig. 7. As seen in Fig. 7(a), the TDOSs
values of the crystals are all not zero at Ep, showing metallic charac-
teristics for both HfMoNbZrTa alloy and nitrides. However, the TDOSs
value at Ep decreases with the increasing N, indicating an increase of
chemical stability of crystals. In addition, (HfMoNbZrTa)3oN3y shows
the closest position of pseudo gap (Pgap) to Ep (marked with a black
dashed circle in Fig. 7(a)). As the shift of Pg,p position in the TDOSs
correlates with changes in Me-N bond strength, (HfMoNbZrTa)3oNss
thereby exhibits highest bond strength [38]. As illustrated by PDOSs of
the elements in (HfMoNbZrTa)3oNss (see Fig. 7(b)), the d-orbitals of
metallic elements and p-orbitals of N have hybrid phenomena at the
energy of —9 to —3 eV demonstrating that Me-N bonds exists between
the metallic atom and the nitrogen [39].

To further elucidate the bonding structure, electron localization
function (ELF) of HfMoNbZrTa, (HfMoNbZrTa)35Nog and (HfMoNbZr-
Ta)3aN3y are calculated. (100) plane ELF of the crystals are shown in
Fig. 8. For HfIMoNbZrTa, metallic atoms are surrounded by lower ELF
values, which is in line with DOS results (Fig. 7). This structure is
interrupted by the incorporation of N into the system as higher ELF is
formed around the N atoms, indicating a higher degree of localization of
the Me-N bond [9].

4. Discussion

An evolution of film crystallographic structure regarding the varied
Ry is generally identified in Figs. 1-4. The observed structure of
(HfMoNbZrTa); xNx films with low N concentration (typically the case
RN = 5%) is nearly amorphous which is similar with that of HfMoNbZrTa
film (Ry = 0%, see Fig. S2) but with nitrogen defects, resulting in a shift
of reflections to lower 20 angles. The shift of diffraction peak follows the
DFT calculations where the incorporation of N causes an expansion of
lattice (see Fig. 2(b) and (c)). As 10% < Ry < 20%, multi-phase struc-
ture, containing n-TaN and y-TagN, is achieved, followed by p-MoaN
appearing at Ry = 20%. The formation of multi-phase is mainly due to
the insufficient nitrogen in the film [40]. In particular, it has been re-
ported that p-MoNy preferentially forms at low nitrogen partial pressure
as well as low growth temperature which transforms to FCC-structured
y-MogN at high nitrogen partial pressure [41-44]. Moreover, according
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to Ref. [45], the enthalpies of mixing of N with Hf, Nb, Zr, Ta, and Mo
were identified as —218, —174, —233, —173, and —115 kJ/mol,
respectively, indicating that Mo-N is not as stable as the other nitrides
[8]. Despite the similar mixing enthalpies of N with Ta and Nb, Ta-N
phases exhibit lower stability compared to Nb-N phases within the same
group, as reflected in the higher equilibrium pressure required for their
formation [46].

The X-ray diffractograms (Fig. 2(a)) clearly show a shift in the
preferred orientation of the FCC phase, transitioning from the (111)
plane to the (200) plane, with the increase of Ry. The mechanism of
texture evolution for transition-metal nitrides are actually similar: the
(111) plane possesses the lower strain energy and higher surface energy
as compared to that of the (100) plane, of which the texture transforms
toward 111 when strain energy between (111) plane and (100) plane is
enlarged as compared with the surface energy between these two planes
[471]. In this study, films grown at Ry < 25% are non-stoichiometric, i.e.,
with high number density of nitrogen vacancy defects, resulting in the
deviation of lattice parameter from ideal one. The lattice strain gener-
ated by nitrogen vacancy will thus induce a film growth dominated by
(111) plane. This lattice strain will be released as more nitrogen is
introduced into the lattice, which results in a texture transformation
from 111 to 200. It should be noted that the texture evolution can also be
attributed by the incident particle energy. Greene et al. [48] suggested
that the higher incident energy leads to larger adatom mobility,
inducing a change in film growth direction from [111] to [100], i.e.,
from the (111) plane to the (200) plane. In this study, the evolution of
film growth orientation is not expected to be related to the incident
particle energy, as the substrate was kept floating and there was no
significant change in the discharge voltage for all series.

The hardness of (HfMoNbZrTa); 4Ny film increases and then decrease
with the increasing of Ry (Fig. 5), where only the Ry = 35% reaches N/
Me value of ~1 (Fig. 1). In our results, the increasing hardness of as-
deposited film at elevated Ry indicates high correlation with the
change in TDOSs and ELF values (Figs. 7 and 8), where higher localized
Me-N bond is formed resulting in higher local lattice distortion [32].
However, this mechanism is not able to explain the hardness decrease
with further increase of Ry (Ry > 20%) as the higher bond strength
formed in Me-N will not cause any hardness deterioration with the
further nitrogen incorporation in the substoichiometric nitride. Indeed,
some research reported a significant hardness increase when dual-phase
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Fig. 6. (a) Coefficient of friction (COF) as a function of sliding time, (b) average COF, (c) and (d) 2D profiles of wear tracks, and (e) wear rate of the (HfMoNbZrTa);.
«Nx films deposited at different N, flow ratio (Ry). The wear rate in (e) is averaged from 3 measurements.

structure is formed in the film, attributed to distinct plastic deformation
mechanisms and interface interactions within the structure [31,49-51].
Here, the observed multi-phase structure of the as-deposited film at 10%
< Ry < 20% also contributes to increased film hardness (see Fig. 4(f)-
(g)). Moreover, as SFs are observed in the vicinity of grains for
(HfMoNbZrTa); 4Ny film grown at Ry = 20% (see Fig. 4(b)-(e), and (h)),
we also attribute the increase in hardness to interface hardening resulted
from the introduction of planar defects. The high density SFs serve as
barriers to dislocation motion, thus further increase the hardness [52,
53]. As the multi-phase structure disappears at higher Ry, film hardness
gradually decreases. In addition, the texture changes from 111 to 200 is
also supposed to cause a film hardness drop as shown elsewhere [54]. To
further support the above conclusion, we calculate the theoretical
hardness of single-phase (HfMoNbZrTa); xNx supercell with nitrogen
concentration of 0, 46.7, and 50 at.%, respectively (with the same model
in Figs. 7-8), and compared with trends observed in films grown at
varied Ry (Fig. 5). The theoretical hardness increases with the increase
of nitrogen percentage, which is consistent with our previous conclusion
that the Me-N bond strength gradually becomes stronger with the in-
crease of N content, leading to higher hardness. However, this trend is
different from the experimental one as higher hardness is achieved by
the film with nitrogen concentration of 46.7 at.% instead of the 50 at.%
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series. It should be noted that the calculation of Hy,, considers only the
changes in shear modulus and the bulk modulus following the nitrogen
concentration in the crystal, and thus the absolute value is not compa-
rable between Hy,e, and H [30]. In general, the strengthening mecha-
nism mentioned above is further proved by the results shown in Fig. 9.
The strengthening of film by means of multi-phase structure is also
shown to benefit film tribology performance where films grown at 20%
< Ry < 30% exhibits lowest wear rate. As higher H/E and H3/E*2
represent higher elastic strain to failure and enhanced resistance of the
film to plastic deformation, we attribute the elevated tribological per-
formance of films grown at this Ry range to the higher H/E and H3/E*2
values (see Fig. 5). In general, we demonstrate the positive effect of
multi-phase structure on the mechanical properties of grown
(HfMoNbZrTa);.xNx films, where the structure can be simply tuned by
varying the nitrogen concentration within the film. Based on the present
work, we expect great interest in quantifying the effect of multi-phase on
the film properties as well as tailoring such structures using other
methods, e.g., ion bombardment from energetic particles.

5. Conclusion

In this study, we demonstrate the structure and properties of
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(HfMoNbZrTa); 4Ny films are highly dependent on the nitrogen content,
which can be used for tailoring film properties for varied applications. At
Ry < 5%, the crystallographic structure of the as-deposited film is
mainly composed of nearly amorphous body-centered cubic (BCC)
structure, with the peak position shifting to low diffraction angles as Ry
increases. A face-centered cubic (FCC) predominated multi-phase
structure appears at 10% < Ry < 20% with a strong (111) crystallo-
graphic orientation of the FCC phase. When Ry > 25%, the multi-phase
structure transitions to a single-phase FCC-type structure, accompanied
by a preferred orientation change from (111) to (200) with increasing
Ry. The highest hardness, peaking at 34.9 + 2.6 GPa, is achieved for Ry
= 20%, where a multi-phase structured substoichiometric film is iden-
tified. The trend of hardness measured from the as-deposited film in
relation to nitrogen content significantly differs from that of single-
phase material calculated based on density functional theory (DFT),
indicating that the high hardness is partly attributed to the formation of
multi-phase structures. The overall change in wear rate approximately
correlates with hardness, with the minimal wear rate of 3.6 x 107 m3/
(N'm) achieved by the film grown at Ry = 25%. This research, in gen-
eral, furnishes new insights into the effect of nitrogen content on the
crystallographic structure of (HfMoNbZrTa); 4Ny films, revealing new
possibilities for tailoring the mechanical properties of MPENs through
structural design.
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