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ABSTRACT

Synthesis of high-entropy sublattice nitride (HESN) coatings by magnetron sputtering is typically done using custom-made alloyed targets
with specific elemental compositions. This approach is expensive, requires long delivery times, and offers very limited flexibility to adjust
the film composition. Here, we demonstrate a new method to grow HESN films, which relies on elemental targets arranged in the multica-
thode configuration with substrates rotating during deposition. TIVNbMoWN films are grown at a temperature of ~520 °C using Ti, V, Nb,
and Mo targets operating in the direct current magnetron sputtering mode, while the W target, operated by high power impulse magnetron
sputtering (HiPIMS), provides a source of heavy ions. The energy of the metal ions Ey, is controlled in the range from 80 to 620 eV by
varying the amplitude of the substrate bias pulses V, synchronized with the metal-ion-rich phase of HiPIMS pulses. We demonstrate that
W irradiation provides dynamic recoil mixing of the film-forming components in the near-surface atomic layers. For Ew, >320eV the
multilayer formation phenomena, inherent for this deposition geometry, are suppressed and, hence, compositionally uniform HESN films
are obtained, as confirmed by the microstructural and elemental analysis.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1116/6.0003065

I. INTRODUCTION The scientific interest and industrial perspectives of HEAs are
very high due to several characteristic effects such as high-entropy

Protective thin films capable of withstanding harsh environ-
effect (stabilization of the solid solution phase due to high con-

mental conditions significantly improve the physicomechanical ) X SO S
properties of a wide range of tools.'® Layers based on high-entropy figurational entropy), sluggish diffusion effect (reduced diffusion

alloys (HEAs) of metals” and their nitrides® " are among the most coefficients compared to pure metals), lattice distortion effect (dis-
recent advances in the field, with a present high research activity. tortion of the lattice due to the random distribution of atoms), and
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cocktail effect (properties that are not present in any of the alloy com-
ponents)."” A combination of these factors increases phase and
thermal stability, the rate of diffusion decreases, while the movement of
dislocations becomes more difficult."” This inhibition of defect migra-
tion, in turn, is reflected in the improvement of mechanical and tribo-
logical properties."*'> At low substrate temperatures T}, up to 200 °C,
an amorphous or quasiamorphous structure may form, while for T in
the range 400-700 °C, HEAs crystallize with the formation of a solid
solution based on body-centered-cubic (bcc), face-centered-cubic (fcc),
or hexagonal (hex) phases, or their mixtures.' "™

A HEA can be strengthened by introducing small atomic size
chemical elements such as boron, carbon, oxygen, or nitrogen to
create high-entropy sublattice nitride (HESN) in the latter case:
single-phase solid solution with the anion sublattice occupied by
nonmetal atoms.'””” HEA and HESN are typically synthesized by
magnetron sputtering using alloyed targets.”' > Such targets are
custom-made with very specific elemental compositions. The price
tags are high, and the delivery times are long. Another important
limitation of using alloy targets is the lack of possibility to tune the
elemental composition, which is often necessary for reaching a spe-
cific property.”®

To address these issues, we propose a new method, which
relies on elemental targets of the selected metals mounted on sepa-
rate magnetrons in a multicathode sputtering system with rotating
substrates, such that the average composition of resulting films can
be easily controlled by varying the power to each magnetron. To
suppress inherent multilayering, the growing film surface is period-
ically exposed to the flux of heavy metal ions provided by the
target operating in the high power impulse magnetron sputtering
(HiPIMS) mode.””*® The thickness of the ion mixing zone is deter-
mined by the metal ion energy, which is controlled by the ampli-
tude of the negative substrate bias pulses V; applied synchronously
with metal-ion-rich portions of HiPIMS ion fluxes when substrates
are facing the ion source.”” The qualitative details of collision cas-
cades, such as recoil distribution and the ion penetration depths,
are obtained from simulations in the open software environment
TRIM.” We demonstrate the practical implementation of this
method using TIVNbMoWN as a model HESN materials system.

Il. EXPERIMENTAL DETAILS
A. Film deposition

The depositions are performed in a CemeCon AG CC800/9
magnetron sputtering system. The schematic illustration in Fig. 1
shows the experimental layout for the HiPIMS/DCMS (direct
current magnetron sputtering) experiments. Four targets operating
in the DCMS mode (Ti, V, Nb, and Mo) and one W target driven
in the HiPIMS mode are used.

Elements with different masses and different reactivity to N,
are selected to demonstrate the method’s versatility.
10 x 20 X 0.5 mm> Si(001) substrates are cleaned in acetone and
isopropanol before mounting at the target-to-substrate distance of
18.5cm. System base pressure is lower than 0.5mPa
(5x107° mbar). Before deposition, the chamber is heated up for
2h to degas the system and reach the required substrate tempera-
ture, Ty, of ~520°C. To minimize the potential surface chemistry
modification, the vacuum chamber was vented after the substrates
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HIPIMS 1

FIG. 1. Top-view schematic illustration of the experimental setup used for film
depositions.

had cooled down below 180 °C.”" The total pressure during sputter-
ing is 0.4 Pa. Depositions are carried out with an N,/Ar flow ratio
of 0.18 + 0.01 as regulated by an N, feedback loop.™

The average HiPIMS and DCMS cathode powers are kept
constant at  Py,=084kW, P;;=02kW, Py,=0.54kW,
Pnp=0.23kW, and Py, =045kW (see Table I). These power
values are chosen to obtain the composition of the metal (cation)
sublattice close to TisV,;NbsMos;4sWss, which was predicted by
machine learning to have an optimum value of hardness and
thermal stability among single-phase HEAs based on common
refractory metals (Ti, V, Cr, Zr, Nb, Mo, Hf, W)

The HiPIMS pulsing frequency is 200 Hz and the pulse length
is set to 30us, which provides a target current density Jr in the
range of 1.00-1.04 A/cm”. The reported J values can be considered
lower limits since they are based on the entire target area
(440 cm?).

A negative pulsed substrate bias voltage V; is applied synchro-
nously with the target pulse.”>”* 200 us long bias pulses are applied
without the offset with respect to the HiPIMS cathode pulses. Film
growth with V=60, 300, and 600 V is tested to evaluate the effect
of bias amplitude (hence, the ion energy and momentum) on the
extent of intermixing.

The deposition time is 200 min for films grown with V=60V
and 280 min for layers grown with V=300 and 600 V. The result-
ing layer thicknesses are in the range 1.3-1.7um. The substrate
rotation speed was 3.08 rpm.

B. Characterization techniques

Film thickness and morphology of the films are studied by a
ZEISS Sigma 300 scanning electron microscope (SEM) operated
with an acceleration voltage of 3kV and a working distance from
2.3 to 5.3 mm. The elemental compositions were determined by an
Oxford Instruments energy dispersive x-ray spectrometer (EDS)
coupled to the SEM using Aztec software. Composition depth
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TABLE I. Deposition parameters for TiVNbMoWN films.

Time (s) Power (W)
Composition Total Per revolution V.V Ti \Y% Nb Mo w
TigV,,Nb,Mos, W3, N 12 000 19.5 60 200 540 230 450 840
TigV2NbyMo3s W34 N 16 800 19.5 300 200 540 230 450 840
TigV 1oNb,Moss WasN 16 800 19.5 600 200 540 230 450 840
profiles were obtained using the time-of-flight elastic recoil detec- Determination of the stress in the textured coatings was
tion analysis (ToF-ERDA), employing a 36 MeV '’I*® primary carried out by determining the curvature of the substrate by per-
beam incident at 67.5° to the sample normal and detecting recoils forming rocking curve measurements of the (400) reflection of the

at an angle of 45° with respect to the primary beam.”® Samples for single crystal Si-substrate.”® A PANalytical Empyrean diffractome-
transmission electron microscopy (TEM) analysis were prepared by ter was operated in point focus and equipped with 3-bounce

employing mechanical thinning, followed by Ar" ion milling until Ge (200) monochromators as the primary and secondary optics,
electron transparency. Cross-sectional TEM images and selected respectively. Rocking curve measurements were performed at
area electron diffraction (SAED) patterns were recorded by a FEI nine different locations along a straight line on the sample, oriented

Tecnai G*> TF 20 UT instrument, operated at 200kV. Scanning perpendicularly to the rocking rotation axis. The substrate-
TEM (STEM) high-angle annular dark-field (STEM-HAADF) curvature radius, R, is then determined as the slope of a plot of the
imaging was performed using a Linkdping double corrected FEI measurement positions, x, versus the peak position of the rocking
Titan> 60-300, operated at 300kV. The STEM probe used a curve, o,
21.5 mrad convergence semiangle, which provided sub-A resolution
with ~60 pA beam current. The HAADF-STEM images were
recorded using an angular detection range of 46-200 mrad. XRD

Ax

was performed in Bragg-Brentano configuration with point-focus R= Aw' M
Cu-K,, radiation using a Philips X’Pert MRD system. N

The Vantage Alpha Nanotester (Micromaterials Ltd., UK) 2
equipped with a Berkovich tip is used to reveal nanoindentation The intrinsic radius of the bare substrate is much greater than £
hardness H. Depth indentations are performed with a constant the radius induced by the coatings; therefore, the influences of %
load of 20 mN during a dwell period of 5 s, resulting in indentation intrinsic substrate radius are neglected. The stress of the coating is 3
depths <15% of the total film thicknesses. These conditions allow then calculated by the Stoney equation,” S
for minimizing elastic behavior from the substrate during the mea- 3
surements. The reported H and E values follow the Oliver and ]

Pharr rule,”” while the standard deviation errors are extracted from 1 E ki1

25 indents (separated by 40 um in square grids). 71— Vs EE ’
Repeated measurements of reduced Young’s modulus were

carried out on the thinnest TiVNbMoWN film (1.3 pm) grown

with V=60 V. With the maximum load of 30 mN (resulting in an where o is the residual stress, and E; and v, are the elastic modulus

indentation depth of ~19% of the film thicknesses), the reduced and Poisson’s ratio of the substrate, respectively. For Si (001),

Young modulus was 319.7 + 4.0 GPa. If a load of 20 mN was used the modulus E,=165GPa and v,=0.22 at room temperature."’

instead (resulting in the indentation depth equal to 15% of the film hs=430 um and hy = 1332 + 1663 nm (Table II) are the thickness of

thickness), the reduced Young’s modulus was 311.7 +5.7 GPa, the substrate and coating, respectively.

which is the same result (within error bars). Thus, we conclude Consequently, the bending moment from the coating and

that the substrate influence on the reported E, values is negligible. resultant flexure stress can be neglected.’

@

TABLE II. Thickness, the multilayer period (A), and the chemical compositions of the TiVNbMoWN films.

Thickness
(nm) Elemental composition (at. %)
VoV Full A Ti A% Nb Mo w Ar (@) N
60 1332 2.16 33+0.1 12.8+£0.2 24+0.2 18.5+£0.2 17.1£0.2 0.8+£0.1 1.1£0.1 441+04
300 1663 1.92 3.2+0.1 12.1£0.1 25%0.1 19.0£0.1 18.7+£0.1 14+0.1 0.4+0.1 42.8+0.6
600 1570 1.82 2.9+0.2 10.3+£0.1 22+0.2 17.6 £0.1 20.1+0.2 4.8+0.1 0.4+0.1 41.8+0.6
J. Vac. Sci. Technol. A 41(6) Nov/Dec 2023; doi: 10.1116/6.0003065 41, 063108-3
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Ill. RESULTS
A. Chemical composition

The volume-averaged chemical compositions of the
TiVNbMoWN films determined by EDS and ERDA are presented
in Table II. The compositions of metals in the grown films are
Ti6V24Nb4M034W32, Ti6V22Nb4M034W34, and Ti5V19Nb4M033W38
for V=60, 300, and 600 V, respectively. With increasing substrate
bias amplitude, the W metal fraction increases from 0.32 to 0.38,
the Mo and Nb fractions do not change, while the V and Ti frac-
tions decrease from 0.24 to 0.19 and from 0.06 to 0.05, respectively.
These variations can be explained by the preferential resputtering
of lighter components (V and Ti) by heavy W ions, an effect that
increases with increasing W* incident energy. Given that the con-
figuration entropy parameter of the metal sublattice is ~1.36 R, all
films can be classified into the family of high-entropy sublattice
nitrides."”

According to the results of ToF-ERDA analysis, the nitrogen/
metal ratio in TiVNDMoWN films decreases with increasing

ARTICLE pubs.aip.org/avs/jva

substrate bias amplitude from Cy/Cy. = 0.82 with V,=60V to 0.77
and 0.79 with V=300 and 600 V, respectively. The oxygen concen-
tration decreases from 1.1+0.1at. % at V,=60V to 0.4 +0.1at. %
at higher V; values. This trend is indicative of the increasing film
density upon the increase in V,, which obstructs O diffusion along
grain boundaries.”” As all films are deposited at the same back-
ground pressure, oxygen adsorbed during growth cannot explain
these differences, which are, thus, assigned to inward O diffusion
upon air exposure. The Ar concentration increases from
0.8+0.1at.% with V=60V to 1.4+0.1 and 4.8 +0.1 at. % with
V=300 and 600 V, respectively.

B. X-ray diffractometry

The wide range 6-20 XRD scans obtained from
TiVNbMoWN films grown with V=60, 300, and 600 V are shown
in Fig. 2(a). All films are single phase with a fcc B1 NaCl crystal
structure, as evidenced by the presence of (111), (200), (311),
(222), and (400) reflections. No preferred orientation is observed

© Author(s) 2023

(111) (200) (220) (311) (222) (400)
a) s
-1 0 1 7]
410 1 S .
1084 B TigV4gNb,MogWyeN, V = 600V
—— TigV,,Nb,Mo,,Wy,N, V, = 300V
10°4 —— TigV,,Nb,Moz,W,,N, V, = 60V
s
T 1% Pt % \‘W \M 2
z o Mo
% 108 JHrmys W \Wﬂ %
£ LTIV - 8
107 34 “WNW \ 2
9
&
10" . . . : . : . 8
30 40 50 60 70 80 90 100
20, deg.
(111) (200)
b) -1 0 +1
-1 0 +1
e -M\
10°4 = -
5 8
© @
>
,-o@- At A
£ 10% [ TigV,gNbMozgWaeN, V, = 600V
— TigV,,Nb,Mos,W,,N, V, = 300V
\--..,-/ — TigV,4Nb,Mo,,Wa,N, V, = 60V
10%- . . . . . . . .
30 32 34 36 38 40 42 44 46 48 50
206, deg.
FIG. 2. X-ray diffractograms recorded from TiVNbMoWN films grown on Si substrates as a function of substrate bias amplitude: (a) 26 from 30° to 100°; (b) 26 from 30°
to 50°.
J. Vac. Sci. Technol. A 41(6) Nov/Dec 2023; doi: 10.1116/6.0003065 41, 063108-4


https://pubs.aip.org/avs/jva

JVSTA

Journal of Vacuum Science & Technology A

for films grown with V=60 and 300 V. XRD shows a slight shift
in the preferred orientation toward 002 for films grown with
V,=600 V.

The lattice parameter determined from Bragg’s formula is
0.4229 nm for films deposited with V=60V and V=300V, and
decreases slightly by increasing the bias amplitude to 0.4223 nm for
films grown with V,=600V. The crystal size, determined by the
Williamson-Hall method, decreases with an increase in the sub-
strate bias amplitude from 28.1nm with V=60V to 19.2 and
17.3nm with V;=300 and 600V, respectively. This effect stems
from an increased renucleation rate due to irradiation with heavy
W ions, which scales with increasing average energy and momen-
tum of incident ions.***

In the diffractogram from the TiVNbMoWN film grown with
V=60V, satellite peaks are observed around 111 and 200 reflections
[see Fig. 2(b)], revealing compositional modulation. Markedly, these
peaks are absent for films grown with V=300 and 600 V. The multi-
layer period (A) can be calculated from the following equation:*”

)VCuKon
= fCKe 3
2(sinf, — sinf,_;) 3)

where Ac,x, = 0.15405 nm is the wavelength of the incident x-ray and
6, is the diffraction angle corresponding to the ny-order peak in the
rocking curve. For the coating grown with V,=60V, L =2.09 nm for
(111) satellites and 1.97 nm for (200) satellites.

ARTICLE pubs.aip.org/avs/jva

case of V,=60V, the film has well-defined columns with a width
that increases as a function of distance from the substrate. With
V,=300V, the columnar structure is less defined and eventually
disappears in films grown with the highest bias amplitude of 600 V.
One effect is responsible for that— the disruption of the local epi-
taxial growth on individual columns due to radiation damage as a
result of high energy W ion bombardment.***’

The film deposition rate determined from SEM images is
6.48 nm/min with V;=60V and decreases to 5.78 and 5.46 nm/min
with V,=300 and 600 V, respectively.”****" Taking into account that
the substrate holder rotates at a speed of 3.08 rpm, the thickness depos-
ited during one complete revolution is 2.16 nm with V;=60V and
decreases to 1.92 and 1.82 nm with V=300 and 600 V, respectively.

The results of TEM analysis are shown in Fig. 4. For
TiVNbMoWN films grown with the substrate bias amplitude of 60V,
TEM and STEM images [cf., Figs. 4(a) and 4(c)] show the formation
of a layered structure with a periodicity of ~2.0 nm. With V;=300V,
the layers are not so well defined in TEM images but remain well-
resolved in STEM [cf,, Figs. 4(d) and 4(f)]. The periodicity extracted
from TEM and STEM is ~2.0 nm. At a bias voltage of 600V, the lay-
ering disappears in both TEM and STEM [see Figs. 4(g) and 4(i)],
revealing the formation of compositionally uniform HESN films.

The SAED patterns from all TIVNbMoWN films [Figs. 4(b),
4(e), and 4(h)] consist of mixed cubic 111, 002, 022, 113, 222, 004,
133, and 024 diffraction rings. Films are nanocrystalline as they do
not show any particular preferred crystallographic orientation.

© Author(s) 2023

C. Film microstructure D. Mechanical properties §
o
SEM  micrographs of fractured cross sections from The nanoindentation hardness H for TiVNbMoWN films §
o
TiVNbMoWN films deposited with V; varying from 60, 300, and grown with V;=60V is 23.7+0.5 GPa and increases to 28.9+0.4 &
600 V are presented in Figs. 3(a)-3(c). Based on the cross-sectional and 29.9 + 0.8 GPa for layers deposited with V=300 and 600V, S
images, there is no apparent porosity in any of the films. In the respectively. The reduced Young modulus decreases with an 3
a
g
=
300 nm
FIG. 3. Cross-sectional SEM images of thin films deposited on Si substrates with the amplitude of the synchronized substrate bias of TiVNbMoWN films: Vs =60 (a),
300 (b), 600V (c).
J. Vac. Sci. Technol. A 41(6) Nov/Dec 2023; doi: 10.1116/6.0003065 41, 063108-5
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5nm

FIG. 4. Cross-sectional TEM images (a), (d), and (g); SAED (b), (e), and (h) and STEM (c), (f), and (i) images for films grown on Si substrates: Vs =60 (a)—(c),

300 (d)~(f), and 600V (g)~(i).

increase in Vi from 311.7 +5.7 with V=60V to 296.0 + 3.6 GPa
with V=300V and 275.1 £ 5.1 GPa with V=600 V. Accordingly,
the resistance to plastic deformation characterized by H’/Er’
(Refs. 50 and 51) is 0.14 +£0.01 GPa for V,=60V, 0.28 + 0.01 GPa
for V=300V, and 0.36 + 0.02 GPa for V,=600 V.

The residual stress o is —1.1+0.1, —3.2+0.1, and
—4.3+0.2 GPa for TiVNbMoWN films grown with V=60, 300,
and 600 V, respectively.

IV. DISCUSSION

The results presented in the previous section demonstrate that
the amplitude of the substrate bias applied synchronously with the
HiPIMS pulse during the time the substrate faces the HiPIMS
target has a determining effect on the compositional homogeneity
of TiVNbMoWN films and resulting mechanical properties. TEM
and STEM images reveal that a multilayered structure is not

0Z:1€:51 £20Z JoqWaAON 9}
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significantly affected for films deposited with a relatively low V of
60V (corresponding to the W' jon energy Ey. =80¢eV), while
compositionally uniform HESN films are obtained with V=600V
(Ew, = 620 V).

To understand these effects, we need to consider that in mag-
netron sputtering, the average energy of ions impinging onto the
film surface is given by

E; = Ej, + ne(V,—V,), (4)

where E;, is the average energy of ions entering the anode sheath
(corresponding to the sputter energy), n is the ion charge state, V;
is the amplitude of the negative bias voltage applied to the sub-
strate, and V), is the plasma potential.”” We assume the collisionless
transport of the metal ions in the accelerating bias sheath, which is
reasonable given the mTorr-pressure range and sputtering
plasma.” Under the applied process conditions, E;, ~ 30 eV for W*
ions,” while V), is in the range 5-10 V."* Thus, E; = eV as the con-
tribution of doubly ionized W>* ions does not exceed a few %."

It is intuitively understood that for the complete composi-
tional mixing, the range of W induced collision cascades has to be
comparable to the thickness of the layer deposited in between two
consecutive exposures to W* flux from the HiPIMS source.”” The
thickness of the latter layer is not directly accessible as it would
require depositing films from DCMS sources only (with the
HiPIMS cathode off) while applying synchronized substrate bias.
As that is not possible to realize in the equipment used for these
experiments, we base the discussion below on the multilayer thick-
ness (which can be, in fact, considered the upper limit for the
thickness of the material deposited from DCMS sources) estimated
from (I) the total film thickness assessed by SEM divided by the
number of substrate revolutions (A), (II) positions of XRD satellite
peaks, and (III) TEM/STEM images. For coatings grown with
Vy=60V, the corresponding values are ~2.2 (I), ~2.0 (II), and
~2.0nm (III), respectively. The difference in values obtained by
different methods is attributed to experimental errors. Thus, the
average layer thickness is 2.1+0.1 nm. For coatings obtained at
Vy=300V, the values of the layer thickness are ~1.9 (I) and
~2.0 nm (III). Therefore, the average layer thickness is 2.0 £ 0.1 nm.
In the case of V=600V, no layered structure is observed by any of
the methods, but the thickness of the layer deposited in one revolu-
tion can be estimated to be ~1.8 nm (I).

For estimates of the depth of collision cascades, we use Monte
Carlo TRIM simulations of W* ions impinging onto a multilayered
MoN/NbN/TiN/VN/W,N/MoN/TiVNbMoWN structure,”’ reflect-
ing the sequence, in which targets are arranged in the deposition
chamber (cf.,, Fig. 1). Due to the limitations of TRIM at low ener-
gies, the presented discussion is based on qualitative comparisons.”*
In the simulation, the W" ion flux is directed along the surface
normal with constant ion energy of 80, 320, and 620 eV corre-
sponding to V=60, 300, and 600 V, respectively. The thickness of
each layer used for modeling (Table III) is calculated based on the
film composition obtained from the EDS analysis. We assume that
half of the atoms leaving the W target is ionized and contributes to
intermixing, while’ the other half is deposited as neutrals on the
surface of the growing layer.

ARTICLE pubs.aip.org/avs/jva

TABLE lll. Parameters for TRIM modeling.

Thickness (nm)

Layer V=60V  V,=300V  V;=600V  Density (g/cm3)
VN 0.52 0.42 0.35 6.13
MoN 0.74 0.66 0.60 9.46
W,N 0.34 0.33 0.35 17.8

NbN 0.10 0.09 0.08 8.47

TiN 0.13 0.11 0.10 5.4

The first clear effect of an increasing substrate bias amplitude
is that the W' implantation depth increases from 1.8nm with
Ve=60V to 3.2nm with V;=600V. The ion-induced mixing is
also affected, as revealed by details of recoil distributions plotted in
Fig. 5. With V;=60V (Ew, =80 eV), the near-surface intermixing
zone, defined by the average depth of collision cascades, corre-
sponds to the effective depth of Mo recoils (the number of other
recoils is negligibly small) and amounts to ~1.8 nm. The latter is
lower than the layer thickness grown during one full substrate rota-
tion, 2.02+0.10 nm; thus, the W™ ion energy of 80eV is insuffi-
cient to affect the entire layer deposited between two consecutive
substrate exposures to the HiPIMS cathode. As a consequence of
that, the films grow with a periodic structure [Figs. 4(a) and 4(c)],
with well-defined layers giving rise to XRD satellite peaks around
(111) and (200) reflections [cf., Fig. 2(b)].

With V,=300V (Ew, =320eV), the W' implantation range
increases to 2.5 nm [cf, Fig. 5(b)], which exceeds the average thick-
ness of the layer deposited during one full substrate rotation,
2.0 £0.1 nm, as calculated based on SEM, TEM, and STEM analy-

ses [Figs. 4(b) and 4(d)]. The effective W and Mo recoil ranges are :
~2.4nm, while the corresponding values for Ti, Nb, V, and N ;

recoils are ~1.9, ~2.0, ~2.2, and ~2.1 nm, respectively. This natu-
rally causes the blurring of layer boundaries in the TEM image
[Fig. 4(d)]. The smearing of the interfaces between the layers
results in the disappearance of the satellite peaks [due to the loss of
the square wave modulation, cf,, Fig. 2(b)] although the composi-
tional modulation is visible in STEM images [Fig. 4(f)].

With V=600V (Ew, =620 ¢V), the near-surface intermixing
zone extends to 3.2 nm [Fig. 5(c)], which is clearly more than the
thickness of the layer deposited during one substrate rotation
(1.8 nm): the W, Mo, N, V, Ti, and Nb recoil ranges are ~3.2, ~3.2,
~2.9, ~2.8, ~2.6, and ~2.7 nm, respectively. Under such condi-
tions, the W energy is sufficient to cause complete intermixing of
the DCMS-deposited material such that compositionally uniform
HESN films are obtained, as evidenced by the fact that no periodic
structures are observed in corresponding TEM and STEM images
[Figs. 4(i) and 4(g)].

Suppression of crystallite growth as a result of ion bombard-
ment contributes to an increase in the hardness in accordance with
the Hall-Petch relation:*>*® with the decrease in the crystallite size
from 28.1 to 17.3 nm, the hardness increases from 23.7+0.5 to
29.9+0.8 GPa with V=60V and 600V, respectively. In addition
to compressive stresses (see below), this mechanism has a major
impact on the hardness evolution.
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NbN VN In the experimental setup used here, W ion irradiation is
a) MoN  TiN W N MoN  TigV5,Nb,Moz,Wa,N active only when the substrate is in front of the HiPIMS cathode,
, W+ ions while for the rest of deposition time, the growing film surface is
197 — Mo exposed to gas ion irradiation. As a consequence of that, an
:Eb increase in V, from 60 to 600 V causes an increase in the average
4x107 i energy of Ar* jons incident at the growing film surface. This results
—V in an increase in the trapped Ar concentration from 0.8 £ 0.1 at. %
8 51074 —W with V;=60V to 4.8 0.1 at. % with V=600V, which is the main
= reason for the increase in the compressive stress from —1.1 + 0.1 to
—4.3 £ 0.2 GPa. The latter is (to some extent) responsible for the
observed increase in the film hardness.
> X It is well-known that an increase in the compressive stress
1x107 + N state leads to higher elastic modulus values.”” However, for
TiVNbMoWN films, E, decreases with increasing compressive
. .\ : . . . stress. This is explained by the structural modification as the film
0 5 10 15 20 25 30 35 transforms from the multilayer to a compositionally uniform struc-
Depth, A ture upon increasing the substrate bias amplitude. It has been dem-
onstrated (see, e.g., Ref. 58) that multilayer coatings tend to have a
) . higher reduced Young’s modulus. Thus, we assign the observed
) MoN - TiN VN MoN T|6V22l\\;\tl>:l\i/loc;3;W34N degérease in the reducegd Young’s modulus to the s'([gructural modifi-
5%107 Mo cation. The latter effect seems to dominate over the potential
——N increase in E, due to a higher compressive stress state.
. —Nb Detrimental effects of Ar* ion irradiation could be potentially
4x10" 4 T . . . . .
avoided by using a higher substrate rotation speed, which would
:xv allow to lower the bias amplitude values required to ensure a
homogeneous HEA composition. Our simulations (not shown)
indicate that V;=300V would suffice for 4 rpm rotational speed,
2%107 4 M which is close to the industrial practice. Another solution would be
to apply the second-order bias synchronization such that the sub-
strate  would be electrically floating while facing DCMS

toms/cm?)

/

2x107

C, (atoms/cm®

NbN VN

, (atoms/cm®)/(atoms/cm?)
w
3,

C
<
X
o

>,

B 1

magnetrons.
L Resputtering also is an important aspect that needs to be con-
5

y T . y . sidered if HESN films with specific compositions are desired. In :
10 15 20 25 30 35

Depth, A

0 . .
such a case, the loss of lighter elements can be easily compensated ;

for by increasing the power on the corresponding DCMS cathode.
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NbN VN
c) MoN TiN  W,N MoN  TigV,sNbMoz3W;eN V. CONCLUSIONS

"
5x107 - —:\,Avo o An original method for the growth of compositionally
—N uniform high-entropy alloy thin films is presented. The concept
axt07 :"I\'jib relies on using several elemental targets mounted on separate mag-
v netrons in a multicathode sputtering system with rotating sub-
W strates such that the composition of the films can easily be
= 3x107 7 controlled by varying the power to each magnetron. To avoid

substrate-rotation-induced compositional modulations over the

2x107 W film thickness, the growing film surface is periodically exposed to
the flux of W* ions provided by the W target operating in the
3 HiPIMS mode. This leads to the dynamic recoil mixing of the film-
=
15 20

/(atoms/cm?)

C, (atoms/cm®

1x107

forming components in the near-surface atomic layers, which
allows to suppress the multilayer formation. The thickness of the
ion mixing zone is determined by the metal ion energy and
momentum transfer, which are both controlled by varying the
amplitude of the negative substrate bias pulses V; that are synchro-
nized to W * -rich ion fluxes during the time period when the sub-
strate is facing the HiPIMS target. The method is cheaper than the
traditional approach that relies on the use of compound targets and
allows for large flexibility in adjusting the HEA composition.

)

25 30 35
Depth, A

FIG. 5. TRIM simulations of the effects of 80 (a), 320 (b), and 620 eV (c) W*
ion bombardment of MoN/NbN/TiN/VN/W,N/MoN/TiVNbMoWN films. Plots show
the distributions of primary recoils and implanted W ions.
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For demonstration of the basic principle, TiVNbMoWN films
are grown using Ti, V, Nb, and Mo targets mounted on DCMS
magnetrons, while the W target operated by HiPIMS provides a
source of heavy ions to ensure sufficient intermixing in the
topmost atomic layers. It is shown that by increasing V; from 60 to
600V, the multilayer structure, commonly obtained during deposi-
tion with rotating substrates, evolves toward a compositionally
uniform single-phase film. The critical parameter that controls the
growth is the relation between the thickness of the layer deposited
during one complete substrate rotation and the depth of
W*-induced collision cascades. Once the latter exceeds the former,
compositionally uniform high-entropy sublattice nitride films are
obtained.
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