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ARTICLE INFO ABSTRACT

Keywords: This study investigates the deposition of tungsten-nitrogen (WNy) coatings using high-power impulse magnetron
HiPIMS sputtering (HiPIMS), integrating experimental analysis and numerical simulations. We explore how varying N/
Thin ﬁlm . Ar flow ratios and energetic ion bombardment influence coating properties. Specifically, the characteristics of the
Transition metal nitride . s . X R . .

Microstructure ion flux impinging on the growing film were controlled by tuning the pulsed bias voltage applied to the substrate

in terms of its amplitude and synchronization to the HiPIMS cathode pulse. The nitrogen content of WNy coatings
increases with the No/Ar flow ratio but decreases with the bias amplitude. Additionally, the bias synchronization
to the main pulse influences film morphology and structure: a bias synchronous to the HiPIMS pulse onset favors
B-W2N crystallization while delayed bias induces film amorphization. Ionization Region Modeling (IRM) simu-
lations of relevant discharges were performed to predict the HiPIMS plasma composition and support the
interpretation of experimental results. Findings suggest that precise control over substrate bias in reactive

Synchronized bias

HiPIMS allows to tailor and achieve desired morphological and structural properties of WNy films.

1. Introduction

In recent years, transition metal nitrides thin films have become
critical for different applications, leading to the optimization of their
morphological, structural, and functional characteristics. In this context,
the case of tungsten-nitrogen mixed layers (WNy) is particularly inter-
esting. When employed for protective coatings, tungsten nitride in nano-
crystalline form exhibits exceptional hardness and wear resistance [1,2].
In the field of microelectronics, amorphous tungsten-nitrogen thin films
are employed as copper diffusion barriers thanks to their disordered
structure remaining stable during subsequent high-temperature pro-
cessing [3-5]. In addition, WNy mixed layers are formed on the surface
of tungsten when in contact with reactive environments containing ni-
trogen. As an example, in nuclear fusion research, the introduction of
nitrogen in the edge plasma has been proposed to control plasma-wall
interactions by reducing the energy of particles incident on tungsten,
the reference plasma-facing material. Under these conditions, the
growth of mixed layers containing tungsten and nitrogen is expected on
the reactor wall, requiring the investigation of their plasma performance
depending on their structure and morphology [6-8].

* Corresponding author.

Due to the variety of applications described for tungsten and nitro-
gen mixed films, it becomes crucial to tailor their macroscopic proper-
ties, including density, hardness, and wear resistance. In turn, these
characteristics are determined by the film composition, morphology,
and crystal structure. Regarding the latter point, the addition of nitrogen
to the bec crystal structure of a-W either results in a solid solution W(N),
or favors the formation of a new crystal structure consisting of an fcc
sublattice of W atoms [9]. The octahedral holes in the latter structure
can be filled by the nitrogen atoms, with half-filling resulting in the
cubic p-W3N phase, and complete filling giving rise to the hexagonal
6-WN phase. Composition and crystal structure were shown to be
directly related to hardness and wear resistance by Polcar et al. [10].
While for a solid solution the nitrogen incorporation increases hardness,
the transition to the $ phase results in a decrease, though also accom-
panied by the beneficial effect of lower residual stresses.

To control the microscopic properties of mixed thin films, Physical
Vapor Deposition (PVD) techniques are useful tools thanks to the pos-
sibility of optimizing growth conditions. A remarkable example is
reactive magnetron sputtering (MS), in which the role of working gas
pressure and cathode power on the properties of tungsten-nitrogen
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mixed layers has been clarified [11,12]. However, the relatively low
adatom mobility during conventional MS processes limited the use of
coatings deposited through this method [13]. Indeed, as far as sputtered
amorphous WNy films are concerned, their application as diffusion
barrier has been limited by the improved conformal coverage offered by
chemical techniques. Moreover, moving to crystalline coatings, the
formation of the p-W)N phase is thermodynamically unfavorable.
Therefore, sputter-deposited coatings are prone to develop poor crys-
talline quality and compressive internal stresses, requiring annealing
treatments above 600 °C to improve crystallinity [14-16].

Besides substrate heating, an alternative strategy for controlling thin
film growth and properties is energetic ion bombardment [17]. Among
the advanced PVD techniques able to supply an ionized matter flux, high
power impulse magnetron sputtering (HiPIMS) is steadily growing in
popularity because it enables the deposition of high-quality coatings
with a dense microstructure [18,19]. HiPIMS is a variant of the more
traditional direct current magnetron sputtering (DCMS), applying high
voltage pulses to sputter the material cathode at a low duty cycle. While
maintaining an average power compatible with the cooling re-
quirements of the cathode, the peak power density can reach values in
the range 0.5-10 kW/cm?, thus generating a high-density plasma and
promoting sputtered species ionization.

The ionization of film-forming species by HiPIMS and their energi-
zation through substrate biasing have been recognized as effective tools
besides substrate heating to control coating growth and characteristics
[20-23]. For various transition metal nitrides, including TiN, VN and
HfN, HiPIMS enables the production of films with good crystalline
quality, compact morphology, and controlled texture, even at room
temperature [24-26]. Moreover, heavy metal ion bombardment pro-
motes coating densification, as recently demonstrated for mixed tran-
sition metal nitride films by Pshyk et al. [27]. Focusing on the HiPIMS
deposition of tungsten nitride, Lou et al. [28] analyzed the role of the
nitrogen flow rate on the morphological, structural, and mechanical
properties of coatings obtained by superimposed HiPIMS and mid-
frequency pulses. In addition, Tiron et al. [6] investigated the plasma
irradiation performance of WNy thin films produced by multi-pulse
HiPIMS. However, neither of these recent investigations discussed the
effect of ion flux and energy on the thin films properties.

Given the importance of ion bombardment during film growth to
control and improve coating properties, understanding the evolution of
HiPIMS plasma composition and characteristics is critical. For this
purpose, time-dependent global plasma models such as the Ionization
Region Model (IRM) are useful tools [29,30]. Specifically, the IRM was
recently applied to model the HiPIMS tungsten discharge in argon [31].
In a complementary approach, the model predictions were also exploi-
ted to interpret both experimental measurements of plasma properties
[32] and the characteristics of HiPIMS-produced tungsten coatings [33].
However, to study tungsten HiPIMS discharge in an atmosphere con-
taining nitrogen, the model must be extended to properly include pro-
cesses introduced by the reactive gas (e.g., the target poisoning effect
[34-36]).

This work investigates the role of energetic ion bombardment in the
HiPIMS deposition of WNy mixed layers by a combined experimental
and numerical investigation. The ion flux and energy are controlled by
changing substrate bias voltage and timing with respect to the cathode
pulse. Regarding numerical simulations, an IRM is developed to describe
the HiPIMS plasma time evolution in an Ar/Nj reactive atmosphere. In
light of the results of IRM simulations, coating properties are interpreted
and discussed.

2. Methods
2.1. Experimental methods

Tungsten-nitrogen mixed films were deposited onto single side pol-
ished 500 pm thick (100) Si wafers cleaned using isopropanol. The
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HiPIMS equipment used in this work was described elsewhere [37].
Before each deposition, the vacuum chamber was evacuated to a base
pressure lower than 5 x 10™% Pa and then filled with a mixture of Ar
(99.999 % purity) and N3 (99.999 % purity). The chamber pressure was
kept constant at 0.5 Pa, while the two inlet gas flows were adjusted to
achieve No/Ar flow ratio of 10, 25, 50, and 75 %. One cathode was
equipped with a circular W target (diameter = 76 mm, thickness = 6
mm) and inclined of 18° with respect to the substrate normal. A dual-
channel SIPP2000 generator (Melec GmbH, Germany) was used to
power the cathode with HiPIMS pulses of 100 ps length at a duty cycle of
1.75 %. The average power was kept around 230 W. The deposition time
was set to 60 min in all cases and, to ensure deposition uniformity, the
sample holder was rotated at a uniform speed of 5 rpm in all cases. The
sample holder was not intentionally heated during the process. For the
case of 50 % gas flow mixture between Ar and Ny, 100 ps-long bias
pulses applied synchronously or with a delay of 60 ps with respect to the
HiPIMS pulse onset were considered. In both temporal configurations,
the bias amplitude was 50 V and 200 V.

The discharge voltage and current waveforms resulting from pow-
ering the tungsten cathode with the HiPIMS pulses described above were
acquired using a Rigol DS4034 oscilloscope. The concentration of
neutral and ionized species was qualitatively assessed by Optical Emis-
sion Spectroscopy (OES) measurements in the wavelength interval from
370 nm to 900 nm. For this purpose, in addition to the Ar—Nj mixtures
reported above, two HiPIMS plasmas and two DCMS plasmas ignited in
pure Ar and pure Ny keeping fixed the previously mentioned average
cathode power were studied as reference. Film thickness and morpho-
logical properties were measured with a Zeiss Supra 40 field emission
Scanning Electron Microscopy (SEM), operating at an accelerating
voltage of 10 kV. The composition was estimated using an Oxford In-
struments Peltier-cooled Silicon drift Detector, combined with the SEM
microscope. The film composition was estimated using the Aztec EDS
software. A sensitive analytical balance (107> g) was used to weigh the
samples before and after the depositions. Film density was estimated by
dividing the deposited mass by the volume, calculated from the depo-
sition area and the average film thickness obtained from cross-sectional
SEM images. The crystalline phase of the films was evaluated through X-
Ray Diffraction (XRD) analysis in Grazing Incidence geometry, per-
formed using a Panalytical X’Pert Alpha-1 diffractometer with a Cu-Ka
source and setting w equal to 1.0°. XRD peaks were fitted with Pseu-
doVoigt functions [38] to characterize the degree of crystallinity.
Although GIXRD is not well suited to assessing texture coefficients of the
growing film, we investigated peaks intensity variations to obtain pre-
liminary information on the preferred orientations, following the same
approach reported, e.g. by Pandey et al. for AIN [39] and Kumar et al. for
SnO, [40]. Raman analysis was performed using a Renishaw InVia
micro-Raman spectrometer equipped with a diode-pumped solid-state
laser (A = 532 nm) and an 1800 grooves mm ™! grating. The laser was
focused on the sample through a 50x objective, while the incident
power was set to 1 mW. Finally, thermal annealing was carried out on
selected samples at 400 °C in a high-vacuum home-made furnace (base
pressure 6 x 107> Pa, 10 °C/min heating ramp). The nominal temper-
ature was maintained for 2 h.

2.2. Numerical modelling

The Ionization Region Model described in [33] was extended to
include plasma and surface processes promoted by the reactive atmo-
sphere. First, six additional populations were included: cold and meta-
stable nitrogen molecules (N2, N5'), molecular nitrogen ions (N3), singly
charged nitrogen atomic ions (N*), cold and hot nitrogen atoms (NS,
N™). The latter population was included to describe particles back-
scattered from the tungsten target at high energy [41]. Preliminary
SRIM [42] simulations showed that N ions perpendicularly incident are
back-scattered from the surface with a probability of around 30-40 %
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and an average energy of approximately 100 eV, considering the
discharge voltage set in the 700-900 V range. The reactions relevant for
the time evolution of the new populations, along with their energy
thresholds and rate coefficients are reported in Table 1.

The target poisoning state is described by means of two additional
parameters: the surface (Og) and the bulk compound fraction (©g).
Indeed, nitrogen species impacting on a clean W surface are chem-
isorbed with a sticking probability that strongly depends on the incident
energy, surface temperature, and structure [45]. While a value as high as
0.6 was measured for clean (100) surfaces [46], much lower values are
found for other crystalline facets [47], therefore motivating the choice
of Sy2 — W = 0.1. Since atomic species generally have higher sticking
coefficients than molecular ones [48], a value of Sy_w =~ 0.5 was
assumed. The nitrogen saturation content on the tungsten surface was
estimated from the superficial atom density to be around 7 x 108 m™2
[48]. Moreover, the bulk nitrogen saturation was assumed to be 8 x
10'° m™2, corresponding to a shallow nitrogen implantation of less than
10 nm and limited diffusion [7].

Concerning the sputtering yields as a function of the impacting ion
energy, the fits reported by Anders [49] were used for Ar" sputtering
and self-sputtering yields related to the metallic portion of the target.
Instead, always concerning the metallic target, the sputtering yield of N
and N ions were retrieved from dedicated SRIM simulations. The same
was done to estimate the sputtering yield from the poisoned target for all
ionized species (Ar", W, W*, NJ and N'"), hypothesizing the formation
of a WN compound with a density equal to 12.1 g/cm® and a binding
energy for W and N equal to 7.75 and 5.65 eV [50], respectively.
Following [51], the sputtering yield from molecular nitrogen ion impact
on both clean and poisoned target regions is computed assuming an
equal division of the impact energy between the two nitrogen atoms
constituting the molecule.

The secondary electron emission yield y was obtained from literature
data when available. Specifically, for the impact on a clean W surface, a
value of 0.02 was reported for Nj and N* ions [52,53]. In addition, y =
0.094 was proposed for Ar" ions [54]. Instead, for doubly charged W
ions impacting on the clean W surface, as well as for all ionic species

Table 1

Reactions involving nitrogen atomic and molecular species implemented in the
IRM, along with their energy threshold and rate coefficients, taken from [43].
For hot electron impact reactions, corrections described in [44] were applied.

Reaction Energy thr. Rate coefficient k[m®/s]
[eV]
RDNy+e—-Nj+ 156 Ky, =Ky =1.95x
2e 10157  Bexp( — 14.4/T,)
RNy +esNI + 6.7 KC.y, = ki, —581x
e 10 %exp( — 7.57/T.)
(RINP+e-No+  —6.7 KC.y, =kl =2.3x 1074
hv
(R4 NJ +e—N; +  9.43 kG = kfim =3.39 %
2e

10" 3T, 0176exp( — 32.4/T,)*
(R5) N3 + e—2N + 9.76 Kaiss = 6.15 x 10715T98lexp( — 12.8/T,)
e
(R6) Nj + e—2N 9.76
(R7) Ny +e—=Ny +e -
(R8) NI + N;—2N,  —6.17 knp_n, =3.5x 10718
(R9) N+ e=N* + 14.54 Ky =kl =3.84x
2e 10-15T9%2exp( — 12.1/T,)
(RIO)N+esN+e  — kan = 2.18 x 107137, 08%exp( — 0.685/T,)
(R11) Ar* + No— - kare—n, =1.2x 10717

kdiss2 = 1.9 x 10715T,03
ke, =1.04x 107 13T943exp( — 0.206/T)

Ar+ Nj

(R12) NJ' + N— - knp oy =4x 10777
Ny + N

(R13) Ny + NT— - kn,-n+ =2x 107V
Ny + N

(R14)N; +N->Nz + - ky; v =1x 1077

N+
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impacting on WN poisoned layer, the correlation originally proposed by
Baragiola et al. [55] was adopted. Finally, the effective secondary
electron emission yields were calculated as y.; = y(1 — r), with an
electron recapture probability r = 0.7 [56,57].

3. Results and discussion
3.1. HiPIMS plasma characterization

Fig. 1a shows the HiPIMS discharge current and voltage waveforms
obtained applying 100 ps long pulses at a duty cycle of 1.75 % to a W
target in mixed Ar—Nj; atmospheres. In all cases, the discharge voltage
waveform exhibits a rectangular shape, while the current increases up to
a maximum and then decreases slightly before the pulse termination.
The increase in N flow fraction leads to a cathode voltage increase from
about 700 V to 950 V, needed to sustain the discharge. Correspondingly,
the peak current density decreases from 1.1 A/cm? for a pure Ar
discharge to 0.7-0.8 A/cm? for N, rich mixtures. This decrease suggests
that a higher reactive gas content limits the ionization efficiency during
the HiPIMS pulse. As described in Section 2.1, a fixed average cathode
power of 230 W was adopted, resulting in a constant peak power density
of 0.7 kW/cm?

Fig. 1b reports the Optical Emission Spectra of the HiPIMS plasmas
obtained with different Ar—Nj; gas mixtures. For comparison purposes,
spectra obtained from DCMS plasmas at similar average power in pure
Ar and N are reported. The spectra can be roughly divided into three
main regions. First, from 365 nm to approximately 550 nm almost all the
peaks correspond to emissions from neutral and ionized W species.
Notable exceptions are the two prominent emissions from nitrogen
molecular ions (N3) at 391 nm and 427 nm. The second region extends
from around 550 nm to 800 nm, where molecular nitrogen (N2) tran-
sitions are mainly observed. Partially superimposed is the third sector,
extending from around 750 nm to 895 nm. In this part of the spectrum,
mainly Ar and Ar" lines are found, together with a prominent peak at
870 nm corresponding to atomic Nemissions.

Comparing the spectra measured in all the HiPIMS plasmas with
those obtained in DCMS for pure gases, the latter mainly consists of lines
from working gas species (respectively argon and nitrogen), while the
former are dominated by emissions from tungsten neutrals and ions.
Specifically, in the long wavelength region, the atomic N peak around
870 nm progressively increases with the Ny flow fraction in HiPIMS.
However, in the central region, molecular N, bands are almost fully
suppressed in all gas mixtures in the HiPIMS regime. Fig. 1c reports a
detailed view of the low wavelength interval of the spectra, normalized
to their area for comparison purposes. In this spectral region, the peak
from Nj at 391 nm grows with the Ny flow fractions, especially when
compared to the decreasing W peak at 429 nm. However, even with a 75
% N, flow, the Nj peak intensity remains lower than that observed in
DCMS plasmas. This observation suggests a strong gas rarefaction effect
in HiPIMS, with the intense sputtering and ionization of tungsten lead-
ing to a depletion of neutral gas species in the ionization region, where
the optical emission is collected. As a result, the local concentration of
molecular nitrogen is reduced, limiting the formation and excitation of
Nj ions. In contrast, the progressively increasing atomic N peak at 870
nm indicates that the HiPIMS regime favors the production of atomic
species over molecular ions. This trend, specific to the HiPIMS regime,
indicates that poisoning of the target surface occurs more gradually
compared to DCMS.

The described dependence of current waveforms and OES spectra on
the Ny flow percentage could be described by an increasing yet incom-
plete target compound coverage during HiPIMS processing under the
conditions adopted in this work. It is worth noting here that these ob-
servations are contrary to the previous report by Lou et al. [28]. Indeed,
they found a triangular current waveform for all plasma compositions,
and a prominent NJ peak at 391.4 nm in spectra measured for Ny-rich
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Fig. 1. a) Time evolution of the HiPIMS discharge voltage and current density waveforms of a W target in mixed Ar—N, atmospheres. b) Optical Emission Spectra
acquired in the HiPIMS conditions of panel a), as well as in DCMS pure Ar and pure N, atmospheres, at the same average power. ¢) Magnification of panel b) in the
wavelength interval (370-450) nm, with the intensity normalized to the integrated area of the entire spectrum. In panels b) and c), the main optical emission lines are

highlighted for clarity.

mixtures, which was related to saturation of all surfaces with nitrogen.
This difference may be due to the higher peak current density employed
in this work, in otherwise similar discharge conditions. Indeed, consid-
ering the 50 % Ar—Nj, mixture, and normalizing the current to the
racetrack area, we get ~2 A/cm? (compared to ~0.3 A/cm?). The
enhanced target cleaning promoted by the metal ion self-sputtering
therefore extends the transition regime to higher Ny flow fraction,
before shifting to a fully compound-covered target.

3.2. Role of the plasma composition on coating features

The HiPIMS discharges in Ar—Nj mixtures characterized in the

previous paragraph were exploited to produce W—N mixed layers.
Fig. 2a shows the atomic percentage of nitrogen and oxygen in the
coatings, measured by EDX. By increasing the Ny flow fraction, the
stoichiometry of the coating progressively enriches in N, while the O
content remains low (around 5 %). Fig. 2b reports the density and
deposition rate of the produced layers. While N5 flow fractions of 10 and
25 % result in highly dense coating (17.3-18.8 g/cm?®), a steep decrease
is observed for N flows above 50 % (11.5-11.7 g/cms). The deposition
rate remains approximately constant for Ny flow fractions up to 50 %
(4.8-5.2 nm/min) and then decreases to 4.2 nm/min for a Ny flow
fraction of 75 %.

Fig. 3 shows the results of the structural characterization of samples
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Fig. 3. Structural characterization by a) Grazing Incidence XRD and b) Raman spectroscopy of WNy thin films obtained by HiPIMS in a mixed atmosphere with Ny
flow fraction of 10 %, 25 %, 50 % and 75 %. In panel a), nominal peak position corresponding to a-W and f-W,N are shown as vertical black and blue segments,

respectively. In both panels, measurements are stacked for clarity.

deposited at different Ny flow fraction by Grazing Incidence XRD
(Fig. 3a) and Raman spectroscopy (Fig. 3b). Concerning the latter
technique, it must be emphasized that a perfect fcc -WyN structure
would not present any Raman active mode. However, breakdown of the
translational symmetry due to vacancy defects promotes the appearance
of Raman signals resembling the vibrational density of states, i.e. the
low-energy acoustic (shift below about 200 cm™1) and the optical band
(centered around 470 cm ™) [58]. Ar-rich mixtures (10 % and 25 % Ns)
promote an amorphous structure. Indeed, fitting the Principal Diffrac-
tion Peaks results in a Gaussian function centered at 20 ~ 39.1° and
38.8°, with a FWHM of 5.4° and 5.7°, respectively. In both cases, the
Scherrer formula predicts a crystallite size of less than 2 nm, which is
consistent with amorphous metallic films produced by PVD techniques
[59,60]. Coherently, Raman characterization of these samples does not

show any signal. Previous works [10,61] have shown that the amor-
phous structure likely evolves by a progressive disordering of the
metastable S-W phase, in turn stabilized by small nitrogen in-
corporations. In this respect, the progressive displacement of the Bragg
peak toward lower angles (larger cubic cell) agrees with an increasing N
content trapped in the lattice.

The coating deposited with a 50 % N flow fraction shows a complex
structure consisting of amorphous W(N) and f-W3N phases. Indeed,
besides the Principal Diffraction Peak centered at 20 ~ 39.7°, five
additional signals compatible with a single fcc f-W,N structure are
observed. The presence of f-W3N and amorphous W, not predicted by
the equilibrium W—N phase diagram at low temperature [7], supports
the interpretation of a metastable structure formed under non- equilib-
rium HiPIMS deposition conditions. Finally, thin films deposited with a
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75 % N flow fraction only show the -W,N phase signals. In both the
latter cases, the diffraction peaks exhibited by the nitride structure are
downshifted with respect to their theoretical positions. Specifically, the
lattice constant computed from the position of the (111) peak results
4.26 A for the 50 % case and 4.24 A for the 75 % case. This indicates a
deformation of the structure characterized by an approximate 3 % in-
crease in lattice parameter, caused by excess nitrogen atoms occupying
vacant octahedral sites [6,62]. The application of the Scherrer formula
to the fitted f-W5N(111) peak results in a crystallite size of around 6 nm
for the 50 % case and 5 nm for the 75 % case. Raman spectroscopy shows
an increasing W—N signal for these two samples, confirming the for-
mation of a nanocrystalline, disordered f-WsN structure. It is worth
noting that, despite the presence of up to 5 at.% oxygen in the films (as
measured by EDX), no crystalline oxide phases were detected in the XRD
patterns or Raman spectra. This suggests that oxygen is either present in
amorphous form or incorporated at low concentrations within the
nitride matrix without forming separate oxide phases. The EDX results
should also be interpreted cautiously, as the technique has limited
sensitivity to oxygen in a tungsten-rich matrix, and a contribution from
post-deposition surface oxidation cannot be excluded. Fig. 4 displays the
SEM cross sectional and planar micrographs of these samples. For a Ny
flow fraction of 10 % and 25 % (Fig. 4a and b), the films grow featureless
resulting in a smooth surface with very low contrast at the SEM reso-
lution. On the contrary, when the Ny flow fraction is increased up to 50
%, a columnar growth typical of Physical Vapor Deposited coatings
under low substrate temperature conditions is observed (cf. Fig. 4c),
resulting in a surface constituted of nanometric grains. Further grain
refinement is observed in Fig. 4d, when the N5 flow fraction is increased
to 75 %.

The deposition of tungsten-nitrogen mixed layers (WNy) in a HiPIMS
plasma under varying Nj flow fractions revealed a strong correlation
between the nitrogen concentration, film morphology, and crystallinity.
The nitrogen content in the coatings increases with Ny flow fraction,
reaching nearly 50 at. % for the highest flow rate (75 %). However, the

a)

Surface & Coatings Technology 514 (2025) 132544

film density decreases sharply beyond 50 % No, suggesting a transition
in film growth dynamics. Specifically, film structure evolves from
amorphous W(N) to nanocrystalline f-W3N between 10 and 50 % Ny
flow, with a well-defined crystalline phase present above 50 % No.
Whereas DCMS relies largely on the thermal mobility of neutral ada-
toms, HiPIMS delivers a sustained flux of metal ions that transfers mo-
mentum and energy directly into the near-surface region, promoting
localized defect annealing and enhanced surface diffusion even at room
temperature. Thus, HiPIMS provides sufficient ion energy to promote
crystallization at room temperature with no applied bias.

Compared to the previous report by Lou et al. [28], the higher peak
power density described in the previous section may promote an
enrichment of the plasma chemistry in the more reactive atomic N
compared to molecular species. This hypothesis agrees with measure-
ments of ion energy distribution functions by Tiron et al. [6]. Thus,
despite the target remaining in a transition regime, the higher nitrogen
incorporation allows the formation of nanocrystalline -WyN. These
results therefore highlight the importance of controlling the HiPIMS
peak cathode power to tune the properties of W—N mixed layers.

3.3. Role of ion energy and flux

As described in the previous section, coatings produced with a Ny
flow fraction of 50 % and a grounded substrate show a metastable
structure characterized by a mixture of tungsten nitride and amorphous
tungsten. In this section, the effect of the incident ion energy and flux is
studied for this case by changing the substrate bias voltage and time
delay with respect to the HiPIMS cathode pulse onset. To assess the role
of thermally activated diffusion processes in the absence of energetic
bombardment, we annealed a film deposited with a 50 % N flow frac-
tion and grounded substrate at 400 °C for 2 h. These conditions were
chosen to induce atomic diffusion but remain below that required to
achieve p-W;yN crystallization, about 470 °C [62]. While annealing
primarily activates bulk diffusion, this comparison provides a

b)

Fig. 4. SEM cross sectional and surface micrographs of W—N thin films obtained by HiPIMS in a mixed atmosphere with N flow fraction of a) 10 %, b) 25 %, c) 50 %
and d) 75 %. For each panel, the upper images show planar SEM views, while lower images correspond to cross sectional views.



L. Bana et al.

qualitative reference to distinguish thermal effects from those induced
by energetic ion irradiation during deposition.

Table 2 summarizes the bias configurations adopted to obtain the
samples described in this section, as well as the resulting stoichiometry
and density. Samples produced with a 50 V bias result slightly over-
stoichiometric with respect to the expected W3N phase, similarly to
the coatings obtained under grounded conditions described in the pre-
vious section. On the contrary, the application of 200 V bias pulses re-
duces the nitrogen content in the film because of preferential sputtering
consequence of the lower surface binding energy of the nitrogen atom
[63].

Fig. 5 shows the results of the structural characterization of samples
produced in a mixed atmosphere with a Ny flow fraction of 50 % and
different bias configurations. Specifically, Grazing Incidence XRD and
Raman measurements are reported in Fig. 5a and b respectively. The
application of a 50 V bias, both synchronized and delayed with respect
to the pulse onset, makes the broad a-W diffraction band observed in the
grounded substrate case (cf. Fig. 3a) disappear, resulting in a single
polycrystalline fcc S-WaN structure. Fitting the (111) peak for the
sample produced with synchronized bias yields a FWHM of 1.7° corre-
sponding to a crystallite size of approximately 4 nm. A better crystalline
quality (FWHM of 1.3° and domain size of 7 nm) is observed for the
delayed bias case. Accordingly, Raman measurements show an attenu-
ated acoustic and the absence of the optical band, representative of an
improved crystalline quality (cf. Fig. 5b and Fig. 3b).

Increasing the bias to 200 V, the structure markedly depends on the
biasing configuration with respect to the HiPIMS pulse. Specifically,
200 V bias synchronized to the pulse onset results in a relative increase
of the (111) signal intensity. The main diffraction peak is centered at 20
= 37.04° with FWHM of 0.77°, yielding a crystallite size of 12 nm.
Finally, the application of a 200 V delayed bias results in a diffraction
band centred at 20 ~ 38.18° with a FWHM of ~6.4°, corresponding to a
crystallite size less than 2 nm. Raman spectroscopy shows an almost
complete suppression of the acoustic band, confirming the formation of
an amorphous structure.

For comparison, the XRD characterization of annealed samples is
also reported in Fig. 5a. The wide band centered at 20 ~ 39.7° has
disappeared upon annealing the sample, leading to a single f-WsN
structure characterized by a partial recovery of the peak downshift. The
crystallite size, estimated applying the Scherrer formula to the (110)
peak, results 7 nm. Moreover, the intensity of the (200) diffraction peak
increases compared to the (111) signal. Comparing the intensity ratio
I200)/I111), an increase from 0.73 (similar to the expected value of 0.66
for the bulk material) to 1.08 is observed upon annealing. As previously
reported by Shen et al. [14], this could be associated with an orientation
selection along the (100) direction upon annealing, although additional
measurements (e.g., pole figures) would be helpful to further clarify
these findings.

The morphological characterization of the coatings obtained under
different biasing conditions is reported in Fig. 6. The application of 50 V
bias pulses, both synchronized and delayed with respect to the pulse
onset (Fig. 6a and b), promotes the development of a more regular
columnar morphology, with vertically aligned and denser columns
compared to the floating potential case (cf. Fig. 4c). SEM micrographs in

Table 2
Samples produced under 50 % N, flow fraction and different bias configurations
discussed in Section 3.3, along with their stoichiometry measured by EDX and
density.

Bias Composition [at. %] Density
Configuration Voltage [V] N [0 w [g/cms]
Sync to pulse onset 50 40 3 56 13.5
60 ps delay 50 37 4 58 13.7
Sync to pulse onset 200 30 4 66 13.1
60 ps delay 200 30 5 65 16.5
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Fig. 6¢ highlight that with a synchronized 200 V bias, the film exhibits a
layered structure with a transition from an initial featureless growth to a
columnar one. In contrast, Fig. 6d shows that a 200 V bias applied with a
60 ps delay produces a disordered, granular morphology, demonstrating
how both ion energy and bias timing influence the film growth and
microstructure.

The results presented in this section demonstrate the possibility of
controlling morphology and structure of mixed tungsten and nitrogen
thin films produced by HiPIMS with the application of a pulsed bias,
synchronized or delayed with respect to the cathode pulse onset. Spe-
cifically, bombardment with low energy ions (50 eV) under our exper-
imental conditions improves the film crystallinity, causing an increase of
the (111) peak intensity. Similarly, crystallization from an amorphous W
(N) to an fcc f-W3N phase was obtained by moderate biasing in DCMS
depositions by Guruvenket et al. [64]. However, the excessive Ar
incorporation resulting from gas ion bombardment in biased DCMS can
degrade thermal and mechanical properties.

Finally, high voltage substrate bias in HiPIMS further improves the
crystallinity or induces amorphization, depending on the bias synchro-
nization with respect to the cathode pulse onset.

The ability to tailor film structure from nanocrystalline -W3N to
fully amorphous through precise control of substrate bias and pulse
timing is a crucial aspect for application-specific coating optimization.
Specifically, compact amorphous layers based on tungsten are particu-
larly attractive for diffusion barrier and corrosion-resistant coatings in
liquid-metal environments due to their isotropic structure and lack of
grain boundaries [65]. For wear-resistant coatings, the compact, nano-
crystalline f-WsN allowed by synchronized bias pulses is particularly
desirable due to its high hardness, good adhesion, and wear resistance
[10,66]. Finally, in the field of plasma-surface interactions for nuclear
fusion, both amorphous and nanocrystalline films have useful features
for use as proxy of redeposited tungsten-nitrogen mixed layers [6].

3.4. Model results and discussion

The IRM presented in [33] and extended as described in Section 2 is
applied to the tungsten discharge in a 50 % argon-nitrogen mixture to
determine the temporal evolution of the plasma properties and
composition. Relying on the comparison between the observed current
waveforms and OES spectra with the previous data by Lou et al. (cf.
Section 3.1), we assume a transition regime for the W target in the
HiPIMS conditions analyzed here. The hypothesis of an incomplete
target poisoning also agrees with the weak reactivity of tungsten toward
nitrogen, as can be inferred by the small enthalpy of formation of the
W—N compounds [67]. Therefore, for the discharge in a 50 % argon-
nitrogen mixture simulated in this work, an initial value of 0.25 is
assumed for both the surface and bulk target poisoning compound
fraction (see Section 2 for the definition of these two quantities). The
sputtering yields were estimated according to the prescriptions
described in Section 2, considering an applied voltage of 850 V during
the HiPIMS pulse. The results, used as input for the IRM, are summarized
in Table 3.

As discussed in [33], the IRM has two free parameters to fit the
modelled current to the one measured during experiments: the ion back-
attraction probability # and the voltage drop across the ionization region
Ulr, represented as a fraction of the discharge voltage Up according to
fpwr = Urr / Up [68]. The simulation is then optimized by comparing the
modelled and experimental current waveforms using a normalized
weighted sum of square residuals as a figure of merit [69]. Fig. 7 reports
a color map in the plane (B, fpwr) of the mentioned figure of merit. The
optimal solutions are found in the darker red region of the map. The
black lines represent curves of constant ionized flux fraction (Fpyy)
computed as in [70], and a dashed ellipse was drawn to enclose the (4,
fpwr) region of the plane containing the 20 most accurate IRM solutions.
While a complete fit requires experimental measurements of the ionized
flux fraction in addition to the current time evolution, the most
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Fig. 5. Structural characterization by a) Grazing Incidence XRD and b) Raman spectroscopy of WN,, thin films produced in a mixed atmosphere with N, flow fraction
of 50 % and different bias pulse configurations: synchronized to the pulse onset and delayed of 60 ps, with an amplitude of 50 V and 200 V. In panel a, nominal peak
position corresponding to a-W and f-W,N are shown as black and blue vertical segments, respectively.

a)

b)

Fig. 6. SEM planar and cross sectional micrographs of W—N thin films obtained in a mixed atmosphere with N flow fraction of 50 % and different bias config-
urations: a) 50 V synchronized to the pulse onset, b) 50 V delayed of 60 ps, ¢) 200 V synchronized to the pulse onset, and d) 200 V delayed of 60 ps. For each panel,
the upper images show planar SEM views, while lower images correspond to cross sectional views.

significant trends can already be captured by an optimization over the
single parameter fpywg. Indeed, as can be seen from the figure, the
optimal solutions gather in a specific region of the (f, fpwr) plane,
characterized by Fpyy ranging approximately from 0.34 to 0.43.

The resulting best fit discharge current waveforms are reported in
Fig. 7(b) and (c), together with the separate contributions from the

electronic and ionic populations according to the IRM. Two optimal
solutions are presented corresponding to the extreme values of j in the
previously described ellipse. Specifically, the solution with the lowest
= 0.64 is reported in Fig. 7(b) and the solution with the highest g = 0.70
is shown in Fig. 7(c). First, the simulated current waveform satisfactorily
matches the experimental measurement for both (3, fpwr) couples. The
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Table 3
Sputtering yields used as input for the IRM simulations.

Target material Sputtered species Bombarding ion

Ar* \g N* wh w2t
w w 144 032 052 119 203
WN w 070 021 034 045 083
WN N 071 025 040 047 082

qualitative time evolution of the current composition also agrees.
Indeed, in the first 20 ps, the current is mainly sustained by Ar", with a
lower contribution by N3 ions. Afterwards, gas rarefaction is observed
leading to a decrease in the Ar* and especially N current. Instead, back-
attracted ions of the sputtered species progressively increase, with W
ions becoming the dominant species after about 20 ps. Interestingly, the
NT current remains low and comparable to the W>™ one. The low
simulated electron density and high temperature (about 8 x 10'® m~3
and 7.5 eV during the pulse, respectively) are the main cause of the
relevant current contribution of doubly-ionized W ions, contrarily to
previous results in pure Ar with similar HiPIMS discharge parameters
[33].

Given the consistency observed between the results with different
optimal couples (f, fpwr) within the described ellipse, only the best-fit
solution corresponding to (f = 0.664, fpyr = 0.096) will be consid-
ered in the following. The main outcomes of the IRM for this case are
shown in Fig. 8. First, Fig. 8a and b report the time evolution of the
particle density. Specifically, Fig. 8a refers to Ny and Ar species, while 8b
pertains to W and N. This classification was adopted to reflect the
different particle origin and energy spectrum [18]: plasma processes for
Ar, Ny, and their ions, and target phenomena (sputtering) for W species.

0.12

0.11

0.08

0.07

0.06
0.4
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While atomic N is also supplied by molecular dissociation, its density
was reported in Fig. 8b for visualization purposes. After the first 20 ps,
gas rarefaction of Ar and N5 causes the plasma to be mainly composed of
N neutral species. W neutral density remains lower than N, peaking at
around 7 x 10'® m~3. However, a completely different picture emerges
from the analysis of ionic populations (thicker lines in Fig. 8a and b).
While at the beginning of the pulse Ar" and NJ have the highest density,
W rapidly becomes the dominant contributions, peaking at a value of
approximately 5 x 10'® m~3. Moreover, the density of W>* species re-
mains approximately one order of magnitude smaller than the singly-
charged one and comparable to the N* density.

Fig. 8c shows the ionic density fraction in the IR (Fgens i, i = W,N) and
in the flux entering the diffusion region (Ffyui, i = W,N) [70]. The
tungsten species are highly ionized for what concerns both their density
and flux, with a time-averaged value of 43 % and 39 %, respectively.
Even though a non-negligible degree of ionization is found for the flux of
nitrogen atomic species, Fig. 8d shows that this flux represents a minor
contribution to the total ion flux at the IR borders, dominated by Ar"
soon after the pulse onset and later by W', including the immediate
afterglow. Fig. 8e shows the time evolution of the main production and
consumption contributions of the N atoms during the HiPIMS pulse. The
model highlights the dominant contribution to N production by molec-
ular dissociation, in agreement with previous experimental measure-
ments of HiPIMS discharges in similar systems [71]. Despite the
assumption of partial covering of the target surface, sputtering of the
compound results a major component to N generation. This observation
agrees with mass spectrometry measurements showing an important
source of N by surface processes [72]. In this respect, it must be
emphasized that future implementations of the IRM should properly
account for collisional dissociation of molecular NJ impacting on the
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Fig. 7. a) Color map in the plane (5, fpwr) showing the root mean square fitting error between the simulated and experimental current waveforms obtained
sputtering a W target in a 50 % argon- nitrogen mixture. The black lines represent curves of constant ionized flux fraction values according to the IRM. b) and c) Fits
of the computed discharge current to the experimental one and its composition at the target surface for the fitting parameter couples (8 = 0.64, fpwg = 0.106) and (8

= 0.70, fpwr = 0.085), respectively.



L. Bana et al.

Surface & Coatings Technology 514 (2025) 132544

a) b)
w
— Wt
10%° 1020 —_— w2+
o Ar = N
: AW e — N/
= Art = — N*
.‘5) 1018 Arm a 1018
C C
] Ar* S
o N, tot <
L 9
€ N, B
2 1017 577 g 1017
N
1016 ! 1016
0 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200
Time [us] Time [us]
c) d)
60 _ 100
X
2
50 [}
w o 80
o
—_ Qo
K40 x
x —
3 © 60
[T C
a o
$30 =
© %)
w o
. aQ
’/”- ~‘~\\\ g 40
20 7 . Seao o
/. i x
¢ : 2
’ 1 w 20
10 ’Al N E 8
1 ) N
s S (SN =
P T (=]
0 == e 0 v ' v v v . .
25 50 75 ) 100 125 150 175 200 0 25 50 75 100 125 150 175 200
Time [us] Time [s]
le24
e) 5
—— N ionization
15 —— N diffusion
N, dissociation
—— N sputtering
_ 10 —— other processes
7
"
£ 05
3
=
% 0.0
-0.5
-1.0
0 20 40 60 80 100
Time [s]

Fig. 8. The time evolution predicted by the IRM of a) Ar and N, and b) W and N particle density; c) ionized density fraction (in black) and ionized flux fraction (in
red) for W as a continuous lines and N as a dashed lines; d) ionized flux composition at the IR border. e) partial contributions of the main plasma and surface

processes to the time derivative of the N atomic density.

10



L. Bana et al.

target surface.

The numerical results presented in this section allow to discuss
further the evolution of morphological and structural coating properties
with the ion energetics, controlled by the substrate bias. First, a bias
voltage of 50 V results in a columnar growth characterized by a poly-
crystalline f-WsN structure, independently on the chosen bias time
configuration. In this respect, ion bombardment plays a crucial role in
the microscopic processes underlying film growth (i.e., island nucle-
ation, growth, and coalescence) [73]. In our case, the additional energy
input provided by the 50 V bias enhances adatom mobility during film
growth. As a result, orientation selection mechanisms driven by an-
isotropies in surface diffusion across crystallographic facets can become
active despite the low substrate temperature, leading to a microstructure
consistent with zone T in the structure zone diagram [17]. For the fcc
B-W>N phase, the increased intensity of the (111) reflection observed in
the XRD pattern of the 50 V delayed bias sample may be related to this
process. It must be emphasized here that a bias pulse applied 60 ps after
the cathode pulse onset is actually synchronized to the metal-ion rich
portion of the discharge, considering the time evolution of the plasma
composition presented above and the sputtered particles time of flight
from target to substrate. Therefore, the 60 ps-delayed bias configuration
provides a more efficient ion bombardment environment compared to
the synchronized case, exploiting the high ionized flux fraction in the
immediate afterglow.

Moving to the high-energy regime, surface erosion is evident by the
thickness reduction in SEM images of coatings produced at 200 V,
compared to 50 V and the grounded substrate case. The phenomenon is
more relevant for coatings deposited under a delayed bias compared to a
synchronized one, which confirms the more efficient ion bombarding
due to the increase Fpyy,w in the immediate afterglow. Moreover, despite
a similar stoichiometry, the effect of high-energy ion bombardment on
the morphology and structure strongly depends on the bias voltage
synchronization to the cathode pulse. The intense flux of high-energy
tungsten ions in the afterglow promotes repeated re-nucleation and
disruption of local crystal order, leading to nanocrystalline morphology.
Argon entrapment in the film may also contribute due to the enhanced
ion flux at the IR boundary during the afterglow (see Fig. 8d). On the
other hand, moderate ion fluxes during the pulse on-time allow
enhanced adatom mobility and film recrystallization. In this respect, the
featureless to columnar transition observed at higher thickness could be
related to the evolving nature of the growth surface. As deposition
progresses, adatoms first diffuse on the bare silicon substrate and then
on the previously deposited WNy film, which offers different surface
energetics and bonding conditions. Similar effects have been reported in
other material systems [74,75]. Additionally, progressive substrate
heating during the deposition and compressive stresses induced by en-
ergetic ion flux may also play a role in microstructure evolution.

4. Conclusions

The role of ion bombardment in the HiPIMS processing of tungsten in
argon-nitrogen mixed atmosphere was investigated by a combined
experimental and modelling approach. Thin films were produced with
different nitrogen flow fractions and substrate bias voltages, both in
terms of amplitude and synchronization with respect to the main cath-
ode pulse. Morphology, microstructure, composition and density of the
grown films were characterized. For the low bias amplitude considered,
both timing resulted in a comparable improvement in crystalline qual-
ity. On the other hand, for the high bias amplitude, the pulsed bias effect
on films properties strongly depends on the onset time delay. Indeed,
while synchronized bias favors film crystallization, 60 ps delayed bias
can induce amorphization and a featureless morphology.

In addition, the Ionization Region Model (IRM) was successfully
applied to the HiPIMS reactive discharge of tungsten in argon-nitrogen
atmosphere. First, nitrogen atomic and molecular species, as well as the
target poisoning state, were introduced into the model. The time

11

Surface & Coatings Technology 514 (2025) 132544

evolution of the plasma composition during the pulse on-time and the
afterglow was predicted for an experimental discharge in a 50 % Ar—Nj
mixture. Results show that, while the discharge current is sustained
almost equally by Art, W, and N™, the W' density is larger than the N*
density for the whole pulse and during the afterglow.

We demonstrated the effectiveness of an energetic ion flux as a way
to control morphology and properties of mixed tungsten-nitrogen thin
films as an alternative to post-deposition heat treatments. However, not
all the considered ion acceleration schemes allowed crystallization of
the f-WsN phase. Specifically, by applying a bias of 200 V with a delay of
60 ps from the HiPIMS pulse onset, the intense high-energy ion flux in
the afterglow causes amorphization of the film through defect genera-
tion and continuous recrystallization. Therefore, in the nitrogen-reactive
HiPIMS regime explored in this work, the need to synchronize the bias
with the metal-rich portion of the pulse (taking into account W™ ions
time-of-flight) is less critical for the production of films of good crys-
tallinity. Additional ion acceleration schemes, such as longer biases or
the application of bipolar cathode pulses, remain to be investigated as a
future development.

This work shows how a combined experimental and numerical
approach can be effective in improving our understanding of the
connection between the HiPIMS tungsten discharge characteristics in
argon-nitrogen mixed atmosphere and the experimentally observed
properties of the deposited films. With reference to MCF research, the
presented results could be relevant for the production of W—N mixed
layers with tailored structure and morphology for both plasma-wall
interaction experiments and as barrier layers against liquid metal
corrosion. Future work should be devoted to expanding the ion energy
regime and working gas mixtures to refine control over thin-film prop-
erties. Additionally, pole figure measurements will improve our under-
standing of structural features and orientation selection in WNx films.
Finally, extending the IRM to account for collisional dissociation of
molecular nitrogen ions at the target surface could further enhance
predictive accuracy.
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