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Controlling nitrogen incorporation in CrNy coatings deposited by reactive high-power impulse magnetron
sputtering (HiPIMS) requires understanding the interplay between plasma-assisted kinetics and thermodynamic
constraints. In this study, CrNy coatings were deposited under metallic, transition, and compound sputtering
modes using Ny flow rates from 0 to 75 sccm. Plasma diagnostics revealed that increasing N flow rate induces a
transition from metallic to compound discharge, accompanied by an increase in discharge voltage and peak
power density. Optical emission spectroscopy showed an enhanced Cr*/Cr* emission intensity ratio, indicating a
plasma state enriched with energetic metal species. Coating characterization by EPMA, XPS, and XRD demon-
strated that the nitrogen content increases with Ny flow rate but saturates at approximately 52 at.%, which,
within experimental uncertainty, is consistent with the stoichiometric limit of CrN defined by the Cr-N phase
diagram. XPS further revealed a systematic shift of the N 1s binding energy toward higher values, indicating
strengthened Cr-N bonding under energy-assisted growth conditions. These results show that while the maximum
nitrogen content in CrNy coatings is thermodynamically constrained, the intrinsically high-energy, metal-ion-
dominated plasma generated by reactive HiPIMS effectively controls the kinetic pathway toward stoichiometric

CrN, highlighting the advantages of HiPIMS for tailoring nitride coatings through energy-assisted deposition.

1. Introduction

Transition metal nitrides (TMNs) have been extensively employed as
protective coatings in various industries, such as cutting tools, inte-
grated circuit diffusion barrier, and marine anti-corrosion applications,
due to their high hardness, excellent wear resistance and superior
corrosion resistance [1-4]. Among binary TMNs, CrN coatings stand out
for their exceptional corrosion resistance, oxidation resistance and
fretting wear resistance [5]. Several methods are available for depos-
iting CrN coatings, including chemical vapor deposition [6], arc ion
plating [7], and reactive magnetron sputtering [8,9]. Among these,
reactive magnetron sputtering is widely adopted because it enables a
broad compositional range at low substrate temperatures by controlling
the reactive gas flow [10].

In recent years, high power impulse magnetron sputtering (HiPIMS)

has emerged as an advanced physical vapor deposition technique
capable of generating dense, highly ionized plasmas with peak ioniza-
tion densities on the order of 101 m~3, two to three orders of magnitude
higher than those achieved in conventional DC magnetron sputtering
(DCMS) [11]. The pulsed high-power nature of HiPIMS leads to
enhanced ion bombardment, improved film density, and superior
adhesion, even at low substrate temperatures [12,13]. Nonetheless, the
incorporation of reactive gases such as Ny into HiPIMS discharges in-
troduces additional complexity. The presence of reactive species alters
the plasma chemistry, electron energy distribution, and target surface
condition, all of which influence ionization pathways and the resultant
film growth kinetics [14,15].

Despite extensive studies, the interpretation of hysteresis behavior in
reactive HiPIMS remains a topic of debate. The interplay between target
poisoning, plasma composition, and reactive gas dynamics is far from
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fully understood [16]. Recent investigations have shown that the ioni-
zation of nitrogen and metal species strongly depends on the discharge
mode and instantaneous plasma parameters, such as electron tempera-
ture and ion density [2]. However, the direct correlation between
plasma characteristics and nitrogen incorporation efficiency in CrN
coatings is still insufficiently clarified. The CrNy system exhibited a
hysteresis loop with a relatively sharp transition region, indicating a
change in process stability with Ny flow rate [17]. In particular, it re-
mains unclear how the variation of plasma parameters with nitrogen
flow rate governs the kinetics and thermodynamic limits of nitrogen
uptake during CrNy film formation.

Plasma diagnostics is an effective approach to gain insight into how
plasma parameters affect coating formation at the microscopic level.
Macak et al. [18] were among the first to use optical emission spec-
troscopy (OES) to study the composition and temporal evolution of
HiPIMS plasma, demonstrating its utility for monitoring ionized species.
Vetushka et al. [19] employed Langmuir probe measurements to
examine plasma parameters in HiPIMS discharges, revealing a strong
dependence of plasma density on the target material. These diagnostic
techniques, when applied to reactive environments, can provide valu-
able insights into the complex interplay between gas-phase chemistry
and film growth.

The microstructural features of CrNy coatings deposited by magne-
tron sputtering and HiPIMS, including dense columnar growth, grain
refinement, and phase formation mechanisms, have been well docu-
mented using transmission electron microscopy [20,21]. These studies
have yielded important insights into the structure-property relation-
ships of Cr—N coatings. Despite this progress, the link between plasma
conditions and nitrogen incorporation during reactive HiPIMS is still not
well understood. In particular, plasma diagnostics are rarely directly
correlated with nitrogen content and phase evolution, limiting the
ability to separate kinetic effects from thermodynamic constraints in the
Cr-N system.

In this work, key plasma parameters, including electron density,
electron temperature, and excited species, are systematically linked to
nitrogen incorporation and phase evolution in CrNy coatings deposited
by reactive HiPIMS. By combining in situ plasma diagnostics with
comprehensive coating characterization, this study elucidates the rela-
tive contributions of plasma-assisted kinetics and thermodynamic limits
to the final coating composition.
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2. Experimental details
2.1. Deposition processes

Fig. 1 shows the schematic diagram of the deposition system. CrNy
coatings were deposited on N-type 4H-SiC (0 0 0 1) single-crystal sub-
strates (zero diffraction plate is made of Silicon cut at special orienta-
tion) using a HiPIMS system. The target material was chromium metal
with a purity of 99.99 wt% and dimensions of 400 x 100 x 7 mm. Before
deposition, the 4H-SiC (0001) substrates were sequentially cleaned
using ultrasonic treatment in acetone and alcohol for 10 min each.

The deposition chamber was evacuated to a base pressure of 4 x 10>
Pa over approximately 3 h. Prior to deposition, the substrates were Ar™
ion-etched at 1 Pa for 30 min under a bias voltage of —200 V, effectively
removing surface contaminants and partially thinning the native oxide
layer. During deposition, the Ar (50 sccm) and Ng (0-75 sccm) gas flow
rates were controlled by mass flow controllers. The Ar flow rate and
pumping speed were kept constant, and the chamber pressure evolved
naturally with the total gas flow. Coatings were deposited at a constant
average power of 3 kW using a SPIK 3000 A pulsed power supply
(MELEC, Germany), with the ON/OFF time of 100/1900 ps (5% duty
cycle). A negative bias voltage of —100 V was applied to the substrates
during deposition. The distance between the target and the substrate
was 12 cm, and the rotational speed of the substrate holder was 12 rpm
to ensure uniform coating thickness.

Five series of CrNy coatings were prepared in this study with Ny flow
rates of 0, 10, 30, 55, and 75 sccm, respectively. For all samples, an
approximately 0.25 pm Cr transition layer was deposited. The deposi-
tion time for each sample was adjusted to achieve a uniform CrNy
coating thickness of 1.45 + 0.25 pm, resulting in deposition rates of
27.37,19.29, 15.18, 13.69, and 13.11 nm/min, respectively.

2.2. Monitoring of HiPIMS

The current and voltage were measured using a combined current
transducer (LEM LT58-S7) and a high-voltage probe (UT-V23, UNI-T),
respectively. The signals were recorded with a digital storage oscillo-
scope (Tektronix TDS 1012C-SC).
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Fig. 1. Schematic diagram of deposition system and plasma diagnostics.
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2.3. Coating characterization

The cross-sectional morphologies of the CrNy coatings were exam-
ined using scanning electron microscopy (SEM, Hitachi S4800, Japan) at
an accelerating voltage of 10 kV. Prior to imaging, the samples were
mechanically fractured to expose their cross sections. Electron probe X-
ray microanalysis (EPMA, JEOL JXA-iHP200F, Japan) was performed in
circle mode with a sampling diameter of 3 pm, using an accelerating
voltage of 15 kV and a beam current of 20 nA. For each coating, the
elemental composition was determined by averaging the results ob-
tained from five randomly selected measurement points on the coating
surface to ensure compositional uniformity and measurement repeat-
ability. The variation of atomic concentration (mol%) with coating
thickness for samples SO to S75 sccm was measured using a glow
discharge optical emission spectrometer (GD-OES, Spectrum Analytik
GmbH GDA 750HP, Germany). The elemental composition and binding
energy of CrNy coatings were determined using X-ray photoelectron
spectroscopy (XPS, Kratos Axis Supra, UK) with an Al K, X-ray source
(1486.6 eV). Prior to XPS analysis, surface contamination was removed
by Ar" ion etching at 5 kV for 3 min. The crystal structure of the samples
was characterized by X-ray diffraction (XRD, Brucker D8 Discover,
Germany) using a Cu K, source (A = 1.5406 f\) operated at 40 kV x 40
mA. A conventional 6/20 scan was performed with 26 ranging from 20°
to 90°.

2.4. Plasma diagnostics

The energetic species in the plasma were analyzed using an optical
emission spectrometer (OES, Princeton Instruments SP-2500) equipped
with a grating of 1200 groves/mm. The OES fiber port was positioned
approximately 10 cm perpendicular to the sputtering region of the target
surface. The detected spectra had a wavelength resolution of 1 nm and
covered a range from 200 nm to 900 nm. SpectraSense software was
used to collect, record, and process the spectral data.

A single Langmuir probe (Impedans Ltd, LP-500 ALP system) was
vertically installed in the vacuum chamber to perform time-resolved
measurements of plasma parameters near the substrate during the
reactive HiPIMS discharge. The probe was made of tungsten, with a
radius of 0.35 mm and an exposed length of approximately 5 mm. The
I-V characteristic curve was plotted based on current and voltage
measurements from the probe. From this curve, the plasma potential
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3. Results
3.1. Reactive HiPIMS discharge behavior in Ar/N, atmosphere

Fig. 2(a) shows the variation of the discharge voltage as a function of
N flow rate, exhibiting a clear hysteresis behavior during reactive Cr
sputtering. An abrupt voltage transition is observed at approximately 40
sccm along the increasing flow branch, while a distinct return path ap-
pears during the decreasing flow sequence.

Fig. 2(b) and (c) show the discharge voltage and current waveforms
for reactive HiPIMS of Cr under three different sputtering modes. To
maintain a constant average discharge power, the discharge voltage (in
Fig. 2b) was according to changes in the reactive gas flow rate. The
discharge current waveform serves as a sensitive indicator of target
surface composition and plasma processes in reactive HiPIMS [22]. In
metallic mode, the current waveform exhibits a rapid rise followed by a
gradual increase, forming a parabolic profile. In transition and com-
pound modes, the current increases linearly before dropping to zero
[16].

The peak power density of the CrNy reactive HiPIMS ranged from
0.236 to 0.314 kW/cm?, as listed in Table 1, which corresponds to a low-
density discharge mode [23]. A brief delay of approximately 5 ps was
observed in the target current during the initial stage of current pulses,
indicating that the HiPIMS plasma was re-ignited at the beginning of
each discharge period [24]. This delay is associated with the time
required for the initial electrons to appear and initiate an avalanche
ionization process [25].

3.2. Plasma diagnostics for reactive Cr HiPIMS

The composition of coatings produced by reactive sputtering de-
pends on both the target surface condition and the plasma characteris-
tics [10]. In this study, the plasma species generated during reactive
HiPIMS deposition were monitored using OES. Table 2 lists the emission
lines selected for analysis along with the corresponding energy levels
involved in the transitions. Since ground state do not emit radiation,
determining the absolute number densities of ground-state atoms and

Table 1
Discharge parameters under different N flow rate.

. . . Parameters 0 sccm 10 30 55 75
(Vp), electron density (n.), ion density (n;), electron temperature (T), scem scem scem scem
and electron energy distribution function (EEDF) were analyzed and
. Average voltage of pulse-on 643 673 684 711 725
determined. W
Peak current (A) 146 157 177 186 182
Peak current density (A/ 0.37 0.39 0.44 0.47 0.45
cm?)
Peak power density (kW/ 0.236 0.262 0.296 0.314 0.311
cm?)
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Fig. 2. (a) Discharge voltage hysteresis curves for Cr sputtering processes in Ar/N, atmosphere, (b) discharge voltage, and (c) current waveforms recorded under

different N, flow rates.
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Table 2
Spectroscopic data for emitted lines.
Species  Emitted wavelength Transition Upper level
(nm) energy (eV)
crt 284.1 3d*4p(z*I' )—»3d*4a(a*H) 8.15
Cre 425.6 3d%4p(Y7P )-3d%4s(a’S) 291
Art 434.9 3523p*4p—3s23p*ds 19.49
Ar* 720.9 3523p°65—35%3p°4p 15.02

ions from the emission spectra is challenging [26]. Therefore, a quali-
tative analysis of the spectral line intensities was conducted to estimate
the types and relative abundances of excited atoms and ions in the
plasma.

Fig. 3 presents the OES spectra of plasma species during deposition,
showing characteristic emission lines of Cr* (426 nm), Ar* (721 nm),
Cr" (284 nm), and Ar" (435 nm) [23,27]. The dominant active species
were Cr* and Ar", with the Ar" line exhibiting significantly greater in-
tensity than the Cr line.

A comparison of the spectral intensity curves of Cr* (426 nm) and
Ar" (435 nm) as a function of Ny, flow rate shows that the intensities of
both species decrease monotonically with increasing N flow, as illus-
trated in Fig. 4. Nitrogen-related emission lines could not be clearly
resolved under the present measurement conditions. Under the constant
power mode of the HiPIMS power supply, the introduction and pro-
gressive increase of Ny flow result in an overall reduction in the
measured emission intensities of the detected plasma species.

Fig. 4(c) summarizes the evolution of the Cr'/Cr* intensity ratio
with increasing N, flow rate. The Cr'/Cr* ratio initially increases and
subsequently decreases as the discharge transitions from metallic to
compound mode. Notably, the ratio remains higher in the transition and
compound modes compared to the metallic mode. This behavior reflects
a slower decrease in Crt emission intensity relative to that of Cr*, rather
than an absolute increase in Cr" intensity.

It is worth noting that increasing the Ny flow rate did not result in
discernible changes in the plasma emission spectra, except for variations
in intensity. No distinct emission lines attributable to excited nitrogen
species were detected. This behavior can be explained by the well-
known spectral overlap between molecular nitrogen emissions and
strong Cr atomic lines in reactive Cr—-N plasmas [28], as well as by the
limited excitation and dissociation efficiency of Ny under the present
discharge conditions.

Within the primary CrNy plasma spectral ranges (310-430 nm and
620-720 nm), the emission spectra were dominated by Cr-related lines,
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=
E | 30 scem Transition
>
N
.g L
g [wosem | |
= Cr’ .
T (6 cr Metallic
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Fig. 3. OES in CrNy plasma region under different sputtering modes.
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while nitrogen-related emissions remained below the detection limit.
This indicates that the excitation and dissociation of Ny molecules were
kinetically limited under the prevailing plasma conditions, which is
consistent with the reduced electron density measured by the Langmuir
probe, as discussed below.

Fig. 5(a) presents the time-averaged I-V characteristic curve
measured using the Langmuir probe. From this curve, the V, can be
directly obtained as 0.91, 0.96, 0.97, 0.98 and 1.01, respectively. The
relationship between the EEDF and the I-V characteristic curve is
described by the Druyvesteyn formula [29,30]:

1
2m, (2eV\2d2I,(V)
fv) T Ae? <me> dv?
where V, A, m,, and I, represent the probe voltage relative to plasma
potential, probe area exposed to the plasma, electron mass, and probe
current, respectively.

The electron energy distribution function (EEDF) in Fig. 5(b) exhibits
a single-peak Maxwellian distribution with similar peak positions at low
energies. As the N; flow rate increases, the population of high-energy
electrons is noticeably enhanced, resulting in a more pronounced
high-energy tail in the energy range of approximately 8-10 eV. Fig. 5(c)
shows the variation of electron density (n.) and effective electron tem-
perature (T,y) as a function of N flow rate. The electron density de-
creases by approximately 33%, from 2.87 x 10'® m~3 in metallic mode
(0 sccm) to 1.92 x 10 m3 in compound mode (75 sccm). In contrast,
the effective electron temperature increases with increasing Ny flow
rate.

3.3. Chemical composition and microstructure of CrN, coatings

Fig. 6 shows cross-sectional SEM morphologies of the Cr-N coatings
deposited at different Ny flow rates. All coatings exhibit a columnar
growth structure. The nitrogen contents measured by EPMA at N flow
rates of 0, 10, 30, 55, and 75 sccm were 0, 28.2, 44.7, 52.0, and 52.5 at.
%, respectively. The nitrogen content increases markedly with
increasing N flow rate and exhibits a clear saturation behavior close to
~52 at.% for flow rates above 55 sccm.

GD-OES depth profiles (Fig. 7) show that the atomic concentrations
of Cr and N remain relatively constant throughout the coating thickness
for all samples, indicating stable deposition conditions and good
compositional uniformity across different sputtering modes. The nitro-
gen content determined by GD-OES increased from 0 at.% to 40.92 at.%,
and then to 50.18 at.%, a trend consistent with the EPMA results.

Fig. 8 presents the XPS results detailing the phase evolution of CrNy
coatings. The peaks of Cr 2p and N 1s were fitted using the least squares
method with a Gaussian-Lorentzian envelope [31]. The Cr 2ps,2 peak
was deconvoluted into four components: Cr at 574 eV [32], CroN at
575.8 + 0.1 eV, CrN at 574.7 + 0.1 eV [9,33], and Cry03 at 577.3 eV
[34], as shown in Fig. 5(a). It is worth noting that the CryN peak, with its
elevated amplitude and energy position compared to values reported in
the literature [9,33], may obscure the presence of chromium oxynitride
(CrOxNy) at 575.7 & 0.4 eV [35], indicating a possible overlap between
the CroN and CrOxNy peaks [34,36,37]. The N 1s peak can be decon-
voluted into three primary sub-peaks: CrN at 396.8 + 0.4 eV and Cr,N at
397.4 £ 0.4 eV [38], as shown in Fig. 8(b), along with CrOxNy observed
at 398.2 + 0.4 eV.

The relative surface phase composition, estimated from the peak area
ratios (Fig. 8d), shows that the CrN phase fraction increased from
13.73% (10 scecm) to over 77% (30 scem, 55 scem, and 75 scem). This
indicates that the transition from metallic to compound mode promotes
the formation of the CrN phase. The elemental compositions derived
from XPS are shown in Fig. 8(c), where the nitrogen content increases
with increasing N flow rate and saturates at approximately 37 at.%. In
addition, the Cr-N related N 1s peak exhibits a gradual shift toward
higher binding energy with increasing Ny flow rate, increasing from
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~396.4 eV at 10 sccm to ~396.6 eV at 30 sccm and further to ~396.8 eV
at 75 scem. This progressive binding energy increase suggests enhanced
charge transfer from Cr to N and a strengthening of Cr-N bonding as the

nitrogen supply increases.

The observed binding energy shift is attributed to improved

nitridation and local chemical ordering under nitrogen-rich conditions,
facilitated by a higher population of energetic Cr'/Cr* species in the
HiPIMS process plasma. Although OES provides only qualitative infor-

mation on excited species, the increase and subsequent stabilization of

the Cr'/Cr* intensity ratio with increasing N, flow correlate well with
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the XPS and XRD results. Together, these observations confirm the for-
mation of a stable CrN-dominated growth regime at N5 flow rates above
30 scem.

To further investigate the structural evolution of CrNy coatings under
different sputtering modes, the XRD patterns for all samples are pre-
sented in Fig. 9. For improved visualization, the intensities of the pat-
terns for 10 sccm and 30 sccm in were scaled down by factors of 0.2 and
0.3, respectively. The phase identification was conducted using PDF
card indexes: CrN (No.76-2494), CrsN (No0.35-0803), and Cr (No.85-
1335). As the N flow rate increased, significant changes in the coating’s
phase structure were observed. At lower N, flow rates, the coatings were
predominantly composed of the CraN phase. In contrast, at higher Ny
flow rates, CrN phase became dominant, which is consistent with pre-
vious studies [36,39,40].

At the N5 flow rate of 30 sccm, the CrNy coating exhibits a CrN (2 2 0)
preferential orientation, with weaker peaks corresponding to CrN (1 1
1), CrN (2 0 0) and CrN (3 1 1) also detected. As the N, flow rate
increased from 30 sccm to 75 scem, the CrN diffraction peaks shifted
towards lower Bragg angles. Additionally, the CrN (2 2 0) peak gradually
split into two sub-peaks, although not completely resolved [41]. Besides
the dominant CrN (2 2 0) peak, an interesting trend is observed for the
CrN (2 0 0) reflection, it first intensifies and then weakens with
increasing N» flow rate.

4. Disscusions

4.1. Discharge behavior and sputtering mode transition in reactive Cr
HiPIMS

In reactive magnetron sputtering, the discharge characteristics are
governed by the combined effects of target surface condition, gas
composition, and plasma properties [42,43]. For Cr-based systems, the
formation of nitride compounds such as CraN and CrN on the target
surface alters both the sputtering yield and the secondary electron
emission characteristics compared to metallic Cr [22]. However,

previous study [44] have shown that, although compound formation
does not necessarily lead to a drastic reduction in the total sputtering
yield, it significantly modifies the discharge behavior through changes
in secondary electron emission and surface composition.

In reactive HiPIMS discharges, the discharge behavior exhibits a
pronounced hysteresis with increasing and decreasing N5 flow rates,
which is characteristic of reactive sputtering systems. Based on the
voltage stability and the shape of the hysteresis loop [45,46], the
investigated deposition conditions can be categorized into metallic,
transition, and compound sputtering modes. Compared with conven-
tional DC, the discharge characteristics in HiPIMS are further influenced
by the high peak currents, Ohmic heating of the plasma, and complex
power coupling mechanisms, making the interpretation of voltage and
current waveforms inherently multifaceted [47-49]. The observed
discharge behavior therefore reflects the combined influence of reactive
gas introduction and the intrinsic characteristics of the HiPIMS
discharge.

4.2. Plasma characteristics under reactive HiPIMS conditions

The evolution of plasma characteristics with increasing N5 flow rate
provides important insight into the reactive HiPIMS process. OES reveals
that the intensities of the dominant detected species, namely Cr* and
Ar', decrease monotonically as the N, flow rate increases. Under con-
stant power operation, the monotonic decrease in OES intensity with
increasing N flow rate is commonly associated with progressive target
poisoning and the accompanying reduction in secondary electron
emission yield, as well as changes in plasma kinetics induced by the
participation of nitrogen in the discharge [50]. Under the present
measurement conditions, nitrogen-related emission lines could not be
clearly resolved, highlighting the qualitative nature of the OES analysis.

The evolution of the Cr'/Cr* intensity ratio further reflects changes
in plasma excitation and ionization pathways. The higher Cr"/Cr* ratios
observed in the transition and compound modes indicate that the Cr™"
emission intensity decreases more slowly than that of Cr*, rather than
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implying an absolute increase in metal ionization. At N5 flow rates above
30 sccm, the Crt/Cr* intensity ratio remains approximately constant
within experimental uncertainty, indicating a stabilized excitation-
ionization balance in the transition and compound modes.

This behavior is consistent with the evolution of the peak power

density of the reactive HiPIMS discharge, which increases with Ny flow
rate up to 30 sccm and approaches a stable level at higher N5 flow rates.
However, it should be emphasized that OES provides only qualitative
information on excited species and does not allow direct determination
of absolute ionization efficiencies.

Langmuir probe diagnostics provide complementary insight into the
plasma state. The measured electron energy distribution functions
exhibit a single-peaked Maxwellian shape with nearly unchanged peak
positions in the low-energy region. With increasing N5 flow rate, how-
ever, the population of high-energy electrons becomes progressively
enhanced, leading to the development of a pronounced high-energy tail
[51]. This behavior is attributed to the introduction of Ny molecules,
which alter the electron energy balance through additional inelastic
collision channels, such as excitation and ionization, thereby preferen-
tially depleting low- to mid-energy electrons and reshaping the EEDF
[52]. Concurrently, the electron density decreases by approximately one
third during the transition from metallic to compound mode, while the
effective electron temperature increases. These trends are consistent
with the higher discharge voltages required to sustain constant-power
operation under nitrogen-rich conditions, as well as with changes in
target surface properties associated with nitridation.

4.3. Nitrogen incorporation

The nitrogen incorporation behavior of the CrNy coatings shows a
rapid increase with increasing N5 flow rate, followed by a clear satura-
tion at high nitrogen supply [53]. EPMA measurements indicate that the



K. Yang et al.

nitrogen content increases markedly and approaches approximately 52
at.% at Nj flow rates above 55 sccm. In contrast, GD-OES depth profiling
yields a nitrogen concentration close to 50 at.% across the coating
thickness under the same deposition conditions.

The slight difference between the nitrogen contents measured by
EPMA and GD-OES can be attributed to the intrinsic uncertainties and
different sampling characteristics of the two techniques. Importantly,
within experimental uncertainty, both values are consistent with the
stoichiometric nitrogen content of CrN (~50 at.% N) defined by the
Cr-N phase diagram. These results indicate that once the CrN-
dominated growth regime is established, further increases in nitrogen
supply do not lead to nitrogen supersaturation but instead result in a
composition constrained by thermodynamic stability.

Surface-sensitive XPS analysis yields lower absolute nitrogen con-
centrations due to its limited information depth (a few nanometers) and
the unavoidable presence of surface oxidation and oxynitride formation
upon air exposure [54]. Although Ar' sputter cleaning was applied,
oxygen-containing species cannot be completely removed from the
extreme surface region, leading to an apparent reduction in the
measured nitrogen content. Importantly, no significant oxygen was
detected by EPMA or GD-OES, confirming that oxidation is confined to
the surface and does not affect the bulk composition of the coatings.

Despite these quantitative differences, XPS exhibits the same quali-
tative trend of increasing nitrogen content with Ny flow rate and a
pronounced saturation behavior. The gradual shift of the N 1s binding
energy toward higher values observed by XPS further supports the sta-
bilization of the local Cr-N bonding environment during the transition
from metallic to compound sputtering modes [55]. Notably, this evo-
lution occurs predominantly in the same Nj flow range (10-30 sccm)
where the Cr'/Cr* intensity ratio derived from OES increases before
reaching a stable level at higher Ny flow rates, indicating a parallel
evolution of plasma excitation characteristics and coating growth
chemistry. The consistent saturation trends observed by EPMA, GD-OES,
and XPS, despite their fundamentally different information depths,
provide strong evidence that nitrogen incorporation in the present CrNy
coatings is governed by a stoichiometric limitation.

4.4. Phase and microstructural evolution of CrN, coatings

The phase evolution observed by XRD is consistent with the nitrogen
incorporation behavior discussed above. At low Ny flow rates, the
coatings are dominated by the CroN phase, whereas increasing Ny flow
promotes the formation of CrN, which becomes the dominant phase in
the transition and compound sputtering modes.

In addition to phase composition, systematic changes in preferred
orientation are observed. The dominance of the CrN (220) reflection
together with the non-monotonic evolution of the CrN (200) reflection
indicates a competition between different growth orientations as
deposition conditions vary. Such competition between the (200) and
(220) orientations is well documented for NaCl-type transition metal
nitrides deposited under energetic sputtering conditions, where
different crystallographic directions exhibit distinct growth stability and
ion-surface interaction characteristics [56,57].

The observed shift of the CrN diffraction peaks toward lower Bragg
angles, together with the splitting of the CrN (220) peak, is commonly
attributed to changes in macroscopic residual stress [58,59] and to lat-
tice distortion induced by the incorporation of excess nitrogen atoms
into the octahedral interstitial sites of the face-centered cubic Cr lattice
[60]. The columnar microstructure observed by cross-sectional SEM is
consistent with deposition at relatively low homologous temperatures,
as commonly described by the Structure Zone Model [61]. In addition, a
refinement of the columnar structure is observed at higher N flow rates,
which coincides with changes in phase constitution and preferred
growth orientation under nitrogen-rich conditions.

Applied Surface Science 730 (2026) 166240

5. Conclusions

This study investigated the deposition of CrNy coatings by reactive
HiPIMS, with particular emphasis on the interplay between plasma
characteristics and nitrogen incorporation behavior. The main conclu-
sions can be summarized as follows:

(1) The nitrogen content in the CrNy coatings increases with Ny flow
rate and exhibits a pronounced saturation behavior at approxi-
mately 52 at.%. Within experimental uncertainty, this saturation
level is consistent with the stoichiometric composition of CrN
defined by the Cr-N phase diagram, indicating that nitrogen
incorporation is ultimately constrained by the thermodynamic
composition limit of the Cr-N system.

(2) The evolution toward stoichiometric CrN during reactive HiPIMS
deposition is closely associated with the intrinsically high-energy
characteristics of the HiPIMS discharge. As the N; flow rate in-
creases (0-75 sccm), the peak power density rises, accompanied
by an enhanced Cr'/Cr* emission intensity ratio, reflecting a
plasma state enriched with energetic metal species. This
increased energy flux delivered to the growing film promotes
stronger Cr-N bonding, as evidenced by the systematic shift of the
N 1s binding energy toward higher values in XPS, highlighting
the advantage of HiPIMS in enabling energy-assisted nitride
growth.

(3) While the thermodynamic limit defines the maximum achievable
nitrogen content in the Cr-N system, reactive HiPIMS plays a
decisive role in controlling the kinetic pathway toward this limit.
By providing a high-energy, metal-ion-dominated plasma envi-
ronment, HiPIMS facilitates the formation and stabilization of
stoichiometric CrN without altering the intrinsic thermodynamic
boundary, thereby steering phase formation and bonding
configuration through energy-assisted growth kinetics.

In summary, the composition and phase structure of reactive
HiPIMS-deposited CrNy coatings are governed by the interplay between
thermodynamic constraints and plasma-assisted kinetics. The thermo-
dynamic limit dictates the attainable stoichiometry, whereas the high
peak power density and energetic plasma conditions inherent to HiPIMS
provide an effective means to control the kinetic evolution of nitrogen
incorporation and Cr-N bonding along the deposition pathway. These
findings underscore the potential of reactive HiPIMS as a versatile and
energy-efficient technique for tailoring nitride coatings through
controlled plasma-surface interactions.
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