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Controlled ion bombardment is a popular method to fabricate desirable coating structures and modify their
properties. Substrate biasing at high frequencies is a possible technique, which allows higher ion density at
the substrate compared with DC current bias. Moreover, high ion energy along with controlled adatom
mobility would lead to improved coating growth. This paper focuses on a similar type of study, where effects
of coating growth and properties of DC magnetron-sputtered chromium nitride (CrxN) coatings at various
substrate bias frequencies are discussed. CrxN coatings were deposited by pulsed DC magnetron sputtering
on Inconel 718 and (100) silicon substrates at 110, 160 and 280 kHz frequency at low duty cycle. Coating
microstructure and morphology were studied by X-ray diffraction (XRD), atomic force microscopy (AFM),
scanning electron microscopy (SEM), scratch adhesion testing and nanoindentation. Results indicate a
transformation of columnar into glassy structure of CrxN coatings with the substrate bias frequency
increase. This transformation is attributed to preferential formation of the Cr2N phase at high frequencies
compared with CrN at low frequencies. Increase in frequency leads to an increase in deposition rate, which
is believed to be due to increase in plasma ion density and energy of the incident adatoms. An increase in
coating hardness along with decrease in elastic modulus was observed at high frequencies. Scratch tests
show a slight increase in coating adhesion, whereas no clear increase in coating roughness can be found with
the substrate bias frequency.

Keywords adhesion of coatings, CrN coatings, frequency, me-
chanical properties, microstructure, PVD, X-ray
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1. Introduction

Pulsed magnetron sputtering process is one of the most
significant developments in physical vapor deposition (PVD)
technology in the 1990s and a well-established technique for
the fabrication of thin films and coatings (Ref 1, 2). Moreover,
this method has been recently used as an alternative method to
sinusoidal bias, as it overcomes charge accumulation induced
by incident ions and controls the energy of the ions coming
towards the substrate. By controlling the duty cycle (the ratio of
the pulse-on to pulse-off time), the shape of a pulse can be
modified, leading to better arc management process during
coating deposition. High thermal flux with the increase in
substrate pulse frequency has also been reported by Kelly (Ref
3). Microstructure and properties of the coatings can be
modified by controlling the ion flux on the substrate surface
(Ref 4). Increase in the ion flux provides higher bombardment,
thus modifying film properties, such as microstructure,
mechanical properties, film density and adhesion (Ref 5, 6).

Chromium nitride (CrxN) coatings are well-known candi-
dates, which are often used for tribological, material forming
and casting applications (Ref 7-10), as they exhibit high
hardness, good wear and corrosion resistance, high thermal
stability, superior fracture toughness, etc. (Ref 8, 11-13). A
number of publications have been discussing the fabrication of
CrxN films using DC and pulsed bias. Freeman et al. (Ref 7)
found that CrxN harder films with higher internal stresses and
denser microstructure are produced with pulsed bias compared
with DC magnetron sputtering. Similarly, Lin et al. (Ref 14)
reported a change in preferred orientation of the coatings during
fabrication of Cr-Al-N at various substrate frequencies. More-
over, they found higher internal stresses along with better
mechanical properties of the coatings fabricated at higher
frequencies. They associated these effects with the energy and
ion flux observed at the substrate during the deposition process.
Similarly, Lee et al. (Ref 15) found a variation in preferred
orientation, microstructure and mechanical properties of CrxN
thin films deposited with various frequencies in the 2-80 kHz
range.

Literature reports hint to high ion energy, low negative
sputtering and high positive sputtering at 110-350 kHz fre-
quency (Ref 14). Moreover, such coatings exhibit high
hardness and good tribological properties. Bradly et al. (Ref
16) performed Langmuir measurements and showed an
increase of 28% in ion flux between 110 and 350 kHz,
enabling high deposition rates with high energy electrons. They
also demonstrated that high frequency of approximately
350 kHz at low duty cycles could be beneficial for optimum
plasma conditions. Khaesh et al. (Ref 17) obtained small grain
size at 120 kHz, which leads to denser coatings and good
mechanical properties. However, no study has been performed
discussing the effect of substrate bias frequency in the range
between 110 and 280 kHz at low duty cycle. The present work
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shows the effects of the above discussed parameters on
microstructure, mechanical properties and the phase transfor-
mation in CrxN films.

2. Experimental

CrxN coatings were produced using DC magnetron sputter-
ing in the CC800/9 chamber from CemeCon AG (Würselen,
Germany). The coatings were deposited onto 309 159 3 mm
Inconel 718 substrates and (100) silicon wafers. Prior to
deposition, Inconel 718 substrates were mirror polished and
then cleaned in acetone. High-purity chromium target (99.99%)
from PLANSEE AG (Reutte, Austria) was used for deposition,
and the substrate-to-target distance was kept at approximately
70 mm. Deposition temperature was 550 �C, and 2 kW target
power was used for the coating process. Substrate was biased at
90 V for the experiments with a constant duty cycle of 45%.
Parameters for substrate frequency are summarized in Table 1.

Film thickness was measured using the CemeCon AG
(Würselen, Germany) calowear test machine. Deposition rate of
the coatings was estimated from the film thickness and
deposition time. SEM images were obtained on the cross
sections of films deposited on (100) Si wafers using TESCAN
scanning electron microscope (Brno, Czech Republic). Addi-
tionally, chemical composition was determined by wavelength-
dispersive X-ray spectroscopy (WDS). Mechanical properties
(hardness and elastic modulus) of the coatings were estimated
by using the Oliver and Pharr method (Ref 18) from the loading
and unloading curves using a nanoindenter (UNAT) from
ASMEC GmbH (Radeberg, Germany). Berkovich indenter
with a maximum load of 10 mN has been used, which allowed
a maximum 10% penetration depth of the film thickness (Ref
19, 20). An average of twenty measurements has been taken for
the analysis.

Crystallographic phases and orientation of the films were
identified by means of the grazing incidence X-ray diffraction
(GIXRD) at a low incident angle of 9� with a Cu Ka source
(k = 0.15406 nm), operating at 40 kV and 40 mA. Surface
topography of the coatings was examined using contact mode
atomic force microscopy (AFM) from Nanosurf GmbH (Lan-
gen, Germany). CSM Instruments (Switzerland) Revetest
scratch tester was used to investigate the adhesion between
the coating and the substrate. Berkovich indenter with a radius
of 200 nm was drawn across the coating surfaces under
increasing normal load. The load was increased gradually
starting from zero to 60 mN to determine the critical load.
These critical load values represent an average of three
measurements, performed under identical experimental condi-
tions. The scratch traces on the film surface were analyzed
using optical and scanning electron microscopy.

3. Results and Discussion

3.1 Influence of the Substrate Frequency on Current

It is a known fact that the ion current saturates after a
particular value of voltage is achieved at the substrate (Ref 21).
This saturation of current at the substrate leads to high collision
repulsion of ions approaching the substrate, influencing the
coating properties. Hence, pulse bias at the substrate can be
introduced to avoid saturation of ion current, even at higher
voltage (Ref 22). Langmuir investigations show that pulsing of
the substrate bias leads to higher electron temperature and an
increase in ion saturation by more than 2-3 times compared
with constant bias. This also leads to higher ion-to-atom ratio
with heat input at the substrate (Ref 23). The present study
discusses pulsed substrate biasing to improve adhesion between
the coating and the substrate. The process of substrate biasing
has been performed using PINNACLE PLUS pulse generator
from Advance Energy (San Jose, CA, USA). Various frequen-
cies have been used for the experiments with a maximum
constant duty cycle of 45%, which resulted in low surface
roughness, high deposition rate and good mechanical properties
(Ref 24). Low defect formation during growth, uniform coating
thickness over a large substrate area and high coating adhesion
at low substrate temperatures are identified as some of the
advantages of using substrate bias frequency (Ref 25).

A relationship between the measured current at various
frequencies is shown in Fig. 1. A rapid increase in substrate
current occurs in the frequency range between 110 and

Table 1 Deposition parameters of CrN coatings at various substrate bias frequencies

Coating
Deposition
time, min

Pulsing parameters
at the substrate, kHz

Cathode
power, W

Pressure,
mPa

N2/Ar
ratio Bias, V

Argon etching 30 350 0 0.35 … 650
CrN 30 110 2000 0.3 0.23 90
CrN 30 160 2000 0.3 0.23 90
CrN 30 280 2000 0.3 0.23 90

Fig. 1 Substrate bias current as a function of frequency during
CrxN coatings deposition
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160 kHz. A total increase of about 35% of the current has been
obtained between the minimum and the maximum values of the
substrate frequency, while the ion current values do not show
saturation during pulsed biasing. Kelly et al. (Ref 22) found that
the current during DC pulsed bias at 100-350 kHz is much
higher than at constant DC bias. Similar increase in current with
frequency is described for the deposition of TiO2 films. In
contrast to this, Bhaduri et al. (Ref 29) indicated that ion current
declines with bias frequency at 70 V. Nevertheless, they
identified that during the etching process at 500 V, the substrate
ion current increased with frequency.

3.2 XRD and Chemical Analysis

Phase analysis was performed by means of X-ray diffraction
measurements (XRD, Fig. 2). XRD results indicate a variation
in the phase formation with changing bias frequency. As seen
from the diffractograms, the CrxN films contain a mixture of
hexagonal Cr2N and cubic CrN phases. Film deposited at
110 kHz shows CrN (111), (220) and Cr2N (111) X-ray
reflections without preferred orientation. At 160 kHz fre-
quency, a comparatively higher (111) intensity of Cr2N can
be seen. High intensities refer to preferential orientation and
high texture coefficients of the coatings. Further intensification
of the Cr2N and reduction of the CrN (111) reflection intensity
take place at 280 kHz. Additionally, an increase in bias
frequency resulted in diffraction peaks shift at higher angles,
indicating compressive residual stresses in these coatings (Ref
26).

Moreover, with the increase in substrate frequency, the CrN
(111) peak disappeared along with intensification of the Cr2N
(111) diffraction peak. This demonstrates the possibility of
coating texture control by varying substrate bias frequency.
This phase transformation with varying process parameters can
be associated with the surface energy change observed during
the deposition process. During the deposition of CrxN planes,
there is a high possibility of the (200) planes formation during
initial deposition as they tend to orient themselves in mono-
layers inheriting lowest surface energy. During the later
deposition stages, these adatoms orient themselves in the form
of islands, transforming the coating preferential orientation
from (200) to (111). Hence, a variation in preferred orientation
can be observed with the increase in film thickness (Ref 27).

WDS analysis shows an increase in Cr content with the
substrate frequency. In contrast, a decrease in N content was
measured due to the substrate frequency increase (Table 2). All
CrxN coatings were found to be sub-stoichiometric with a Cr/N
ratio ranging from 1.3 to 1.5. During the deposition process,
metal ions eject from the target surface and collide with N to
form respective nitrides. Although it can be seen from these
measurements that at higher frequencies larger amount of Cr is
available than at lower frequencies, this information is not
sufficient to discuss the formation of CrN or Cr2N at these
process parameters and draw a direct correlation between WDS
and XRD measurements. Langmuir probe analysis can be a
possible method to determine the energy of ions at the substrate
and discuss the formation of possible phases during the
deposition process, but such measurements are not a part of
this work.

3.3 Coating Structure and Deposition Rates

Cross-sectional morphology of CrxN coatings deposited on
Si (100) substrates at 110, 160 and 280 kHz was studied by
SEM and is presented in Fig. 3.

Fig. 2 XRD analysis of CrxN coatings deposited at different fre-
quencies

Table 2 WDX measurements obtained for CrxN coatings
at various frequencies

Element (at.%)

Pulsing parameters, kHz

110 160 280

Cr 55.96 57.36 60.95
N 44.04 42.49 39.05

Fig. 3 Cross sections of CrxN films deposited at: (a) 110 kHz, (b)
160 kHz and (c) 280 kHz
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At 110 kHz a clear dense columnar structure of CrxN can be
seen in Fig. 3(a), whereas at 160 kHz a smooth glass-like
structure can be seen from the SEM image in Fig. 3(b).
Similarly, a dense structure can also be observed for 280 kHz in
Fig. 3(c), which seems to be denser than the other films. This
change of structure might be attributed to the increase in
electron temperature and a change in ion-to-atom ratio due to
variation in process parameters (Ref 1). Another possible
reason could be the change of the crystalline structure from
CrN to Cr2N at higher bias frequency due to higher mean
energy of the ions approaching the substrate (Ref 28). XRD
analysis of CrxN also supports the above mentioned theory, as a
shift in preferred orientation can be seen from CrN to Cr2N in
Fig. 2.

Figure 4 shows the relationship between the frequency and
the deposition rate of the CrxN coatings. The deposition rate
remains almost constant. Change in frequency at the substrate
allows high density of electrons on the substrate, resulting in
high ionization rates, leading to more ions deposited on the
surface. Bhaduri et al. (Ref 29) indicated that higher frequency
led to increased film thickness. In contrast, Lee et al. (Ref 30)
found a rapid decrease in deposition rate with the substrate bias
frequency increase. At 160 kHz, the lowest thickness of the
CrxN coating was found.

3.4 Mechanical Properties

Relationships between pulsing bias frequency, hardness and
elastic modulus of CrxN films are given in Fig. 5. According to
the literature, typical microhardness values of the CrxN films
are between 11 and 30 GPa (Ref 15, 31, 32) depending on the
coatings deposition method, process parameter, phase forma-
tion etc.

A decrease in elastic modulus of CrxN coatings can be seen
with the substrate frequency. Contrarily, hardness of the
coatings shows an increase at higher frequencies. These results
can be correlated with the change in preferred orientation with
increasing bias frequency. As Cr2N phase was found to be
preferential at higher frequencies, it is believed to have better
mechanical properties compared with CrN (up to 28 GPa
hardness) (Ref 33, 34).

Moreover, CrxN at 280 kHz depicted finer microstructure,
which is a result of high ion bombardment during deposition
process. Such microstructure is also associated with small grain
size and high surface defects, which eventually result in high
film hardness (Ref 35, 36). Lee et al. (Ref 15) observed a
similar behavior of CrxN coatings for the 2-80 kHz frequency
range. They reported that hardness reduced when bias fre-
quency was increased to 50 kHz, and later showed a decrease
in hardness. The authors attributed this to the availability of
microstructure defects present within the coating.

3.5 Coating Adhesion

Pulsing of substrate bias in order to improve coating
adhesion has been discussed by a number of authors (Ref 7,
29). They suggested that high additional energy could result
from the ionized adatoms through the substrate bias, eventually
leading to implantation of these ions into the substrate. This
implantation would eventually influence the growth of
deposited films, leading to better adhesion and mechanical

Fig. 4 Deposition rate of CrxN coatings, as a function of fre-
quency

Fig. 5 Relationship between pulsing bias frequency, hardness and
elastic modulus of CrxN films deposited at 90 V bias

Fig. 6 Critical load for CrxN coatings deposited at different fre-
quencies
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properties. In addition, these high-energy adatoms have greater
mobility to find the low-energy wells on the surface to
maximize adhesion (Ref 37). Therefore, it can be inferred that
pulsed bias helps initiating secondary discharge at the substrate,
which in turn reduced the residual stress and brittle fracture of
the coating (Ref 29).

Adhesion analysis of the CrxN coatings was evaluated using
scratch testing, shown in Fig. 6. The lowest critical load LC

(10.78 N) was measured for the CrxN deposited at 110 kHz,
whereas at 160 kHz, the critical load increased to 12.15 N and
remained constant for 280 kHz. Hence, coating adhesion is
improved with the increase in substrate bias frequency.

SEM micrographs of the scratch tracks, on the samples with
different bias frequencies (110, 160 and 280 kHz), are pre-
sented in Fig. 7(a-c). Almost similar failure mechanisms for all
three coatings can be seen after scratch tests. Coating chipping/
spallation occurs close to the scratch track, whereas large area
chips (up to 40 lm in diameter) are removed.

For the coatings deposited at 110 and 160 kHz, the
detachment of coating is observed at the edge of the track.
Due to the sliding of stylus with an increasing load, tensile
stresses are generated at the backside of the contact zone. When
these stresses exceed the maximum surface and subsurface
failure stresses, the generation of ring cracks is expected to take

Fig. 7 SEM micrographs of scratch tracks on CrxN film deposited at: (a) 110 kHz, (b) 160 kHz and (c) 280 kHz

370—Volume 26(1) January 2017 Journal of Materials Engineering and Performance



place at the subsurface zones. These ring cracks propagate with
other asperities available within the coating, leading to full
depth cracks or spallation of the coating in small pieces. This
type of crack propagation is referred to as recovery spallation in
the literature, as these cracks lead to stress recovery within the
coating surface (Ref 38).

A detailed analysis of the scratch tracks showing various
coating spallation stages of CrxN coating deposited at 160 kHz
is presented in Fig. 8(a-e). During the initial stages of scratch
test, a transition from elastic to plastic deformation can be seen
with the load increase (Fig. 8a). As the load increases further,
chipping of the coating can be seen (Fig. 8b), which leads to a
series of discontinuous cracks (Fig. 8c). In the later stages of
the scratch tests, continuous cracks can be seen with complete
removal of the coating (Fig. 8d, e).

Dominant spallation of the coating at the edges and within
the track can be seen at 280 kHz in Fig. 7(c). Such type of
spallation mechanism occurs due to high stresses in front of the
stylus. Due to these compressive stresses, crack nucleation

Fig. 8 SEM micrographs of scratch tracks on CrxN film deposited
at 160 kHz

Fig. 9 Typical AFM images of CrxN film deposited at: (a)
110 kHz, (b) 160 kHz and (c) 280 kHz
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takes place due to availability of interfacial flaws. These
stresses relieve themselves in the form of spallation of coating
within the track and outside of the track, referred to as
compressive spallation (Ref 39). Increase in critical load is
attributed to intensification of the Cr2N phase, because the
presence of the Cr2N phase improves adhesion (Ref 40).

3.6 Surface Roughness

AFM images obtained from the CrxN films are shown in
Fig. 9(a-c). It is clear from surface topography that all coatings
exhibit similar microstructure with surface defects, which
becomes larger with increasing substrate bias frequency.

Changes in the average surface roughness Ra of the CrxN
films are illustrated in Fig. 10. For the CrxN coatings, general
trend of increasing surface roughness can be observed. Low
increase of approximately 2.5% of the surface roughness values
has been observed between 110 and 280 kHz substrate
frequencies. A rise in frequency leads to an increase in energy
of the ions coming onto the substrate. Therefore, more
nucleation sites occur on the coating surface leading to more
surface defects and a rise in the coating roughness (Ref 30). A
contrary observation was discussed by Lin et al. (Ref 14),
where they reported a decrease in surface roughness with the
increase in substrate frequency for the CrAlN coatings.

4. Conclusions

CrxN thin coatings were deposited at 110, 160 and 280 kHz
bias frequencies at low duty cycle using pulsed DC reactive
magnetron sputtering. Coating properties and microstructure
were affected by the substrate bias frequency. Compact, dense
and fine columnar structures were observed on the cross section
of each coating. Increasing substrate frequency leads to finer
and denser microstructure of the coatings. Experiments showed
that pulsed DC bias of the CrxN films influences the phase
formation within the films, resulting in high hardness (19-
20 GPa) and improved adhesion. Additionally, an increase in
surface roughness is observed with increased bias frequency.
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