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Properties of hafhium nitride (HfN) coatings are affected by deposition conditions, most often by the sput-
tering technique. Appropriate use of different magnetron sputtering modes allows control of the structural
development of the film, thereby enabling adjustment of its properties. This study compared properties of
HfN coatings deposited by direct current magnetron sputtering (dcMS), mid-frequency direct current mag-
netron sputtering (mfMS), and inductively coupled plasma-assisted magnetron sputtering (ICPMS) sys-
tems. The microstructure, crystalline, and mechanical properties of these HfN coatings were investigated
by field emission electron microscopy, X-ray diffraction, atomic force microscopy, and nanoindentation
measurements. HfN coatings deposited using ICPMS showed smooth and highly dense microstructures,
whereas those deposited by dcMS showed rough and columnar structures. Crystalline structures of HfN
coatings deposited using ICPMS showed a single 6-HfN phase, whereas those deposited using dcMS and
mfMS showed a mixed 5-HfN and HfN, phases. Their performance were increased in the order of dcMS
< mfMS < ICPMS, with ICPMS achieving a value of 47.0 GPa, surpassing previously reported results.

Keywords: Direct current magnetron sputtering, Mid-frequency magnetron sputtering, Inductively coupled
plasma-assisted magnetron sputtering, HfN, Coatings

1. Introduction

Because hafnium nitride (HfN) coatings have the same
rock salt crystal structure as metallic nitrides such as TiN,
CrN, and TiAIN, they hold promise for application in
electronic devices such as dielectrics, as well as
mechanical applications that require wear resistance, and
high hardness and elastic modulus [1-3]. The properties
of the crystal structure of HfN are reported to be excellent;
the 8-HfN crystal phase with a rock-salt structure is
usually obtained when the sputtering method is used for
fabrication [4]. The literature records various deposition
methods for producing HfN coatings, including magnetron
sputtering, pulsed laser deposition, and metalorganic
chemical vapor deposition. Magnetron sputtering is
widely used because of its excellent reproducibility and
adhesion, as well as its high deposition rate and low
substrate temperature [5—8]. However, when the substrate
temperature is lower than room temperature (15 to 25 °C),
a microstructure with a columnar structure or a porous
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coating film is easily produced, which is disadvantageous
in applications requiring a high density [9]. Therefore, in
this study, we prepared HfN coatings using the following
three methods, and compared their properties: direct
current magnetron sputtering (dcMS), which is a
traditional magnetron sputtering method; mid-frequency
magnetron sputtering (mfMS), which has attracted
attention because of its ability to control pulse plasma
parameters such as the pulse frequency and duty cycle;
and, inductively coupled plasma-assisted magnetron
sputtering (ICPMS), which can produce coating films
with uniform thickness and excellent mechanical
properties at a high ion density and low deposition
temperature.

In ICPMS, plasma is generated by applying a voltage
to a circular coil-shaped antenna using radiofrequency
(RF) power. Moreover, energy is easily transferred
through the antenna to charged particles in the antenna,
which is an inductive element. In contrast to internal
electrodes and electron cyclotron resonance, this method
does not require the application of a direct-current
magnetic field and can be utilized for plasma treatment
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of relatively large work pieces, making it the focus of
considerable research attention [10]. Reports on the
preparation of HfN coatings using the traditional dcMS
or the radio frequency magnetron sputtering (rfMS) have
also recently attracted attention; however, there have been
no reports on the preparation of HfN coatings using
ICPMS, nor on the comparison of the properties of HfN
coatings obtained by these three magnetron-sputtering
methods [11-13]. Therefore, in this study, we prepared
HIN coatings using three different coating methods:
dcMS, mfMS, and ICPMS. Then, we compared the two-
dimensional surface and cross-sectional microstructures
of the coatings, along with their three-dimensional
microstructures, i.e., morphologies. We also compared
their structural properties, such as the crystal structure and
preferred orientation, and their mechanical and physical
properties, such as the nanoindentation hardness and
elastic modulus.

2. Experimental Method

In the experiment, a Si (100) substrate was used to
fabricate the HfN coatings. The substrate was cleaned in
acetone and ethyl alcohol for 10 min per Hf target using
an ultrasonic cleaner to remove impurities on the substrate
surface and then dried. During the fabrication of the
coatings using the three sputtering methods, the
experimental conditions were maintained, with the same
coating chamber, process atmosphere, and process
conditions, for an accurate comparison of the properties.
The HN coatings were fabricated by dcMS, mfMS, and
ICPMS by simply changing the magnetron sputtering
power. Hf targets with a diameter of 76.2 mm, a thickness
of 6.35 mm, and a purity of 99.99% were used as starting
materials. For the process atmosphere, we used ultrahigh-
purity N, and Ar gases and fixed the Ar and N, injection
rates at 31 and 5 sccm, respectively. A mass flow
controller (MFC) was used for the partial pressure control
ofthe Ar and N, gases. The distance between the substrate
and the target was maintained at 60 mm during deposition,
and the substrate was rotated at a speed of approximately
10 rpm for uniform deposition. The chamber was
evacuated to an initial pressure of approximately 3.0 x
10" Torr using a rotary pump and a turbomolecular pump,
and the vacuum level was measured using an ion gauge
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Table 1. Conditions for deposition of HfN coatings using
dcMS, mfMS, and ICPMS

Conditions 1 2 3
Sputtering (type) deMS mfMS ICPMS
Sputtering Power (W) 300 300 300
ICP Power (W) - - 200
Pulse frequency (kHz) - 15 -
Duty cycle (%) - 85 -
Substrate bias voltage (V) -100 -100 -100

and a Baratron gauge. Preliminary sputtering was
performed in an Ar atmosphere to clean the target and
substrate prior to deposition. Three types of HIN coatings
were prepared using dcMS, mfMS, and ICPMS. Table 1
presents the coating conditions. A grazing incidence X-
ray diffractometer (X’Pert Pro MRD, PANalytical) was
used to analyze the crystalline phases and preferred
orientations of the HfN coatings. Field-emission scanning
electron microscopy (FE-SEM, S-3500N, Hitachi) and
atomic force microscopy (AFM, Nanoscope Illa, Digital
Instruments) were used to examine the two- and three-
dimensional microstructures and morphologies. A
nanoindentator (Nanoindentation Hardness Tester, MTS
XP, MTS Systems Corporationy—a precision hardness
tester for thin films—was used to precisely measure the
mechanical properties of the coatings. The hardness was
measured using a Berkovich diamond indenter, and the
mean value was calculated for 16 measurements per
specimen.

3. Results and Discussion

HIN coatings were prepared under three deposition
conditions using dcMS and ICPMS equipment. Then,
their microstructures and mechanical properties, such as
their surface and cross-sectional microstructures, three-
dimensional morphologies, surface roughness, hardness,
and Young’s modulus, were analyzed.

3.1 Crystal structure and preferred orientation

Fig. 1 shows the X-ray diffraction analysis results for
the HfN coatings prepared by dcMS, mfMS, and ICPMS.
As shown in Fig. 1a, for the HfN coatings prepared by
deMS, 8-HIN [111] and HfN,, [103] crystal peaks were
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Fig. 1. XRD data of HfN coatings deposited using (a) dcMS,
(b) mfMS, and (c¢) ICPMS

observed, whereas for the HfN coatings prepared by
mfMS, as shown in Fig. 1b, a 6-HfN [111] main peak
was observed along with an HfN,, [103] crystal peak and
8-HfN [220] and 8-HfN [311] peaks that had significantly
lower intensities. As shown in Fig. 1c, for the HfN
coatings prepared by ICPMS, only 8-HfN [111], [200],
[220], [311] crystal peaks were observed, and, in contrast
to the cases of (a) and (b), no HfN,, [103] crystal peak
was observed.

3.2 Microstructure

The microstructures of the HfN coatings prepared by
deMS, mfMS, and ICPMS were examined using FE-
SEM, and images of their surfaces and cross sections are
shown in Fig. 2. For the HfN coatings prepared by dcMS,
the surface microstructure indicated a rough surface with
pores, and the cross-sectional microstructure exhibited
grains with a typical columnar structure from the substrate
surface to the film surface. For the HfN coatings prepared
by mfMS, the porous columnar structure was absent in
the cross section, and the surface was smoother, with
significantly finer grains. The HfN coatings prepared by
ICPMS had smoother surfaces than those prepared by
dcMS and mfMS. Furthermore, the porous columnar
structure was absent, as in the case of mfMS, and a dense
microstructure was observed from the substrate surface
to the film surface. The results indicated that the coating
microstructure depended significantly on the magnetron
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Fig. 2. Surface and cross-sectional FE-SEM images of HfN
coatings deposited using dcMS, mfMS, and ICPMS

sputtering mode. The HfN coatings prepared by mfMS
and ICPMS had denser cross-sectional structures and
smoother surfaces than those prepared by the conventional
dcMS method. This was due to the generation of dense
plasma with a high ionization rate in mfMS and ICPMS,
as well as the ion bombardment effect. It is generally
accepted that ion bombardment has a significant impact
on the densification of the microstructure and can
strengthen the adhesion between the substrate and the
coating film [14]. In this study, the HfN coatings prepared
by ICPMS had denser microstructures than those prepared
by mfMS. It is likely that increasing the ICP density
increases the kinetic energy of the charged particles
entering the substrate, which improves the adatom
mobility on the substrate surface, and this reduces the
generation of pores during the formation of the coating
film, resulting in a denser film.

3.3 Three-dimensional morphology and surface
roughness

To compare the effects of dcMS, mfMS, and ICPMS
on the three-dimensional morphologies and surface
roughness of the HfN coatings, we performed noncontact
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Fig. 3. AFM surface morphologies of HfN coatings
deposited using dcMS, mfMS, and ICPMS

AFM, and the results are shown in Fig. 3. Comparing the
effects of the three sputtering methods on the surface
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Fig. 4. Ra roughness data of HfN coatings deposited using
dcMS, mfMS, and ICPMS

roughness (Ra) of the HfN coatings revealed that the
density and flatness of the morphology increased in the
following order: dcMS, mfMS, and ICPMS. The
formation of a denser and flatter morphology and finer
grains in the HfN coatings prepared by mfMS and ICPMS
is attributed to two main factors: 1) the ion bombardment
effect of accelerated ions due to the increase in ion energy
and 2) the increase in nucleation density [15]. Fig. 4 shows
the surface roughness (Ra) of the HfN coatings, which
was 7.7, 7.2, and 6.7 nm for coatings prepared by dcMS,
mfMS, and ICPMS, respectively. It can be seen that the
Ra value decreased in the order of dcMS, mfMS, and
ICPMS. These results can be explained as follows: the
ICPMS method has a plasma density approximately 1000
times higher than the conventional dcMS method, a higher
metal ion fraction of the target material in the plasma,
and a lower process pressure, resulting in a finer coating
structure [16]. T. H. Kim et al [17] compared the
measured plasma densities between dcMS and ICPMS.
The plasma density in the dcMS method was 10°cm?,
and that in the ICPMS method was 10%cm?,
corresponding to a 1000-fold difference [17].

3.4 Nanoindentation hardness and Young’s modulus
The hardness measurement of thin-coating films with
a thickness of tens to hundreds of nanometers is
impossible with conventional micro-Vickers hardness
testers. Furthermore, precise measurement is difficult
owing to the nanoindentation size effect. Thus, for precise
hardness measurement of coating films with a thickness
of <1pum, the use of nanoindentation hardness-
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Fig. 5. Nanoindentation hardness of HfN coatings deposited
using decMS, mfMS, and ICPMS
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Fig. 6. Young’s modulus of HfN coatings deposited using
dcMS, mfMS, and ICPMS

measurement equipment is desirable. To exclude the
indentation size effect, which tends to increase the
measured hardness value as the indentation depth
decreases, the measurement positions were averaged to
the 1/10 position of the total film thickness. The
nanoindentation hardness and elastic modulus (Young’s
modulus) measurement results for the HfN coatings
prepared by dcMS, mfMS, and ICPMS obtained in this
manner are depicted in Fig.s 5 and 6. As shown in Fig.
5, the nanoindentation hardness of the HfN coatings
prepared by ICPMS was higher than that of the coatings
prepared by dcMS and mfMS. The nanoindentation
hardness of the HfN coatings prepared by dcMS and
mfMS was 18.3 and 22.3 GPa, respectively, whereas that
of the HIN coatings prepared by ICPMS was 47.0 GPa,
approximately 2.6 times higher than the value for the
dcMS method. It is noteworthy that this nanoindentation
hardness (ICPMS) is far superior to those in all previously
reported results for HfN coatings. As shown in Fig. 6, the
HfN coatings prepared by ICPMS had the highest Young’s
modulus: 401.0 GPa. The Young’s moduli of the HfN
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coatings prepared by dcMS and mfMS were 199.9 and
215.0 GPa, respectively. Thus, the Young’s modulus
increased in the order of dcMS, mfMS, and ICPMS,
similar to the nanoindentation results shown in Fig. 5.
This improvement in mechanical properties is attributed
to the phase change of the HfN coating film and the grain-
size reduction [18,19].

4. Conclusion

In this study, HfN coatings were prepared by three
different magnetron sputtering methods —dcMS, mfMS,
and ICPMS—and their structural and mechanical
properties were compared. The magnetron sputtering mode
affected the refinement of coating grains, the surface and
cross-sectional microstructures, and the crystallographic
properties, such as the crystal structure and preferred
orientation. In the X-ray diffraction spectra, HfN, [103]
and 6-HfN [111] peaks were observed for the HfN
coatings prepared by dcMS and mfMS, but only single-
phase 6-HfN [111], [200], [220], and [311] peaks were
observed for the HEN coatings prepared by ICPMS. In
the HfN coatings with a rough surface and columnar
structure, the columnar structure disappeared when the
sputtering mode changed from the dcMS method to the
mfMS and ICPMS methods, and the microstructure
changed to a dense and flat surface. The nanoindentation
hardness of the HfN coatings prepared by dcMS and
mfMS was 18.3 and 22.3 GPa, respectively, and that for
the ICPMS method was 47.0 GPa, which is far better than
all previously reported results.
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