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Influence of Nitrogen Flow Rates on the Structure,
Hardness, and Electrical Resistivity of HfN Coatings
by DC Sputtering
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HfN hard coatings on Corning glass substrates were obtained using DC sputtering. A power of 200 W was
used keeping the flow rate of argon at 10 sccm and varying the nitrogen flow rates at 2.5, 3.5, 5.0, and
7.5 sccm to analyze differences in the hardness and electrical resistivity values, explaining variations in
relation to structural changes. To achieve this, the Vickers microhardness test, x-ray diffraction, Raman,
atomic force microscopy, and high resistivity measurements were used. At 2.5 sccm, the hardness value was
shown to reach a maximum value of 20 GPa, and a minimum electrical resistivity of 6.5 X 10° pQem.
Furthermore, as the flow is increased, the hardness values gradually decrease (until a value of 8 GPa is
reached), the fracture toughness increase (until a value of 0.3 MPaVm is reached), and the electrical
resistivity reaches its maximum at 1.52 X 10'> pQcm. These variations are attributed to the evolution that
the HfN phase progressively undergoes from a crystal orientation at (111) to an amorphous phase. In
addition, the presence of tensile stresses, which tend to favor electrical resistivity, was identified. The
average RMS roughness increased from 3.76 to 10.69 nm as the nitrogen flow was increased. Finally, the
Raman spectroscopy confirmed the presence of the HfN phase.

Keywords electrical resistivity, HfN, sputtering, Vickers hard-
ness, XRD

1. Introduction

Transition metals nitrides have been used as highly corro-
sion resistant materials, diffusion barriers in integrated circuits,
and as protective coatings for industrial-type tools (Ref 1-3).
There exist different ways to fabricate them, the most
commonly used techniques being physical vapor deposition
(PVD) (Ref 4, 5) and chemical vapor deposition (CVD)
(Ref 6, 7). The sputtering technique has been one of the most
commonly used methods to obtain nitrides, because of its
versatility (Ref 8, 9). One of the most well-known and studied
in recent years metal nitrides is titanium nitride (TiN) (Ref 10,
11), which has been widely used as a hard coating due to its
high wear resistance, high hardness values, low friction
coefficient, and very attractive appearance to the naked eye
(Ref 12, 13). Both the mechanical and electrical properties of
titanium nitride and in general of most nitrides strongly depend
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on the growth conditions used in the sputtering process. The
origin of this dependence may be associated with the defects
contained within the coating, originated during growth. One of
the main influences of the defects in the coating is caused by
the oxygen concentration which significantly affects the
titanium nitride’s properties (Ref 14).

It has now been found that hafnium nitride (HfN) exhibits
very similar properties to those of TiN (Ref 15). However, HIN
also exhibits other properties such as a high melting point,
chemical inertness, good oxidation resistance in external envi-
ronments, high refractoriness, and especially an excellent
electrochemical immunity and biocompatibility with the human
body so as to be used in biomedical implants (Ref 16). To date,
only few studies have been reported on the HfN binary system, of
which approximately 20% have been obtained by DC sputtering
(Ref 17, 18) and the rest by RF sputtering and other techniques
such as vacuum plasma spraying or CVD (Ref 19-22). However,
none of these studies using DC sputtering is aimed at studying
the relationship between Vickers microhardness, fracture tough-
ness, and electrical resistivity, and explaining its evolution
through changes in its structure. Consequently, this paper
focuses on proposing growing conditions favoring electrical
resistivity, Vickers microhardness, and fracture toughness at
different nitrogen flows and explaining these variations in terms
of changes in its structure, phases, and stress involved.

2. Experimental

HfN hard coatings were produced on Corning glass
substrates by DC sputtering using a V3 Model Intercovamex
sputtering equipment and a 99.9% purity hafnium target. The
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Corning glass substrates were cleaned in an ultrasonic bath
using distilled water and soap, acetone, and ethanol. Once the
pressure was pumped to 1.6 x 107° Torr, we proceeded to
initiate growth of the coatings, using a flow rate of argon of
10 sccm and a power of 200 W until a thickness of 0.33 um at
room temperature was reached, varying the nitrogen gas flow
rates in 2.5, 3.5, 5.0, and 7.5 sccm, identified as HfN-2.5, HfN-
3.5, HfN-5.0, and HfN-7.5, severally. The values of the
working pressure were of 1.6 x 1072, 22x 1072, 2.7x 1072,
and 4.5 x 1072 Torr for HfN-2.5, HfN-3.5, HfN-5.0, and HfN-
7.5 coatings, respectively.

In order to analyze the microhardness of the hafhium nitride
coatings on Corning glass substrates a Mitutoyo Vickers
Microhardness tester was used applying loads of 0.001,
0.002, 0.003, 0.004, 0.005, 0.01, 0.025, 0.05, 0.1, 0.2, 0.3,
and 0.5 Kgf, and repeating the measurement at least five times
in different regions of the coating. The structure of the coatings
was analyzed using a x-ray diffractometer (XRD) model D8
Advance from Bruker, using the copper K,; x-ray line, using a
grazing incidence angle arrangement combined with a parallel
beam geometry, as well as a scintillation detector, also applying
a 20 sweep range from 25° to 80° and 1° steps, with a step size
of 0.02° and a speed of 2 s per step. The current and voltage
used were 40 mA and 40 kV, respectively. The vibrational
modes of the HfN coatings were analyzed using a Thermo
Scientific DXR Raman microspectrometer with a 10x objec-
tive, a collection time of 2 s, a sampling number of 10 s, and a
solid-state laser beam with an excitation line of 532 nm at a
power of 10 mW. The measurements of the surface mor-
phology of the films were performed using a Digital Instru-
ments atomic force microscope (AFM)—Nanoscope IV
Dimension 3100. Finally, the electrical resistivity of the
coatings was analyzed with a Keithley high resistance mea-
surement equipment (Model 65) using different voltage values
(5, 10 and 20 V) applying Ohm’s law.

3. Results and Discussion

During the sputtering process, once the nitrogen gas has
been incorporated into the growth chamber, the gas reacts with
the hafnium target atoms, thereby forming hafnium nitride. For
most transition metals, when the nitrogen flow rate is varied, a
nonlinear behavior is observed in the material with respect to
the reagent gas supply, showing a hysteresis effect (Ref 23).
Usually when the nitrogen flow rate is small, the target material
hardly reacts during the deposition process carried out on the
Corning glass substrate, tending to reveal a behavior similar to
that found in a metal eroding process. In contrast, when dealing
with hafnium, the deposition rate to form HfN is high enough
(Ref 15). In order to ensure the formation of HfN, the lowest
value of nitrogen flow rate used was 2.5 sccm. When using
smaller deposition rates, the hafnium would not reach a nitride
phase and an unwanted Hf metal phase was observed in the
diffractograms. As the nitrogen flow rate is increased, the
erosion of the hafnium target decreases, consequently resulting
in a longer time required to deposit the hafnium nitride of the
same thickness. This is due to the performance of reactive
sputtering, which is impeded by the effect of target “poison-
ing,” which means that a compound coating is not only formed
on the substrate as desired, but also on the sputter target, which
results in a significantly reduced sputter yield and, thereby,
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reduced deposition rate. When we eroded the hafnium target
without the presence of nitrogen, the deposition rate was
2.8 KA/s. As we introduced the nitrogen reagent gas, we
observed that the deposition rate decreased at 1.1, 0.6, 0.3, and
0.1 KA/s at nitrogen flow rates of 2.5, 3.5, 5.0, and 7.5 sccm,
respectively. For nitrogen flow rates higher than 10 sccm, the
deposition process is hampered enormously, thus making it
impossible to operate the sputtering process in an extremely
reactive environment so as to reach a minimal deposition rate,
in which the latter is practically null. This is primarily due to
poisoning of the hafnium target, however, a further conse-
quence of poisoning is a hysteresis of the reactive gas partial
pressure at increasing/decreasing reactive gas flow, and,
associated to this, an unstable operation regime between high
and low target uptake at constant partial flow of the reactive
gas. Furthermore, a decrease in the discharge voltage is also
observed. Nonetheless, one of the advantages brought forth
upon using these growth parameters in which the nitrogen
reagent gas intervened, is that no electrical arcing occurred,
which could have damaged both the hafnium target as well as
the coating.

In Fig. 1, the peaks of x-ray diffraction for the set of four
series of coatings produced by reactive DC sputtering on
Corning glass substrates are displayed. When the nitrogen flow
is introduced into the growth chamber, the appearance of the
crystalline phase of hafnium nitride with a face-centered cubic
structure (ICCD: 00-033-0592) can be identified in almost all
coatings. At a nitrogen flow rate of 2.5 sccm, five diffraction
peaks localized in 26 = 34.304°, 39.819°, 57.551°, 68.762°,
and 72.282° can be very distinctly identified, which is related
like a strong signal of stoichiometric HIN (Ref 17). When the
nitrogen flow rate is increased, the intensity of the diffraction
peaks corresponding to the FCC—HI{N phase begin to decrease
gradually until they are totally attenuated (HfN-7.5 coating with
an amorphous phase). For the HfN-3.5 and HfN-5.0 coatings,
the diffraction peak located at 20 = 72.282° disappeared
completely, but the crystal orientation remained constant along
the (111) plane, which indicates that the coatings are close to
stoichiometric HfN. The Warren-Averbach method (Ref 24)
was used to calculate the grain size of the HfN-2.5, HfN-3.5,
and HfN-5.0 coatings, using the diffraction profiles that reveal a
polycrystalline behavior and a variation in the enlargement of
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Fig. 1 X-ray diffraction pattern evolution with nitrogen flow rate of
HfN coatings
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the diffraction peaks. Our calculations show that there is little
variation in the grain size values found for each coating, as they
exposed values of 7.9, 8.3, and 9.1 nm for the HfN-5.0, HfN-
3.5, and HfN-2.5 coatings, respectively.

Similarly, Fig. 1 shows that by increasing the nitrogen
content, the lowest 20 part of the (111) peak exhibits some
shoulder probably due to the presence of an amorphous phase
of hafnium oxide, and gradually becomes more evident, as the
nitrogen flow rate is increased. The presence of oxygen is
attributed to the contamination that remains on the walls of the
sputtering deposition chamber due to the vacuum conditions
used in the fabrication of the coatings (Ref 25).

In Fig. 2, the XRD data of the crystalline coatings are shown
for the range of 32.5° to 36° in 26, in which we can observe that
the peaks of most intense diffraction for the three coatings of
HfN show a shift toward the left of the HfN base reference line,
which was identified by x-ray diffraction. This result qualita-
tively could indicate that the three coatings show tensile stress,
due to an increase in the amount of oxygen into the coatings.
However, the effect of the stoichiometry of HfN is not
discarded in the shift of the diffraction peaks. The shift is
smaller for the nitrogen flow rate of 2.5 sccm and higher for the
nitrogen flow rate of 5.0 sccm.

In Fig. 3, the Raman Spectra of the HfN-7.5 coating is
depicted, and we can see approximately four wide bands
centered at 163, 525, 670, and 1035 cm~!. The first band
corresponds to a first-order acoustic band (115-180 cm™") due
to longitudinal acoustic phonons (LA) (Ref 17, 26). The second
band is a first-order optical band (480-560 cm ') due to the
first-order optical line (O) (Ref 17, 25). The third and fourth
bands correspond to higher frequency bands located in lines at
670 and 1035 cm™!, attributed to the sum of the acoustic and
optical first-order modes (O + A) and to the second-order
optical mode (20), respectively (Ref 17, 26). For NaCl-
structure compounds with no defects, the first-order Raman
effect is forbidden by symmetry (Ref 26) and only second-order
scattering is observed. From Raman Spectra, we can deduce
that HfN coatings fabricated by DC sputtering have a NaCl-
type structure. The presence of the first-order dispersion (LA
and O) indicates the presence of point defect in the coatings
(Ref 26). A similar behavior in the Raman signal is observed
for all the coatings. However, by decreasing the nitrogen flow
rate, the intensity of the Raman signals also decreases, which is
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Fig. 2 X-ray diffraction of HfN coatings in the 32.5-36.0° 26 range
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related to a decrease in the presence of the HfO phase (low
number of point defects).

For the Vickers microhardness analysis of each coating, we
used the Korsunsky’s work-of-indentation model (Ref 27),
which enables us to consider all the experimental data obtained
in the experimental measurements made by the Vickers
microindentator. This model is applicable to systems that
behave plastically as well as to systems that tend to fracture
which always depend upon the thickness of the coating.
According to the model, the total work-of-indentation during
the hardness testing comprises two components; one of the
components is congruent with the work of plastic deformation
in the substrate, and the other is congruent with the fracture
energy of and/or deformation of the coating. Figure 4 shows
the adjustment made to the 12 load values applied to the
coating made with a nitrogen flow rate of 2.5 sccm, this coating
being the one which scored the highest hardness value of
20 GPa. Upon adjusting, the evolution that the hardness
undergoes in relation to the gradual change of the relative
indentation depth due to different loads can be seen. The
behavior displayed in Fig. 4, “knee” type, was predicted by the
Korsunsky model, where for small load values, the curve tends
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Fig. 3 Raman spectra of the HfN coating deposited at a nitrogen
gas flow rate of 7.5 sccm
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Fig. 4 Adjustment made to the coating HfN-2.5 using the model
proposed by Korsunsky

Journal of Materials Engineering and Performance



to approach the value of the hardness of the coating, which
dominates the plasticity of the coating; whereas for large load
values, there is greater penetration and the curve approaches the
value of the hardness of the substrate used, where the coating
reaches fracture. In Fig. 5(a) and (b), we can observe the
images of the indentations made to HfN coatings at two
different loads. There are two remarkable effects to be noted in
these images. First, critical loads values at which begin the
formation of lateral cracks. Second, the formation of radial
cracks at different load values. The radial cracks in HfN
coatings were introduced by indenting them with a sharp
Vickers indenter, and the relationship between the fracture
toughness and the length of radial cracks was established. The
load values, at which these cracks appear, can be seen in
Table 1. For the 0.1 Kgf load and lower loads, no type of radial
crack is evident and only the plastic effect can be seen, while
for load values of 0.2, 0.3, and 0.5 Kgf (and higher values) the
crack (radial or lateral) in the coating is initiated and visualized,
progressively defining itself, as the load value is increased, as it
is described in the Korsunsky model. The fracture toughness of
HIN hard coatings was estimated using the radial cracking
indentation method (ICL) by measuring the length of radial
crack (Ref 28):

EC>1/2 P

KIC:Y(HC o

where C is the length of surface radial cracks, P the applied
load, Ec (= 380 GPa) Young’s modulus of HfN (Ref 29), Hc
is the Vickers hardness measured in the coating, and Y is an
empirical constant which depends on the geometry of the
indenter used and the value is 0.016 for Vickers indenter
(Ref 30). The results are shown in Table 1, corroborating
that the coatings with higher fracture toughness are HfN-5.0
and HfN-7.5, because the coatings with lower hardness
value presented higher fracture toughness, which means less
brittleness.

Figure 6 shows the behavior of the Vickers microhardness
and electrical resistivity of the coatings produced by the
sputtering technique at different flows of nitrogen. As the
nitrogen flow rate is increased, we can observe that the
hardness values decrease, but the electrical resistivity values
will gradually increase. The hardness will decrease from the
maximum value of 20 GPa for the HfN-2.5 coating, until
reaching the minimum value of 8 GPa, exhibited by the HfN-
7.5 coating; while the electrical resistivity values start from a
minimum value of 6.5 x 10° uQcm for HfN-2.5 and reach a
maximum value of 1.52x 10'? pQem for HfN-7.5. The
changes in hardness shown in Fig. 6 are attributed to mi-
crostructural changes and, favoring high hardness values to the
higher crystallinity of the coating (stoichiometric HfN coating)
and the unique formation of HfN phase, besides showing lower
tensile stress. The maximum hardness value reached is similar
to the values obtained by other researchers (Ref 18, 21).
However, the difference is that they fabricated coatings by
CVD and, as for us, we fabricated them by PVD. On the other
hand, the microstructural and stoichiometric changes men-
tioned above also tended to affect the electrical resistivity, but
in a way contrary to the behavior displayed in the hardness. The
high values reached are mainly attributed to the amorphous
phases with the highest tensile stresses, in addition to the
dispersion of the point defects such as hafnium and nitrogen
vacancies, and antisite defects. The two highest resistivity

Journal of Materials Engineering and Performance

values (1.86 x 10'” and 1.52 x 10" pQcm) are well above
those reported by other researchers (Ref 17, 19, 31), who report
values of 1 x 10° pQcm (using a nitrogen flow rate of 0.5) (Ref
17), 1.6 x 10® pQcm (using a 2% nitrogen flow rate without
bias potential) (Ref 19), and 200 pQcm (using a HfN target and
varying the RF sputtering power supply) (Ref 31).

The hardness values are affected by the appearance of the
amorphous phase of hafnium oxide, which becomes more
evident as the nitrogen flow rate is increased along with a
growing density of dislocations that are responsible for the
relaxation of the coating and an increase in the root mean
square of the roughness values from 3.76 to 10.69 nm. Figure 7
shows the image of the surface morphology of the HfN-2.5
coatings in an area of 5.0 x 5.0 um® for a scanning speed of
1.0 Hz. As it may be seen, the coating consists of globular-
shaped particles, where in the other coatings show a similar
behavior.

When there is a greater presence of the reagent gas in the
growth chamber, there is a higher internal pressure, which
causes the coatings obtained to be more porous and therefore
when they come in contact with the residual oxygen in the
chamber, they rust faster. The hardest coating was grown at
lower pressures, in such a way that it managed to be denser and
less prone to oxidation, thereby obtaining a single well-defined
crystalline phase of FCC—HfN, in contrast to other studies
(Ref 17, 19, 32), where the phases of Hf3N,, HfO,, Hf, and
HfN, 3, were found which affect not only the hardness values,
but also the electrical resistivity.

4. Conclusions

It was possible to obtain coatings of HfN on glass substrates
with a thickness of 333 nm through DC sputtering in a reactive
atmosphere. As the nitrogen flow rate is increased, the erosion
of the hafnium target decreases, due to the performance of
reactive sputtering, which is impeded by the effect of target
“poisoning.” Using x-ray diffraction we could identify the
presence of the HIN crystalline phase at nitrogen flow rates of
2.5, 3.5, and 5.0 sccm, being able to observe that the diffraction
peaks have a crystal orientation at (111) and also display tensile
stress. Raman measurements confirm the presence of bands
related to the non-stoichiometric HfN phase, being the strongest
for coatings with greater amounts of nitrogen. The value of
maximum hardness achieved was 20 GPa, for a nitrogen flow
rate of 2.5 sccm and as this flow rate is increased, the hardness
values of the coating tend to decrease to a minimum value of
8 GPa, while electric resistivity values start from a minimum
value of 6.5 x 10® uQcm for HfN-2.5 and reach a maximum
value of 1.52 x 10'? uQem for HfN-7.5. The images of the
indentation marks and the calculations of fracture toughness
show that the coatings with higher fracture toughness are HfN-
5.0 and HfN-7.5 coinciding with lower hardness values. This
behavior is due to changes in the microstructure of the coatings,
due to that the coating of higher hardness has a well-defined
crystal structure, the lowest tensile stresses and the smaller
contribution of an amorphous hafnium oxide phase. As the
nitrogen flow rate increases progressively, the intensity of the
diffraction peaks decreases and some even disappear ending up
into a fully amorphous phase structure, favoring the high values
of both electrical resistivity and fracture toughness.
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Load 0.2 Kgf 2.5 sccm Load 0.5 Kgf

5 pum

Load 0.2 Kgf 3.5 sccm

Load 0.3 Kgf 5.0 sccm

5 pm

Load 0.2 Kgf 7.5 sccm Load 0.5 Kgf

Fig. 5 Images of the indentations made to HfN coatings at two different loads: (a) HfN-2.5 and HfN-3.5 coatings and (b) HfN-5.0 and HfN-7.5
coatings
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Table 1 Experimental data of the start and length of cracks, hardness, and fracture toughness of the

coatings of HfN

Critical loads
of radial crack

Critical loads
of lateral crack

Length of

radial cracks,

Vickers hardness, Fracture toughness,

Coatings formation, Kgf formation, Kgf pm GPa MPaVm
HIN-2.5 0.2 0.5 29.3 20 0.22
HN-3.5 0.2 0.2 16.8 16 0.23
HN-5.0 0.3 0.5 29.1 12 0.29
HIN-7.5 0.5 0.2 17.9 8 0.30
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Fig. 6 Behavior of the hardness and electrical resistivity with the
nitrogen flow rate variation
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Fig. 7 Topography image of the HfN-2.5 coating, obtained by
AFM
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