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Abstract

Niobium nitride (NbN) coatings have a variety of interesting properties such as high chemical inertness, excellent mechanical properties, high
electrical conductivity, high melting point, and a superconducting transition temperature around 16 K. We have investigated the effects of
magnetic field configuration on the plasma characteristic (electron temperature, plasma density, the ion-to-metal flux ratio J/J, and energy
parameter E},) and the microstructure of NbN films grown with a variable magnetron system. The coatings were deposited under identical
deposition conditions but with varying the configuration of the magnetic field in the magnetron. The plasma characteristics were determined by
planar and cylindrical Langmuir probes for the different magnetic field configurations. The film microstructure and composition were analyzed by
X-ray diffraction, scanning electron microscopy and X-ray photoelectron spectroscopy, respectively. The film hardness and Young’s Modulus
were measured by Nanoindentation.

The variation of the magnetic field with respect to the unbalance state showed that the field changed from a minimum of 3.6 to a maximum of
4.6 mT at the substrate position (5 cm away from target) while in the target center the corresponding values were 49.0 to 98.0 mT, respectively.
The lower magnetic field at the target resulted in higher J;/J, ratios, plasma densities and potentials. These characteristics resulted in changes in the
value of £, and as this increased the preferred crystalline orientation changed from [200] to [111] and the hardness and Young Modulus increased

to 40 GPa and 430 GPa, respectively.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Niobium nitrides are potential candidates for use in variety of
applications [1,2]. The high melting point [3], thermal stability
[4], chemical inertness [5], and mechanical properties [6—8]
such as hardness and toughness make NbN a useful hard coating
in extreme conditions.

Several works have shown that the properties of NbN films
vary considerably for the different methods of deposition and
process parameters used [9—15].

Deposition by DC magnetron sputtering permits a wide
variation of deposition parameters which affect the structural and
morphological characteristics of the films deposited and conse-
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quently, their properties. For example, the ion bombardment
during film growth substantially influences the electronic and
mechanical properties. The main parameters that describe the ion
bombardment are the ion energy, E;, and the ion/atom flux ratio Ji/
J,. Both parameters show an influence on the structure and
properties of films deposited by ion-assisted methods [16—19].
Unbalanced magnetron sputtering is an effective system to control
the ion bombardment since the magnetic field configuration directs
some of the ions from the plasma towards the substrate, and this
can be used to modify the properties of the films [20]. The aim of
the present work was to better understand the role of the magnetic
field configuration on both the plasma and film properties.

2. Experimental setup and procedure

The NbN films were deposited using unbalanced (Teer
Coatings Ltd.) and balanced (Vacuum Inc.) magnetron
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sputtering cathodes. The magnetic field of the unbalanced
system is controlled by the relative position of the magnets
connected to a threaded bar, so that the unbalance is directly
proportional to the number of turns (V,) of the bar. All films
were deposited using a 4-in. diameter 99.95% purity Nb target,
in an N,/Ar atmosphere (both of ultra high purity). The
substrate was positioned 5 cm from the target and the substrate
temperature was kept at 380 °C. The chamber base pressure was
<7x10"* Pa and the working pressure was 0.9 Pa using a total
gas flow of 16 sccm, with the Ar/N, flow-rate ratio fixed at 7.
The DC discharge power for all samples was 200 W and the
coating thickness was approximately 1.8 um. In the case of the
unbalanced system, films were deposited at values of N, (0 to 5)
and for comparison samples were prepared using the balanced
magnetron sputtering cathode (BM) using the same deposition
conditions. Substrates of 4 cm? pieces of silicon were used for
the structural and compositional analysis, 3 cm diameter discs
of high-speed steel (AISI M2) were used for the hardness tests.

The magnetic field was measured using a hall probe portable
gaussmeter, Walker Scientific MG-4D. The field perpendicular
and parallel to the target was measured as function of the radial
distance from the front of the target, », the separation from the
target surface, z, and for the unbalanced cathode as a function
of V..

The plasma parameters were determined from the current-
voltage data from a cylindrical probe using the software devel-
oped by Camps et al. [21] and the ion current densities, J;, were
measured using a 0.125 mm? planar probe at a DC bias of
—100 V. All measurements were made at the substrate position
at 5 cm from the centre of the target.

The crystalline structure was analyzed using a Siemens
D5000 X-ray diffractometer using Cu-K,, radiation and a Ni
filter. The measurements were made in steps of 0.02 degree for
14 s in the 26 range from 30 to 120. The grain size for the
different crystalline directions were calculated from the full
width half maximum of the appropriate peaks using the Scherrer
equation. The texture factors for the samples were obtained
from the ratio of the integral of counts in the peak of interest to

B, (mT)

Fig. 1. The radial variation, r, of the magnetic field parallel to the target surface,
B,, directly in front of the target, z=0, as a function of the number of turns, N,.
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Fig. 2. The deposition rate is plotted as a function of the unbalance coefficient,
Kg. The insert shows the variation of K as a function of the number of turns,
N,.

that of the sum of all of the observed peaks. The surface
chemical compositions of the films were characterized by X-ray
photoelectron spectroscopy (XPS) using a Thermo-scientific
Multilab and MgK,, radiation. A stylus perfilometer DEKTAK
IIA was used to measure film thickness. The hardness was
determined with an ultra-micro hardness tester MXTBO-UL
with 0.025 kg of load. The nanohardness and the elastic modu-
lus were measured using a Nanoindenter II R (MTS Systems
Corp.). This instrument monitors and records the dynamic load
and displacement of a three sided pyramidal diamond indenter
(Berkovich) during indentation with a force resolution of about
75 nN and displacement resolution of about 0.1 nm. Multiple
loadings and unloading steps were performed to examine the
reversibility of the deformation, ensuring that the unloading
data used for analysis are mostly elastic. The corrosion resis-
tance of the NbN coatings was evaluated by potentiodynamic
polarization scans in 0.5 M H,SO, containing 0.05 M KSCN.
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Fig. 3. The ion current incident on the substrate and the plasma density as a
function of the unbalance coefficient, K.
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Fig. 4. The energy-per-deposited atom, £, and the ion to atom flux ratio, Ji/J,,
as a function of the unbalance coefficient, K.

The value of I; was estimated from the maximum anodic
dissolution current before passivation [22].

3. Results

The Fig. 1 shows the radial component of the magnetic field
in front of the target in function of the number of turns of the
internal magnetic assembly of the magnetron and the radial
distance from the centre of the target. The maximum value,
48.5 mT, is at a radial distance of 2 cm. On the other hand, at the
substrate position, 5 cm from the target, the magnetic field was
approximately uniform and perpendicular to the substrate
surface, i.e. B, with a value of 4.7 mT 1.5 cm either side of
the central position, #=0. The degree of unbalance of
magnetrons can be quantiﬁed through the K coefficient
defined as; Kg = 2R , where R, is the average radius of the
erosion zone (for our cathode this is 2 cm), and dp_, is the
distance from the target to where B.=0 [23]. Values greater than
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Fig. 5. XRD spectra obtained from the samples under different conditions of ion
bombardment.
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Fig. 6. The electron temperature is plotted against the ion energy, E;. The
crystallographic texture factor and grain size for the [111] and [200] directions,
and the unbalance coefficient is provided for each data point, see key in the
figure, n.a. indicates data not available, GS[hkl] and f(hkl) are the grain size and
crystallographic texture factors for the (111) and (200) orientations, Kg is the
unbalance coefficient.

3 represent a balanced magnetron. The insert in Fig. 2 shows
how K varies with N,. The Fig. 2 shows that the deposition
rate decreases slightly with the degree of unbalance of the
magnetron and is somewhat greater for the balanced magnetron
which estimated value is K=3.5. The Fig. 3 presents the ion
current density incident on the substrate and plasma density
versus the unbalance coefficient. Both of the plasma parameters
tend to decrease with increasing K but the plasma density is
notably high for the balanced cathode. The ratio of the ion flux
and deposited atom flux, Ji/J,, and the energy per deposited
atom, £, values [24] were calculated as a function of K¢ from
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Fig. 7. The same axes are used as in Fig. 6 to present a mapping of the
nanohardness, elastic modulus and critical corrosion current, together with the
unbalance coefficient for each data point, see key in the figure, /.,;;, nH, EM are
the critical corrosion current density, nanohardness and elastic modulus
respectively, Kg is the unbalance coefficient (n.k. indicates data not measured).
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the deposition rate, the Langmuir probe and ion current density
measurements, assuming a volumetric film density of the bulk
value of NbN (8.43 g/cm?). These results are shown in Fig. 4
together with the values for the balanced magnetron.

The chemical analysis of the deposits showed that the Nb/N
ratio was equal to 1£0.1 for all values of K.

The Fig. 5 shows the X-ray diffraction spectra obtained for
the films deposited at different values of Kg, with the appro-
priate values of K and Ep for the magnetic field configurations.
In the full spectra, not shown, only those diffraction peaks
related to the [111] and [200] orientations of the FCC phase of 6-
NbN (JCPDS No. 38-1155), together with a small peak at
260 ~ 118° which corresponds to the [422] cubic d-NbN phase,
were observed. For £, values greater than 20 eV/atom, Kg<1,
there are a number of small peaks, ~ 62°, which might be
associated with 6’-NbN hexagonal phase (JCPDS No. 14-0547).

The Fig. 6 shows the relationship between the crystallo-
graphic structure and the ion energy, E;, and the electron tem-
perature, 7,. The graph shows a mapping of the values of the
texture factors and grain sizes for the [111] and [200] directions,
together with the value of Kg, in terms of £; and 7.

The Fig. 7 shows a similar mapping of the hardness, elastic
modulus and critical current from the corrosion testing in terms
of E; and T..

4. Discussion

It is important to note that in this design of a variable
unbalanced magnetron as the degree of unbalance is increased,
decrease of K or increase of N,, the intensity of the radial
magnetic field strongly decreases. This might be considered to
mean that for the strongest magnetic field, KgG=1.3 the least
unbalanced configuration, the plasma density should be greatest
resulting in the highest sputtering rate and therefore the highest
deposition rate. The results given in Figs. 4 and 3 show that
exactly the opposite was observed. The explanation of this is
probably related to the idea of the unbalanced magnetron. The
Fig. 5 shows that up to 2.6 times more ions than atoms arrive at
the substrate and, from Fig. 4, the ion flux increases as the
degree of unbalance increases; this being exactly the objective
of the unbalanced magnetron. In fact the deposition rate was
found to increase linearly with the ion current flux indicating
that a constant proportion of the ion flux corresponds to film
precursor ions. Obviously mass spectrometry measurements are
needed to confirm this idea.

The crystallographic texture appears, in Fig. 6, to vary ac-
cording to the value of E},, however the data for the balanced
magnetron does not agree with this trend. However, if the
plasma density is also considered, a good agreement for all of
the data is obtained. Various authors have suggested explana-
tions of the variation of the crystallographic orientation in terms
of the overall free energy of the film, W}, with this being the
sum of the surface energy, Sy, and the strain energy, Upyg
[25,26], where the surface energy is related to the existence of
unsaturated bonds in the surface atoms and can be expressed as

Sht = (Nukt X Lg)/(Z x N,)

where Ny is the number of unsaturated bonds per atom in the
(hkl) plane, L is the sublimation energy, Z is the coordination
number and N, is Avogadro’s number [26]. The strain energy
for the two-dimensional case with equal principal stress can be
expressed as

Uhkl = 8§kl X Ehkl(l — V)

where v is the Poisson’s ratio, &y is the strain and Ey; the
Young’s modulus in the (hkl) lattice plane of the film [26].

Unfortunately data is not available for NbN but on the basis
of the similarity of the crystal and mechanical properties of TiN,
TiC and NbN we assume that the same relative values of Sy,
&nkt> Enig and v can be used. As the thickness of films increases
the orientation is expected to change from the [100] to the [111]
direction as the strain energy dominates [26]. Ion bombardment
increases the strain energy component; therefore under condi-
tions of high bombardment the orientation change occurs at
lower thickness [27].

Other models have been presented to describe the effect of
low energy (<20 eV) ion bombardment during film growth
[28,29]. The proposed idea was that this energy is sufficient to
cause collisional dissociation of the N3 ions providing a source
of atomic nitrogen. The nitrogen readily chemisorbs on the
(100) planes but not on the N-terminated (111) planes. This
reduces the mean free path of the metal cation on the (100) plane
due to capture and promotes the formation of MetN; (i=1-4)
islands. This can be considered as causing an additional de-
crease in the (100) surface energy relative to that of the (111)
plane. Consequently, the presence of the nitrogen atoms reduces
the flux of cations from the (100) to the (111) planes, resulting
in the orientation of the growth in the [100] family of directions.

Now the relative concentration of nitrogen precursors gene-
rated in the plasma under conditions of identical gas pressure,
gas mixture and applied power might be estimated from the
electron temperature and the plasma density since to a first
approximation the precursors are produced by electron energy
transfer processes. In our case the measured plasma density
cannot be used because we know that near the substrate this
decreases as the radial magnetic field increases (increasing Kg)
due to greater plasma confinement and indeed it appears that the
plasma density near the target actually increases. From Fig. 6 we
can see that for 7,<3.5 eV the films have a preferred [111]
orientation and with increasing ion energy the texture factor
increases. At the lowest E; and 7, the film orientation is a mix of
[111] and [200]. However, as the T, increases the films become
more and more [200] and the grain size increases, in agreement
with the models described above.

The other film properties can also be mapped using the 7
versus E; approach. Fig. 7 shows that only films made using an
E;>11 eV have a hardness of greater than 35 GPa and an elastic
modulus greater than 430 GPa. For coatings deposited on metal
substrates only the metal part at the bottom of the pinholes or
defects are subject to active dissolution in corrosion testing.
Therefore, I, is proportional to the exposed area of the sub-
strate at the bottom of the pinholes and is therefore a measure of
the porosity of the films [30]. From Fig. 7 it can be seen that the
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value of /., is strongly influenced by the plasma 7, and appears
to be almost independent of E; although more work is required
to clarify this aspect.

5. Conclusions

Under the experimental conditions studied, the crystallo-
graphic orientation of the NbN films was controlled by a com-
bination of the degree of ion bombardment and the flux of
reactive nitrogen species at the growing film surface. Films
could be produced under conditions of high ion bombardment
with a hardness in excess of 38 GPa.
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