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Niobium nitride (NbN) thin films were deposited under different configurations of the magnetic field using a
magnetron sputtering system. The magnetic field configuration varied from balanced to unbalanced leading
to different growth conditions and film properties. The aim of the paper was to identify correlations between
deposition conditions, film properties and the electrical properties, specially the superconductive critical
temperature (Tc).

The results suggested that there is a critical deposition condition, having an optimum ion-atom arrival ratio

I;g‘cf(g.Zm that promotes a well ordered and textured nanocrystalline structure (cubic phase) with the minimum
61.10.2i residual stress and only under this condition a high critical temperature (16K) was obtained. Lower T values
74.76.2w around 12K were obtained for the NbN samples having a lower degree of structural perfection and texture,
82.80.Pv and a larger fraction of intergranular voids. On the other hand, analysis of valence-band spectra showed that

the contribution of the Nb 4d states remained essentially constant while the higher Tc was correlated to a
Keywords: higher contribution of the N 2p states.
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1. Introduction

Niobium nitrides (NbN,) are potential candidates for use in various
cryogenic devices like high resolution X-ray [1] and electromagnetic
radiation detectors ranging from millimeter wavelength to visible
light [2]. Their relatively high critical superconducting temperature
allows them to be used as diffusion barrier in Josephson junctions and
as coatings for super conductive cables [3,4]. Also, their high hardness
[5,6], their remarkable corrosion resistance [7], as well as their good
chemical stability at high temperature (1000 °C) [8], make NbN, a
useful coating as a hard superconducting material to be used in
extreme conditions [9]. The initial results about superconductivity in
NbN films deposited by D.C. magnetron sputtering showed that a wide
range of critical fields, superconductivity critical temperatures and
resistivities could be obtained by changing the various deposition
parameters, such as, substrate temperature, nitrogen partial pressure,
cathode-substrate distance, etc [10,11]. Moreover, small changes in
sputtering conditions resulted in unexpected changes in Tcs and these
results were interpreted in terms of the variations induced in the film
structure, such as, O or C contaminants, metal vacancies, grain size,
intergrain size, etc. However, a clear explanation of the decreasing T¢
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mechanism is still lacking. Recently, there has been a re-born interest
in NbN thin films for advanced applications, such as, phonon-cooled
hot electron bolometers, superconducting single-photon detectors,
superconductivity cavities, barrier layers or to improve superconduc-
tor-semiconductor structures for electronic devices [10,12-15]. There-
fore, the optimization of the structural properties of NbN films which
usually leads to higher critical temperatures is a demanding task [16].
On the other hand, in the last decades magnetron sputtering systems
have developed into better systems, including unbalanced magnetron
sputtering and the use of pulse D.C. sources [17,18], which have shown
to be effective systems to control the ion bombardment during
deposition and thus, the microstructural film properties. One of the
important advantages of unbalanced magnetron sputtering is the
possibility to obtain high crystalline samples at lower deposition
temperatures, which is a very important issue for the deposition of
films on substrates which cannot stand high temperatures. Therefore,
it is necessary to study the effect of the sputtering parameters on the
superconducting and electrical properties of the UBM-deposited NbN
films.

In this study, we report the effect of the magnetic field
configuration of a magnetron system on the superconducting critical
temperature (T¢) of NbN films and correlate the Tcs with the
microstructural, electronic and compositional properties. The differ-
ent magnetic field configurations induced a higher ion bombardment
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Table 1

Deposition conditions and results

Sample K V, i/l a-111 gz-002 gz-111 Tjgez; E H Tc
(V) (nm)* (nm)  (nm) (GPa) (GPa) (K)

NbN-BM 1 103 16 4435 20 135 029 3572 26 -

NbN-0 6.5 104 1.7 4461 247 20 0.987 3433 227 16

NbN-3 73 111 2 4475 20 34 0.3 437 377 129

NbN-5 91 114 26 4478 147 223 0.11 435 382 126

K is the unbalance parameter, V}, is the plasma potential, Ji/J, is the ion-atom flux ratio,
a-111 is the lattice parameter estimated from the XRD (111) peak position, gz is the grain
size, Tjoo2) is the relative texture factor, E is the elastic modulus, H is the hardness and T¢
is the superconductive critical temperature.

¢ a-200 lattice parameter were ~4.412 nm for the samples deposited with UBM.

on the growing films, leading to more compact and highly texture
crystalline structures, and consequently we observed variations in the
Tcs.

2. Experimental details

The NbN films were produced using an unbalanced magnetron
sputtering cathode from Teer Coatings Ltd. This system offers the
possibility of varying the magnetic field configuration of the
magnetron, by changing the vertical distance between the permanent
magnets and the target [19]. This variation leads to different degrees
of unbalancing (K), which are defined as the ratio of the Z magnetic
field components from the central to peripheral magnets on the target
surface, where K equals the unity for a perfect balanced magnetron
and becomes larger than 1 for unbalanced systems [20].
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Three films were deposited using the Teer UBM system changing K
from 6.5 to 9.1. For comparison, we also deposited NbN samples using a
conventional or balanced magnetron system (BM), equivalent to K=1.

The coatings were deposited from a high purity Nb target of 101mm
in diameter (99.95%), in Ar+N, (both of 99.99% purity) atmospheres.
The base pressure in the chamber was less than 6x10™* Pa. The
deposition conditions were: pressure (0.9 Pa), flow-rate ratio Ar/N (7)
and power (200W). The substrate temperature was fixed at 380 °C,
which for NbN corresponds to a homologous temperature of 0.158
(homologous temperature is the ratio between the substrate tem-
perature and the melting temperature of the material). The deposition
conditions used were previously optimized to obtain a stoichiometric
(1:1) hard metal nitride film under fixed K conditions, and the
variation of the composition and microstructural properties with K
were later studied. The deposition time was adjusted to set the
thickness of all coatings to about 1.8pum. The substrates were crystalline
Si (111) containing the native oxide and were grounded without
application of any external bias. The thickness was measured with a
stylus profilometer DEKTAK IIA.

In order to determine the ion bombardment parameters, the
plasma potential (V) was determined from the current-voltage
characteristic of a cylindrical probe and the ion current densities (J;)
were measured using a 0.125mm? planar probe at a direct current, D.C.
bias of - 100V. All the measurements were made at the deposition
conditions mentioned above, placing the probes at 5cm from the
target and radially in the centre of it [19].

Phase identification of the films was performed using an X-ray
diffractometer (XRD), Siemens D5000 with Cu-Ka radiation and Ni
filter. Intensities were measured in steps of 0.02° for 14s in the 20
range from 30 to 120, at room temperature. The grain size, D, was
calculated from the full width half maximum of the appropriate peaks
using the Debye-Scheerrer equation and the lattice parameter, a, was
estimated from the peak position [19,21].

The superconducting transition temperature was determined with
a closed-cycle helium refrigerator by measuring the resistance vs.
temperature (R vs. T) characteristic by the standard four-probe
technique, from 250K to 14K. The reported superconducting transition
temperature corresponds to the temperature value at which the
resistance goes to zero.

The chemical analysis was carried out by X-ray photoelectron
spectroscopy (XPS). This analysis was performed using an ultra-high
vacuum system of VG Microtech ESCA2000 Multilab, with a Mg Kot X-ray
source (hv=253.6eV) and CLAM4 multichannel detector analyser. The
XPS error is based considering a detection limit estimated to be ~ 1% and
proper propagation of uncertainties.

3. Results

The sample names and results of the plasma characterization for the
UBM and the BM systems are included in Table 1, more details can be
found in references [19,21,22]. The ion-atom condensing flux ratio, Ji/J,
was estimated from the plasma characterization results, the deposition
rate and the volumetric film density of bulk NbN (8.43g/cm?) according
to [23]. InTable 1, it might be observed that as the degree of unbalance, K
increased, the ratio Ji/, increased from 1.6 to 2.6, while the ion
energy, which is proportional to the plasma potential, remained around
10-11eV.

Fig. 1 shows the normalized sheet resistance “r=R(T) | R(280K)”
versus temperature curve for the NbN films deposited with the
balanced and unbalanced magnetron systems. The resistance at 280K,
Rg0 of the films varied between 210uQ to 175pQ for NbN-0, NbN-3,
NbN-5 and NbN-BM. From the trends in Fig. 1, one might see that for
NbN-3, NbN-5 and NbN-BM thin films, the normalized resistance
decreased monotonically as the temperature decreased exhibiting a
metallic-like behavior (i.e., the equivalent to a positive temperature
coefficient of resistivity, TCR) with a residual resistance ratio (RRR)
given by the ratio Rgo/R2o between 1.11 and 1.18. On the other hand,
for the NbN-0 a decreasing slope with increasing T was observed,
suggesting a semiconductor-like behavior (negative TCR) with a RRR
values slightly lower (0.93). However, within the experimental error,
we could say that all the RRR values are close to unity, similar to
previous reported values for NbN films [10,24-27].

From Fig. 1, it might also be seen that, except for the NbN-BM, the
other NbN thin films showed a clear transition to the superconducting
state within the range obtained by the cryopump (14K) system. The Tc
for the NbN-0 was obtained as the temperature value at which the
resistance is zero and for the NbN-3 and NbN-5 samples, an
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Fig. 1. Normalized resistance versus temperature of NbN films deposited with the

balanced and unbalanced magnetron. The inset shows the superconductive transition
and the point at which the Tc was defined.
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extrapolation of the r vs. T curve was used to estimate the zero
resistance temperature, as shown in the inset of Fig. 1. As observed, no
Tc can be obtained for the NbN-BM sample within the experimental
range. The maximum T¢ corresponded to the NbN-0 (16K) while the
values for NbN-3 and NbN-5 films were 12.9 and 12.6K, respectively.
The T¢ of the NbN-0 film compared well with the highest T reported
in literature for NbN films (T¢=16.9K [28], Tc=17.3 K [29]).

Fig. 2 shows the X-ray diffraction patterns for the NbN films
deposited with both the BM and UBM systems. The structural analysis
indicated that all samples displayed the NbN (ICDD No. 71-0162)
phase with negligible content of the metallic Nb (ICDD No. 35-0789)
[30]. Analysis of the full spectra (20-130°) were done to confirm that
the main diffraction peaks observed are those related to the (111) and
(002) orientations of the face-centred cubic, FCC phase of 6-NDbN,
together with a small peak at 26=118° which also corresponds to the
(422) cubic 5-NbN phase, which confirmed the 6-phase. The region
around 26=60-70°, which is associated with &'-NbN hexagonal phase
(JCPDS No. 14-0547) is shown in the inset [30]. It might be seen that a
considerable signal of the (26=62°) peak is only observed for the NbN-
BM sample.

The spectra in Fig. 2 also shows that the intensity of the XRD peaks
of the BM sample are much lower than that of the UBM-deposited
samples, although the film thicknesses are similar. This difference is
particularly clear comparing NbN-BM to the NbN-O sample and
might indicate the superior structural perfection (less defects,
grain boundaries, etc) of the UBM samples. Moreover, it might be
seen that the preferred orientation of the samples varied as a
function of the unbalancing K factor. This variation can be estimated
considering the [002] texture factor (Tjoo2;) defined as the ratio of
the (002) intensity peak divided by the sum of the other peak
intensities [31]. An estimation of this texture factor from standard
XRD patterns corresponding to powder samples, i.e. randomly
oriented samples, suggest that any value of Tjgo; larger than 0.4 is a
clear indication of preferred [002] orientation. Both NbN-3 and BM
samples showed a mixed [111]+[002] orientation (Tjoo2) factors be-
tween 0.29 and 0.3, respectively), while the NbN-0 sample showed
a preferred [002] orientation (Tjpp2;=0.99) and the NbN-5 a [111]
orientation (Tjgo2)=0.11). These results indicated that the K factor is
not sufficient to explain the variations in sample texture, an
explanation for this variation have been given in previous papers in
terms of a synergetic effect between the ion bombardment and the
efficiency of N, dissociation [21,22,32]. The lattice parameter and the
grain size as a function of the unbalance factor K, calculated from the
XRD spectra analysis, are reported in Table 1, which also shows
the trend for the hardness and bulk modulus. It is remarkable to
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Fig. 2. X-ray diffraction patterns for the NbN films deposited with the balanced and
unbalanced magnetron.
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Fig. 3. XPS spectra for the NbN films deposited with both the BM and UBM magnetrons.

observe that the film with the highest Tc correspond to the film with
the lower hardness and modulus.

In order to examine the stoichiometry as well as the formation of
some other phases, we analyzed the NbN films by X-ray photoelectron
spectroscopy (XPS). Fig. 3 shows the XPS spectra for the NbN films
deposited with both the BM and UBM magnetrons.

The chemical analysis performed by XPS showed that the Nb/N
ratio was equal to 1+0.1 for all values of K. The oxygen and carbon
contamination was easily removed after 3min of Ar+cleaning and thus
only small signals are seen in some of the spectra, which might be an
indication of the presence of NbO, phases. Nevertheless, not chemical
shift was detected among the different samples, as observed in Fig. 4(a)

Intensity (counts/s)

196 200 204 208 212 216 220
Binding Energy (eV)

Fig. 4. (a) XPS spectra N 1s and (b) Nb 3d of NbN films deposited with both the BM and
UBM magnetrons.
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Fig. 5. Comparison of the measured valence-band spectra of NbN films deposited with both
the BM and UBM magnetrons with the total density of states (DOS) of NbN calculated [36].

for the N 1s and Fig. 4(b) for the Nb 3d photoemission peaks, indicating
that a similar chemical structure was predominant for all films. The
high resolution spectra did not show clear contributions from the NbOy

phases. In recent papers, Lucci et al. [16,33] have shown that the
highest Tc (15K) in sputtered NbN films was associated with a lower
quantity of NbO, and the right stoichiometry, and either any excess or
deficiency of nitrogen induces a Tcs around 12K.

Finally, the electronic structure was investigated by XPS high
resolution spectra of the valence-band region. Fig. 5 shows the
valence-band spectra of the NbN films normalized with respect to
the peak near the Fermi level (Eg). It might be observed that the
valence band is dominated by two peaks centered at 5.7 and 1.2eV.
This is in excellent agreement with partial density of states (DOS)
calculations of 6-NbN and other experimental results [34,35]. This
information allow us to identify these peaks as arising from strongly
hybridized N2p-Nb4d states (peak around 5.7eV), and from pre-
dominantly Nb 4d states weakly hybridized with N 2p states (peak
around 1.2eV).

For comparison also the valence-band spectrum of metallic Nb
sample is showed, where there are predominantly Nb 4d states and
therefore the intensity of this peak decreases for the NbN samples in
comparison to the high energy band due to hybridized N2p-Nb4d
states. The resolution of the spectra is not so good to study the fine
structure in each sample. However, it is possible to observe a splitting
of the broad N 2p peak into two narrower peaks for the NbN-BM
sample, which is a characteristic of the presence of the &-NbN
hexagonal phase, as also suggested by the XRD results [34].

The other important difference observed among the films was the
microstructure as can be observed in Fig. 6, where cross-section
scanning electron microscopy (SEM) images of the samples deposited
on silicon are shown. These images showed that the NbN-0 sample
has a different microstructure; it did not show the columnar
morphology as did the rest of the samples. Considering that this
sample showed a very intense diffraction peak and that the cross-
section morphology is clearly not columnar, it might be considered as
equiaxed (zone III) according to any thin film structural zone diagram
[36], meaning a more compact structure with less intergrain voids, but
more evidence using transmission electron microscopy is needed to
confirm this assumption.

Fig. 6. Cross section SEM images of the four samples in which the different microstructures can be observed.
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4. Discussion

In this work, we investigated the variations in the electrical
resistance and the superconducting transition temperature of NbN
thin films with the deposition conditions when using balance and
unbalanced magnetron sputtering systems. We observed important
differences in some sample properties, such as texture and morphol-
ogy. A more detailed analysis of the explanation about the variation of
the preferred orientation as a consequence of the unbalance of the
magnetic field is given in Ref. [22]. Briefly, we concluded that the
variation in the preferred orientation in the films can be described by a
combination of two established models: the surface-strain energy
model [36,37], which predicts growth along the [111] orientation for
thick films and the effect of the N3 dissociation due to a small increase
in the ion energy (20eV), which promotes growth in the [100]
direction [38,39].

Particularly interest in this paper was to understand the inter-
relationship between deposition conditions, microstructure, the
electronic properties and the Tc value.

From the temperature dependence of the electrical resistivity of
the NbN films, we could observe a variation in the temperature
coefficient of resistivity from positive to negative. According to the
model of Reiss et al. [40] and experimental data from other authors
[41,42] these variations in the electronic transport for fully crystalline
samples can be attributed to the influence of grain-boundary
scattering process. The model of Reiss et al. [40] attributes the
reduced resistivity of the granular media to the number density and
the quantum transparency of the grain boundaries crossed by an
electron during two successive scattering events. According to this
model a transition from positive to negative TCR might occur for
certain relation between the average grain size (D), the innercrystal-
line mean free path (I) and the mean probability for electrons to pass a
grain boundary (I'). Non-metallic behavior occurs when the condition
l >% is satisfied suggesting that this condition was satisfied for the
NbN-5 sample. From the data in Table 1, we can observe that the grain
sizes ranged between 13 to 35nm and no clear correlation between
grain size and the sign of the TCR can be established. However,
observing the cross-section SEM images, we observed that the sample
with the more closed and compact microstructure, i.e., reduced grain
boundaries, is the only one with a negative TCR and also the higher T¢
value. According to Lucci et al. [33] only when the resistivity versus
temperature curve shows a negative slope, it is possible to get a high
T¢ for niobium nitride films and therefore the slope of the resistivity
can be considered as a good parameter of the film quality for
superconductivity properties. However, in other works [24], the non-
metallic conduction shape of the r vs. T curve was only associated to
the grain boundary and point defect scattering effects.

The superconductivity in polycrystalline NbN films, as in many
granular superconductors, has been modeled as an array of Josephson-
coupled superconducting grains [43,44]. Abeles [43] showed that for
granular superconductors with grain sizes between 20 and 100nm,
the coupling between the grains showed superconducting properties
when the junction resistance was very low. For materials with high
normal resistivity, such a low values of the junction resistance could
only be obtained in inhomogeneous structures where the super-
conductivity is due to channels formed by grains in intimate electrical
contact and that the T. vanished when there are no continuous
superconducting channels. More sophisticated models [45,46] have
been proposed since then, but for our purpose it is important to notice
that there is a strong influence of the microstructure on the
superconducting properties of granular films that can explain the
different Tc values obtained for these nearly stoichiometric NbN films.
Moreover, the effect of the granularity is so strong that Lamura et al.
[47] have shown that by changing the texture and granularity of NbN
films similar Tcs can be obtained, but a gapless superconducting state
was found for the (111)-texture films, while epitaxial or (100) textured

films exhibited a characteristic superconducting gap with s-symme-
try, as predicted by BCS theory. In our films, the influence of the
deposition conditions and therefore of the microstructure and
composition on the critical temperature can be observed in the inset
of Fig. 1, where the transition to the superconducting state can be seen
for three of the four films. There are differences not only on the
transition temperature but also on the transition width. There is a very
sharp transition for the NbN-0 sample having the higher Tc and the
other two samples present a smother transition. This variation in the
superconducting transition width and critical temperature might be a
consequence of the different intergranular matrix properties and/or
the loss of the continuous superconducting channels. Evidence for this
can be observed in the SEM images.

The effect of finite grain size on the superconductive transition
temperature of materials is still controversial [48], the results
indicated either enhancement or loss of the superconductivity as the
grain size is reduced. From the data in Table 1 it might be seen that the
NbN samples evaluated have a nanocrystalline structure having grain
sizes between 13 and 35nm and the highest T¢ values correspond to
the samples having larger grains (NbN-0 and NbN-3). However, it is
clear that grain size is not the only determinant parameter since
superconductive temperatures for NbN single crystals have been
reported between 12.4 and 12.6K [49] while higher values have been
obtained for polycrystalline NbN samples.

It is well known that changes in the T¢ can also be explained as due
to modifications on both the phonon spectrum and the density of
states of the material [50]. This information is not easily attained, but
some evidence of the variations in the density of states of the NbN
films are shown in Fig. 5, where it might be seen that the sample with
the highest Tc corresponds to the sample with a higher density of N2p
electrons, NbN-0.

Concerning the role played by other factors affecting the scattering
in thin films, we can say that surface was not relevant since the film
thickness was around 2um; larger than the mean free path, which is in
the order of nanometers. Finally, the role of the crystalline defects,
such as vacancies or stoichiometry was more difficult to understand,
since the XPS data did not show any significant difference in the
composition or bonding among the films. On the other hand, the
correlation between mechanical and conductivity properties is not so
clear, as discussed below. Transition metals nitrides can exist in
substoichiometric phases with a substantial amount of vacancies
[51,52]. Non-metal deficiency is known to be a major source of the
non-stoichiometry and is crucial to the design of hard materials based
on these compounds. It is expected that the vacancies reduced the
number of chemical bonds and hence the strength of the materials.
Experimentally, the hardness and the elastic module of group IVb
nitrides such as TiN,, ZrN,, and HfN, decrease as the concentration of
the non-metal vacancy increases [51,53], although some contrary
evidence has also been shown [54]. In our case the sample that
showed the lower hardness (22GPa) was the NbN-O sample,
suggesting that it might contain a larger number of non-metal
vacancies compared to the other samples. But in the other hand, the
NbN-0 sample also presented the higher T¢ value and according to
Storms et al. [55] both metal and non-metal vacancies are effective in
reducing Tc in NbN films. Moreover, from the valence-band spectra,
one can observe that the intensity of the N2p signal is higher for the
NbN-0 sample compared to the others. Therefore the lower hardness
of this film does not seem to be associated to nitrogen vacancies, since
this would also induce a decrease in the superconductive temperature
and the valence-band N2p signal, contrary to the observed experi-
mentally. One possible explanation is that the high hardness in the
other films is due to a higher residual tensile stress [56], data which
agrees well with the residual stress reported by J.J. Olaya [21], where it
was demonstrated that the NbN-0 sample presented the lower tensile
residual stress. The stress measurements were done using the Stoney's
equation for thinner films deposited on silicon substrate, therefore it
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does not correspond exactly to the same samples, but the general
trend observed was an increment of stress as the K value increased.
There is also a clear indication of residual stress in the samples in the
lattice parameter reported in Table 1. The mean lattice parameter of
stoichiometric FCC NbN is 4.393nm [30] and the values for all samples
are higher and indeed increased as a function of the K parameter.
However, it is not clear for us how the lower stress in the NbN-0
sample favors the transition to the superconductive state at higher
temperature.

The lower T¢ obtained for the other UBM samples could be a
consequence of the smaller grain size, but most probably it is
associated to the columnar void structure, as observed in the SEM
images. The intercolumnar region might allocated oxygen contami-
nants (notice the spurious O1s signal in the XPS spectra of the NbN-5
sample), and as mentioned before the coupling between the super-
conducting grains might be loss. On the other hand, the NbN-BM
sample presented the lower transition temperature despite that the
room temperature resistivity, RRR value, grain size and hardness were
not so different to that of the other samples. Therefore, we associated
the low Tc value to scattering processes induced by the less ordered
structure and the existence of a secondary crystalline phase, as
confirmed by the XRD data and the valence-band spectra.

5. Conclusions

In this research, we have shown that by using unbalanced
magnetron sputtering, it is possible to control the properties and
microstructure of niobium nitride thin films. We were able to grow
hard stoichiometric nanocrystalline NbN films with a superconductive
transition temperature of 16K, close to the bulk value. The results from
the conductivity measurements indicated that unbalanced magnetron
is superior to balanced magnetron, leading in the different magnetron
configurations (K from 6.5 to 9.1) to critical transition temperatures
above 12K, while non superconductive transition was observed for the
sample deposited in the balanced magnetron. Analyzing the structural
and electrical characterization results, we can suggest that there are
some correlations between the film microstructure and the T, but the
data collected in this work is not enough to draw general conclusions.
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