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Niobium nitride (NbNx) coatings were prepared onto Nb substrate by thermal diffusion at high temperatures.
The formation of NbNx coating by thermal diffusion was studied in the range of 1250–1500 °C at constant nitro-
gen background gas pressure (1.3 × 10−3 Pa) and processing time (180 min). The electronic and crystal struc-
tures of the NbNx coatings were investigated. It was found that nitrogen diffuses into Nb forming the Nb-N
solid solution (bcc) α-NbN phase that starts to appear above 1250 °C. Increasing the processing temperature
gives richer α-phase concentration. Besides, X-ray absorption spectroscopy (XAS) was performed to study the
electronic structure of the NbNx layer. The results of the electronic structural study corroborate the crystal struc-
tural analysis. The Nb M3,2 edge X-ray absorption spectroscopy (XAS) spectrum shows strong temperature de-
pendence. At the highest processing temperature (1500 °C), the number of d holes increased. Electrostatic
interaction between d electron and core hole was increased due to nitrogen diffusion into the niobium. For the
studied conditions, only the α-NbN was observed in the X-ray diffraction patterns.
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1. Introduction

Niobiumnitride (NbNx) is considered a promisingmaterial formany
technical and industrial applications. Attractive physical and chemical
properties of NbNx, such as high superconducting transition tempera-
ture (Tc ~ 17.3 K), strong wear resistance, thermal and chemical stabili-
ties, and high hardnessmake it useful formany applications.Most of the
applications of NbNx are related to its superconductivity properties,
such as using of NbNx layer as a diffusion barrier in Josephson junctions
[1,2], coating of superconducting cables, single photon detectors [3], and
hot electron bolometers [4,5].

Different preparation methods have been employed to grow NbNx

thin films, such as metal-organic chemical vapor deposition MOCVD
[6], dc and rf sputtering [7,8], ion beam assisted deposition (IBAD) [9],
and pulsed laser deposition (PLD) [10,11]. There are different types of
substrates that were used for the growth of NbNx films. MgO and sap-
phire substrateswere used for growth of NbNx filmswithNaCl structure
(δ-NbN phase) because of the small lattice mismatch (about 10%) be-
tween these substrates and the δ-NbN phase [12]. Other works were
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done to prepare NbNx films on Nb substrates for goodmechanical prop-
erties of the films. In our previous studies, the hexagonal β-Nb2N phase
showed higher stress and hardness than the cubic δ-NbN phase [13].
NbNx films grown on Nb substrates at different PLD conditions were
studied for their nanomechanical and crystal structural properties [13,
14].

Nitriding of bulkNb substrates can be achieved by the so-called reac-
tive diffusion method [15–19] or combustion synthesis [20]. NbNx thin
films were also produced using rapid thermal processing by heating of
Nb thin films deposited on Si in molecular nitrogen or ammonia [21,
22]. In general, thesemethods depend on adsorption of nitrogen or am-
monia gas at the surface of the Nb substrate that is heated at high tem-
peratures, then it diffuses into Nb and forms NbNx. The treatment of Nb
samples at different conditions (heating temperature, nitrogen back-
ground pressure, and heating time and rate) results in samples with di-
verse properties. The reactive diffusion process has advantages to
nitride deposition that include: being less expensive, easy to apply,
and covering lager areas, and resulting in a relatively thick nitride
with homogenous thickness within a short processing time [17]. Theo-
retical works predict good performances of NbNx, if it replaces Nb in
superconducting applications of rf cavities [23]. Several experimental
works were done using thermal diffusion method to study the forma-
tion of NbNx for possible usages in superconducting rf cavities [17,23–
26].
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Fig. 1. XRD patterns of unheated Nb substrate and heat-treated Nb at the temperatures
between 1250 and 1500 °C for 180 min in 1.3 × 10−3 Pa nitrogen background pressure.
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Benvenuti et al. [23]., studied the formation of niobiumnitride by re-
active diffusion at 1270–1500 °C and nitrogen pressure in the range of
103−105 Pa. In their work, they studied the influence of heating time
and nitriding pressure and temperature on the critical phase transition
temperatures of the NbNx β, γ and δ phases. As they reported, applying
higher temperatures or longer process times resulted in poorer quality
films. Also, nitriding should be carried out at 105 Pa and 1380 °C or
higher for more than 6 min to get higher Tc value.

Fabbricatore et al. [24]. reported on using nitrogen diffusion at nitro-
gen pressures and temperature in the range of 104−3 × 104 Pa and
1000–2000 °C, respectively. NbNx filmswithmixed phaseswere obtain-
ed. Temperatures below 1300 °C gave only the β andα phases. The γ, δ
and ε phases were identified as the processing temperatures was in-
creased to 1300 °C and above. Tu et al. [25] reported that thermal diffu-
sion of nitrogen into bulk Nb at 800 °C gives samples with surface
resistance lower than that of pure Nb by 2–3 times. To the best of our
knowledge, there are no published reports on the diffusion mechanism
of nitrogen in Nb substrate at the lower gas pressure of 1.3 × 10−3 Pa.
On the other hand, the mechanisms of nitrogen diffusion into Nb were
reported for conditions forming different NbNx phases [17]. Nitrogen
diffusion occurs by movement of lattice defects. Nitrogen diffuses in
Nb by vacancy diffusion in both γ and δ niobiumnitrides [27,28]. There-
fore large concentration of nitrogen vacancies are present in these two
phases.

Niobium nitrides with both δ and β phases grown by thermal nitrid-
ing in the range of 1100–1900 °C at 15 × 104 Pa were reported [17]. As
samples cooled down to less than 1350 °C, the thin layer of the δ phase
transformed into γ, ε and δ' phases. Lengauer et al. [29]. reported on
high-temperature nitridation of Nb annealed in high-purity nitrogen
at various pressures, times and temperatures below 1400 °C. Phase
transformations of γ-Nb4N3 to δ-NbN and η-NbN to δ-NbN were ob-
served between 1070 and 1300 °C, respectively. In their earlier work,
an investigation was performed for the nitrogen pressure range of
103−3 × 106 Pa and temperature range of 1400–1800 °C [30]. The
choice of nitrogen pressure is important for growth rate andhomogene-
ity of the formed NbNx phases [30].

Most previousworkswere done using the thermal diffusionmethod
to find the equilibrium phases and the structural properties of these
phases. Also, these works were done at relatively high nitrogen gas
pressures to obtain different phases that show high Tc, such as δ-NbN,
γ-NbN and β-Nb2N phases. Phase diagram of Nb-N system is complex
and consists of different phases. Up to now several different phase dia-
grams were proposed [16,29,30,35]. The α-NbN phase is the solid solu-
tion of nitrogen in niobium, which is rather less studied and not very
well understood. The reaction between niobium and nitrogen is mainly
dominated by diffusional transport of nitrogen. The properties of theα-
NbN formed layer can be controlled by the nitrogen pressure and the
temperature of the Nb substrate. Here we study the formation of the
α-NbN solid solution phase by performing experiments at lower nitro-
gen pressures than previously reported [31]. A series of experiments
were performed to investigate the formation and electronic structure
of NbNx at different temperatures in constant nitrogen pressure using
the thermal diffusion method. In the present work we explore the
mechanism for formation ofα-NbN in the condition of reactive diffusion
upon variation in temperature.

2. Experimental setup

The Nb substrates (8 × 3 × 0.2 mm3) were etched by the buffered
chemical polishing (BCP) method at the same conditions previously
used [11]. The samples were kept at 600–650 °C during the baking of
the experimental chamber. During chamber baking, the base pressure
was in the mid 10−6 Pa.

No heat treatments were done before starting the nitridation of the
samples. The thermal nitridation was done at different temperatures
ranging from 1250 to 1500 °C for a period of 180 min. The nitrogen
gas was introduced to the chamber through an ultrahigh vacuum
(UHV) leak valve to reach the desired pressure in 20–30 s. For samples
heated in vacuum lower than 1.3 × 10−5 Pa, no introduction of nitrogen
gas into Nbwas done. Tungstenwire heater-basketswere used for sam-
ple heating. The sample temperature was measured by a pyrometer
(IGA 15 plus, Mikron Infrared Inc.). When the desired time for
nitridationwas reached, the UHV valve was opened and the power sup-
plied to the sample heater was turned off simultaneously to allow the
sample to cool down in the vacuum to room temperature before remov-
al from the UHV chamber.

XRD measurements were done using Bruker-AXS three-circle dif-
fractometer. A Bruker SMART APEX II instrument is equipped with
graphite-monochromated CuKα radiation and a SMART Apex II CCD de-
tector. X-ray source of wavelength of 1.5406 Å (Cu-Kα line) is fixed and
both the charge coupled device (CCD) detector (2θ) and sample (ω) are
movable. The detector (2θ) is covering about 30° per image position.
Three image positions were used for the experiment. In each case, the
angle 2θ is the center position of the 30° CCD image, and each value is
set so that the angles of incidence and diffraction are equal. Two-dimen-
sional (2D) XRD images are recorded on diffraction patterns of each
sample.

The X-ray absorption near edge structure (XANES) measurements
were performed on beamline 8.2 at the Stanford Synchrotron Radiation
Lightsource in the SLAC National Accelerator Laboratory. The total elec-
tron yield (TEY) mode was used for XANES measurements by measur-
ing sample current. The current measurements were done using a low
noise preamplifier (Stanford research systemModel SR570). The beam
flux (Io) signal from a gold grid was used to normalize the spectra. The
base pressure of the XANES chamber during the experiment was
about 2.0 × 10−7 Pa.

3. Results and discussion

Fig. 1 shows the XRD of niobium nitride coatings fabricated by
heating the Nb substrate at different temperatures in constant nitrogen
pressure (1.3 × 10−3 Pa) for 180 min processing time. The XRD pattern
of the unheated Nb substrate is also included in Fig. 1 as a reference.

XRDpatterns showno clear evidence of nitridation for samples proc-
essed at temperature ranging from 1250 to 1500 °C, because the most
highest XRD peaks of both Nb and α-NbN are at the same 2θ values
[32,33]. For a more detail view of the XRD patterns, the 2D–XRD images



Fig. 3.Variation ofmean crystallite size and lattice parameterwith temperature calculated
from Fig. 1.
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of the samples were recorded and are shown in Fig. 2. Using 2D–XRD
imagesmakes XRD a good tool for phase identification of the crystal ori-
entation of the samples [34]. The 2D–XRD of the Nb substrate in Fig. 2
shows a strong spot at 2θ= 69.52°, which is an indication of dominant
orientation in Nb (211) direction. As samples were heated to 1250 °C,
fine grains with strong texture were formed. The size of the grains
gets smaller as the temperature increases which is indicated by the for-
mation of spotty rings at 1500 °C.

According to the Nb-N phase diagram, diffusion of the nitrogen
through the surface initially forms the bcc α-NbN phase [15,16]. In the
present experiment, the maximum amount of nitrogen diffused into
the Nb substrate at a temperature of 1500 °C. Therefore, at that temper-
ature we observe the largest lattice constant.

The calculated average crystallite size using the Scherrer equation
and lattice constants of the α-NbN from XRD patterns are shown in
Fig. 3. The error bars in Fig. 3 represent the values of the standard devi-
ation for calculation of different diffraction planes in XRD patterns. The
obtained average lattice parameter of the highest three XRD peaks in
Fig. 1 (Nb(110), Nb(200), and Nb(211)) are higher than that of the un-
heated Nb substrate (3.294 Ǻ). The increase in the lattice constant with
increasing nitrogen content in Nb agrees well with the result given by
Taylor and Dole [35,36]. It also confirms the formation of the α-NbN
phase in our samples. The lattice constant of Nb is increased due to dis-
solving nitrogen in niobium. It has been shown that the lattice parame-
ter of a = 3.294 Ǻ for pure Nb increases to 3.306 Ǻ at 1.05 at.% nitrogen
[35]. As observed in Fig. 3, if the temperature is raised, crystallite size of
α-NbN increases as a result of more nitrogen dissolving in Nb. There-
fore, we can conclude that nitrogen dissolves within the grains and in
the grain boundaries.

The α-NbN phase content was obtained by using the integrating
area under the each related XRD peaks in Fig. 1. The α-NbN phase con-
centrationwas calculated as the ratio of the sum of the intensities of the
α-NbN peaks divided by the total intensities of all XRD peaks. The effect
of the processing temperature on the concentration of the α-NbN is
shown in Fig. 4. The solid curve in the figure shows the result of the
best fit to the exponential function (y=y0+A1 e

x/t1). This shows that,
in the studied range of temperature and constant background pressure,
the α-NbN phase concentration in Nb follows an exponential growth
with temperature.

XANES is considered as a powerful tool to investigate the electronic
and atomic structures of materials [37]. The total electron yield (TEY)
1500 oC

1400 oC

1300 oC

1250 oC

Unheated Nb

Fig. 2. 2D-XRD patterns of unheated Nb substrate and heat-treated Nb at temperatures
between 1250 and 1500 °C for 180 min in1.3 × 10−3 Pa background nitrogen pressure.
detection is commonly used to record spectra of XANES. We used TEY
mode to record the sample signal which was monitored by the drain
current through the sample, and then the measured sample current
was normalized to incomingphoton flux. Fig. 5(a) showsXANES spectra
for Nb M3,2 edge while Fig. 5(b) is the measured branching ratio of the
intensity, both as a function of heating temperature.

The NbM2,3 edges are attributed to the transition of Nb 3p electrons
to unoccupied 4d and 5s states. The two peaks at about 365.5 and
380.5 eV can be assigned to the Nb 3p3//2 and 3p1/2, respectively. The
peak at 365.5 eV is stronger than that at 380.5 eV. The intensity of nitro-
genK-edge peak at 406.5 eVdid not showany noticeable alterationwith
changes in the heating temperature.

The branching ratio (BR) is defined as the intensity ratio of I(M3) /
[I(M2) + I(M3)] where I(M3) and I(M2) are the measured area under
theM3 (j= 3/2) andM2 (j= 1/2) peaks, respectively, andwhich is pro-
portional to the oscillator strength of the 3p–4d and/or 3p–5s states
spin–orbit interactions. The BR is changed significantly from 0.615 to
0.650 as the processing temperature was increased from 1250 to
1500 °C. Fig. 4(b) shows that the electronic structure changes a little
for samples processed above 1400 °C compared to samples processed
below that temperature. For samples processed at 1400 and 1500 °C,
the branching ratio was almost similar. This result is consistent with
the findings in Fig. 3 that the lattice parameter did not change much
after 1400 °C. The change in the BR intensity indicates a changes in
Fig. 4. Influence of the heat treatment on concentration of the α-NbN cubic phase. The
solid line is curve-fit to experimental data.

Image of Fig. 2
Image of Fig. 4


Fig. 5. XANES spectra of NbNx at the Nb M3,2 edge region as a function of processing
temperatures (a) and branching ratio of the peak intensities at the M3,2-edge as a
function of processing temperature. The drawn line serves only guide the eye (b).
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the coordination of the Nb and N atom with increasing α-NbN phase
concentration. Furthermore, the BR is found to be strongly dependent
on the local chemical environment. This can be explained by higher pro-
cessing temperature resulting in more nitrogen incorporation into nio-
biumwhich increases hybridization between the Nb 4d and N 2p levels.
Larger covalent contribution to the Nb–N bonding enhances the strong
3p-4d Coulomb interaction leading to strong BR. Higher temperature
samples resulted in higher electron-core-hole interaction and the num-
ber of d final states available.

4. Conclusion

Thermal diffusion of nitrogen into Nb forming theα-NbN phase was
studied. The sampleswere heated for 180min at different temperatures
(1250–1500 °C) and constant 1.3 × 10−3 Pa nitrogen pressure. In 2D-
XRD images show the formation α-NbN grains. From the ring shape,
the grains become smaller as the temperature is increased to 1500 °C.
This observation is consistent with the crystallite size calculated using
the Scherrer relation. The average crystallite size decreases from
~21.4 nm at 1250 °C to ~17.6 nm at 1500 °C. The calculated lattice con-
stants from the three Nb peaks with highest intensity showed transfor-
mation from decreasing to increasing as the temperature is raised from
1250 to 1500 °C. The present results indicate that the most favorable
temperature for the formation of the α-NbN phase by heat treatment
is 1400–1500 °C at 1.3 × 10−3 Pa nitrogen pressure. Furthermore,
from XANES measurements for the Nb M2,3 edge, we found that at the
higher processing temperature of 1500 °C, the number of d holes in-
creased, and as a result the spin–orbit interaction also increased yielding
higher branching ratio values at the M edge. We observed only the for-
mation of α-NbN phase in the studied temperature and background ni-
trogen pressure range. Different gas pressure and temperature ranges
results in the formation of differentNbNx phases andmorphologies [31].

The amount of dissolved nitrogen in niobium x in at.% can be
expressed by the equation [35]:

x ¼ A
ffiffiffiffiffiffiffiffiffi
PN2

p
exp ΔHN=RTð Þ ð1Þ

where A is constant, PN2 is the pressure of nitrogen, ΔHN is the heat of
solution of nitrogen in the α-NbN phase, R is the gas constant and T is
temperature. The equilibrium concentration of nitrogen in niobium is
related to the processing temperature and background nitrogen gas
pressure. A summary of the different Nb-N phases for different nitrogen
incorporation in Nb is given in Ref. [35]. It was revealed that only theα-
NbN is formed for our experimental conditions. The XRD patterns ob-
tained clearly indicate that only the α-NbN phase is present and no
transformation to another NbNx phases is observed. The α-NbN phase
is identified by its body centered cubic (bcc) structure, similar to Nb
but with increase lattice parameter due to nitrogen incorporation. For
the experimental conditions in the present study, the XRD patterns
did not show the formation of the hexagonal closed packed (hcp)
Nb2N, the tetragonal NbN, or any of the other known Nb-N structures.
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