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Synthesis and superconducting properties of niobium nitride nanowires

and nanoribbons
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Superconducting niobium nitride wires and ribbons with transverse dimensions down to tens of
nanometers were synthesized by annealing NbSe; nanostructure precursors in flowing ammonia gas
at temperatures up to 1000 °C. Their critical temperatures increase with increasing annealing
temperatures and reach 9-11.2 K when sintered at 950 °C or above. X-ray diffraction analyses
identified Nb,N5s and NbsNg phases, dominating at annealing temperatures below and above
950 °C, respectively. Transport measurements show magnetoresistance oscillations at temperatures
near the superconducting transition due to vortex-row confinement effects and voltage jumps in
current-voltage characteristics at low temperatures attributed to hot-spot behavior. © 2007
American Institute of Physics. [DOI: 10.1063/1.2800809]

Freestanding superconducting nanowires and nanorib-
bons provide unique platforms for investigating supercon-
ductors in confined geometries, leading to scientific discov-
eries and applications. For example, superconducting
nanowires with diameter comparable to the superconducting
coherence length have served as a model system to study
thermal and quantum phase slips.l_3 An “antiproximity ef-
fect” where bulk superconductors suppress the superconduc-
tivity of a nanowire was observed in superconducting Zn
nanowires with Sn and In electrodes.* A highly sensitive lo-
cal magnetometer based on quantum interference effects and
a superconducting phase gradiometer based on thermal phase
slips can be fabricated from a pair of superconducting
nanowires.’ Superconducting nanowires and nanoribbons
with increased transverse dimensions are also interesting sys-
tems for exploring the properties of “few-row” vortex lattice
where the sample edges play a crucial role in the arrange-
ment and motion of vortices.™

Recent advances in nanofabrication techniques have
yielded a variety of superconducting nanowires, such as
nanowires of Pb (Refs. 8-10) and Sn (Refs. 10 and 11) syn-
thesized by electrodeposition into nanochannels of porous
membranes and MoGe (Refs. 1 and 2) and Nb (Refs. 12)
nanowires fabricated by sputtering the superconducting ma-
terial onto bridges formed by suspended carbon nanotubes.
Progress has also been made in synthesis of Pb nanowires by
thermal decomposition of lead acetate in ethylene glycol13
and by electrodepositing Pb onto graphite electrodes at high
reduction potentials.]4 Recently, nanowires of two-band su-
perconductor MgB, have also been fabricated by annealing
B nanowires in Mg vapors15 1 and directly sintering MgBr,
and NaBH, precursor gels in a controlled atmosphere of
diborane and nitrogen.] Finally, synthesis of NbSe, nano-
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wires and nanoribbons has also been achieved using a con-
version method based on controlled composition adjustment
of NbSe; nanostructure plrecursors.]8

Nitrides of niobium are well-known superconductors.1
Their relatively high critical temperatures and stability at
ambient atmosphere have targeted them as potential candi-
dates for applications in suPerconducting devices, such as
single 2photon detectors™* and hot-electron bolometric
mixers.”>* For these applications, nano- or microstripes pat-
terned out of films were typically utilized.** In this letter,
we report the synthesis of freestanding niobium nitride nano-
wires and nanoribbons. Their superconducting properties
were characterized by magnetization and four-probe trans-
port measurements. We observed an oscillation in the mag-
netic field dependence of the resistance and voltage jumps in
the current-voltage characteristics of the niobium nitride
nanowires/ribbons.

We developed a synthesis approach comprised of two
steps: first, we synthesized one-dimensional (1D) nanostruc-
tures of NbSe; and, second, we converted NbSe; nanostruc-
tures into niobium nitrides by adjusting their composition
while maintaining their 1D nanostructure shapes. NbSe;
nanostructure precursors were synthesized by mixing sto-
ichiometric quantities of high purity (>99.99%) niobium
and selenium powders. More synthesis details can be found
in Ref. 24. Two routes were pursued in the conversion pro-
cess, (i) annealing the NbSe; nanostructures in a flowing
ultrahigh purity (>99.999%) nitrogen gas with 4% hydro-
gen and (ii) annealing them in a flowing gas of 5% ammonia
in helium. The first route, with annealing temperatures be-
tween 700 and 1000 °C produced white powders of Nb,Os
and yellow powders composed of various phases of niobium
oxides. No superconductivity was observed down to 1.8 K.
This is consistent with the fact that due to the strong N-N
bond in a nitrogen molecule, the reaction between Nb and
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FIG. 1. SEM micrographs of superconducting niobium nitride nanowires
and nanoribbons synthesized by annealing NbSe; nanostructure precursors
in flowing ammonia gas at 950 °C for 2 h. Images at low and high magni-
fications are presented in (a) and (b), respectively.

molecular nitrogen can only take place at temperatures above
1400 °C,** and niobium is very reactive with oxygen. The
second route, annealing the NbSe; nanostructures in flowing
ammonia gas at 700—1000 °C, resulted in a gray product
which exhibited the presence of superconductivity.

The morphology of the precursors and final samples was
analyzed with a scanning electron microscope (SEM) (Hita-
chi S-4700-II). Figure 1 shows SEM micrographs for the
NbSe; nanostructures annealed at 950 °C for 2 h. Wires and
ribbons of various sizes can be seen. This size distribution of
the annealed wires and ribbons follows that of the precursor
NbSe; nanostructures which have transversal dimensions
ranging from ~20 nm to a few micrometers and lengths up
to millimeters.** Remarkably, the high annealing temperature
(up to 1000 °C) did not result in the collapse of the shape of
the NbSe; nanostructures. It is possible that NbSe; first de-
composes (NbSe;— Nb+Se) and then Nb reacts with the
ionic nitrogen to form niobium nitrides (Nb+NH;— NbN,
+H,). In fact, we noticed a red coloration of the exhaust line
associated with selenium. A high magnification SEM micro-
graph shown in Fig. 1(b) reveals that the annealed wires and
ribbons contain a high density of defects such as holes and
gaps between grains, indicating their polycrystallinity.

We used powder x-ray diffraction (XRD) (Rigaku,
model Miniflex, Cu Ka) to identify the phases of the synthe-
sized materials. Figure 2 delineates the XRD patterns of the
NbSe; nanostructures after annealing for 2 h at 765, 840,
910, 950, and 1000 °C. No traces of the NbSe; phase are
observed. All the diffraction peaks for the NbSe; nanostruc-
tures annealed at 765 °C can be indexed to a Nb,N5 phase
while peaks associated with a NbsNg phase appear in the
XRD patterns for those annealed at 840 °C and above.

A superconducting quantum interference device magne-
tometer was used to characterize the superconductivity of the
converted niobium nitride nanostructures (in the amount of
milligrams). The temperature dependence of the magnetiza-
tion for the samples processed at the aforementioned anneal-
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FIG. 2. (Color online) Structural and magnetization analyses of the niobium
nitride nanostructures synthesized at various annealing temperatures. (a)
Powder x-ray diffraction patterns and (b) magnetization vs temperature
curves (measured at 0.1 G).

ing temperatures is presented in Fig. 2(b). The superconduct-
ing critical temperature (7T,) increases from ~2.5 to 9.7 K
when the annealing temperature is raised from
765 to 1000 °C. Furthermore, the superconducting transition
becomes sharper for samples synthesized at lower tempera-
tures. Interestingly, there are more than two distinct critical
temperatures despite the fact that XRD analyses reveal only
NbyN5 and NbsNg phases. This can be understood from the
fact that niobium nitrides are always nitrogen deficient and
T. is highly sensitive to slight changes in the crystalline lat-
tice pararneters.25 From the XRD and magnetization data, we
surmise that NbyNs represents the lower 7, (up to ~7 K)
phase which dominates the samples sintered at 910 °C and
below, while the NbsNy phase has higher 7, and is the main
component of the samples obtained at 950 and 1000 °C.
Four-probe transport measurements were conducted to
investigate the superconductivity of individual nanowires
and nanoribbons. Electrical contacts were fabricated using
photolithography and lift-off techniques. Figure 3(a) shows
the temperature dependence of the resistance for three nano-
wires synthesized at 950 °C. The resistance was normalized
to their values at 14 K. The critical temperature (7,), defined
with a resistance criterion of 90% Ry, is 9.05, 9.4, and
11.2 K for samples A, B, and C, respectively. It indicates that
the superconducting properties vary from wire to wire even
under the same synthesis conditions. This variation cannot
originate from the size effect since the diameters of all the
three wires are a few hundred nanometers, which are much
larger than the zero-temperature superconductin7g coherence
length of niobium nitride, typically 3-5 nm.”” It is most
likely due to the slight difference in nitrogen stoichiometry
among the different wires. In fact, the two-step supercon-
ducting transition found in samples A and C indicates that
the nitrogen stoichiometry is probably inhomogeneous even
within the same wire. This is consistent with the observation
of two phases in the XRD pattern given in Fig. 2(a). We
carried out further measurements on sample B which showed
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FIG. 3. (Color online) Four-probe transport measurements of individual
niobium nitride nanowires measured with a current of 10 pA. (a) Zero field
R vs T curves of three nanowires (denoted samples A, B, and C). Inset to (a)
contains H-T phase diagrams of sample B as prepared (open circles) and
exposed to air for 3 weeks (open triangles). (b) and (c) are R-H curves at
various fixed temperatures and zero-field I-V curves at various fixed tem-
peratures for sample B, respectively. Inset to (c) presents the temperature
dependence of the current I” at which the voltage increases abruptly.

no apparent two-step transition to study the superconducting
properties of the niobium nitride nanostructures. The diam-
eter of sample B is ~650 nm and the superconducting tran-
sition width (temperature difference at 10% Ry and 90 % Ry)
is 0.9 K. The distance between voltage leads is 5 um.

The superconducting phase diagram, H(T), for sample B
obtained by measuring the resistance versus temperature
curves in various magnetic fields with a current of 10 uA is
shown in the inset of Fig. 3(a), where the applied magnetic
field is perpendicular to the long axis of the wire. The super-
conducting coherence length of &=6.5 nm, determined from
dH.,/dT=-0.82 T/K, is consistent with typical values for
niobium nitride.”” In order to examine the stability of the
wire in atmosphere, we remeasured sample B after leaving it
exposed to air for 3 weeks. The superimposed phase dia-
grams [Fig. 3(a) inset, open circles and open triangles] indi-
cate that its superconducting properties were not affected by
the exposure to air.

As discussed in the introduction, superconducting nano-
wires and nanoribbons can be an ideal system to explore
properties of few-row vortex lattice. In transport measure-
ments, the critical current and resistance are predicted to os-
cillate with sweeping magnetic field which leads to a change
in the number of rows and rearrangement of the vortex lat-
tice. We find in sample B an oscillation in the resistance
versus magnetic field curves obtained at temperatures close
to T, [Fig. 3(b)]. Furthermore, voltage jumps also appear in
the I-V characteristics at low temperatures in sample B [Fig.
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3(c)]. As shown in the inset of Fig. 3(c), I'(T) exhibits the
typical parabolic form expected for hot-spot effect related to
thermal heating.28 Since the cross-sectional dimension of
sample B is much larger than the superconducting coherence
length, the phase slips observed in narrower superconducting
nanowires should not occur in our sample at low tempera-
tures. Thus, the hot spots in our samples are most likely
caused by defects.
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