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Highly aligned carbon nanotube (CNT) ribbons were sandwiched in
epitaxial superconducting NbC films by a chemical solution depo-
sition method. The incorporation of aligned long CNTs into NbC
film enhances the normal-state conductivity and improves the
superconducting properties of the assembly.

Niobium carbide (NbC) is one of the most widely studied metal
carbides since it exhibits a high melting point (3490 °C), superior
hardness, and excellent chemical stability.’* Furthermore, it also
shows superconductivity at transition temperatures of 6.0-12.0 K.»3#
As the superconducting transition temperature (7;.) of NbC is very
sensitive to impurities and carbon vacancies, researchers have made
great efforts to improve the superconducting properties of NbC
through different approaches.’** However, the high processing
temperature (1400-2000 °C) at which NbC can be formed makes it
difficult to fabricate NbC with desired properties. Carbon nanotubes
(CNTs), on the other hand, have been extensively investigated due to
their unique electronic properties as well as excellent mechanical
strength. Particularly, an ordered CNT assembly enables new archi-
tectures, novel properties, and innovative applications.”? In the past
several years, both CNT fibers and ribbons have been widely inves-
tigated for different applications. For example, researchers have
combined CNT fibers with other materials such as silica,”® poly-
mers,™ and metal particles’ to form composites in order to
improve the mechanical strength or the electrical conductivity of the
fibers. It has also been reported that CNT fibers coated with poly-
diacetylene can be used for electro-chromatic sensing applications.'®
Furthermore, flexible and transparent CNT ribbons have been
explored for loudspeakers” and sources of polarized light.’®
Composites formed with CNT ribbons have been used as binder-free
electrodes for batteries (combined with a monolayer of SnO,
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nanoparticles)”® and flexible stretchable conductors (embedded in
poly(dimethylsiloxane)).>

In this work, we report an approach to integrate CNT ribbons with
epitaxial superconducting NbC films. We show that the inclusion of
CNT ribbons in NbC not only enhances the normal state conduc-
tivity of the composites along the CNT axial direction, but also
improves the upper critical field of NbC/CNT assembly. We further
demonstrate the potential for enhanced fracture toughness of NbC/
CNT composites through evidence of active toughening mechanisms
during nanomechanical testing.

Fig. 1 shows the schematic diagrams for synthesizing the NbC/
CNT composites. Briefly, precursor Nb solution was spin-coated on
a single crystal c-cut Al,O; substrate, where the Nb precursor solu-
tion was prepared by mixing NbCls (2 g) with NH,OH, purified
water (30 ml), 20% HF (7.5 ml), and poly-ethyleneimine (PEI) (3.0 g).
Detailed procedures for the preparation of precursor solutions based
on such a chemical solution deposition can be found elsewhere.** The
precursor film was subsequently annealed in ethylene at a tempera-
ture of 650 °C for 2 h, and then in forming gas (Ar + 6% H,) at
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Fig. 1 Schematic illustration of the processing steps to synthesize NbC/
CNT composite: (1) spin-coating precursor Nb solution on c-cut Al,O3;
(2) annealing the precursor film in ethylene to form NbC film; (3) laying
aligned CNT ribbon on the NbC film; (4) spin-coating the 2nd precursor
Nb solution; and (5) annealing the composite film in ethylene and
forming gas.
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a temperature of 1000 °C for 4 h. Following that, CNT ribbon
directly drawn out from the highly aligned CNT forest was laid on
the surface of the NbC film. The highly-aligned CNT forest with
a height about 600 um was synthesized at 750 °C with 140 sccm
forming gas (Ar + 6% H;) and 30 sccm ethylene for 12 min.> The
precursor Nb solution was again spin-coated on the top of the CNT
ribbon and annealed using the same processing parameters as
described above. It should be noted that the aligned CNT ribbon
could move around during the spin-coating process. In order to
immobilize the CNTs on the surface and maintain their alignment,
we have pretreated the CNT ribbon with a surfactant solution before
applying the second precursor Nb solution. We would like to point
out that both the chemistry and the annealing temperature used to
form epitaxial NbC are completely compatible with the CNT inclu-
sions. In other words, ethylene has been used as the carbon source to
synthesize both the NbC and the CNT forest, and annealing the CNT
forest at 1000 °C in forming gas (Ar + 6% H;) does not destroy
CNTs.

The NbC matrix on c-cut Al,O; substrate is epitaxial as demon-
strated by X-ray diffraction (XRD) patterns from in-plane and out-
of-plane scans. Fig. 2a shows the 6-26 scans of the NbC/CNT film.
The NbC is preferentially oriented with the (111) direction perpen-
dicular to the substrate surface. The disappearance of CNT peaks
from X-ray diffraction can be attributed to the very small quantity of
CNTs in the matrix. The full width at half maximum of the (111)
rocking curve is 0.85°, indicating that the NbC film (or the matrix) is
well oriented normal to the substrate surface even with the inclusion
of CNTs. The in-plane orientation of the NbC/CNT composite film
with respect to the major axes of the c-cut Al,O; substrate is
measured by XRD ¢-scans on both the NbC (200) and the Al,O;
(113) reflections. As shown in Fig. 2b, six peaks separated by 60°
from the (200) reflections of NbC align perfectly with the peaks from
(113) reflections of Al,Os;, showing that the NbC is epitaxial with
respect to the substrate. Considering the crystal structure and the
lattice parameters of NbC (cubic, @ = 0.447 nm) and Al,O3 (thom-
bohedral, ¢ = 0.476 nm), this orientation relationship gives the
smallest lattice misfit at the interface between the (111) oriented cubic
NbC and the c-cut Al,Os.

The full integration of the CNT ribbon with the NbC film has
been confirmed by the analysis of the micro-/nano-structures of the
NbC/CNT composite films. Fig. 3a shows a top view SEM image of
the aligned CNT ribbons, which were directly drawn from a well-
aligned CNT (multi-walled carbon nanotube, MWNT) forest. As
shown in Fig. 3a and 3b, the CNTs in the ribbon are macroscopically
parallel to each other along the drawing direction, with partially wavy
structures observed at a microscopic scale. Furthermore, as can be
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Fig. 2 X-ray diffraction patterns of the NbC/CNT composite on c-cut
Al O3 substrate: (a) 6—26 scans, where inset shows the rocking curve of
the (111) reflection of NbC film; (b) ¢-scans from (200) reflection of NbC
film and (113) of Al,Os.

Fig. 3 SEM and TEM images of the CNT ribbons and the composite
film. (a) SEM image of the CNT ribbon. (b) TEM image of the CNT
ribbon and a typical high-resolution TEM image of an individual CNT
(inset). (c) SEM image (top view) of the NbC/CNT composite film.

seen in Fig. 3b, the surfaces of the CNTs are very clean without any
observable amorphous carbon. A high-resolution TEM image (inset
in Fig. 3b) shows that the CNTs used in this study have an average
diameter of around 10 nm with 4-6 walls. Fig. 3¢, taken with field
emission mode under an accelerating voltage of 5 kV, is a top view
SEM image of the obtained NbC/CNT composite film. Although the
CNTs are embedded in the NbC film, SEM is still very sensitive to the
existence of CNTs due to the different electrical properties of CNTs
and NbC matrix. Comparing Fig. 3a and 3c, one can clearly see that
the aligned CNT ribbons are well retained after the spin-coating of
Nb precursor solution and the high-temperature annealing process to
convert the precursor into an epitaxial NbC matrix.

The enhanced superconducting properties of epitaxial NbC/CNT
composite films in comparison with pure epitaxial NbC films are
demonstrated by the upper critical field (H,, the field above which
the material goes into the normal state). Fig. 4 shows the H., (H is
normal to the film surface) as a function of temperature for both the
pure epitaxial NbC and the NbC/CNT composite films. Inset in
Fig. 4 shows the normalized resistivity at different magnetic fields as
a function of temperature for a typical NbC/CNT composite film.
The H,, is defined as the onset field at which the p/pn = 95%, where
pn is the normal state resistivity right above the transition tempera-
ture. A value of H, over 4.5 T at 4.2 K for the epitaxial NbC/CNT
composite, to the best of our knowledge, is the highest reported value
for NbC films. In comparison, the H, of the pure epitaxial NbC film
with a similar transition temperature is 30% lower in comparison with
the NbC/CNT composite. A higher H,, means that the composites
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Fig. 4 Temperature dependence of the upper critical field (H,) of the
NbC/CNT composite film and the pure NbC film on sapphire substrate.
Inset: Normalized resistivity at different magnetic fields as a function of
temperature for a typical NbC/CNT composite film. The magnetic field is
applied perpendicular to the film and the resistivity is measured in the
direction parallel to CNTs.

remain superconductive at higher magnetic field, enabling applica-
tions where magnetic field is a concern. The much enhanced H.,
(Hy = ®y27t¢) in the NbC/CNT composite, where @y = hc/2e ~ 2 X
1077 G cm? is the flux quantum, indicates that the inclusion of CNT
ribbons in the epitaxial NbC matrix effectively reduces the coherence
length () of NbC. It should be noted that the values of H, are quite
similar when the field is either perpendicular or parallel to the film
surface, which is in contrast with the anisotropic H, observed from
bulk NbC/CNT composites, where CNT forests with heights up to
several millimetres are coated by NbC.?® In addition, we would like to
point out that the superconducting transition temperature (7) is
slightly higher for the NbC/CNT composite film compared with the
controlled pure NbC film. Typically, the 7. of NbC/CNT is around
10.5 K or above, while that of pure NbC films made by PAD with the
same processing conditions is in the range of 7-10 K. It is well known
that the T, of NbC is quite sensitive to the variation of C/Nb ratio,
defects, and impurities."*>¢ As our NbC/CNT film has been annealed
at a temperature of 1000 °C, the carbon atom from the outer walls of
CNTs can potentially contribute to a higher carbon content, which
could result in a slightly higher 7.

Another important effect of the inclusion of a CNT ribbon in an
epitaxial NbC matrix is the reduction of normal state resistivity of the
composite along the CNT axial direction. As discussed above, the
CNT ribbons are highly aligned in the composite film. One would
expect to see the anisotropic electrical resistivity when the current is
flowing along different directions. Fig. 5 shows the resistivity vs.
temperature characteristics of the NbC/CNT composite film when
the current is flowing either normal or parallel to the CNT axial
direction. The resistivity of the NbC/CNT composite film along the
CNT axial direction is four times lower than the resistivity normal to
the CNT axial direction at 300 K. The anisotropic resistivity of the
NbC/CNT film at the normal state clearly indicates that one can
further manipulate the electrical properties of the NbC/CNT
assembly by optimizing either the amount of CNT ribbons in the
composite or the length of CNTs.

Fig. 6 is a SEM micrograph of the film after nanoindentation with
a Berkovich pyramidal diamond indenter to a depth of one micron.
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Fig. 5 Temperature dependence of the resistivities of a NbC/CNT film
measured when the current is applied along different directions of the
CNTs.

As seen in the micrograph, the film has fractured, and the CNTs
protrude from the fracture surface at the edge of the film. A closer
look at the corner of the indent as shown in the inset reveals evidence
of CNTs bridging the propagating crack. Control of crack bridging
as well as fiber pull-out is a well-known mechanism for enhanced
toughness of fiber-reinforced composites.* While the efficacy of these
methods depends on the matrix-fiber bonding strength, which is not
quantified here, it does show the potential for enhancing fracture
toughness through control of the fiber-matrix bond strength via
different processing routes or use of different surfactants on the
CNTs prior to embedding in the NbC matrix.

In summary, CNT ribbons have been successfully incorporated
into epitaxial superconducting carbide films through a chemical
solution method. The polymer solution deposition method used in
this work is fully compatible with the incorporation of CNTs into
other carbide films. We demonstrated that the NbC/CNT composite
films show much enhanced upper critical field as compared with the
pure NbC films. The inclusion of aligned CNT ribbon in an
epitaxial NbC matrix not only improves the superconducting
properties, but also has the potential to enhance the fracture
toughness.

Fig. 6 SEM image of NbC/CNT after nanoindentation to a depth of 1
pum. Inset shows evidence of CNT crack bridging as marked by arrows,
which is a toughening mechanism that can lead to enhanced fracture
toughness.
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