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a b s t r a c t

Films of multiwall carbon nanotubes (CNTs), arranged on Si/SiO2 substrates, are used as templates for Nb
films with thickness in the range 3e50 nm deposited by sputtering. The resulting aggregates show
normal state and superconducting properties similar to those observed in networks of superconducting
nanowires (SNW) obtained by other methods. Decreasing the Nb thickness, when the normal state
resistance becomes larger than the quantum resistance, a superconductor-insulator transition is
observed. Moreover, thermally activated phase slips in thicker samples, evolving in quantum phase slips
in thinner nanowires, are observed in the superconducting state. The experimental results indicate that
the template method based on CNTs is a promising alternative to the much more expensive nano-
lithography techniques for obtaining SNWs. Even more important, they indicate CNT films as versatile
elements in nanostructured electronic devices.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Carbon nanotubes (CNTs) have been widely studied in the past
decade as possible substitutes of Si in electronic systems [1]. In this
context, films of CNTs offers interesting perspectives to be used as
sensors [2] and photo-conductive based devices [3] in many ap-
plications. Moreover, further improvements in their performances
were observed after doping [4], functionalizing [5] or simply
depositing granular metallic particles on the CNT surface [6]. For
this last case, metals deposited on CNTs give rise either to granular
structures [7] or to uniform layers [8] depending on the growth
techniques and conditions, as well as on the sticking coefficients
between the bare CNT surface and the deposited metals. Therefore,
since CNTs present a cylindrical shape with a flat surface at atomic
level, the deposited metallic layer can inherit their form. In this
way, a homogeneous metallic nanowire (NW) with reduced surface
roughness can be templated with a thickness that can be easily
tuned by changing its deposition time. This characteristic becomes
much more intriguing if a superconductor is deposited on a CNT,
ersit�a di Roma “Tor Vergata”,
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because a superconducting NW (SNW) can be obtained [9]. How-
ever, while it is difficult to process a single carbon nanotube, CNTs
can be easily deposited on selected substrates to obtain a rather
homogeneous filmwith controlled thickness that acts as a template
for SNW network fabrication. Moreover, at low temperatures,
where superconductors work, CNT films are semiconducting or
highly resistive with a high thermal conductivity [10], all properties
that are essential to avoid current shorts and overheating effects.
For these reasons, the use of CNT films, acting as template sub-
strates, seems to be very promising in the fabrication of SNW
networks. In this respect, recently, SNWs received a great attention
due to their possible use in superconducting electronics [11e17].
The development of high resolution techniques such as electron
beam lithography, although expensive, made individual SNWs
possible candidates for current standards [11], sensors [12], actu-
ators [13], microwave detectors [14], quantum bits [15e17] and
other switching devices based on classical and quantum effects.
Recently, the same properties of the individual SNWs have been
reported for networks of SNWs [18e20] obtained by etching pro-
cess as well as by template methods using porous Si or alumina
membranes [21e25]. Among the many methods used to fabricate
SNWs, the template technique earned a large success since it allows
to obtain SNWs by controlling the growth rate in simple deposition
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systems such as sputtering. The result is a less expensive and faster
way to fabricate networks of SNWs.

Taking advantage of the useful properties of CNTs, we deposited
for the first time superconducting Nb on films of multiwall CNTs in
order to obtain aggregates of Nb SNWs. Since Nb is themost studied
among the superconducting elements and the most used in
superconducting electronics, it represents the most suitable ma-
terial to test new possible applications of the superconductivity at
the nanoscale. We studied the transport properties of the resulting
SNW aggregates for different Nb thickness (dNb) and compared the
experimental results with those obtained on reference Nb thin
films deposited on Si/SiO2 substrates and with those expected for
SNW networks. We found that when dNb is reduced to the same
order of the superconducting coherence length x, some interesting
phenomena emerge in the SNW aggregates but not in the test
reference films of the same thickness. These phenomena are related
to phase slips (PS) [18,26,27] of the superconducting order
parameter and they are peculiar of superconductors whose di-
mensions are of the order of nanometers. In particular, we observe
thermally activated PSs (TAPS) that produce an increase of the
electrical resistance of the SNWs at temperature T just below the
onset of the superconducting transition, Ton

c . This gives rise to a
broadening of the resistive transitions with a consequent reduction
of the zero resistance critical temperature Tc0 [19,28,29]. At lower
temperatures and in thinner SNWs, quantum PS (QPS) processes
cause the appearance of a tail in the resistive transition that inhibits
superconductivity down to T / 0 [30e33].

The paper is organized as follows. In Section 2 the experimental
process for CNT and Nb deposition, together with the results of the
morphological and compositional analysis, are presented. The
superconducting and the normal state properties are shown in
Sections 3 and 4 respectively, followed by the discussion of the
experimental results in Section 5. Finally, Section 6 contains brief
conclusions.

2. Experimental

Highly pure multiwall CNT powder (Nanocyl, NC3100, carbon
purity >95%) was dispersed in aqueous solution (80 mg mL�1) with
2% w/v sodium dodecyl sulfate (SigmaeAldrich, assay >98.5%)
anionic surfactant and tip-ultrasonicated (Branson S250A, 200 W,
20% power, 20 kHz) in an ice-bath for an hour. The unbundled su-
pernatant was collected through a pipette and forms a well-
dispersed suspension that remains stable for several months.
Multiwall CNTs films were fabricated by a vacuum filtration process
of 1 mL in volume of the dispersion cast on mixed cellulose ester
filters (Pall GN6, 1 in diameter, 0.45 mm pore diameter). Subse-
quently, rinsing inwater and in a solution of ethanol, methanol and
water (15:15:70) was performed to remove as much surfactant as
possible. Samples were made uniformly depositing by the dry-
transfer printing method multiwall CNT films on Si/SiO2 sub-
strates. More details about this deposition technique without
chemical deposition processes have been reported elsewhere [34].
Nanocyl transmission electron microscopy characterizations indi-
cate a very small multiwall CNT average diameter dCNT z 9.5 nm
and an average length of 1.5 mm [35].

Nb layers with dNb in the range 3e50 nmwere deposited on CNT
films by high-vacuum dc magnetron sputtering with a starting
pressure in the low 10�8 mbar regime and in an Arþ deposition
pressure of 4 mbar. The deposition rate was determined by X-ray
reflectivity measurements on Nb films previously deposited on Si/
SiO2 substrates. All the samples were fabricated during the same
deposition run in order to preserve the same growth conditions. A
computer-controlled shutter was used to cover each sample after
the required thickness was reached. Close to each CNT film, a Si/
SiO2 substrate was placed to obtain a reference Nb film of the same
thickness. In what follows we name with CNTNb followed by a
number indicating dNb in nm, the aggregate of SNWs and with Nb,
followed by the number corresponding to dNb, the reference Nb
film. Transport properties were measured by using a standard d.c.
four-probe technique in a 4He bath down to T¼ 1.8 K and a sorption
pumped 3He HelioxVL insert from Oxford Instruments down to
T¼ 250mK. Van der Pauw four leads configuration [36] was used to
measure the resistance vs. temperature (ReT) characteristics on a
typical area of 2 � 2 mm2 of the samples surface. In order to
measure the currentevoltage (I-V) characteristics, standard
photolithographic technique was applied on a selection of CNT
films for obtaining patterned samples. The photoresist was span-
ned on the whole CNT film and a strip 10 mmwide and with voltage
contacts at a distance of 100 mm was developed. Then Nb was
deposited on the whole surface and finally, by a standard lift-off
procedure, a 10 � 100 mm2 strip of SNW aggregates was obtained.
In order to minimize the heating effects, I-V curves were recorded
by biasing the strip with a pulsed current (current-on time 12 ms,
current-off time 1 s).

The inset in Fig.1(a) schematically represents themorphology of
each SNW. A layer of Nb with thickness dNb covers the cylindrical
surface of each CNT giving rise to the SNW. The cylindrical surface
of the CNT is expected to give an oblong shape to the SNW (see the
cross section in the lower part of the same inset) in the direction of
the incoming sputtered species. The main panel of Fig. 1(a) shows a
scanning electron microscope (SEM) micrograph of the SNWs cor-
responding to the sample CNTNb3. As sketched in the inset, the
dot-ended line in the figure gives d z dCNT þ 2dNb, where
dCNT¼ 9.5 nm and, for this sample, dNb¼ 3 nm. A statistical analysis,
performed by measuring the CNT diameter along the transverse
direction on a large number of SNWs, returned d ¼ (15 ± 2) nm
which is consistent with the nominal values of dCNT and dNb.

The inset of Fig. 1(b) shows the compositional analysis of the
sample CNTNb30 obtained by Electron Dispersive Spectroscopy.
The presence of the Nb peak in the spectrum confirms its successful
deposition on the CNT surface. C and Si peaks come from the CNTs
and substrate, respectively, whereas the O peak arises mostly from
the SiO2 substrate surface layer and in part from Nb2O5 due to the
oxidation of the Nb surface after its exposure to the atmosphere.
The SEM micrograph of Fig. 1(b) shows the surface of the same
sample. The statistical analysis of the available micrographs returns
d ¼ (38 ± 7) nm. The oblong shape of the SNWs, sharpened with
respect to the CNTNb3 sample by the longer deposition time, is
responsible for the discrepancy between this value and that ex-
pected by the expression d z dCNT þ 2dNb ¼ 69.5 nm. Finally, the
compact nature of the CNT film, as inferred by the SEM images,
allows assuming that the electrical current flows between the
electrical leads through each SNW and crosses the interfaces
formed as contacts between them. The role of these interfaces and
their influence on the transport properties of the aggregate will be
discussed below.

Using the van der Pauwmethod, the resistivity was obtained for
all the samples. In the case of the thicker sample (CNTNb50), from
the measured low-temperature value of the resistivity,
r ¼ 35 mU cm, and from the relation r[ ¼ 3.72 � 10�6 mU cm2 valid
for Nb [37], a mean free path [ ¼ 1.1 nm was estimated. The
Ginzburg-Landau coherence length xðTÞ ¼ xð0Þ= ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� T=Tc
p

and the
magnetic field penetration depth lðTÞ ¼ lð0Þ= ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� T=Tc
p

can be
found at any temperature using for x(0) and l(0) the dirty limit
expressions [38] (valid when [ < x0) xð0Þ ¼ 0:85

ffiffiffiffiffiffiffi
x0[

p
and

lð0Þ ¼ 0:66l0
ffiffiffiffiffiffiffiffiffi
x0=[

p
where x0 ¼ 38 nm and l0 ¼ 39 nm [39] are the

values for the BCS coherence length and London penetration depth
of Nb, respectively. Therefore we obtain x(0) ¼ 6 nm and
l(0) ¼ 151 nm.



Fig. 1. a) SEM image of the sample CNTNb3. The dot-ended white line indicates the average diameter of a SNW. Inset: schematic of a SNW built using a CNT as a template (upper
panel) and its cross section (lower panel); dNb, dCNT and d represent the Nb thickness, the CNT diameter and the diameter of the whole structure, respectively. b) SEM image of the
sample CNTNb30. The dot-ended line has the same meaning as in 1a. Inset: Energy Dispersive Spectrum of the same sample. (A color version of this figure can be viewed online.)
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3. Superconducting properties

In Fig. 2 the ReT transitions, in units of the quantum resistance
RQ ¼ h=4e2y6:5kU (h is the Plank’s constant and e is the electron
charge), are shown for the reference samples (Nb10-Nb50, Panel
(a)) and for the Nb aggregates of SNWs (CNTNb10-CNTNb50, Panel
(b)). While all the reference samples are superconducting with
transition widths narrower than 0.1 K and with RN << RQ (RN is the
normal state resistance measured just before of the super-
conducting transition), the aggregates present different behavior,
depending on dNb. The thicker samples (namely CNTNb50 and
CNTNb40) show the same Ton

c (defined as the temperature at which
the resistance is reduced by 10% of the normal state resistance) of
their reference Nb films and a finite but reduced Tc0, due to the large
broadening of the ReT curves. Decreasing dNb, Tonc remains finite,
while full superconducting behavior is inhibited down to the
lowest measured temperature (T ¼ 250 mK) as observed for the
samples CNTNb30 and CNTNb20. Finally, the sample with the
thinnest Nb layer, CNTNb10, presents a semiconducting behavior
without any trace of superconductivity. The same dependence is
observed for aggregates of Nb SNWs with dNb<10 nm. Moreover, it
is worth noticing that all the aggregates that present a finite Ton

c
have RN � RQ while the samples with RN > RQ show a semi-
conducting behavior down to the lowest temperature. This
Fig. 2. Resistance in units of quantum resistance as a function of T for (a) the Nb reference sa
the TAPS model (Eq. (1)-dashed lines), QPS model (Eq. (2)-solid lines) and Ambegaokar-Hal
viewed online.)
suggests the presence of a superconductor-insulator (S-I) transition
with decreasing dNb with RN y RQ as a crossover resistance. This
result, observed in many low dimensional materials [40,41] as well
as in SNWs [42,43], found many controversial explanations [41]. In
the case of SNWs it is interpreted in terms of charge localization
[42], or as due to local magnetic moments present in the wire [44].
Other mechanisms such as, for example, electron interactions with
surface phonons [45], invoked as possible cause of the reduction of
Tc [46] and of the S-I transition [41] in low dimensional systems, can
be ruled out in our case. In fact, being the Ton

c of the aggregates of
SNWs and of the reference films the same, the electron-phonon (e-
ph) coupling constant in these systems should also be the same.
Therefore, the S-I transition should be ascribed to other causes. A
more intriguing explanation concerns the nature of weak link
constrictions (WLCs) present inside a single polycrystalline SNW at
the interfaces between the grains. In this case, the insulating or
metallic nature of the WLCs determines if RN > RQ or RN < RQ
[25,43]. Here, the hypothesis of the WLC at the base of the
appearance of the S-I transition seems to be the most appropriate
due to the large number of interfaces present in our systems. In fact,
for low values of dNb, the weak coupling between the interfaces is
favored with the consequent development of the S-I transition.

For a deeper understanding of the nature of the super-
conducting transitions, the ReT curves were fitted by using the
mples and (b) the SNW aggregates. The lines in the right panel are fits to the data using
perin (AH) model (dot-dashed line for CNTNb40). (A color version of this figure can be



Fig. 3. IV characteristics at different temperatures for the patterned CNTNb40 sample,
T ¼ 4.0 K, 4.2 K, 4.3 K, and 4.4 K. The lines are fit to the data obtained using Eq. (3).
Lower inset: same of the main panel but in an extended range. Upper inset: IV char-
acteristics of the same sample at lower temperatures. For the insets, the axes units are
the same as in the main panel. (A color version of this figure can be viewed online.)
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expressions for the TAPS and QPS models. In particular, the data
corresponding to CNTNb50, CNTNb40 and, just below Tonc , to
CNTNb30 were fitted by the expression, valid in TAPS regime for an
individual SNW [47]:

RTAPS ¼
16

ffiffiffi
6

p

p2=3 RQ
L

xðTÞ
T*

T

ffiffiffiffiffiffiffiffiffiffiffi
UðTÞ
kBT

s
exp

�
� UðTÞ

kBT

�
(1)

where kB is the Boltzmann constant, T*yTon
c [19] and

UðTÞ ¼ Uð0Þð1� T=TcÞ3=2 is the temperature dependent PS activa-
tion energy. Here x(0)¼ 6 nm, as measured for our Nb films [22,23],
and L, which in the TAPS model represents the length of an indi-
vidual SNW, is treated as a fitting parameter together with U(0)
[22,23]. The best fitting processes obtained with L ¼ 62 nm, 56 nm,
57 nm and U(0)¼ 179.5 K,111.9 K, 8.3 K for CNTNb50, CNTNb40 and
CNTNb30 respectively, are reported as dashed lines in Fig. 2(b). It
results that Uð0Þ> kBT as expected for activation energy and as
observed in other template SNW networks [21]. Particular atten-
tion should be devoted to the parameter L that in the models
represents the length of an individual SNW, but that is not a well-
defined quantity in the case of network of SNWs [21]. Indeed, Eq.
(1) describes TAPS mechanisms inside an individual SNW and it
cannot be rigorously applied to aggregates of SNWs. However, Eq.
(1) was also used in the case of network of SNWs [21e23] where L
assumes an arbitrary meaning as the length of a single unit of the
network or the distance between the electric contacts. In our case,
we obtain L ¼ 56e62 nm, values which are roughly of the same
order of the length of a single CNT inside the template film as
shown in Fig. 1(b).

While the TAPS model satisfactory reproduces the whole ReT
curves for the samples CNTNb50 and CNTNb40, only the high
temperature part of the resistive transition of the sample CNTNb30
is nicely reproduced by Eq. (1). The tail appearing at low temper-
atures deviates from the TAPS behavior and extrapolates to a finite
resistance value at T ¼ 0. At low temperatures, TAPS effects are
negligible and such tails can be due to the appearance of quantum
phenomena. Following these statements, we fitted the tail of the
ReT data of the sample CNTNb30 using the expression [48,49]:

RQPSyAB
R2Q
RN

L2

x20
exp

�
� A

RQ
RN

L
xðTÞ

�
(2)

valid for QPS where A, B and L are used as adjustable parameters.
The same expressionwas used to fit the low temperature part of the
resistive transition of the sample CNTNb20. For both the samples
CNTNb30 and CNTNb20 we obtained L ¼ 57 nm (A ¼ 0.21 K�1 and
B ¼ 1.33 K for CNTNb30, A ¼ 0.20 K�1 and B ¼ 0.53 K for CNTNb20).
These results are shown in Fig. 2(b). For thinner Nb thickness, as
already stated, no superconducting onset transition was observed.

The presence of PS is also evidenced in the I-V characteristics
measured on bridges of SNWaggregates. In the lower inset of Fig. 3
the I-V characteristics of the patterned sample CNTNb40 in the
temperature range T ¼ 4.0 Ke4.4 K is shown. Non-linearity and
voltage steps are present at low temperatures, while hysteresis is
absent in all the investigated temperature range. Increasing the
temperature, an evolution towards the Ohmic behavior is observed
with disappearance of the voltage steps. The main panel of Fig. 3
shows the low current part of the I-V curves reported in the inset.
All the I-V characteristics show the presence of a finite resistance as
expected for TAPS. Indeed, all the experimental data can be
reproduced by the expression [27,47]:
V∝sinh
�
I
I0

�
(3)

valid in the TAPS regime, where I0 was treated as a fitting param-
eter. The best fit to the data is obtained for I0z 0.1 mA, in quite good
agreement with the expected value I0 ¼ 2ekBT=pZ ¼ 0:06 mA
[27,47] and in perfect agreement with the same value obtained in
the case of isolated SNW templated by CNT [50]. The voltage steps
in the non-linear part of the I-VI characteristics are enhanced as the
temperature is further reduced as shown in the upper inset of Fig. 3,
where the I-V measurements are reported for T < 4.0 K. In this
temperature range, the transition to the normal state is stepwise
with a large voltage step at the critical current Ic, indicated by ar-
rows in the figure, and a series of minor jumps. The jumpwise in-
crease of the voltage is commonly observed in the case of both
individual and networks of SNWs and is ascribed to the presence of
PS centers [25,43].

Assuming a homogeneous strip with section 40 nm � 10 mm, a
critical current density Jc ¼ 1.5$106 A/cm2 at the lowest measured
temperature T ¼ 2.4 K is obtained. This value gives a depairing
critical current density Jdp ¼ 3

ffiffiffi
3

p
Jc=2 ¼ 4$106A=cm2 which is of

the same order of that found in other templated SNW systems [22]
and about one order of magnitude lower than the one evaluated in
the framework of the model of Kupriyanov and Lukichev (KL) [51]
which gives JKLdp ¼ 3:5$107A=cm2. This discrepancy can be ascribed
to the rough estimation made for Jc in assuming a uniform Nb strip.
Indeed, the SNW aggregate, even compactly confined in a strip,
presents a reduced cross section given by the sum of the cross
sections of each SNW. On the other hand, to estimate the number of
the SNWs inside the strip is a difficult task and the precise deter-
mination of the Jc value would not add any further information to
the discussion. However, the high value obtained for Jc confirms
that overheating effects are negligible and that the heating due to
the contact leads made on the SNW aggregates is satisfactory
shunted by the CNT film.
4. Normal state properties

The nucleation of superconductivity in the SNW aggregates can
be related to some of their electric transport properties in the



Fig. 4. a): Conductance normalized with respect to its value at T ¼ 150 K, vs. 1=
ffiffiffi
T

p
. The lines are fit to the data using Eq. (4). Inset: electron localization length c vs. dNb. -b):

Temperature dependence of the normalized conductance. The lines are the best fit to the data obtained according to the diffusive Coulomb blockade model, Eq. (5). (A color version
of this figure can be viewed online.)

M. Salvato et al. / Carbon 105 (2016) 544e550548
normal state. The SEM images evidenced a disordered structure
formed by SNWs connected by surface contacts to form the
aggregate. For this kind of systems, co-tunneling effects and
Coulomb blockademechanism are commonly evoked to explain the
transport properties in the normal state [52,53]. In these models,
the electrons are confined within a localization length c and move
across the disordered system tunneling through the Coulomb bar-
rier. At low bias, the temperature dependence of the normalized
conductance gN ¼ G=GQ , where G ¼ 1=R and GQ ¼ 2e2=h, is the
same as that expressed by the Efros-Shklovskii model [54] of var-
iable range hopping:

gN ¼ g0Ne
�

ffiffiffiffiffiffiffiffi
T0=T

p
(4)

Here g0N is a normalization constant and T0 ¼ 2:8e2=4pε0εkBc
[52,53] is a characteristic temperature. Fig. 4(a) shows gN,
normalized with respect to the value at T ¼ 150 K, as a function of
1=

ffiffiffi
T

p
in semilogarithmic scale. The experimental data follow a

straight line from T ¼ 150 K down to Ton
c , and they are well

approximated by expression (4), where T0 has been left as the only
adjustable parameter. The inset of Fig. 4(a) shows the c vs. dNb
dependence extracted from the expression of T0 where we have
used the values ε0¼8.85 � 10�12 F/m and ε ¼ 10 [55] for the
permittivity of the free space and Nb, respectively. The high values
of c compared to the length of the SNWs shown in Fig. 1 indicate
that electrons are localized on distances much longer than the
length of the single SNW in the aggregate. This suggests that the
interface barriers do not substantially affect the motion of the
charge carriers along the whole aggregate and leads to consider
that a different diffusive transport mechanism could be the pre-
cursor of the superconductivity in our samples. If a Coulomb
blockade mechanism is responsible for current transport [56], the
sample conductance is given by

G0

G0 � GðTÞy
3kBT
bEc

(5)

where b¼ 1/3. Fig. 4(b) shows the experimental data together with
the fit obtained using the expression (5) in which Ec is left as the
only free parameter. For the sake of clarity, we have not plotted data
of the sample CNTNb50. The fits are very good indicating diffusive
Coulomb blockade as a possible mechanism for T > Tonc , as also
supported by the low values obtained for Ec that are less than 1meV
for all the analyzed samples. The same Coulomb blockade mecha-
nism was previously invoked to study the current transport in
isolated MoGe SNWs templated by CNTs [56].
5. Discussion

The analysis of the normal state properties of the SNW aggre-
gates confirms the experimental evidence of the presence of TAPS
and QPS in the superconducting state. The long electron localiza-
tion lengths indicate that the characteristic distances are much
longer than the single CNT exposed to the Nb deposition and that
interface contacts between two different SNWs do not considerably
affect the superconducting properties. On the other hand, in the
superconducting state, the interfaces between different SNWs
could also be considered asWLCs where Josephson effect instead of
PS can take place. Discerning between these two phenomena using
transport measurements is a difficult task even in an isolated SNW,
because WLCs formed between not detectable grains can be pre-
sent and they can be considered as PS centers [22e28,43,57]. In the
case of the networks, the interfaces between different SNW can
play the same role of PS centers. In order to understand whether
Josephson effect was present in our networks we tried to fit the
resistive transitions shown in Fig. 2(b) with the Ambegaokar-
Halperin (A-H) expression for JJs [58]. For the sake of clarity, only
the fit to the data of the CNTNb40 sample is reported in the figure
(dot-dashed line). The fit appears to be very poor if compared with
the one obtained using the TAPS expression.

Another argument suggesting the presence of PS in the analyzed
samples is the RQ crossover of the S-I transitionwhichwas observed
in homogeneous isolated SNW [25,43,44] as well as in arrays of
SNWs [59] where QPS are present. In these systems, the S-I tran-
sition crossover does depend on the value of RN and on the length of
the SNW (measured with respect to x). In particular, following
Ref. [59] QPS emerge in 2D-arrays of SNWswhen the ratio between
the PS energy ES and inductive energy EL:

ES
EL

¼ a
17:4

L2

x2
e�BL

x

RQ
RN ¼ ac (6)

increases above the critical value ac ¼ 0.051. In this expression, B is
the same constant present into Eq. (2). From Eq. (6) one can
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straightforwardly obtain an expression for the ratio RN=RQ :

RN
RQ

¼ L
x

B

ln
��

L
x

�2

c
� (7)

where c ¼ a=17:4ac. This last expression relates the normalized
resistance RN=RQ to the normalized length L=x through the con-
stants B and c that have to be determined by the experimental data.
Using B¼ 0.079, as obtained from the fitting of the ReT curve of the
sample CNTNb20 in Fig. 2(b), and c ¼ 0.05 as suggested in [59], the
value RN=RQz0:91 is obtained at the S-I crossover. This value is in
very good agreement with the results reported in Fig. 2(b) where
the crossover for the S-I transition takes place at RN y RQ. The
model proposed in [59] refers to arrays of SNWs where QPS instead
of Josephson effects governs the transport mechanism in the
superconducting state. The obtained result further confirms that
QPS events are dominant and that the WLCs at the interfaces
eventually behave as PS center instead of JJs in the analyzed SNW
aggregates.

6. Conclusions

We reported on superconducting and normal state properties of
aggregates of SNWs obtained by sputtering Nb on CNT films
deposited by dry-transfer printing on Si/SiO2 substrates. The charge
transport mechanism in the normal state is characterized by
diffusive Coulomb Blockade which is also observed in both isolated
and in arrays of SNWs showing a S-I transition. All the samples with
a finite Ton

c show the presence of PS in the superconducting state
that have a thermal (quantum) nature in the case of thicker
(thinner) SNWs. All the evidenced effects are common in SNW
obtained by other techniques and confirm that CNT films can be
used to obtain networks of SNWs. The accessible and not expensive
method adopted here opens new perspectives on the possibility to
use CNT films as one-dimensional interconnect in the field of
superconducting nanoelectronics.
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