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a b s t r a c t

We report on the measurements of the transport properties of superconducting Nb ultrathin bridges
grown by UHV magnetron sputtering on porous Si substrates. The films are about 10 nm thick and inherit
from the substrate a structure made of holes with diameter of 10 nm and interpore spacing in the range
20–40 nm. Due to their reduced dimensions, they are sensitive to thermal fluctuations typical of 1D
superconductors and exhibit a nonzero resistance below the superconducting transition temperature,
Tc. Clear hysteresis and finite jumps in the I–V curves are also observed.
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1. Introduction

With the rapid development of nanotechnology, superconduc-
tivity in one dimensional (1D) nanowires has attracted consider-
able attention in the last two decades [1–9]. The central
challenge in the study of thin superconducting wires is to under-
stand how the superconductivity is affected when approaching
the 1D limit. Continual advances in the fabrication techniques have
allowed researchers to create wires of ever shrinking size, resulting
in an increasing number of observed effects that shed light on this
basic question. Earlier studies have predicted that, when the wire
width is comparable with its superconducting coherence length
n(T), intrinsic thermal [4,10] and quantum [5,11,12] fluctuations
play an increasingly important role, causing the wires to remain
resistive much below the superconducting transition temperature
Tc with phase slip processes responsible for this phenomenon. At
high temperatures (but below Tc) this resistance is caused by ther-
mally activated phase slips (TAPS), in which the system makes a
transition across a potential barrier between two different meta-
stable states. At sufficiently low temperatures the general expecta-
tion is that the system would tunnel through the barrier between
two metastable states, constituting a quantum phase slip event
(QPS).

Recently a radically different approach to nanostructures fabri-
cation based on self-assembled growth, such as chemically aniso-
tropic etching of single crystals, has attracted much attention
also in the superconducting nanowire field. These processes are
useful for generating low-cost simple patterns of nanostructures
in a single step, assuring a high reproducibility as well [3,13,14].
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In this work we present experimental results obtained on
superconducting Nb ultrathin films grown on porous Si substrates.
The films are about 10 nm thick and inherit from the substrate a
structure made of pores with 10-nm diameter and interpore dis-
tance between 20 and 40 nm. Typical features of 1D superconduc-
tivity such as non zero resistance below Tc as well as hysteresis and
finite jumps in the I–V characteristics have been observed in our
samples.

ка

2. Fabrication

Porous layers have been fabricated by electrochemical anodic
etching of n-type, 0.01 Xcm, monocrystalline silicon wafers. The
electrochemical dissolution has been performed in 48% water solu-
tion of HF, applying a current density of 20 mA/cm2. The anodiza-
tion time was chosen in the range of 0.5–4 min in order to get
porous layers with a thickness ranging from 0.5 to 4 lm. The pores
extend on a surface of about 1 cm2. The integral porosity has been
estimated by gravimetry to be of about 50% [15]. The resulting
porous substrates have diameter Ø = 10 nm and interpore spacing
(center–center distance) a0 = 20–40 nm. Nb thin films have been
grown on top of the porous Si substrates in an UHV dc diode
magnetron sputtering system with a base pressure in the low
10�8 mbar regime and sputtering Argon pressure of 3.5 �
10�3 mbar. In order to reduce the possible contamination present
in the porous templates, the substrates have been heated at
120 �C for 1 h in the UHV chamber. The deposition was then real-
ized at room temperature after the cool off of the substrates. The
films have been deposited at typical rates of 0.33 nm/s, controlled
by a quartz crystal monitor calibrated by low-angle X-ray reflectiv-
ity measurements. In this way, an array of interconnected super-
conducting wires was formed on the substrates, the single wire
width, l, being the distance between the edges of two consecutive
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pores. Therefore is l = 10 nm (30 nm) for the sample grown on the
substrate with a0 = 20 nm (40 nm). It is worth to underline that the
single wire width, l, is comparable with the zero-temperature
superconducting coherence length of our samples, n(0) ’ 10 nm
[16]. Since the effect of the periodic template would be reduced
when the film thickness, dNb, exceeds the pore diameter, Ø
[16,17], the Nb thickness was chosen to be in the range of 9–
12 nm. Finally, a typical four-probe geometry has been realized
on the samples by using standard optical lithography. The dimen-
sions of the obtained bridges were w = 10–20 lm for the width and
L = 100 lm for the length.
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Fig. 2. R(T) transition curves, normalized to the resistance at 10 K, of plane porous
Nb films of different thicknesses grown on the porous substrates Si20 and Si40.ИР
3. Experimental results and discussion

All the Nb films deposited on porous Si, their names and thick-
nesses, as well as the substrate characteristics are summarized in
Table 1. For the sake of clarity the samples were named using
the initials Si followed by a number indicating the nominal inter-
pore distance, a0, Nb by a number indicating the Nb thickness
and by another number for the bridge width. For example, Si40–
Nb12–w20 is the porous Nb bridge 20 lm wide and 12 nm thick,
grown on the porous substrate with a0 = 40 nm. From the a0, Ø
and w values of the analyzed samples we can estimate the number
of the interconnected wires present in each bridge which are 330
for Si20–Nb9–w10, 200 for Si40–Nb10–w10 and 400 for Si40–
Nb12–w20. The numbers listed above are likely to be corrected
considering a deviation from the corresponding mean interpore
distance of the order of 10% [16].
е

3.1. Resistive transition

Superconducting nanowires never show zero resistance,
although resistance does decrease exponentially upon cooling [6].
The origin of this resistive behavior lies in the occurrence of
Table 1
Characteristics of porous Si templates and properties of Nb films deposited on such
substrates. a0 indicates the interpore spacing, dNb the Nb thickness, w the bridge
width, Tc the critical temperature. The pore diameter Ø is 10 nm for all the samples.

Sample a0 (nm) dNb (nm) w (lm) Tc (K)

Si20–Nb9–w10 20 9 10 3.60
Si40–Nb10–w10 40 10 10 4.23
Si40–Nb12–w20 40 12 20 3.87
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Fig. 1. R(T) transition curves, normalized to the resistance at 10 K, of Nb thin
bridges of different widths and thicknesses grown on the porous substrates Si20
and Si40.
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thermally activated slips of the phase of the Ginzburg–Landau or-
der parameter. During a phase slip, a small normal segment ap-
pears on the nanowire for a short time causing the loss of phase
coherence [18].

In Fig. 1 are reported the R(T) transition curves, normalized to
the resistance at 10 K, of porous Nb bridges of different widths
and thicknesses grown on the porous substrates Si20 and Si40,
namely samples Si40–Nb10–w10 and Si40–Nb12–w20.

For each curve, we observe a first resistance drop at higher tem-
perature which corresponds to the superconducting transition of
the larger Nb porous electrodes [4,19]. The resistance value imme-
diately below this drop is taken as the normal resistance RN of the
interconnected wires. The critical temperature values estimated at
the midpoint of the R(T) transition curves are reported in Table 1.
Moreover, it can be observed that the samples exhibit a nonzero
resistance over a large temperature range. The width of the resis-
tance transitions, defined as DTc ¼ T90%RN

c � T10%RN
c , reaches in fact

values up to 0.6 K for the sample Si20–Nb9–w10, namely in the
case of the narrowest values. Moreover, it is worth to underline
that the resistance of the samples drops about four orders of mag-
nitude within this temperature range below Tc. These curves are
significantly broader than the ones observed in similar plane por-
ous Nb films [16], reported, for sake of comparison, in Fig. 2, where
DTc� 0.2 K. These films were also grown on porous Si substrates
but, since they were unpatterned, a much larger number of inter-
connected superconducting wires are present. For this reason,
the superconducting properties, typical of 1D systems, were not
observed on such plane films. Therefore, the 1D character of our
system is more evident when few interconnected wires are pres-
ent. Moreover this comparison makes us confident to exclude that
sample dishomogeneity (i.e. granularity) can be responsible of the
R(T) broadening [20].

3.2. I–V measurements

I–V characteristics have been measured at different tempera-
tures and magnetic fields under current drive condition. The mag-
netic field was applied perpendicularly to the plane of the
substrate. During the measurement the temperature stabilization
was around 1 mK. In order to minimize any heating effect the
bridges have been kept in contact with liquid helium. The current
biasing has been realized by sending rectangular current pulses to
the samples, with the current-on time being of 12 ms followed by a
current-off time of 1 s. Any single voltage value has been acquired
at the maximum value of the current. Here we report the current–
voltage characteristics for the sample Si20–Nb9–w10, which
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Fig. 3. Current–voltage characteristics of the sample Si20–Nb9–w10 at different
applied magnetic fields and at T = 3.53 K. The inset is an enlargement of the I–V
measurement at l0H = 0.05 Tesla.
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shows the maximum value of DTc. In Fig. 3 I–V curves measured at
different applied magnetic fields and at the temperature of 3.53 K,
are shown. All the curves were recorded sweeping the current up
and down and clear hysteresis has been detected. Finite jumps
were also observed, as highlighted in the inset of Fig. 3, providing
further evidence that phase slip phenomena are present since each
jump corresponds to phase slip lines entering the sample [21,22].
When the current is swept down a continuous behavior is found
without any jump between different resistive states. On the con-
trary, during the sweeping up we can notice that the voltage pro-
gression is peaked instead of following monotonic steps [21,22].
We believe that such behavior is related to the fact that in the
interconnected wires there is a competition between 1D and
non-1D superconductivity [23].

4. Conclusions

We have studied transport properties of superconducting Nb
ultrathin bridges grown on porous Si substrates where the pore
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diameter is 10 nm and the interpore spacing is 20–40 nm. The
samples exhibit a nonzero resistance over a broad temperature
range and clear hysteresis with finite jumps in the I–V curves.
All these features are more pronounced in the sample
Si20–Nb9–w10 which is characterized by the narrowest value of
the single superconducting wire widths. All these observations
are typical of 1D superconductivity.
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