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Fabrication and properties of the meander nanowires
based on ultra-thin Nb films∗
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We report the fabrication and the study of superconducting properties of ultra-thin Nb superconducting meander
nanowires, which can be used as superconducting nanowire single-photon detectors (SNSPDs). The ultra-thin (about 7-
nm thick) Nb films are patterned into micro-bridges, and 100-nm wide meander nanowires by using e-beam lithography
(EBL). The average transition temperature (Tc) of the nanowires is about 4.8 K and the critical current density jc is about
2.8×106 A/cm2. Superconducting characteristics of the specimens at different applied magnetic fields up to 8 T (parallel or
perpendicular to the specimen) are systematically investigated. The normalized temperature t (= T/Tc) dependences of the
parallel critical field (Hc‖) for both the micro-bridge and the meander nanowire are almost the same, following the Ginzburg
and Landau (GL) formalism for ultra-thin films. However, in perpendicular field and in the vicinity of Tc (> 0.95Tc), the
critical field Hc⊥ of the nanowire exhibits a down-turn curvature nonlinear temperature dependence while the micro-bridge
displays a linear temperature dependence. The nonlinear behavior of Hc⊥ in the nanowire is believed to be due to the fact
that in the vicinity of Tc the coherence length becomes larger than the line width. Additionally, the localization of carriers in
the nanowire could also contribute to the nonlinear behavior. The resistive transitions could be described by the phase-slip
model for quasi-one-dimensional system. Moreover, the hysteresis in I–V curve of the meander nanowires can be illustrated
by a simple model of localized normal hotspot maintained by Joule heating.
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1. Introduction

In the past several years, superconducting nanowire
single-photon detectors (SNSPDs) in compact meander ge-
ometries have drawn extensive attention due to their high
speed, picosecond jitter time, almost negligible dark count
rate, and broad wavelength response especially for infrared
single-photons.[1–4] This meander-style device is exploited to
detect not only photons but also high energy particles such
as bimolecular.[5] NbN is commonly used for SNSPDs, ow-
ing to its short electron–phonon coupling time (0.06 ns).[6]

However, NbN-SNSPD with a large active area suffers large
kinetic inductance of the very long nanowire, which leads to
a long reset-time and, therefore, reduces the count rate. Nb
could be an alternative material to solve this problem. Al-
though the electron–phonon coupling time of Nb (0.37 ns)[6]

is longer than that of NbN, the kinentic inductance of Nb is
much smaller than that of NbN. This means that Nb SNSPD
could have a high count rate.[7–9] Moreover, Nb-SNSPDs
could be photon-number-resolved and spectrally sensitive due
to a small resistance of the photon-induced normal state do-
mains on Nb meander.[7] For these reasons, Nb is a promising
alternative material for SNSPDs.

There have been previous studies on the superconducting

properties and their relation to micro-structural detail.[10–14]

However, there is seldom discussion about long Nb nanowires,
due to the difficult fabrication process of very long nanowires
up to several hundreds of micrometers. Meander-type struc-
ture provides an opportunity to study the transport properties
of a long approximate quasi-one-dimensional nanowire. Fur-
thermore, the SNSPD device performance could be modified
by magnetic field. For example, the photon detection assisted
by magnetic field has been discussed in Refs. [15] and [16].
The applied field increases the dark count rates, but also raises
the photon detection efficiency. Therefore, understanding the
properties of the Nb meander nanowires is of great importance
for designing and improving the performance of the device.

In this paper, we focus on the superconducting properties
of the meander nanowires. The critical temperature, critical
field, and critical current are studied. For comparison, micro-
bridge and thin film samples are also measured.

2. Sample fabrication

Nb films with thickness values from 4 nm to 100 nm
were deposited onto 500-µm thick Si (100) substrate covered
with an amorphous layer of 500-nm thick SiO2. The deposi-
tion was carried out in a home-made ultra-high vacuum direct
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current (dc) magnetron sputtering system which has a back-
ground pressure lower than 10−9 mbar (1 bar = 105 Pa) owing
to the very low leakage rate of the system and a built-in non-
evaporable getter (NEG). The deposition was carried out from
an Nb target of 99.95% purity at ambient temperature. The
film thickness was determined by X-ray reflectivity (XRR),
exclusive of the thickness of oxide layer (2 nm–3 nm) on the
Nb films.

The thin films of about 7-nm thick were patterned into
micro-bridges (25-µm wide, 100-µm long) connected with
four electrodes and alignment marks by using photolithogra-

phy and reactive ion etching (RIE) process based on Ar/SF6

gas mixture. In a subsequent step, the meander lines were

defined in the central area of Nb micro-bridges by means

of e-beam lithography (EBL) and RIE. In the EBL process,

the samples were spin-coated with PMMA 495 electron resist

(positive tone) and the patterns were written at 20 kV by a

Raith 150 EBL system with an area dose of 240 µC/cm2. All

the unwanted Nb films were removed by RIE down to SiO2

afterwards. The detailed fabrication process of the specimens

is illustrated in Fig. 1.
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Fig. 1. (color online) (a) Schematic plot of the fabrication process of Nb meander nanowires. (b) A diagram of two micro-bridges and
electrodes defined by UV-lithography and RIE. (c) A diagram of the meander nanowire on the central part of the micro-bridge. The
white parts represent etched area.

Superconducting properties were determined from stan-
dard four-probe transport measurements carried out in a Quan-
tum Design PPMS system with highest magnetic field up to
8 T and lowest temperature down to 1.8 K.

3. Results and discussion
For the meander samples, the width is around 100 nm and

the total length is about 500 µm as shown by SEM image in

Fig. 2. The enlarged image (Fig. 2(b)) shows very uniform
meander structure with a filling factor of about 0.5. The pro-
file of the meander wires is also examined by using atomic
force microscope (AFM), which is shown in Fig. 3. The non-
rectangular cross-sectional profile is believed to be due to the
shape of the scanning probe. Because of the etching of SiO2

layer on the substrate surface, the measured depth of trench is
about 20 nm, more than twice the actual Nb film thickness.

100 nm

f/.

(a) (b)

Fig. 2. (color online) (a) SEM image of an Nb meander nanowire sample with an active area of about 10 µm×10 µm. (b) The enlarged
SEM image of panel (a). The width of the meander nanowire is around 100 nm and the filling factor is about 0.5.
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Fig. 3. (color online) AFM image of Nb meander nanowire over a
6 µm×6 µm area. The lower panel shows the height (≈ 20 nm) of
the cross section profile. However, this value is not the actual thickness
of Nb, because RIE based on Ar/SF6 can also etch SiO2.

In Fig. 4, we show the temperature dependences of re-
sistance for a meander structure and a micro-bridge sam-
ple respectively. Clearly, the Tc is low and the transition
broadens for the meander nanowire. The degradation of the
long nanowire is mainly caused by the damages in the nano-
fabrication process.
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Fig. 4. (color online) Curves of resistance versus temperature (R–T ) of
the micro-bridge (red triangles) and meander nanowire (black squares).
The solid lines are to guide the eye. The meander nanowire exhibits a
Tc around 4.8 K, which is lower than that of micro-bridge due to the
damages in the nano-fabrication process.

In Fig. 5, we show R(T,H) curves measured in different
magnetic fields for the samples, with the field applied in paral-
lel and perpendicular to the sample surface respectively. The
in-field measurements are performed a few weeks after mea-
suring the zero-field R–T curve, and the oxidation of surface
in the atmosphere reduces Tc of the specimen slightly. With in-
creasing magnetic field, the transition is shifted toward lower
temperatures but exhibits almost no broadening. We define the
mid-point of the transition as the critical temperature, and the
superconducting phase diagrams (H–Tc/T ) are obtained and
shown in Fig. 6. Notably, the parallel critical field Hc‖ is much

larger than the perpendicular critical field Hc⊥. It is known that
the Gibbs free energy of a superconductor is increased with in-
creasing magnetic field, and the critical field is obtained when
the Gibbs free energy is increased to a value equal to the super-
conducting condensation energy. For ultra-thin film samples,
the parallel field can penetrate into the total thickness. This re-
duces the increasing values of the Gibbs free-energy compared
with the bulk samples. Therefore for the ultra-thin specimens,
Hc‖ is larger than Hc⊥.
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Fig. 5. (color online) Curves of resistance versus temperature (R–T ),
measured in a series of magnetic fields. (a) Parallel fields from 0 T up
to 8 T (0, 0.02, 0.04, 0.06, 0.08, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4,
0.5, 0.8, 1.2, 1.6, 2, 2.4, 2.6, 2.8, 3.2, 3.6, 4, 4.5, 5, 5.5, 6, 6.5, 7, 7.5,
and 8, from right to left) are applied for both meander nanowire (black
squares) and micro-bridge (red triangles). (b) Perpendicular fields from
0 T up to 1.6 T (0, 0.02, 0.04, 0.06, 0.08, 0.1, 0.15, 0.2, 0.25, 0.3,
0.35, 0.4, 0.5, 0.8, 1.2, and 1.6, from right to left) are applied for these
two specimens. With raising field, all R–T curves move toward lower
temperatures, but all the transitions are not apparently broadened.

We find that the Hc‖–t (t = Tc/T ) data of both the mean-
der nanowire and the micro-bridge samples show clearly bend-
ing curvature in the temperature range just below Tc. This is
typical for very thin superconducting films with the film thick-
ness much smaller than the penetration depth. The data could
be fitted to the following relation[10]

Hc‖ (t) = Hc‖ (0)
{(

1− t2)/(1+ t2)}1/2
. (1)

This relation is based on the Ginzburg and Landau (GL) theory
using the temperature dependence of the two-fluid model. For
ultra-thin film with thickness d (d is smaller than the coher-
ence length), the parallel critical field is about 2

√
6λHc/d,[17]

where λ and Hc are the penetration depth and the thermody-
namic critical field of bulk material. In the two-fluid model,
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the temperature dependence of λ follows (1−t4)−1/2 while Hc

follows (1−t2), leading to Eq. (1). The two H‖–t curves are al-
most the same, which demonstrates that the meander structure
on the central part of micro-bridge has negligible influence on
Hc‖.
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Fig. 6. (color online) Dependences of the critical field on T/Tc of the
nanowire (black squares) and micro-bridge (red empty squares). (a) At
parallel field, the solid lines are the fitted results by Eq. (1). (b) At per-
pendicular field, the dashed line is guideline only, and the red line is the
fitting result to the linear temperature dependence which is proportional
to 1− t. The blue triangles are the data of the Hc‖–t curve of a 100-nm
thick Nb micro-bridge.

However, a notable difference exists between the H⊥–t
curves of the micro-bridge and the meander nanowire. For
the micro-bridge sample, the perpendicular critical field Hc⊥
shows linear temperature dependence as would expect from
the GL theory.

According to GL equation,

Hc⊥ (t) = ϕ0/2πξ
2(t), ξ (t) = ξ (0)(1− t)−1/2, (2)

where φ0 is the flux quantum, and ξ is the coherence length.
From a linear fitting, the extrapolated values of Hc⊥(0) of both
specimens are obtained. According to Eq. (2), the values of
ξ (0) is obtained to be 6.5 nm for the micro-bridge.

For the nanowire sample, we see that Hc⊥ is almost lin-
ear at lower temperatures, but shows a bending curvature in
the vicinity of Tc (> 0.95Tc) like the case of parallel field.
The obvious curvature in Hc⊥ near Tc has also been studied
in thin Nb films (5-nm–10-nm thick) which was explained by

using localization effect,[18] but has not been seen in mean-
der nanowires. Obviously, in our experiments, this curvature
is due to the patterned meander-type structure, instead of thin
thickness.

We believe that the nonlinear behavior of H⊥–t is caused
by two reasons. On the one hand, although the width of the
nanowire (∼ 100 nm) is much larger than the thickness, it is
still comparable to the coherence length of Nb near Tc (which
is about 26 nm at t ∼ 0.95). Furthermore, the coherence
length increases with increasing temperature and diverges at
Tc. Thus, at temperatures close to Tc, the superconducting or-
der parameter could be regarded as constant as in the case of
ultra-thin films. Thus, in the temperature range close to Tc, it is
not surprise to observe a bending behavior. As temperature de-
creases, the coherence length is reduced. Then H⊥ shows lin-
ear temperature dependence. This kind of crossover could not
be seen in bulk samples because the crossover temperature is
very close to Tc. For nanowire samples, the dimension is small
and it can be seen more clearly. In order to further confirm
this explanation, the H‖–t curve of a 100-nm thick Nb micro-
bridge sample is measured in parallel field. Near Tc, a notable
curvature is shown, and as the field increases until t reaches
0.87, H‖–t curve is an approximate linear dependence. The
H‖–t behavior (0.87 < t < 1) of 100-nm thick micro-bridge is
similar to the H⊥–t dependence of the meander. Therefore,
for the meander wire, the nonlinear curve near Tc is probably
caused by the limitation of the width of nanowire. In addi-
tion, the relationship between d and ξ (t) determines the H‖–t
behavior.[10] For 100-nm thick Nb micro-bridge, t = 0.87 is
a turning point, where d ∼ ξ (t). As t decreases, the curve is
approximately linear.

On the other hand, the stronger localization effect for the
meander line than that of the micro-bridge may lead to bend-
ing curvature as we observed in Ref. [18]. However, since
H⊥–T curve is linear for thin film and microbridge samples,
it is possible that the localization does not play a major role
here. Nb on SiO2/Si is polycrystalline which can be con-
firmed by SEM images and XRD results. For the ultra-thin
Nb film, the sizes of grains are very small, thus the film is
highly disordered. Moreover, when the meander nanowire
sample is made, there could be additional defects introduced
in the fabrication process along the edges of the nanowire.
For these disordered sufficiently long quasi-one-dimensional
nanowire structures,[19] the normal resistance of the nanowire
before transition RN(≈ 165 kΩ) is very large, and the resis-
tivity of the nanowire (34 µΩ·cm) is larger than that of the
micro-bridge (23 µΩ·cm). It probably leads to a stronger lo-
calization effect of the electrons than that of the micro-bridge
specimen.[20] The nonlinear behavior of H⊥–T curve near Tc

may be partially attributed to the stronger localization effect as
indicated in Ref. [18].
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Fig. 7. (color online) R(T ) data for the meander nanowire. (a) At zero-
field, the transition is measured. At around Tc, the transition is fitted by
using Eq. (3) (red dash line), while at lower temperature, the transition
tail exists, which can be fitted by QPS theory (blue short dash line).
BKT model is used to fit the transition (green thin solid line). The inset
shows the R(T ) curve of the micro-bridge. (b) R(T ) measurements for
the meander nanowire in the fields from zero up to 1.6 T (from right to
left).

The R–T curves of meander and micro-bridge are further
analyzed as shown in Fig. 7(a). The R–T curve of meander
has a tail at low temperature, while there is no tail behav-
ior for the micro-bridge. The micro-bridge can be seen as
two-dimensional structure because the width of the structure
is much larger than ξ and λ . Therefore we believe that the
R–T tail for the meander nanowire is due to the limitation of
the dimension. From the behavior of the R–T curve of the
nanowire, the transition is almost the same as those of the
quasi-one-dimensional structures studied in Refs. [13], [16],
[21], and [22]. The transition can be described by thermally
activated phase slips (TAPS), which is strongly pronounced
near Tc.[21,22] Little’s phase slip theory is the simplest ap-
proximation of describing TAPS.[21,23] According to Little’s
equation[21]

R(T )=RNexp
(
−∆F

kT

)
, (3)

where ∆F ≈ 0.83 [L/ξ (0)] (RQ/RN)kTc (1−T/Tc)
3/2 is the

free-energy barrier, RQ=h/4e2= 6.45 kΩ is the quantum re-

sistance for Cooper pairs, and k is the Boltzmann constant.
Our data are fitted well to Eq. (3) near Tc. The Bere-
zinsky–Kosterlitz–Thouless (BKT) transition model in two-
dimensional systems is also used to fit the results near Tc

using formula (3.7) in Ref. [24]. However, the data de-
viate from the fitting line. Therefore, we suggest that the
quasi-one-dimensional model is more suitable for the mean-
der specimen.[24]

However, the resistance tail at lower temperature devi-
ates from Little’s theory notably. Usually the quantum phase
slip (QPS) theory is used to explain the resistance tail of
the transition.[13,22] Our result is nearly fitted to QPS theory
through using formula (2) in Ref. [22], except in the temper-
ature range below 3.5 K. As the applying magnetic field in-
creases, the probabilities of TAPS and QPS increase, which
induces the raising of the resistance at the temperature less
than Tc. As the applying magnetic fields increases, the proba-
bility of phase slip increases. This could lead to increased dark
count when the meander nanowire is used as a single photon
detector. Indeed, it has been reported that the dark count rate
and the detection efficiency of SNSPDs are both proportional
to the number of potential phase slip centers.[16]

Current–voltage curves of the meander are measured in
the current-biased conditions and at various temperatures be-
low Tc. The I–V characteristics show sharp jumps at Ic(T )
and hysteresis behaviors with the return current Ir as illustrated
in Fig. 8(a). At 2 K, a strong hysteresis behavior is observed.
The critical current density ( jc) evaluated from I–V character-
istics is about 2.8×106 A/cm2 at 2 K, which is more than ten
times smaller than that of the micro-bridge (3.6×107 A/cm2 at
2 K). The decreasing of jc is another evidence for the damage
of the edge areas of the nanowire. As temperature increases
approximately to Tc, both Ic and Ir decrease, however, the hys-
teresis behaviors become smaller. For a long nanowire, the
I–V hysteresis has been illustrated using a simple model of
a localized normal hotspot maintained by Joule heating.[25,26]

When the current is lower than Ic, the specimen keeps super-
conducting state without dissipation. When the biased current
increases to Ic, an unstable hotspot is formed and the nanowire
transition takes place quickly from zero resistance state to
normal state. With scanning current decreasing, the hotspot
maintains the normal state until the current reaches Ir due to
Joule heating, where Ir is the minimum current to sustain a
normal hotspot. This model predicts that Ir is proportional to
(1− t)1/2 [25]

Ir ∼= Ir (0)(1− t)1/2 . (4)

The Ir–t curve of the meander nanowire is plotted in Fig. 8(b),
which is well fitted to Eq. (4). The dependence of Ic on t ,
which we obtained, generally follows the mean-field behavior
predicted by the GL theory:[25]

087402-5



Chin. Phys. B Vol. 23, No. 8 (2014) 087402

Ic = Ic (0)(1− t2)
3/2

(1+ t2)
1/2

, (5)

where the fitting coefficient Ic(0) is 87.4 µA. Ic and Ir have dif-
ferent dependences of temperature as can be seen in Fig. 8(b),
therefore the hysteresis behaviors become weaker when in-
creasing the temperature.
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Fig. 8. (color online) Measurements of critical current for the nanowire. (a)
Current–voltage characteristics of the meander wire at temperatures from 2 K
to 4 K. When the current biased through the nanowire is larger than Ic, the
whole nanowire becomes normal state following Ohm’s law. The voltage is
restricted to around 4 V due to the measuring range restriction of the volt-
meter. The inset defines Ic and Ir. (b) Ic (black squares) and Ir (red triangles)
dependences of temperature for the nanowire. Ic–T curve are fitted by Eq. (4)
(black solid line). The red dash line is the fitting result of Ir–T using Eq. (5).

4. Conclusions
We here present the fabrication of the meander structures

based on ultra-thin Nb films for SNSPDs by EBL process.
Also, superconducting properties of meander strips are stud-
ied systematically. Hc‖(t) and Hc⊥(t) curves of both the me-
ander specimen and micro-bridge are obtained from a series of
R(T,H) at different applied magnetic fields up to 8 T, which
are parallel or perpendicular to the specimens. The results il-
lustrate that nanostructures on the Nb films have almost no
effect on Hc‖. However, the Hc⊥(t) curve of meander line be-
haves in a different manner from that of micro-bridge when
T approaches to Tc, showing a down turn curvature. In other
words, the Tc(H) value of meander line change little with in-
creasing the magnetic fields when the field is weak, while Hc⊥
presents a linear dependence of t at high fields but is not fit-
ted to GL equation. The nonlinear behavior of Hc⊥ in the
nanowire is attributed to the fact that the coherence length be-
comes larger than the line width in the vicinity of Tc. Ad-
ditionally, the localization of carriers in the nanowire could

also partially contribute to the nonlinear behavior. The resis-
tive transitions could be described by the phase-slip model for
quasi-one-dimensional system. Moreover, Ic(t) and Ir(t) of
meander nanowire can be illustrated using a simple model of a
localized normal hotspot maintained by Joule heating. Study-
ing the properties of the meander structures based on ultra-thin
Nb films in varying fields will be beneficial for designing and
improving the performances of SNSPDs with the assistance of
field.
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