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Abstract

®

CrossMark

Superconducting NbN nanonetworks with a very small number of interconnected nanowires,
with diameter of the order of 4 nm, are fabricated combining a bottom-up (use of porous silicon
nanotemplates) with a top-down technique (high-resolution electron beam lithography). The
method is easy to control and allows the fabrication of devices, on a robust support, with
electrical properties close to a one-dimensional superconductor that can be used fruitfully for

novel applications.

Keywords: porous silicon, electron beam lithography, one-dimensional superconductivity,

quantum phase slips

(Some figures may appear in colour only in the online journal)

1. Introduction

The synthesis of nanostructures based on robust self-assem-
bled nanoporous templates recently received a growth of
interest. This bottom-up technique allows one to fabricate,
with high reproducibility, a large number of nanostructures in
a single-step process [1-4]. In particular, the deposition of
ultrathin films of superconducting materials on templates,
both porous alumina and porous silicon (PS), as well as on
inorganic membranes, gives the possibility of creating inter-
connected nanowire networks where commensurability
effects [5—7], or properties typical of a single superconducting
nanowire are observed [8—10]. What essentially happens is
that, due to the very reduced film thickness, the deposited

0957-4484/17 /465301+-06$33.00

material tends to fill only the substrate pitch, so as to obtain
structures which resemble a network of interconnected wires.
In these systems the average width, w, can be assumed to be
equal to the periodic pore spacing, a, minus the pore diameter,
¢, (figures 1(a) and (b)): w = a — ¢. Furthermore, if w is of
the order of the coherence length of the superconducting
material, & each nanowire in the network behaves as a one-
dimensional (1D) superconductor [11].

Nowadays, superconducting nanowires (SNWs) are
attracting great interest because of their promising use in
superconducting-based nanoelectronics. SNWs are con-
sidered as accessible candidates for current standards [12],
SQUID-like sensors [13, 14], microwave and photon detec-
tors [15, 16], quantum-computing circuits [17-19] and also as

© 2017 I0OP Publishing Ltd  Printed in the UK
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Figure 1. Schematic representation of the (a) PS layer formation. 1—
porous layer 1.5 pm thick. 2—porous surface; (b) deposition of the
NbDN ultrathin film. 3—the film inherits the porous structure of the
PS template: ¢ is the pore diameter, a is the center-to-center pore
distance, and w = a — ¢ is the width of the superconducting
channels; (c) fabrication of the NbN nanoporous nanostrip by EBL.
Porous media are primed by the resist.

1D interconnects in complex nanodevices [20]. Very recently,
a superconducting nonvolatile memory device based on loops
made from superconducting nanowires was proposed [21].
The large potential for application of SNWs comes from the
proved duality between these 1D systems and the Josephson
Junctions, which are the basic units of most of the super-
conducting nanoelectronics [12]. The duality comes from the
presence of phase fluctuations (known as phase slips) of the
order parameter inside a homogeneous 1D SNW [11, 12].
When phase slip phenomena are present, the superconducting
order parameter is locally depressed and superconductivity
disappears. As a result, a finite electrical resistance is
observed well below the bulk superconducting critical
temperature, 7, in the case of thermally activated phase slips
(TAPS) [22, 23] and down to T = O in the case of quantum
phase slips (QPS) [24-27]. In principle, this dissipation limits
the use of superconducting nanodevices. It is therefore crucial
the study of superconductivity in 1D systems. However, it is
not an easy task to fabricate a single 1D nanowire for
superconductors like NbN with a few nanometers coherence
length, since nanometer scale dimensions cannot be obtained
with the usual lithographic techniques. For this reason alter-
native approaches were very recently developed to overcome
this difficulty [28-30].

Concerning the materials choice, it is worth noticing that
the investigated SNW networks in literature are largely Nb-
based [5-7, 9, 10] while most of the superconducting devices,
such as Josephson junctions and radiation detectors, are
typically produced in Nb or NbN technology [31]. In

particular, nanowire arrays in superconducting nanowire
single photon detectors are mainly based on NbN [16].
Moreover, the investigation of NbN nanowire networks on
porous templates could be useful to determine the possible
application of the SNW networks as radiation detectors. In
particular, NbN is a dirty superconductor characterized by a
short &, high resistivity in the normal state, p, and high critical
temperature, 7; [32, 33]. The small value of £ (of the order of
3—4 nm) makes it possible to successfully fabricate, on porous
templates, superconducting nanowire networks with the
effective diameter, d.sr ~ </t - w, smaller than 5 nm (here ¢ is
the film thickness) that are not dominated by thermal fluc-
tuations [11]. The high value of the resistivity also enhances
the probability amplitude to have QPS in 1D superconductors
[11, 34]. Finally, even at these extreme conditions the value
of T; can be higher than 10 K [32, 33].

In this work, we combine the bottom-up template technique
with a top-down approach to obtain a superconducting NbN
interconnected network. The top-down method is based on high-
resolution electron beam lithography (EBL) which allows the
fabrication of structures with lateral dimensions as small as
10 nm [35-38]. The combination of the two techniques makes it
possible to ultimately fabricate, on a robust support, a network
containing a very small number (N = 6) of superconducting
nanowires (figure 1(c)). The process is undoubtedly quicker and
much easier to control with respect to the most recent attempts
reported in the literature [28—30]. Furthermore, it paves the way
to create a structure containing only one nanowire, if self-
assembled templates with pores with the appropriate values of a
and ¢ are used. These structures can be valuably used in the field
of the superconducting electronics [12-21].

2. Experimental methods

The PS templates were fabricated by an electrochemical
anodic etching of p-type monocrystalline Si wafers. The
thickness of the anodized silicon layer was ~1.5 ym and the
average center-to-center distance was a = 2¢ so that w = ¢.
Three different PS templates were used; they differ in the
values of the average diameters of the pores, ¢ = 5, 7.5 and
10 nm so that in all the cases w ~ €. They will be referred to
as PS5, PS7, and PS10, respectively. Figure 2(a) shows a
scanning electron microscope (SEM) image of the PS10
surface. The average diameter of the pores, measured by
statistical analysis in different areas of the micrograph, agrees
with the nominal value ¢ = 10 nm [39].

NbN ultrathin films were deposited by magnetron sput-
tering using an Ar flow rate of 60 sccm and an N, flow rate of
6.5 sccm. The base pressure inside the deposition chamber
was 1 x 107® Torr and the mixture pressure during the
deposition was 3.2 x 1073 Torr. The deposition rates were
determined by measuring dypy of films deposited on Si/SiO,
substrates partially shadowed by a mechanical mask and kept
at a fixed temperature 7;. The obtained values were 0.41 nm/s
and 0.27 nm/s at T, = 300 °C and T; = 500 °C, respectively.
Different NbN thicknesses, of the order of &, were studied and
their surface morphology was analysed by SEM. The
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Figure 2. SEM image of the surface of the (a) PS10 template; (b)
sample PS10-3.7; (c) NbN nanostrip with width W = 65 nm and
length L = 270 nm fabricated on the sample PS10-3.7. (d) Cross
section SEM image of the sample PS10-3.7 after the EBL process.

fabricated samples were indexed by the substrate name fol-
lowed by a number indicating the NbN layer thickness, dnpn,
expressed in nanometers. For example, PS5-5.6 indicates the
sample obtained by sputtering 5.6 nm of NbN on the PS5
substrate. Figure 2(b) shows a SEM pattern of the PS10-3.7
sample deposited by keeping the substrate temperature during
the deposition at T, = 300 °C. The presence of the pores is
still evident confirming that the porous structure is maintained
after the NbN deposition.

Samples were then patterned by high-resolution EBL in
strips with width, W, in the range of 60-320 nm and length, L,
in the range of 270-1370 nm. A single mask process with a
negative resist (ma-N 2403) was used. It was spanned on the
sample surface at 6000 rpm for one minute (~180 nm thick)
and then was heated on a contact hot-plate at 95 °C for one
minute. A direct e-beam writing:was performed using the
e-beam lithography system (100kV, JEOL JBX-9300FS) to
define the desired geometries. The resist was exposed using a
1 nA e-beam current, with a dose of 220 uC/ cm2, and then
developed with MF-CD-26 for 45 seconds and finally rinsed
with deionized water and dried with nitrogen. The unmasked
NDN was _etched in a reactive-ion etching (RIE) system by
NF; gas for 16 seconds (flow = 50 sccm; radio frequency
power = 50 W). A laser interferometer end-point detection
was used to stop the etching process. Finally, the resist was
removed by placing the chip on the heated Microposit mR-
400 held at 65 °C. Different values of W were considered in
order to obtain SNW networks with different values of N
along the direction of the flowing current (N ~ W/2¢ (see
schematics in figure 1(b))). For example, the strip with
W = 60nm processed on the PS5-3.7 sample consists of
N ~ 60/10 = 6 SNWs. Figure 2(c) shows the SEM image of
a strip with W = 65 nm and L = 270 nm. The presence of the
pores was confirmed by the SEM cross-section image of the
sample PS10-3.7 taken after the EBL procedure, as shown in

figure 2(d). It is evident that the porous structure is main-
tained up to the surface of the substrate.

To obtain SNW networks on porous substrates one needs
to deposit continuum percolative paths between the pores
without filling them. The achievement of this condition
depends on both the thickness of the superconducting layer
and the substrate temperature, T;. In particular, a thick NbN
layer will unavoidably fill the pores covering the whole
substrate surface. Moreover, for large values of dyp,ny one
expects that the pores will play the role of defects positioned
below the NbN layer with the result of depressing the
superconducting properties. On the contrary, small dy,ny Will
cause a lack of the coalescence process favouring the for-
mation of unconnected grains along the percolative paths. A
high value of 7y would enhance the diffusion of the deposited
species that consequently would not be confined between the
pores. Therefore, to select the optimal value for dyp, several
NbN ultrathin films with varying thicknesses were deposited
on PS templates in different conditions. For the thickest
analysed samples, dyyny = 7.2 nm, deposited at 7y = 300 °C
on the PS5, PS7; and PS10 templates the value of 7; (defined
as the temperature at which R = 0.5Ry, where Ry is the
normal state resistance just before the transition to the
superconducting state) increases with decreasing ¢. This
result suggests thatin this case the thick NbN layer covers the
whole surface of the templates including the pores which now
behave as defects. In fact, when the size of the defects
becomes smaller (which happens decreasing the value of ¢
coming from PS10 to PSS5), an increase of 0.4 K in T; is
measured. On the contrary, for the thinnest samples the
resistive curves show that only the sample PS10-2.7 has a
complete superconducting transition. The sample PS7-2.7
does not reach the zero-resistance state completely, while the
sample PS5-2.7 has an insulating behavior. These results can
be interpreted considering that for such a thin NbN layer a full
percolative superconducting path is created only on the PS10
template, which is characterized by the largest w. Differing
from the previous case, 7. decreases as a function of w as
expected when the size of the superconducting sample is
reduced [40]. In the intermediate case, dnp,ny = 3.7 nm, again
T. decreases as a function of w. For this NbN thickness the
pores are still not filled and the species effectively grows on
the border between the pores, the percolative paths between
the voltage contacts are formed and the SNW network is
achieved in all the templates. Finally, the effect of the sub-
strate temperature on the NbN growth was analysed by
depositing the NbN films of dy,n = 3.7 nm keeping the
substrate at 7; = 500 °C. In this case the critical temperature
does not appreciably change when the NbN is deposited on
the PS5, PS7 and PS10 templates. Furthermore, the value of
T. is the same of the film deposited on a flat Si/SiO, substrate.
What happens is that the higher mobility of the species on the
substrate, enhanced by the high value of T;, probably causes
shorts across the pores so that the SNW network is not formed
any more. Summarizing, by measuring the values of T., we
found that the best growth conditions, to obtain continuous
percolative paths along the channels, were realized when a
NbN 3.7nm thick film was deposited at 7, = 300 °C. In
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Figure 3. H,, as a function of the reduced temperature of the SNW
network 3.7 nm thick obtained on the PS5, PS7, and PS10 templates.
Solid lines are a guide to the eye.

particular, we present here a detailed analysis of sample PS5-
3.7 where, because of the small value of w, 1D super-
conductivity can be more easily established (dnypny ~ W ~ &).

The resistivity p of SNW networks cannot be easily
evaluated due to the particular nanowires arrangement [9, 10].
However, by measuring the H,(7T) phase diagram (the
magnetic field has been always applied perpendicularly to the
plane of the substrate) it is possible to estimate the diffusivity,
D = 1.097/(—pydHe /dT ) |lr=1, [32, 33], and the zero-
temperature superconducting coherence length, £(0), of the
samples. In figure 3 the upper perpendicular critical fields of
the SNW network 3.7 nm thick obtained on the PS5, PS7, and
PS10 templates are plotted as a function of the reduced
temperature, 7 /7. For the sample PS5-3.7, we get D = 0.19
cm?/s. Taking an electron scattering time 7 ~ 3 x 1015 s,
valid for NbN nanowires [32, 33], one obtains for the electron
mean free path { = +/3D7 = 0.5 nm. Moreover, knowing
that for NbN pf ~ 1024 - cm? [32, 33], we can estimate
for the low-temperature resistivity a value of 200 uf2 - cm.
Assuming the linear behavior of the temperature dependence
of perpendicular upper critical field, it is also possible to
evaluate the superconducting coherence length, since
toHe (0) = ®/27€%(0), where & is the magnetic flux
quantum [41]. This relation gives £(0) = 2.91 nm which also
implies that the sample is in the dirty limit.

3. Discussion

Here we investigate the evolution of the superconducting state
in the PS5-3.7 sample after it was patterned in strips of dif-
ferent widths by an EBL process. The data shown in figure 4
refer to three different strips with W = 65 nm, 130 nm and
320 nm each having a number of SNWs equal to N = 6, 13
and 32, respectively. All the structures have a well-defined
T2™ =~ 9 K (taken as the temperature at which R = 0.9Ry)
only one degree lower with respect to the value measured for

1 05 T T T T
] R
10° i
10° 4
10° E
— 10'F 9
G
v 10 y
[vd
10" N 4
2 © 6
10° o 13 3
10° 4 32 ]
10°L L .
10 12

T (K)

Figure 4. Resistive transitions of the PS5-3.7 bridges with different
number of SNWs, N. The dashed lines (thick solid) are the results of
the fitting procedure obtained by considering the TAPS (QPS)
process. The fitting parameters are reported in table 1.

the unpatterned samples, which confirms that a percolative
path is preserved along the whole strips and that super-
conductivity is achieved. The curves have different shapes
indicating that different mechanisms are established at low
temperatures. For N = 32, the resistance changes of seven
order of magnitudes below T™ reaching a value which is
zero in the limit of the sensitivity of our experimental set-up.
On the other hand, when the value of N is reduced, a finite
value of the resistance is measured down to the lowest mea-
sured temperature (T ~ 2 K). In the case of N =6 the
resistance is three orders of magnitude larger with respect to
the sample with N = 13.

To better investigate the physics at play, the experimental
results were analysed in the framework of the theoretical
models proposed for 1D superconductors of length A in the
presence of TAPS and QPS processes. In the case of thermal
fluctuations, the data were fitted by using the expression [42]

Rraps ~ R AL MeXP(—M) (D

Ve TN keT kT

where U(T) = U(0)(1 — T/T.)*/? is the phase slip activa-

tion energy and &(T) = £(0)1 — T/T.. Here U(0)~
0.83(S/£(0))(Rg/p)ksT: [43], where S =1t -w and R =
h/4e* = 6.45 kS is the quantum resistance.

In the case of quantum fluctuations phenomena one gets
[43, 44]

//lFQpS

R T) = 2
ops(T) 2ol )
where
Sqps A
Tops = — -8 . 3
QPs ™ &) exp(—Sqps) 3
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Table 1. Sample parameters obtained to reproduce the R(T) curves of
the PS5-3.7 bridge with different N. See the text for details.

Sample (V) A(nm) U(0) A
(from both equations (1) (meV)
and (2))
32 34 3.6 11
13 64 34 3.5
6 66 — 4

Here Igps is the QPS activation rate,
is the characteristic time of the

TH h/ A
superconductor and

AR AN . . .
Sops = A(RN)(E(T)) is the QPS action, with A a numerical

constant of the order of the unity. Within this theoretical
framework the only free parameters are A and U(0) for TAPS
and A and A for QPS. The best fitting curves that reproduce
the data of the samples with N = 32 and N = 13 are obtained
considering both the TAPS (dashed lines, equation (1)) and
the QPS (thick solid lines, equation (2)) contributions in the
high- and in the low-temperature regions, respectively.
However, for N = 6 the reduction of the number of inter-
connected wires results in the pronounced resistance tail in
the whole measurement region which was reproduced by
equation (2) only. Overall, the fits are fairly good, especially
if one considers that equations (1) and (2) were derived for
single nanowires, while here we are dealing with arrays with
undefined lengths, finite widths and activation energies dis-
tribution. The values of the parameters extracted from the
fitting procedure are reported in table 1. For the samples with
N = 32 and N = 13 the same value of A was extracted by
both equations (1) and (2). Our results show the effect of
TAPS and QPS inside networks of NbN SNWs whose size
and thickness are of the same order of the superconducting
coherence length. This confirms the 1D character of the units
which form our structures. The evolution from TAPS to QPS
with the reduction of N is a strong indication that isolated 1D
SNWs, obtained by further reducing W, are governed by
quantum effects. On the other hand, the increase of N, even
preserving quantum behavior, favours the emergence of
thermal effects which become dominant when a large number
of SNWs are connected together to form the network. For
each SNW, the width w represents an average value that, on
long distances and for large strip areas, can vary considerably.
When the width W of the strips obtained by the EBL process
is larger, the probability of obtaining percolative paths with w
wider than the given nominal value increases and this sup-
presses QPS in favour of TAPS. From the fitting procedure
one has that the values of A are consistent with this scenario,
since the increase in the distribution of widths w can on
average reduce the length over which the fluctuations occur.
Analogously, the values of A scale with N, which indicates
that the QPS rate increases, decreasing N. Finally, the values
obtained for the activation energy are comparable with the
ones reported for Nb nanowire arrays deposited on PS [45].

4. Conclusions

In summary, we have shown that, combining a bottom-up
technique, obtained by using PS templates, with a top-down
process, defined using a high-resolution EBL, it is possible to
fabricate a superconducting network consisting of a very
small number of NbN nanowires. The analysed system pre-
sents a suppression of the superconductivity at low tem-
peratures due to the phase fluctuations of the order parameter.
The main advantage of the proposed method is that it allows
the creation, in an easy way, of a quasi-1D superconductor
with an effective diameter of the order of few nm that can be
fruitfully used in superconducting nanodevices.
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