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The transport properties of superconducting NbN nanostructures in the form of thin
film, bridge of width (w) = 50 um and three meanders of w =500, 250 and 100 nm have
been investigated by resistance (R) measurements in temperature (7') range =2 -300 K
and magnetic field (B) range = 0 - 7 Tesla. The nanostructuring was carried out using
Focused Ion Beam (FIB) milling. Reduction of sample width results in significant
changes in the normal and superconducting state properties. For instance, the observed
metallic behavior in the thin film sample is lost and the normal state resistance increases
drastically from 2.4 Q to 418 kQ for the 100 nm meander. In the superconducting
state, the value of critical temperature T, (upper critical field B, at T = 0 K) reduces
gradually with width reduction, it changes from 13.15 K (42.8 Tesla) in the case of thin
film sample to 5.7 K (12.7 Tesla) for the 100 nm meander sample. The superconducting
transitions are found to get broader for the bridge sample and the meanders additionally
show low-temperature resistive tails. In case of all the samples with reduced width, the
transition onsets are found to be rounded at surprisingly high values of 7 ~ 25 K >> T...
These results are discussed in terms of the possible effects of FIB processing and
weak localization in our samples. © 2018 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5026219

I. INTRODUCTION

Nb-based superconductors have been well known for many applications in bulk form and in
nanostructured form as well.1:2 In the latter case, various characteristics have been exploited to build
superconducting electronic devices.® For instance, thin films of superconductors have been found to
be ideal for devices like Transition Edge Sensor (TES), which utilises the property of high dR/dT
of superconductors in transition regime;* superconducting loop with one or two Josephson junctions
forms ultra-sensitive superconducting quantum interference devices which use quantum tunneling
of electrons from weakly linked superconductors;> and the superconducting nanowire functioning
as single photon detector has proven to be very promising for communication applications.®” Sev-
eral nanofabrication techniques like Pulse Laser Deposition, DC Sputtering, e-beam lithography and
focused ion beam (FIB) milling are utilized to fabricate superconducting nanostructures.>®10 It is
well known that reduced dimensions of nanostructures can lead to radically different superconduct-
ing behavior [Ref. 11 and references therein]. In addition to the size effects, the nanofabrication
process itself may also induce microstructural/chemical changes in the nanostructures.!>!? Thus it
becomes important to study and differentiate the two effects for the realization of devices with tailored
properties.
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FIG. 1. Resistance as a function of temperature at various magnetic fields for F-NbN, B-NbN, M-500, M-250 and M-100
samples. The inset of ‘e’ shows SEM image of M-100 sample.
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In the present work, we have attempted to address these issues through transport studies of NbN
nanostructures, where a host NbN film of 50 nm thickness is gradually reduced by FIB milling to
varying sample widths of 50 um, 500 nm, 250 nm and 100 nm. The highlight of the present work is
the observed scaling of both the normal and superconducting state properties of our nanostructures
with width, which can be understood by the combined effect of width reduction and FIB induced
microstructural changes.

Il. EXPERIMENTAL DETAILS

NbN thin films of thickness 50 nm are deposited on Si/SiO; substrate using DC sputtering in
Ar-N, pressure of 7.5E —3 mbar. The substrate temperature was kept at 200 °C during the growth
of the thin films. Further, a bridge of width 50um and three meanders of width 500, 250 and 100 nm
are fabricated from the NbN thin film by focused Ga ion-beam (FIB) milling performed in an Auriga,
Zeiss dual beam system with an accelerating voltage of 30 kV. The milling pattern of bridge and
meander lines was optimized and milled at an ion beam current ~ 240 pA to obtain the required
pattern. As an example, inset of Fig. 1(e) shows the SEM image of the meander sample with
w = 100 nm. NbN film and bridge samples are denoted as F-NbN and B-NbN, and the meander
samples are referred to as M-500, M-250, and M-100 based on their respective widths. The resistance
as a function of temperature (R(T)) is measured for all the five samples in T range =2 - 300 K and B
range =0 - 7 Tesla in four-probe geometry using an MPMS cryostat (Quantum Design). The accuracy
of the temperature is better than +25 mK below 50 K.

lll. RESULTS AND DISCUSSION

Fig. 1 shows the superconducting transition as observed in R(T') at different constant magnetic
fields for all the five samples F-NbN, B-NbN, M-500, M-250, and M-100. It is seen that with the
decrease in the sample width the electrical transport shows an interesting evolution in both the normal
and superconducting states. We first discuss the normal state behavior of our samples in detail. The
normal state resistance at 7 = 15 K (R;5k) changes drastically from 2.4 Q to 418 kQ with the reducing
sample width, see Table I. To understand if this change in R;sk is due to reduced width, we consider
the relation between the resistance and sample dimensions, which is given as R = p (I/wd) (where p is
resistivity, / is length and w is width and d is the thickness of the sample). Since d (~50 nm) is same
for all the samples, the value of R}sk should depend on p;sk and [, w. The expected Rsk values due
to change in the sample dimension, estimated by assuming p to be same as the parent film sample, are
found to be 30-70 times lower than the measured values. This indicates that the significant increase
observed in R;sk values cannot be understood purely by the reduced sample dimensions. Instead,
this result reveals a fabrication induced contribution to the observed change in the normal state
resistance.

There is also a pronounced change observed in the temperature dependence of the normal state
resistance, which is depicted for the entire T range in Fig. 2 at zero-field for all the samples. As seen,
the bridge/meander samples (B-NbN, M-500, M-250 and M-100) all show a non-metallic behavior in
comparison to the host thin film sample (F-NbN) that follows a metallic behavior. The non-metallic

TABLE I. Sample width, resistance measured, resistance expected and best fitted weak localization parameters ‘l,’, ‘kr’, ‘@’
and ‘p’ for all the samples.

Width Resistance (15 K) Resistance (15 K)

Sample um (Measured) Q (Expected) Q [, nm kp nm’! am!KP p kp L,
F-NbN 1400 2.4 -

B-NbN 50 567 16.8 0.098 23.88 84.22 2.72 2.34
M-500 0.5 117919 1623.7 0.315 8.68 35.73 2.59 2.73
M-250 0.25 208138 4623.7 0.273 10.787 56.02 2.425 2.94

M-100 0.1 418857 10815.7 0.224 13.24 55.16 2.46 2.96
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FIG. 2. Resistance as a function of temperature at B = 0 in the entire temperature range for F-NbN, B-NbN, M-500, M-250
and M-100 samples. The solid lines are theoretical fit, see text for details.

behavior has been reported earlier in polycrystalline'*"'® and epitaxial'” NbN films. In case of epi-

taxial film this behavior has been discussed in terms of e- e interactions and weak localization
whereas in polycrystalline samples, weak localization effects have been cited as the dominating rea-
son behind the loss in metallic behavior. Since our samples are also polycrystalline, we apply the
weak localization theory to understand our normal state R(T') data. Weak localization arises as a con-
sequence of quantum self-interference of electronic charge carriers and gives a negative contribution
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to the electrical conductivity. As shown by Kaveh and Mott,'® the expression for conductivity includ-
ing both the Boltzmann conductivity and the conductivity arising due to weak localization can be

approximated to,
3 (1 (kpl,)?
=) |1 - —— |+ - 1
7=l )( (kFle)z) n*h (L,- 3I; M

where kg is Fermi wave vector, [, is elastic mean free path, /; is inelastic mean free path, and L, is the

inelastic diffusion length given by, L; = 4/ %lel,- The temperature dependence of conductivity comes

from [; whose variation with respect to temperature is given by a power law relation, li’1 =aT? thus
changing equation (1) to,

1 &1 5 3 e [ |2a krl,)* . p
== 1- — ,/—Tp- LT 2
T, (krle) ( (sze)2) " nzh( e 73 @

Equation (2) was used to fit the observed R(T) curves. The solid lines in Fig. 2 represent the best fit of
the experimental data to equation (2) and are in excellent agreement, justifying the presence of weak
localization in our samples. The values obtained for kp, /., @ and p are shown in Table 1. For all the
samples, krl, > 1, that is one of the key conditions for observing weak localization. The observance of
weak localization indicates a significant increase in disorder in our bridge and meander samples'® in
comparison to the thin film host sample, which is possibly a consequence of microstructural changes
due to FIB. Note that the obtained values of the elastic mean free path (/) decrease with the reducing
width of the meander samples barring the anomalous behavior of the B-NbN. As the elastic mean
free path reduces the probability for intersecting electron paths increases exceptionally leading to a
higher negative contribution to the conductivity and pronounced weak localization effects. This effect
reflects as loss of metallic behavior and much higher resistances in case of our bridge and meander
samples.

We now look in detail at the superconducting behavior of all the samples. From Fig. 1, it is
observed that the superconducting transition shifts to lower temperatures as we decrease the width of
the sample from F-NbN to M-100. The superconducting transition temperature (7)) of each sample,
defined at 50% of the transition, is tabulated in Table II.

Further, as expected, the transition is found to shift to lower temperatures with the increasing
magnetic field for all the five samples. To quantify this shift, the upper critical fields (B,,), defined
at 50% of transition, are plotted as a function of temperature, as shown in Fig. 3.

As seen, the B, follows linear temperature dependence for all samples that is in agreement
with the predictions of Ginzburg-Landau theory.'® For all samples the linearly extrapolated values
of B.»(0) at T = 0 K are shown in Table II. As was the case for T,, B.»(0) also decreases with the
width of the samples. The values of B.,(0) were used to estimate the coherence lengths (£(0)) for all
the samples (see Table II). The values of B.2(0) of our samples lie between 13 — 40 Tesla that are
well within the values reported for NbN in the range ~ 13-75 Tesla.”>?! The suppression in 7, with
width in our samples can be understood by looking at the parameters obtained from the fit of the
R(T) curves to equation (2). From the values of kr obtained earlier, the density of states, N(0) can be
estimated for all the samples by the relation,”! N(0)=m/i?n’ky, as shown in Table II. It is seen that
the values of N(0) for the bridge and meander samples are lower by approximately 2 order from the
reported value! for NbN. This fall in N(0) could contribute to reducing the T in our samples with
reduced width, since N(0) is directly proportional to 7, in BCS theory.

TABLE II. Sample Width, 7, AT, Residual Resistance (RR), B.>(0), £(0) and N(0) for all the samples.

Sample Width um T. K AT, K RR (2K)Q B»(0) Tesla £(0) nm N(0) states/m3 eV

F-NbN 1400 13.15 0.16 0 42.8 2.8

B-NbN 50 11.63 0.4 0 359 3 3E+26
M-500 0.5 9.45 0.9 762 229 3.8 1E+27
M-250 0.25 8.36 1.3 331 16.2 4.5 8E+26

M-100 0.1 5.7 1.6 1960 12.7 5.1 6E+26
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FIG. 3. Upper critical field as a function of temperature for F-NbN, B-NbN, M-500, M-250 and M-100 samples.

From Fig. 1, it is apparent that all the samples show a superconducting transition, however,
zero resistance state is achieved only in case of F-NbN and B-NbN. In case of all the meanders,
some residual resistance (RR) persists until the lowest measured temperature 7 ~ 2 K (see Table II).
Additionally, the width of the superconducting transition A7, defined as the temperature difference
between 10% and 90% resistance drop with respect to Rysk, is also seen to increase as we decrease
the width of the sample (see Table II). In case of B-NbN, although the onset is similar to F-NbN, the
transition is not single stepped but develops a shoulder and becomes wider with decreasing temper-
ature. Therefore for B-NbN, the AT was estimated from the transition region below the shoulder. In
all the meanders lower temperature resistive tails are found in addition to the broadened transition.

a. B=0 Tesla

1.00 +

R/RI6K

0.98

Temperature (K)

FIG. 4. Magnified graphs of R (T) curves for F-NbN, B-NbN, M-500, M-250 and M-100 samples at field (a) B = 0 Tesla,
(b) B =7 Tesla.
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These results in samples with reduced width points towards the evolution of weak link effects in
them.

A closer look of Fig. 2 shows excessively rounded superconducting transitions onset in case of
B-NbN and meander samples in comparison to F-NbN. To check this we show in Fig. 4(a) the mag-
nified onset of the R(7') transition for all the samples at B = 0 Tesla, which suggests superconducting
fluctuations (SFs) leading to excess conductivity in samples with reduced width.?>?* The onset of
rounding can be identified by the bifurcation point of the R (T') curve from its normal background
behavior represented by the solid lines (see Fig. 4(a)).

In F-NbN the deviation, if any, occurs at a temperature very near to 7.. In comparison, the
B-NbN and meander samples show the onset of rounding at 7 ~ 25 K >>T,. However, since the
lowest dimension of the samples, i.e., thickness ~ 50 nm >> £(0) (see Table I), normally excess
conductivity is not expected. Thus, it seems that SFs are due to superconducting nanopaths that may
have a cross-section < £(0)>. The weak link effects in the bridge and meander samples as observed
above may as well be a consequence of these nanopaths. Fig. 4(b) shows the magnified onset of
transition for all the samples in the temperature range 2-16 K at B =7 Tesla. It is clear that regardless
of the increase in the magnetic field, the onset of transitions remains rounded for B-NbN and the
meander samples. It is also worth noting that in case of M-100 sample the non-metallic behavior
persists even in the magnetic field B = 7 Tesla (see Fig. 4(b)). These results show that applied
magnetic field has negligible effect on the suppression of SFs and weak localization.

It can be concluded that although the normal state resistance, superconducting transition and
upper critical field are found to scale with the width of the structures; the underlying cause for emer-
gence of weak localization effects, weak link behaviour and fluctuation conductivity is fabrication
induced.

IV. SUMMARY

The effect of width reduction on the transport properties of superconducting NbN nanostructures
has been studied via FIB milled thin film in the form of bridge and meander samples. In the normal
state, the reduced width leads to a drastic increase in the resistance and loss of metallic behavior.
In the superconducting state, the width reduction results in a monotonic suppression in the 7, and
B_,; broader superconducting transitions; significant low temperature resistive tails; and excessively
rounded superconducting onsets at 7 >> T,.. These notable changes in the normal as well as super-
conducting state properties of our samples with width reduction can be understood by the combined
influence of size and FIB processing of our nanostructures. Our work reveals the importance of
selecting the fabrication technique when engineering nanostructured superconducting devices.
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