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ABSTRACT

We report transport measurements of superconducting amorphous W-based nanodeposits
fabricated by focused-ion-beam-induced-deposition (FIBID) technique using W(CO); as the gas
precursor. We have found that nanowires with width down to ~100 nm can be grown by FIBID,
maintaining the relatively high T¢ of =5.2 K shown by wider nanodeposits. The critical current
found in these nanowires is in the range of 0.8 mA/um? at 2 K. At that temperature the critical
field Hc; is found to be =8 T. As previously shown by STM measurements [I. Guillamon et al.,
New Journal of Physics 10, 093005 (2008)], these nanodeposits closely follow the BCS theory
and are very stable under ambient conditions. All these features pave the way for a wide range of
applications of these FIBID W-based nanowires in the field of Nanotechnology.

INTRODUCTION

The control in the growth and patterning of superconducting materials in the nanometer
scale is opening interesting research fields in condensed-matter physics. Basic studies regarding
one-dimensional superconductivity [1], vortex confinement [2], vortex pinning [3], etc. have
been tackled recently. The fabrication of nanoSQUIDS is one of the most appealing applications
of such nano-superconductors [4] as well as being supporting material for superconducting
quantum bits [5].

Normally, complex nanolithography techniques such as electron-beam lithography,
involving several process steps, have been used to create such superconducting nanostructures. It
was recently found that a single-step technique called FIBID (Focused-lon-Beam-Induced-
Deposition) is able to produce superconducting nanodeposits with relatively high T¢ up to 6 K
[6-11] and closely following the BCS theory with a well-defined Abrikosov vortex lattice [10].
In the FIBID technique, a precursor gas is injected in the process chamber and by sweeping a
focused ion beam (FIB) a nanodeposit is created along the path followed by the FIB. The physics
and chemistry of the focused electron/ion beam deposition is complex and has been recently
reviewed [12, 13]. Control in the thickness, width and length of the nanodeposits can be obtained
in the nanometric range, opening vast applications in Nanotechnology.



EXPERIMENT

The FIBID superconducting nanodeposits have been fabricated at room temperature in a
commercial dual-beam equipment (Nova 200 NanoLab from FEI), which uses a 5-30 kV Ga"
FIB. With a gas-injector system, the W(CO)g precursor gas is brought onto the substrate surface,
where it becomes decomposed by the FIB. As previously found with XPS measurements [10],
the nanodeposit composition is mainly formed by W (=43%), C (=40%), Ga (=10%) and
O(=7%). TEM studies indicate that the nature of the deposit is amorphous [8], which explains
the high T¢ in comparison with crystalline W [14].

The nanodeposits are grown onto a previously-micropatterned SiO,//Si substrate where
Al or Ti pads have been evaporated to realize contact pads for the magnetotransport
measurements. We have carried out two types of deposits. The first type consists of microwires
with width about 2 um and thickness around 1 um. The second type consists of nanowires with
width in the range 100-250 nm and thickness in the range 100-150 nm. The aim of these
experiments is first to characterize “bulk-type” W deposits in the micrometer range in order to
investigate if narrow wires in the nanometer range still keep the same performance as the bulk
ones.

RESULTS

In Table I, some relevant data of the wires studied in the present work are summarized.
Four microwires (M1 to M4) and four nanowires (N1-N4) have been investigated. In figure 1(a),
the temperature dependence of the resistivity of the M3 microwire (grown at 20 kV/0.76 nA) is
shown. It is found that Tc= 5.4 K, where the critical temperature is defined at 90% of the
transition (p/p,=0.9). From the measurements of the resistivity under several magnetic fields, the
critical field, Hcy, has been estimated and shown in figure 1(b), being of the order of a few Tesla
with a typical temperature dependence. For all the microwires (grown at different conditions as
shown in Table I), the measured T¢ ranges between 4.8 K and 5.4 K and seems to correlate with
the room-temperature resistivity as proposed by Li et al. [11]. The values of T¢ and room-
temperature resistivity for all the wires (micro and nano) have been represented in figure 2a). It
is generally observed that the nanowires show slightly higher resistivity than the microwires but
without evident influence on the T¢ value. More work 1s needed to understand the correlation
between the room-temperature resistivity and Tc.

Sample | Ve (KV) | Igpane (n4) Width (um) | Section area (um’) | Tc(K) | pioox (1182cm)
Ml 5 1 2 1.97 5.3 163
M2 10 1.1 2 1.62 54 147
M3 20 0.76 2 2.10 4.7 209
M4 30 1 2 1.64 4.9 229
N1 30 0.01 0.24 0.036 5.1 309
N2 30 0.01 0.17 0.025 5.0 197
N3 30 0.01 0.11 0.016 4.8 527
N4 30 0.01 0.15 0.015 4.8 303

Table I. Data of the growth conditions (Vggam, Igeam), dimensions (width, section area), and

physical properties (T¢ and room-temperature resistivity) of all the wires investigated.
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Figure 1. For the M3 microwire, a) Resistivity as a function of temperature. The inset shows
measurements of the resistivity under various applied magnetic fields b) The critical field, Hc
(defined at 90% of the normal-state resistance, p/p,=0.9), as a function of temperature. An SEM
image with the four aluminium pads used for 4-point measurements is shown in the inset, where
the scale bar is 10 um.

In figure 2b), the resistance-versus-temperature behaviour of one of the nanowires (N2) is
shown. The nanowire resistance starts to decrease at 5.2 K and becomes zero at 4.8 K. The
transition temperature (=5 K) and transition width (=0.4 K) are similar to those of microwires,
indicating good sample stoichiometry and homogeneity. It is remarkable that a high T¢ is
maintained in the nanowires, which opens the route for the use of this superconducting material
in nanodevices working at temperatures above liquid Helium.
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Figure 2. a) T versus resistivity of all the microwires (M1, M2, M3, M4) and nanowires (N1,
N2, N3, N4) studied in the present work. T¢ ranges between 4.7 and 5.4 K, with a slight
tendency to decrease with the resistivity. Error bars come from the transition temperature width
(y-axis) and in the determination of the wire section (x-axis). b) Resistance (in log scale) versus
temperature of N2 (width=170 nm), indicating T¢=5.010.2 K. The inset is a SEM image of this
nanowire (vertical line with white contrast) and the two horizontal wires for the measurement of
voltage during the resistance measurements, where the current flows through the nanowire.



The resistance in the nanowires has been studied at fixed temperature as a function of the
applied magnetic field with the aim of determining the range of magnetic fields where the
nanowires can be used for superconducting applications. As an example of the obtained results,
we focus on the behavior of the N2 sample at T=2 K, represented in figure 3a). The resistance is
null below H~2 T and increases continuously up to reaching the normal-state resistance. The
value of H¢; is found to be ~8 T, which is the same as found in the microwires, as shown in
figure 1. All the studied nanowires show similar behavior to this as can be observed in figure
3b), where nanowires N1 to N3 are compared normalizing the resistance to the normal-state
value. These results demonstrate the good translation of the superconducting properties of FIBID
W deposits to the nanometric scale. A number of interesting features appearing in figure 3 will
be discussed and systematically analyzed in a future focused publication. Here, we just highlight
the onset of finite resistance at relatively low magnetic field, the non-linear resistance before
reaching the normal-state resistance, and the dependence with the nanowire thickness of the
starting magnetic field with non-zero resistance.
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Figure 3. a) Resistance (in log scale) versus applied magnetic field at T=2 K of N2. Three
different currents have been used (1, 0.5, 0.05 pA, shown with symbols in black, blue and red
color respectively) and the inset shows in linear scale the different behavior produced by the
increasing current. b) At T=2 K, resistance normalized to the value at H=9 T as a function of the
magnetic field in nanowires N1, N2, and N3 using 0.05 QA current in all cases. We would like to
mention that the apparently low but finite resistance at low field in the plots is an artifact due to
the limitation in the electronic equipment and should be considered equal to zero.

Another important issue to be studied in these nanowires having in mind certain
applications is the value and dependence of the critical current. The results obtained on the N2
sample are shown in figure 4a) to illustrate the found dependence. At T=2 K, the critical current
in this nanowire is of the order of 20 UA, decreasing for higher temperatures. Focused studies
would be required to investigate if these nanodeposits show the “peak effect” of the critical
current observed in other superconductors [15]. In figure 4b) we represent the resistance at T=2
K normalized to the normal state as a function of the current density in several nanowires. At that
temperature, the value of critical current density ranges between =~ 600 nA/um” and 900 pA/um?>.
One could think that the dispersion in the measured values are to be ascribed to slight differences
in composition, the amount of defects, error in the determination of the sectional area, etc. On



top of that, the obtained results suggest that the critical current density decreases as the nanowire
width decreases (from 240 nm for N1 down to 170 nm for N2 and 110 nm for N3). This point
should be addressed in more detail in future.
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Figure 4. a) For N2 sample, resistance versus applied current at different temperatures. b) For
several nanowires, dependence of the resistance (normalized to the value in the normal state)
with the injected current density at T=2 K.

CONCLUSIONS AND OUTLOOK

In this contribution we have reported transport measurements in W-based FIBID deposits
with lateral dimension ranging from ~2 um down to ~100 nm. The obtained results indicate that
useful superconducting properties are retained by the narrowest wires, opening applications at
the nanoscale. In particular, the values found for T, for the critical field H¢,, and for the critical
current make these narrow wires promising for nanometric superconducting-based and hybrid
devices. For example, mesoscopic superconductors have been proposed to be used as logic
elements in quantum computing by manipulation of a controllable vortex lattice [16]. W-based
FIBID nanodeposits could be feasibly used to build superconducting electronic devices due to
the controllable and flexible growth at the nanometric scale and the remarkable stability and
good definition of the vortex lattice. Application of these nanodeposits in the fabrication of
micro/nano-SQUIDs at targeted places for high-resolution magnetometry at the nanoscale is
straightforward and the first steps in that direction are being given. Fabrication of resistance-free
nanocontacts for dedicated transport experiments can be also a major application of these W-
based FIBID nanodeposits [7]. A long-standing problem in the electrical characterization of
nanodevices is the high contact resistance of wires required to make the connection to the
macroscopic world and this problem can be solved by means of superconducting wires.
Moreover, fabrication of hybrid metallic-superconductor nanocontacts using these
superconducting W nanodeposits seems also feasible thanks to the characteristics of FIBID W
deposition. Such nanocontacts would enable the study of interesting phenomena like Andreev
reflection [17] and measurements of the spin polarization of ferromagnets [18]. To sum up, the
extraordinary superconducting properties of W nanodeposits performed with ion-beam-induced
deposition have been highlighted and some fascinating applications anticipated.
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