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ARTICLE INFO ABSTRACT

2010 MSC: Ga' Focused Ion Beam Induced Deposition (FIBID) is a highly flexible, single-step nanopatterning technique that
00-01 makes use of a focused beam of Ga™ ions to locally induce the decomposition of a gaseous precursor material. In
99-00 combination with the W(CO)g precursor, Ga* FIBID is known to yield a W-C compound that is superconducting
Keywords: below 4.7 K. While most reports on Ga™ FIBID-grown W-C focus on in-plane patterning, we demonstrate here that
nanofabrication growth along the vertical direction may also be achieved by successively stacking a series of individual patterns
;‘;ﬂ::gl:;n beam that get deposited on top of each other. The nanopillars obtained following this procedure reach up to 10 pm in
Superconductivity height, and have an aspect ratio of around 50. They exhibit a 68% of metallic W in terms of atomic content, higher

than the 40% detected in their in-plane counterparts, while maintaining the superconducting properties. This
approach also opens up the possibility of tuning their height and growth angle with respect to the substrate,
exhibiting potential applicability in the design of 3D superconducting devices.

1. Introduction

Over the last century, superconducting materials have solidly estab-
lished themselves as an equally inciting and promising area of study and
research in both scientific and engineering fields. When cooled below a
critical temperature, T, superconductors exhibit zero resistance to the
passage of an electrical current. Examples of application of this exciting
phenomenon in the macroscale include the generation of high and stable
magnetic fields in particle accelerators [1], medical imaging equipment
[2], maglev architectures [3], and plasma confinement devices [4], as
well as energy storage devices [5]. In the micro- and nanoscale, where
downscaling the materials opens up new possibilities and applications [6,
71, superconducting materials find application in the design and fabri-
cation of sensors [8-10], quantum computing elements [11,12], and
high-frequency electrical filters [13], among others.

The challenge of patterning superconducting materials in the nano-
scale is tackled by means of different lithographic, growth, and deposi-
tion techniques, each suited to different needs. Some typical examples
are optical lithography [14], electron beam lithography [15], and
nanoimprint lithography [16]. One notorious approach that represents
the main focus of this work is the growth of superconducting nano-
structures by Focused Ion Beam Induced Deposition (FIBID) — a direct-write,

single-step nanofabrication technique that makes use of a focused beam
of charged ions (FIB) to locally induce the decomposition of a gaseous
precursor [17-19]. As the energetic ions impinge on the sample, they
induce the emission of secondary electrons from the substrate, which
carry enough energy to crack the adsorbed precursor molecules. They
dissociate into a volatile part that is pumped away by the vacuum system
of the instrument, and a non-volatile part that permanently remains on
top of the substrate, constituting a deposit shaped following the shape (or
pattern) traced by the beam.

The interest of this technique in the field of superconductors was
sparked in 2004, when the occurrence of superconductivity below 4.7 K
in the W—C material resulting from the FIBID of the W(CO)g precursor
was first reported [20]. Since then, extensive research on the material has
been carried out, including the characterization of its properties and the
optimization of the deposition process [21-24], the investigation of
vortex phenomena [25-27], and the possibility of tuning its T, [28,29],
among others. A review on the usage of FIBID for the nanopatterning of
superconducting nanostructures using W(CO)e and other precursor ma-
terials may be found in Ref. [30].

As it will be further discussed in section 3.1, nanostructures grown by
FIBID are first defined as one or multiple patterns — 2D shapes that the
user defines for the beam to trace. This approach allows for high growth
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flexibility, since each pattern may be easily tailored to each need. Thus, a
significant amount of the reports on FIBID growth relates to in-plane
nanostructures, typically with the most complex features occurring in a
single plane, and the vertical direction mostly being relegated to the
“thickness”, as a tunable parameter.

Notwithstanding, the growth of nanostructures by FIBID with char-
acteristic features in all three directions of space, or 3D growth, makes up
for a highly interesting field of study [31,32], even more so in the field of
superconductivity. Growing out-of-plane superconducting nano-
structures allows for the investigation of phenomena that do not occur in
their 2D counterparts, particularly when they are exposed to an external
magnetic field: the rise of strong inhomogeneities in the magnetic field
components, the appearance of complex patterns in the Meissner currents
induced by the field, and the occurrence of emerging phenomena in the
vortex dynamics therein [33,34].

Growth of 3D nanostructures using FIBID may be achieved through
ingenious operation of the instrument and adequate tuning of the pa-
rameters. One of the main challenges resides in an intrinsic property of
FIB processing: as the energetic ions in the FIB impinge on the sample,
the energy they carry gets redistributed throughout the surface of the
sample, both in the form of the aforementioned growth-inducing sec-
ondary electron emission, and through material removal or sputtering. As
such, in all FIBID procedures these two opposite mechanisms compete
with each other, and the former must dominate over the latter in order to
achieve material growth. This issue can significantly hamper the capa-
bility of FIBID to delve into 3D patterning if material is removed equally
fast as it is deposited, and it is of ubiquitous nature if relatively heavy Ga™
ions are used to form the FIB (as it is the case in most current commercial
equipment).

Nevertheless, 3D growth of W-C nanostructures by FIBID has been
indeed achieved, making use of FIBs fitted with both Ga™ and (lighter)
He T ion sources. Li et al. [35] reported in 2007 the usage of a Ga™ FIB to
induce the decomposition of W(CO)g in the vertical direction, achieving
pillar heights of up to 45 pm and retrieving a room-temperature re-
sistivity of the material of 550 pQ cm, reasonably close to its 2D coun-
terpart (around 200 pQ cm). In 2010, Romans et al. [36] fabricated 3D
freestanding functional pickup loops coupled to Nb SQUIDs by W-C Ga ™
FIBID, constituted of two locally-tilted pillars with diameters of around
200 nm, enclosing an effective area of 1.6 pm. These structures showed T,
~5.2 K and a normal state resistivity in the order of 100 pQ cm. Cérdoba
et al. have recently reported the usage of He * FIBID in the growth of 3D
W-C nanostructures, namely hollow vertical nanowires [37] and nano-
helices [38]. The former, grown up to around 7 pm in height, showed T,
~6.4 K and exhibited a central columnar void arising as a consequence of
the fine deposition/milling interplay taking place during He* FIBID. The
helices were grown with heights in the 4 pm-7 pm range with different
geometries, and exhibited T, values in the 6.2 K-7.0 K range.

Achieving precise control in the out-of-plane growth of super-
conducting nanostructures with the flexibility provided by FIBID may
represent a powerful tool for the fabrication of three-dimensional
superconducting nanocircuits, which can find application in sensing
and in other superconducting quantum technologies. On that basis, in
this work we report the nanopatterning of superconducting 3D W-C til-
ted nanopillars by Ga™* FIBID. By sequentially scanning a series of circle-
shaped patterns positioned in close proximity to each other, we achieve
vertical growth at variable angles. A characterization study of the elec-
trical, compositional, and microstructural properties reveals a super-
conducting transition near T, ~4.7 K, an atomic tungsten content of
around 65%, and an amorphous microstructure. Remarkably, and
compared to in-plane W-C deposits grown by Ga* FIBID, the W content is
higher (68% compared to 40%), and the room-temperature resistivity is
generally lower.

2. Methods

The samples were grown on silicon pieces topped with a thermally-
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grown, 300 nm-thick SiO, layer. These substrates had been previously
patterned via optical lithography with a supporting framework of 100
nm-thick Ti contact pads, to be used in the electrical characterization of
the pillars.

2.1. Nanofabrication

The nanopillars were fabricated in a commercial Thermo Fisher Helios
600 Dual Beam FIB/SEM microscope, fitted with a liquid metal ion
source-based Ga' FIB, an electron column acting as a scanning electron
microscope (SEM), and a gas injection system (GIS) for precursor delivery
onto the substrate surface.

The deposition was performed at the conventional working height of
the microscope, referred to as the eucentric point, located at the coinci-
dence focus point of the FIB and the SEM. The W(CO)¢ GIS was posi-
tioned 50 pm away and 100 pm away of the irradiation spot in the in-
plane and vertical distances, respectively. The vacuum level of the pro-
cess chamber was kept at a base pressure of 1 x 10~° mbar, and it was
raised to 1 x 10~ mbar during gas delivery.

The nanopillars were grown using an acceleration voltage of 30 kV,
an ion beam current of 1.5 pA, and a volume per dose of 8.2 x 1072
pm®nCL. The specifics on the pattern arrangement employed to achieve
3D growth are discussed below in section 3.1.

2.2. Characterization

For the purposes of the present study, nanopillars may not be
adequately characterized while standing upright, since both transmission
electron microscopy (TEM) and four-probe electrical characterization
require the samples to be lying flat on the substrate. To that end, the
nanopillars were toppled using an Oxford Instruments Ommniprobe 200
nanomanipulator mounted in a Thermo Fisher Helios 650 Dual Beam
microscope, functionally equivalent to the previously described Helios
600.

After toppling, the nanopillars were electrically connected to the
supporting Ti pads by growing four Pt nanowires via FIBID of the
CpPtMes precursor, known to be suitable for this purpose [24,39]. The
room-temperature resistivity was measured by taking four-probe cur-
rent-voltage measurements within the same instrument, making use of a
commercial Kleindiek Nanotechnik microprobe station connected to a
Keithley Instruments 6221 DC current source and a 2182A nano-
voltmeter by means of a chamber feedthrough.

The low-temperature electrical measurements were performed in a
commercial Quantum Design Physical Property Measurement System in-
strument, cooling the samples down to 2 K. The Ti pads on the substrates
were electrically connected to the instrument sampleholder by ultrasonic
wirebonding.

The composition and microstructure of the nanopillars were assessed
by means of TEM. The chemical composition was evaluated using scan-
ning TEM (STEM) techniques: energy-dispersive X-ray spectroscopy
(EDS) and high angle angular dark field imaging (HAADF) in a com-
mercial FEI TITAN Low-Base instrument. The microstructure was inves-
tigated by taking high resolution TEM images (HRTEM) in a commercial
FEI TITAN® microscope.

3. Results
3.1. Growth and geometry

In-plane FIBID nanostructures are typically grown by designing one
or multiple patterns in the form of geometrical shapes that the beam will
trace during irradiation, resulting in the deposition of patterns exhibiting
those shapes [19]. The thickness of the deposits is tuned by adjusting the
ion dose: increasing the deposition time (on which the ion dose depends)
results in the beam scanning over previously-grown material, the surface
of which is constantly being replenished by gaseous precursor molecules
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delivered by the GIS. The decomposition of these precursor molecules
induces the growth on top of the already-deposited material, which al-
lows for thickness modulation of the deposits.

As the FIB impinges on the sample, the energy transfer between the
energetic ions and the atoms in the substrate results in the production of
backscattered ions and in the emission of secondary electrons. The latter
decompose the adsorbed precursor molecules, promoting growth. The
emission of these secondary electrons occurs in a finite area larger than
the spot of direct irradiation. Thus, when designing geometries near the
patterning resolution limit of the specific ionic species, deposited fea-
tures are generally greater in size than the nominal dimensions of the
patterns employed to grow them [40].

This effect can be exploited to indirectly favor vertical growth of the
material by arranging a series of identical circle-shaped patterns with
reduced nominal diameter (i.e., comparable to the resolution limit of the
instrument) in a straight line (Fig. 1a). With the actual size of the grown
features significantly exceeding that of the patterns, by sequentially

Pattern pitch
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scanning the patterns one at a time, newer deposits grow on top of
previously-deposited features, with the overall structure growing along
the vertical direction following the direction of the scan (Fig. 1b).
Eventually, the line of individual, separated circles yields a tilted nano-
pillar, intuitively similar to a pile of stacked poker chips (Fig. 1c).

The height of the nanopillar (ie., its length along the longitudinal
axis) is determined by the number of circular patterns. Each individual
circle has a nominal diameter of 15 nm and is patterned with an ion dose
of 125 nC pm ™2, amounting to a deposition time of 7 s per circle. The
actual diameter of the pillar, as measured by TEM imaging (later pre-
sented in section 3.2), falls around 200 nm. With the nominal size of the
pattern already below the patterning resolution limit of the instrument
(of around 20 nm for Ga™ ions in the best possible conditions [19]) the
large size difference between the pattern and the deposits is accounted
for by both extrinsic and intrinsic effects. Due to the relatively long
exposure time, extrinsic effects related to FIB drifting of mechanical and
thermal origin can occur. FIBID-intrinsic effects that account for pillar
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Fig. 1. Scheme of the planar pattern arrangement utilized to induce the 3D growth of the nanopillars (not to scale, x direction exaggerated). (a) Top view of the in-
plane (xy) pattern layout. (b) Side view of the growth along the vertical direction (2) by consecutive stacking of adjacent patterns. (c¢) Procedure overview.
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widening are related to forward ion scattering, to ion backscattering in
the growing structure, and to the production of secondary electrons in a
region separated from the primary ion incidence point [41].

The separation between consecutive patterns or pattern pitch de-
termines the growth angle. The pitch may also be expressed in terms of
the overlap between successive patterns, with an overlap of 100% cor-
responding to a full superposition of the two, and negative values of the
overlap indicating a pitch greater than the pattern size.

The influence of the overlap was assessed by growing three nano-
pillars consisting of 37 identical circular patterns with varying pitch
(Fig. 2). With a complete overlap of consecutive patterns, the stacked
patterns grow vertically with a tilt angle a of 0°, an overlap of 50% yields
a ~4°, and an overlap of 0% enhances « up to ~10°. Vertical growth is
not achieved at greater values of the pitch, suggesting that the individual
patterns might be too far apart from each other to properly stack. How-
ever, the tilt angle may be further tuned by adjusting the relative incli-
nation between the ion beam and the substrate: while the conventional
beam incidence at 90° with respect to the substrate promotes vertical
growth, non-normal FIB incidence angles direct the 3D growth along the
corresponding direction [42].

Vertical growth was observed up to pillar heights of 10 pm (Fig. 3a),
whose growth time amounted to around 11 min. For the electrical and
TEM characterization studies, the pillars were toppled and electrically
contacted to the supporting electrical pads (Fig. 3b), as described in
section 2.2.

3.2. Microstructure and composition

The compositional and microstructural analysis of the samples was
carried out by following standard TEM sample preparation procedures to
extract lamellae from the toppled pillars.

As observed by HRTEM imaging (Fig. 4a), the nanopillars exhibit a
cross-sectional area roughly elliptical in shape. The deviance from the
originally circular shape of the patterns can be ascribed to the beam
drifting during irradiation and to “bevel” effects related to the cut per-
formed during lamellae preparation, slightly deviated from an ideal
transversal cut.

Two very distinct constituting layers can be identified in the cross-
section of the nanopillar: a central core with main axes of around 150
nm and 100 nm in size, and an outer, spatially-anisotropic layer that
encloses it. No crystalline order is detected in either layer, contrary to the
crystal lattice observed in W—C nanopillars grown by He™ FIBID [37].

STEM-HAADF images of the cross-sectional view of the nanopillars
(Fig. 4b) and the subsequent EDS analysis (Fig. 4c and d) indicate that the
two layers are significantly distinct in terms of composition, with the core
exhibiting a large metallic content, and the outer layer showing a much
higher oxygen content.

100% OL
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In the core, EDS quantification indicates an averaged composition
ratio (in terms of atomic percentage) of 69 + 4% W, 17 + 1% O, and 14 +
3% C. The same analysis carried out in an equivalent sample yields a
similar ratio of 67 + 7% W, 13 + 4% O, and 20 + 4% C. Remarkably, in
either case no significant amount of Ga is detected, within the resolution
limit of the technique.

On the other hand, the composition of the outer layer is mostly
dominated by oxygen, which can be attributed to an oxidation of the
pillar due to its exposure to ambient air during sample handling and
transportation. The composition ratios for the pictured and backup
samples change to 22 + 2% W, 75 + 4% O, and 3 4+ 2% C; and 22 + 3%
W, 65 + 2% O, and 13 + 6% C. Again, no significant amount of Ga is
detected from the EDS analyses.

Such compositional differences with in-plane nanostructures were
also observed in the vertical growth of W-C hollow nanopillars by He™
FIBID [37]. A plausible hypothesis for their occurrence is related to the
changes in the growth procedure — while substrate-emitted secondary
electrons are the main drive for in-plane growth; during 3D deposition
the growth-inducing secondary electrons are emitted from
previously-grown material. Since the substrate and grown material are
generally different from each other from a compositional and structural
point of view, the number of secondary electrons they emit upon FIB
irradiation is also expected to be different. Moreover, thermal effects
during growth of 3D structures by FIBID can take place, similarly to the
heating effects observed during the growth of 3D structures by focused
electron beam induced deposition [43]. Eventually, these different
emission yields may lead to changes in the efficiency of precursor
decomposition, which modifies the composition of the grown material. In
addition, the absence of Ga in the compositional analysis indicates that
Ga implantation seems to occur mostly on the substrate, and not on
previously grown material.

3.3. Electrical characterization

The electrical measurements were carried out in nanopillars grown
with a tilt angle of 4°. The linearity of the current-voltage characteristics
retrieved from two nanopillars at 300 K (Fig. 5) indicates that they
exhibit ohmic behavior at that temperature. Assuming that conductivity
takes place at the metallic core of the nanopillars, the observed values of
resistance yield approximated resistivity figures of around 70 pQ cm,
about half the value of those typically detected in in-plane W-C Ga™
FIBID nanostructures, in good agreement with the higher metallic con-
tent of these pillars compared to in-plane structures.

The extent of the oxidation process, and thus, the actual size of the
metallic core during the electrical characterization, retrieved prior to the
TEM study, is unknown. Therefore, the previous figure represents a
minimum value for the resistivity, assuming that the size of the oxidized

50% OL

Fig. 2. Influence of the pattern overlap (OL) on the tilt angle of the nanopillars, a. (a) 100% OL, a ~ 0°, (b) 50% OL, a ~ 4°, (c) 0% OL, a ~ 10°.
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Fig. 3. (a) 10 pm-high nanopillar grown with an overlap of 50%. (b) Toppled nanopillar electrically connected to the supporting Ti-pads by Pt-C FIBID contacts. The
current (I'*/7) and voltage Wt polarization points are indicated. (c) Higher-magnification view of the central area of the pillar.
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Fig. 4. TEM-based structural and compositional analysis of the samples. Each TEM image shows a cross-sectional view of a toppled pillar. (a) HRTEM image. (b)
STEM-HAADF image, with characteristic lengths indicated. (¢) and (d) EDS compositional quantification of the indicated areas.
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Fig. 5. (a) Current-voltage characteristic of two nanopillars at 300 K. (b) Temperature dependence of the resistance of a nanopillar. The inset shows a zoomed-in view

of the superconducting transition occurring at T, = 4.7 K.

layer did not significantly change after the electrical characterization,
prior to TEM imaging. Conversely, the maximum value the resistivity
may take is that for which the whole structure is assumed to be
contributing to the conduction, corresponding to a value of around 200
HQ cm, similar to the value retrieved in in-plane W-C Ga™ FIBID nano-
structures. The actual value of the nanopillar resistivity during the
electrical measurements must therefore fall within these bounds.

By cooling the samples down to 2 K, a transition to the super-
conducting state is observed at T, ~4.7 K (defining T, as the temperature
value at which the resistance of the material takes half the value it takes
in the normal state, here defined at 10 K). A slight negative dependence
of the resistance with temperature is detected before the superconducting
transition, same as that observed in in-plane W-C nanowires grown by
Ga™ FIBID [22], and is ascribed to the inherent disorder existing in this
type of materials.

4. Discussion and outlook

The proposed method provides with yet another alternative approach
for the exploitation of the flexibility of FIBID to grow of out-of-plane
structures, comparable to those already carried out in this material
with this ionic species [35,36], as well as those performed in niobium
(Table 1).

Despite the significant compositional differences between the 3D
nanopillars and the in-plane nanostructures nanopatterned using the
same technique, the observed value of T, is remarkably close to that
observed in in-plane nanostructures [20, 24]. On the other hand, the
room-temperature resistivity does exhibit a significant decrease in com-
parison with the in-plane counterparts.

Furthermore, the 3D W-C nanowires prepared by He" FIBID [37,38]
do exhibit a similar amount of W, yet their room-temperature resistivity
is higher than that of in-plane Ga™* FIBID nanowires. A WC;_, crystalline
structure is detected in those nanowires, which might account for the
increase in T, characteristic to the He * FIBID approach. As discussed in
Ref. [30], the origin of the superconductivity in W-C deposits is a matter
of debate, but it is likely that two different superconducting phases are
possible depending on the exact growth conditions.

The foreseeable perspectives and applications for this growth pro-
cedure include the nanopatterning and design of tilted 3D super-
conducting nanodevices. One possible modification of the proposed
procedure would be to include non-monotonous separation and orien-
tation of the patterns in the array, potentially enabling for changing the
tilt and orientation of the 3D structure at intermediate points. In addition,
and as previously anticipated, by performing the irradiation with non-
normal FIB incidence, the tilt angle could potentially be increased
above the limit set by the pitch. One specific potential application of the

Table 1
Comparison between the results of the present work, other FIBID approaches to
grow W-C, and Nb growth by 3D FIBID.

Material Tungsten Niobium
FIBID approach 3D Ga* 2D Ga™ 3D He* 3D Ga*
Met. cont. (atomic) 68% 40% 72% -

prr (Qem ™) 70-200 200 400-460 380

T. (K) 4.7 4.0-5.0 6.2-7.1 11.4
Microstructure Amorphous Amorphous WCi_y fee
References Present work [20,24] [37,38] [44]

method would be to grow superconducting nanopillars in cantilevers to
serve as superconducting sensors, in a similar way as the already-
reported magnetic tips grown via focused electron beam induced depo-
sition [45] and the W—C freestanding pickup loops grown by Ga™ FIBID
[36].

5. Conclusions

To conclude, we have presented a FIBID nanopatterning approach
based on the sequential scanning of overlapping patterns to achieve 3D
growth of superconducting W-C nanopillars obtained by Ga' FIB
decomposition of the W(CO)g precursor. By successive stacking of indi-
vidual patterns, growth is promoted in a vertical direction, with the
possibility of tuning the tilt angle up to 10° with normal FIB incidence.
The pillars are roughly 200 nm in diameter and reach heights of up to 10
pm.

TEM characterization of the pillars reveals an atomic W content of
around 68%, significantly higher than the 40% detected in in-plane Ga™
FIBID W-C nanostructures. Contrary to 3D He" FIBID nanostructures, the
3D nanopillars grown by Ga™ FIBID lack crystallinity.

The electrical characterization of the samples indicates that the pillars
exhibit a remarkably low room-temperature resistivity in the range of 70
pQcm to 200 pQem, and a critical temperature of 4.7 K. The room-
temperature resistivity is lower than that retrieved in both in-plane
Ga' FIBID nanowires and 3D He" FIBID nanopillars, while the critical
temperature matches that of in-plane Ga™ FIBID nanowires, and is lower
than that retrieved in 3D Het FIBID nanopillars.

The flexibility of the FIBID procedure, which allows for further tilting
of the stage, complex pattern arrangements and deposition parameter
tuning, makes of the technique a viable and promising approach for the
nanopatterning of 3D superconductors.
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