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Critical current modulation
induced by an electric

field in superconducting
tungsten-carbon nanowires

Pablo Or0s™?, Vladimir M. Fomin®*5, José Maria De Teresa®%®"! & Rosa Cérdoba’**

The critical current of a superconducting nanostructure can be suppressed by applying an electric
field in its vicinity. This phenomenon is investigated throughout the fabrication and electrical
characterization of superconducting tungsten-carbon (W-C) nanostructures grown by Ga* focused

ion beam induced deposition (FIBID). In a 45 nm-wide, 2.7 um-long W-C nanowire, an increasing
side-gate voltage is found to progressively reduce the critical current of the device, down to a full
suppression of the superconducting state below its critical temperature. This modulation is accounted
for by the squeezing of the superconducting current by the electric field within a theoretical model
based on the Ginzburg-Landau theory, in agreement with experimental data. Compared to electron
beam lithography or sputtering, the single-step FIBID approach provides with enhanced patterning
flexibility and yields nanodevices with figures of merit comparable to those retrieved in other
superconducting materials, including Ti, Nb, and Al. Exhibiting a higher critical temperature than
most of other superconductors, in which this phenomenon has been observed, as well as a reduced
critical value of the gate voltage required to fully suppress superconductivity, W-C deposits are strong
candidates for the fabrication of nanodevices based on the electric field-induced superconductivity
modulation.

In the semiconductor industry, the term field effect is used to define the modulation of the charge carrier density
that takes place in the active channel of a semiconductor when an electric field is externally applied!. This electric
field-induced resistivity control is at the core of the operation of field-effect transistors (FETs). FETs are employed
as active electronic components that exploit the field effect for electrical signal switching and amplification®.
Particularly, metal oxide semiconductor FETs (MOSFETs) fabricated on integrated circuits represent the most
extensively used building block in that industry for the fabrication of a wide range of electronic-based devices
thanks to their simplicity and affordability’.

The field effect is virtually non-existent in metallic materials, since the large density of charge carriers pre-
sent in a metal promptly results in the screening of externally applied electric fields over very short distances.
However, recent calculations indicate that such a field is able to extend within a superconducting material over
at least the value of its coherence length?, and the study of the phenomenon in superconducting materials has
gained interest in recent years due to its potential application in superconducting electronics®.

Central to this interest is the fact that an increasing electric field applied in close proximity to a superconduct-
ing bridge has been recently found to progressively suppress the critical current of superconducting channels.
This electric field-induced quenching of the superconducting state has been observed in different supercon-
ducting materials, mostly purely metallic: in titanium transistor-like devices, both in-plane® and suspended’;
in aluminium nanodevices with a single back-gate® or side-gate®, deducing from the latter a weak coupling
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between the electric field and an external magnetic field; in vanadium Dayem nano-bridges, operated as elec-
trical rectifiers'’; and in niobium gate-controlled transistors, also exploited as half-wave rectifiers’!. Uniquely,
and contrarily to other works, an enhancement of the critical current with increasing gate voltage has also been
observed in niobium nitride thin micro- and nano-bridges, being ascribed to changes in the superconducting
vortex surface barrier'2

The microscopical justification for the occurrence of this effect, which cannot be justified in the
Barden-Cooper-Schrieffer (BCS) framework, is not fully accounted for at the present time and is the subject of
an unsettled debate'*™'5, with separate intrinsic and extrinsic effects potentially contributing in various geom-
etries and in different superconducting materials. Ritter et al.'® ascribe the critical current quenching observed
in titanium nitride nanowires to the injection of energetic electrons from the gate electrodes to the superconduc-
tor, which trigger the formation of a large number of quasiparticles that drive the nanowire back to the normal
state. Alegria et al.'” and Golokolenov et al.'® support similar arguments to account for the behavior observed
in electron tunneling spectroscopy experiments in titanium nanowires and in a vanadium waveguide resonator,
respectively. On the other hand, Mercaldo et al."” propose a theoretical model based on electric-field induced
spin-orbit polarization at the surface, capable of modulating the phase and amplitude of the superconducting
order parameter. Similarly, Chirolli et al.” present a model for crystalline superconductors, in which the effect
is accounted for by a local modification of the density of states of the material induced through Rashba-like
surface effects. Solinas et al.*! describe a Sauter-Schwinger effect in BCS superconductors to account for the
phenomenon.

The empirical observation of the superconducting current quenching proves a highly promising path towards
the fabrication of superconducting FET (S-FET) nanodevices, which can simultaneously benefit from the non-
dissipating regime characteristic to superconducting materials, and from the electric switching capability of
devices controlled by the application of a gate voltage>*’. Additional prospective applications include the exploi-
tation of the effect in spin-filter Josephson junctions®, logic gates®, and single-photon detectors®.

The precise nanofabrication of such devices can be achieved by means of the focused ion beam induced depo-
sition (FIBID) procedure. FIBID is a direct-write nanopatterning technique that makes use of a focused beam
of energetic Ga' ions (FIB) to locally induce the decomposition of a gaseous precursor material previously
adsorbed on the surface of the substrate. With a spot size of 5 nm, as the beam scans the surface of the substrate,
the gaseous monolayer of precursor is decomposed at and near the irradiated area following the pattern traced
by the beam, resulting in the growth of a pattern-shaped nanodeposit?”?. A prime example of the capabilities
of this technique is the recently reported fabrication of NbC nanodevices for vortex dynamic investigation via
FIBID of a Nb-based gaseous precursor?.

FIBID of the W(CO)¢ precursor results in the growth of a W-C based material with an atomic content of W
0f 40-50%, a nanocrystallite-based microstructure, and a room-temperature resistivity (p300 K) of 200-300 12
cm. Paramountly, the material is type-1I superconductor, with a critical temperature (T,) around 4.75 K, an
upper critical magnetic field of 9.5 T, a critical current density of 0.01-0.10 MA/cm?, and values for the coher-
ence length and penetration depth of 6.25 nm and 850 nm, respectively’*-**. Superconductivity has also been
found to occur in the material yielded when the decomposition of W(CO)j is induced by a focused electron
beam instead, which has been exploited for the fabrication of Josephson junctions®®. Remarkably, and contrary
to most of the aforementioned superconducting materials, in which this phenomenon has been investigated,
Ga' FIBID W-C is not fully metallic, nor it is a highly crystalline, yet it allows for the occurrence of the effect,
as it will be presented in the following sections. The novel exploitation the Ga™ FIBID technique for the direct
nanopatterning of W-C S-FET devices further settles it as a solid technique for the fabrication of superconduct-
ing components in advanced nanodevices.

The patterning flexibility and the single-step nature of the FIBID procedure make for highly convenient clean
growth and handling of a superconducting material. As such, Ga™ FIBID of W-C is a strong approach for the
further investigation of electric field-induced superconductivity modulation. The experimental observation of
such a phenomenon in Gat FIBID W-C nanowires is presented here. A full suppression of the superconducting
state below the critical temperature of the material is achieved at a remarkably low side-gate voltage of 3 V. A
theoretical model based on the Ginzburg-Landau (GL) theory is provided, which appropriately reproduces the
experiments. The transconductance of the nanodevice is comparable by value to that retrieved in the aforemen-
tioned works in other superconducting materials, further fueling the potential of FIBID of W(CO) as a solid
technique for the fabrication of S-FET devices.

Methods

Si/SiO, pieces were used as substrates. A supporting Cr/Au structure consisting of current/voltage and gate elec-
trodes was defined by electron beam lithography (EBL) in a Raith Group PIONEER Two EBL/Scanning Electron
Microscope (SEM) instrument, and grown in an electron-beam evaporator, eliminating the EBL resist by liftoft.

The two gate contacts were initially patterned as a continuous, 45 nm-thick film. A 200nm-wide, 2.7 um-long
gap was milled between the two selectively removing material using the Ga™ FIB*” exposing the underlying Si/
SiO; substrate. The milling was carried out using the same operating parameters employed in growth (without
the injection of the precursor material) and in the same instrument, both described below.

FIBID and scanning electron microscopy (SEM) imaging of the samples were carried out in a commercial
Thermo Fisher Helios 600 NanoLab FIB/SEM microscope, equipped with a Ga* column with a liquid metal ion
source. In the FIBID procedure, an acceleration voltage of 30 kV and an ion beam current of 1.8 pA were used.
The process chamber had a base pressure of 10~® mbar, which was raised to 107> mbar during the injection of
the gaseous W(CO)g precursor. During growth, the nozzle used to deliver the precursor was positioned 50 pm
away from the irradiation point in the vertical direction, and 100 um away in the in-plane direction.
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(a) Artificially colored SEM image of a representative sample. The Cr/Au pads patterned ~ (b) Temperature dependence. Inset: zoomed view of the
by EBL are shown in green, and the FIBID-grown PtC contacts and W-C nanowire are 2-10 K region.
shown in red and blue, respectively.

Figure 1. SEM image and superconducting transition of a nanodevice. In (b), solid lines are a guide for the eye.

The deposits were patterned as straight, narrow nanowires with two (equally wide) perpendicular leads cross-
ing at each end, with length between leads of 3.3 um, width of 45 nm (nominally 20 nm), and a nominal thickness
of 30 nm (Fig. 1a). The used values of volume per dose, dwell time, and overlap were t0 8.2 - 1072 Mm3/nC, 500
s, and 50%, respectively. The total deposition time for each deposit was 15 seconds. Growing the deposit in the
200 nm-wide gap yielded in a nanowire-electrode separation of around 75 nm at each side.

Lastly, the ends of the nanowire were joined to the metallic pads by growing supporting electrical contacts via
FIBID of the (CH3)3(CH3CpPt) precursor, known to present a metallic content high enough to be used for this
purpose®®*. They were grown as 150 nm-wide, 100 nm-thick leads with a supporting 300x300 nm, 100 nm-thick
square grown at the joining point with the pads. In this FIBID procedure, the ion beam current, acceleration
voltage, dwell time, and overlap were set to 1.8 pA, 30 kV, 200 ns, and 0%, respectively. The volume per dose in
this growth was 0.5 um3/nC.

The device was designed in this manner for the driving current to be injected along the long axis of the nanow-
ire while the voltage drop was measured in the 3.3 um-long channel between the leads, in a four probe measure-
ment fashion. The gate voltage was applied using the two large pads located in close proximity to this channel.

The low-temperature electrical characterization of the samples was performed in a commercial Quantum
Design Physical Property Measurement System instrument. Measurements were taken down to 2 K. Electrical
contact between the instrument and the sample was achieved by ultrasonic wire-bonding of aluminum wires of
the EBL-patterned metallic contacts to the instrument sampleholder.

Results and discussion

The experimental results strengthen the applicability of Ga™ FIBID of W(CO)g for the fabrication of S-FET
nanodevices. Superconductivity in W-C nanowires patterned using this technique is experimentally found to
be progressively suppressed with increasing values of gate voltage, up to a full transition to the normal state for
a gate voltage of around 3 Vat 2 K.

Experimental results. The nanowires exhibited an estimated room-temperature resistivity of 230 |LQ-cm
and a temperature-induced transition to the superconducting state in the vicinity of T, = 4.75 K (defining T, as
the temperature at which the resistance takes half its value in the normal state, at 10 K) (Fig. 1a). Contrary to
Al Ti, and Nb, and similarly to the NbN material, Ga™T FIBID W-C presents a non-metallic response above its
critical temperature, with a residual-resistivity ratio at 10 K (p300 /010 k) of 0.96.

The modulation of the critical current induced by the electric field was assessed by measuring current-resist-
ance curves of the nanowire below the critical temperature while sequentially increasing the voltage difference
between the gate electrodes, thus obtaining the resistance as a function of the driving current (Fig. 2). To account
for possible hysteresis effects, each measurement consisted of a complete cycle, increasing the driving current
from 0 to £ 3 nA, and then decreasing it again down to zero.

The critical current of the device (here defined as the value of the driving current at which the resistance of
the device reaches 90% of its non-superconducting, normal value) monotonically decreased with increasing gate
voltage. In the absence of gate voltage, at 2 K a critical current density of 0.24 MA/cm? is detected. The depairing
current density***! takes an estimated value of 2.37 MA/cm?. The obtained values of critical current density are
comparable to those obtained in different devices of W-C grown via FIBID, with both 2D* and 3D*? Ga™ and
He™ W-C FIBID nanostructures, respectively. A comparable critical current density of 0.18 MA/cm? is reported
in similar Ti nanodevices®.

At 2 K, a complete suppression of the superconducting state for applied gate voltages of around 3 V (Fig. 2a)
was observed. The response of the device is asymmetric with respect to the sign of the current: for positive values
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Figure 2. Electric field-induced critical current modulation at 2, 3, and 4 K under gate voltages from 0 to 4 V.
Solid lines are a guide for the eye. In (a) and (b) all unlabeled curves (between 1.5 and 3.0 V) are 0.1 V apart.
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Figure 3. Critical current as a function of the gate voltage. Solid lines are a guide for the eye.

of the gate voltage, the onset of the modulation is favored at negative values of the driving current. This effect
cannot be fully accounted for at the present time, although it is not unreasonable for it to be caused by leakage
current effects flowing to and from the gate contacts'.

No hysteresis was detected in the devices, indicating that no significant thermal heating effects take place
in the nanowires at the experiment conditions. Similar behavior was observed at temperatures of 3 and 4 K
(Fig. 2b,c, respectively).

Some resistance-current curves exhibited a transition to the normal state in the form of two independent
steps, pointing towards the local appearance of non-superconducting areas in the superconducting channel that
yield a non-zero resistance as the current flows through. These localized normal regions appear by the electric
field-induced squeezing of the superconducting current, which gains relevance as the gate voltage and the tem-
perature increase. The squeezing eventually leads to the whole nanowire being forced into the normal state below
its critical temperature (further discussion on this matter follows in the next section).

Similarly, finite resistance values were detected at very low values of driving current for gate voltage values
above 2 Vat 2 K. At 3 and 4 K, as the critical current of the device decreased with increasing temperature, the
extent of the electric field-induced modulation was also shifted towards lower values of the current (Fig. 3).

Between gate voltages of 2 and 3 V, at very low values of driving current the nanowire is already in a resistive
state (yet with an absolute value of resistance lower than that in the normal state), also in agreement with the
proposed interpretation in terms of the squeezing effect.

Theoretical model. De Simoni et al.*® proposed an ad hoc theoretical model based on the GL theory to
describe the experimentally observed modulation of the critical current in titanium nano-bridges as a function
of temperature and gate voltage. A description which is presented here, is also built in the GL framework, provid-
ing with added robustness by including the boundary conditions.

In a superconducting wire affected by an external electric field, the superconducting current experiences
a squeezing effect by the electric field perpendicular to the wire. Therefore, to develop a minimal model of the
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critical current in a superconducting wire, the two key conceptual ingredients are the superconducting current
flowing along the wire, and the compression of the superconducting state across the wire.

The proposed model of the critical current in a superconducting wire of length L (along the x-axis) and a
rectangle-shaped cross-section sized wy, x w; (along the y- and z-axes, respectively), is based on the GL free
energy functional F**:

F=«§2|w|2—|¢|2+ﬁ|v/|“+a, (1)

where F, is the free energy of the normal state and other fields, & is the coherence length, and ¥ is the order
parameter, with ¥y being the value it takes infinitely deep in the bulk of the superconductor. It is supplemented
with the boundary conditions on the edges*, both with the surrounding insulator:

v)"rlfl}'=:|:14/y/2 =0, VZ¢|Z:iWZ/2 =0, (2)

and with the contacts. As a simplification, the latter are selected in the form of equality of the superconducting
current j*° and the transport current j, densities at the contacts:

e* )
j =~ 1WAV (Argy) contact = fir 3)

where e* and m™ are the effective charge and mass, respectively.
The basic conceptual ingredients of the model are as follows: (i) The order parameter in the superconduct-
ing regions carrying the superconducting current along the x-axis can be selected in the form of a plane wave,

¥ =™y (y,2), (4)

with the parameter k determining the superconducting current (shown below). (ii) For the effect of the external
electric field, the order parameter can be used in the form of the wave function of a ground state of a harmonic
oscillator normalized within the wire*:
2
_J_
exp ( 107 )

Vo, (¥) :mﬁ,
),

exp (
waz (z) —\/W7z \/27 ?UZ >

where the dispersion values o, and o, (along the y- and z-axes, respectively) are inversely proportional to the
corresponding components of the electric field*:1/0, = E,/V, and1/0, = E,/V,. A significant compression
of the area of superconductivity towards the center of the cross-section implies oy L wy and 0, < w;, leading
to an exponentially strong decay towards the edges, so that the boundary conditions (Eq. 3) are approximately
satisfied with high accuracy.

Thus, the order parameter can be selected in the form of Eq. (4) with the Ansatz v (y,z) = V2o, (V) Vo, (2)
to retrieve the superconducting current as

wy/2 wz/2 Zﬁe*
I(k) = / / jdydz = o ———w,w,k. (5)

wy/2 wz/2

A variation of the functional F (Eq. 1) with respect to v yields the GL equation:

2 2
1
£2 K>+ <2iy2> + (;Tzz) Y1 -1+ 7%3 =0. (6)

Averaging Eq. (6) over the cross-section of the wire yields v, and subsequently the superconducting current I
(Eq. 5) as a cubic function of k:

2 2
I(k) = wfﬂhe wyw, (k [1 is( +:_4>] —$2k3>. ?)

A condition for the current to be maximal is a vanishing derivative of I(k), which results in:

2
K= i 1-— 52 y -|— ng N
3£2 48 o}

and the critical current follows as
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If the electric field is applied in the y-direction, Eq. (9) results in:

T\ 32 T\"1/E\*
IC(T,E)=IC(0,O)(1—E) [1_(1_TC> (a)} , (10)

where E. (and correspondingly, Vi = Ecw)) represents the critical value of the electric field (gate voltage), at
which superconductivity is fully suppressed at zero temperature, and

202 (0) e 1 EOw)

Wy Wy, = . 11
3Wame©) T BT 48V (an

1.(0,0) =

The critical current as a function of the gate voltage (Eq. 10) is in good agreement with the experimental
data (Fig. 4). Importantly, the critical value of the gate voltage, at which superconductivity is fully suppressed,
decreases with increasing temperature.

Comparison to other materials. The performance of S-FET devices is typically assessed by means of the
transconductance, a figure of merit which quantifies the variation in the current with the applied gate voltage,
and is calculated here as the numerical derivative of the I. (V) experimental curves, g, = dI./dVy. The absolute
values and temperature trend of the transconductance in the W-C nanodevices (Fig. 5) are both comparable to
those of other S-FET devices made of other superconducting materials, with the notable difference of a reduced
value of critical gate voltage (Table 1).

The response of W-C nanostructures to the electric field does occur in the reduced temperature interval
T/T. = (0.421,0.842) (between 2 and 4 K), and most importantly, a full suppression of the superconducting state
is achieved at the low voltage of Vy ~ 3 Vat T/Tc = 0.421 (2 K), one order of magnitude below the majority of
the reported values for other superconductor materials, with the lowest figure (observed in Ti nanostructures)
still exceeding by 2.6 times the value retrieved in W-C. The associated values of reduced temperature at which the
maximum values of transconductance are detected are on par with those reported in vanadium nanodevices®, and
above most of the other studied materials. The absolute value of T, in Ga™ FIBID provides a nanodevice operating
temperature range wider than most of the other reported materials, surpassed only by Nb and competitive with V.
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Tc (K) Ve (V) gm (RA/V)
W-C 4.75 3(0.421) 5(0.631)
Ti® 0.54 32/8 (0.093) 15(0.278)
Ve 5 13 (0.675) 150 (0.575)
Al 0.60 25 (0.083) -
Nb!! 7.90 >40 (= 0.253) 1.6 (0.004)

Table 1. Maximum values of the relevant parameters in S-FET nanodevices. Quantities in parentheses
indicate the reduced temperature T'/ T, at which the corresponding parameter was retrieved.

Moreover, FIBID is a direct nanopatterning technique, requiring a single step to grow nanostructures pat-
terned at will, offering great flexibility in pattern design and shape fidelity without requiring the use of resists,
solvents, etc. that might compromise the final quality of the nanostructures.

Conclusions

The modulation of the critical current by an electric field has been experimentally observed in superconducting
W-C nanostructures for the first time. The single-step Ga™ FIBID procedure used to fabricate these nanodevices
does not require the usage of resists, and presents great flexibility in the way nanostructures are patterned, pro-
viding with great freedom in pattern design and realization. As such, the experimental finding of a significant
field-induced critical current modulation in W-C settles the FIBID technique as relevant and convenient for the
nanofabrication framework of S-FET nanodevices.

Quantitatively, results retrieved in the W-C nanostructures are comparable to those obtained in similar
vanadium-based nanodevices®, with a remarkably low value of the critical gate voltage, required to fully quench
the superconducting state, of 3 V at a reduced temperature T/ T, = 0.421. This gate voltage value is comparable
to those used in MOSFET technology, and highly competitive in comparison to those reported in other super-
conducting materials.

A theoretical model based on the Ginzburg-Landau theory is proposed here, appropriately explaining the
experimental data. Accounting for the effect of the squeezing of the supercurrent by the electric field, it adds
further insight to the puzzling origin of the phenomenon, which has been investigated in different geometries
and other materials, and is subjected to controversy at the present time”*161%20,

Nanoelectronics based on the electric field-induced modulation of the superconducting state are bound to
see an inspiring development in the coming years. Functional nanodevices built upon this principle, such as
gate-controlled NbN nanowires operating with coherent quantum phase slips**, and Ti and V rectifiers'® have
already been realized. The scope of applications in this framework is wide, with the possibility of fabricating
qubits, Josepshon junctions, logic gates, and single-photon detectors.
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