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Recent experiments have shown the possibility to tune the electron transport properties of metallic
nanosized superconductors through a gate voltage. These results renewed the longstanding debate
on the interaction between intense electrostatic fields and superconductivity. Indeed, different works
suggested competing mechanisms as the cause of the effect: unconventional electric field-effect or
quasiparticle injection. By realizing ionic-gated Josephson field-effect nanotransistors (IJoFETs),
we provide the conclusive evidence of electrostatic field-driven control of the supercurrent in metallic
nanosized superconductors. Our Nb IJoFETs show bipolar giant suppression of the superconducting
critical current up to ∼ 45% with negligible variation of both the critical temperature and the
normal-state resistance, in a setup where both overheating and charge injection are impossible. The
microscopic explanation of these results calls upon a novel theory able to describe the non-trivial
interaction of static electric fields with conventional superconductivity.

Since the discovery of superconductivity, the impact of
electrostatic fields on metallic superconductors is an open
issue. Seminal experiments showed modulations of the
superconducting critical temperature (TC) and normal-
state resistance (RN ) in tin and indium films [11, 22] by con-
ventional charge accumulation/depletion. Recently, gate
voltage (Vg) induced bipolar full supercurrent suppres-
sion was demonstrated via conventional solid gating in
several metallic superconducting nanostructures, such as
wires [33], constriction Josephson junctions [44], and prox-
imitized normal metals [55]. Similar results were obtained
also on suspended [66] and epitaxial [77] superconducting
metal layers grown on semiconductor nanowires. Dif-
ferently from charge accumulation/depletion, this gat-
ing effect seems to influence as well the phase of the
Cooper pairs condensate [88–1010] without apparent impact
on TC and RN [1111], thereby suggesting a non-trivial in-
teraction between electrostatic fields and superconduc-
tivity. Yet, subsequent works attempted to explain the
critical current (IC) suppression in terms of overheating
due to quasiparticle injection into the transistor chan-
nel [1212, 1313], cold electron field-emission either from the
gate electrode or the channel [1414, 1515] and non-equilibrium
phonon-mediated interaction [1616], although with clear in-
ability to reconcile together all previous experimental ev-
idences. Moreover, quasiparticle overheating by itself is
not able to account for the ∼ 30% enhancement of the
critical current observed in NbN nanobridges subject to
conventional gating [1717]. Therefore, the microscopic ori-
gin of this phenomenon is still unknown and under a
strong scientific debate. Beyond the profound relevance
for fundamental science, electric field control of super-
currents in metallic superconductors would enable the
implementation of a groundbreaking low-dissipation and
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energy-efficient superconducting electronics.

Here, we provide the unequivocal demonstration of
electrostatic field-induced giant IC suppression in metal-
lic superconductors by exploiting ionic-gated Nb Joseph-
son field-effect nanotransistors (IJoFETs, Fig. 11A). By
applying Vg across an electrolyte (DEME-TFSI), ionic
gating enables the generation of intense electrostatic
fields (E) by forming the so-called electric double layer
(EDL) at the sample surface (inset), in the absence of
electron leakage currents. This technique is routinely
used to tune the transport properties of micro-scale met-
als [1818] and metallic superconductors [1919, 2020] (i.e., RN

and TC) by charge accumulation/depletion, as it oc-
curs in conventional semiconductor devices. Instead, we
downsized to the nano-scale the channel of Nb IJoFETs
(Fig. 11B) to study the impact of E on the supercur-
rent flow, i.e., by measuring their IC versus Vg char-
acteristics. In particular, we realized different geome-
tries by sputtering a niobium film on a sapphire sub-
strate: Type-A devices are Josephson nanoconstrictions
realized by a bottom-up approach, while Type-B sam-
ples are nanowires fabricated by a top-down method (de-
tails are provided in the supplementary materials). A
common feature to both structures is the large distance
(∼ 100−200 µm) existing between the gate electrode and
the IJoFET channel, which prevents any conventional
electron leakage current stemming from the application
of the polarization voltage to the electrolyte (|Vg| ≤ 5.5
V for DEME-TFSI). Type-A and Type-B nanotransistors
show the typical hysteretic current-voltage (IV ) charac-
teristic of diffusive superconducting weak-links [2121] (Fig.
11, C and D), where the transition current from the nor-
mal to the superconducting state is known as retrapping
current (IR). As expected, IC and IR decrease mono-
tonically with bath temperature (T ) until their full sup-
pression at TC (Fig. 11, E and F). In particular, the de-
vices show TC,A ∼ 7.3 K and TC,B ∼ 7.6 K for Type-A
and Type-B structure, respectively. In addition, IC fol-
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FIG. 1. Transport properties of typical Nb IJoFETs. (A) Schematic of a typical IJoFET, where the superconducting
active region is current biased, and the counter electrode polarizes the electrolyte (DEME-TFSI) droplet through the voltage
Vg. The accumulation of ions at the sample surface creates the EDL, and generates the electric field (E). (B) False-color
SEM picture of typical IJoFETs. (Top) Type-A device realized in the form of a Dayem bridge-like Josephson junction (the
constriction length is ∼ 300 nm while its width is ∼ 100 nm). (Bottom) Type-B device consisting of a quasi one-dimensional
superconducting nanowire (the wire length is ∼ 1µm and its width is ∼ 100 nm). (C and D) Current versus voltage (IV )
characteristics for Type-A (C) and Type-B (D) IJoFETs measured at different values of bath temperature. The curves are
horizontally offset for clarity. (E and F) Temperature dependence of IC (blue) and IR (red) for Type-A (E) and Type-B (F)
IJoFETs. Dotted lines are the Bardeen theoretical curves for IC .

lows the Bardeen theoretical curve [2222] (dashed lines),
where ICA,0 ∼ 500 µA and ICB ,0 ∼ 460 µA are the
zero-temperature critical currents obtained from the fit
of Type-A and Type-B devices, respectively.

We now focus on the electrostatic control of the super-
current in a Type-A IJoFET consisting of a Josephson
nanoconstriction (Fig. 11B). To this end, we measured
the IV characteristics as a function of bath temperature
for different values of Vg. Since the ions in the electrolyte
are frozen and immobile at cryogenic temperatures, we
applied Vg at room temperature before cooling down the
devices (details are provided in the supplementary mate-
rials). Figure 22A shows the IV characteristics recorded
at T ' 4 K for different values of Vg. The critical cur-
rent decreases with the amplitude of the gate voltage for
both positive and negative polarities of Vg (dotted lines),

while IR turns out to be unaffected by gating effect (dash-
dotted lines). We emphasize that at Vg = 4 V we also
disconnected the gate voltage source at cryogenic tem-
peratures (i.e., when the ions are frozen in a fixed config-
uration) yielding no variation on the suppression of IC ,
thereby further excluding any relation between the crit-
ical current suppression and the leakage currents. The
general behavior of IC as a function of T is shown in Fig.
22B for selected positive values of Vg. The critical current
is strongly suppressed by Vg at low temperature, while all
the curves collapse into the zero-gate trace for T → TC .
This behavior resembles the temperature dependence of
the critical current measured in conventionally-gated Ti
nano constrictions [1111]. Furthermore, in full agreement
with previous experiments on Nb Josephson nano-bridges
[2323], this unconventional gating has no effect on the crit-



3

1 mVV

-300

300

0

I
(µ

A
)

Vg (V)= -4 -2 0 1 2 3 4

T (K)

0

0.2

3 4 6 7

0.3

0

25

Vg (V)
2 4

S
(%

)

50

-2-4

T (K)≈ 4 4.5 5

A B

D

E

Vg (V)

0

1

3

4

T≈ 4 K

0.1

5

Vg (V)

0

-2

-4

I C
(m

A
)

IR

0.1

0

0.2

0.3

I C
(m

A
)

T (K)
4 6 75

C

0
160

Vg (V)
0 2 4

R
N

(Ω
)

200

-2-4

180
T≈ 4 K

FIG. 2. Transport properties of a typical Type-A Nb IJoFET. (A) IV characteristics measured for different values of
gate voltage at T ∼ 4 K. The curves are horizontally offset for clarity. Dotted black lines are guides for the eye highlighting the
IC evolution under Vg, whereas dash-dotted lines mark the independence of IR from gating. (B) Temperature dependence of
IC measured for different positive values of Vg. A typical IR vs T characteristics is also shown. (C) Temperature dependence
of IC measured for different negative values of Vg. (D) Supercurrent suppression parameter S versus Vg for selected values of
T . (E) Constriction normal-state resistance RN versus Vg at T ∼ 4 K.

ical temperature of the nanosized superconductor. We
stress that IC is also suppressed for negative values of
the gate voltage (Fig. 22C). The bipolarity of gating effect
can be quantified via the suppression parameter, defined
as S(T, Vg) = 100× [IC(T, 0)− IC(T, Vg)]/IC(T, 0). The
S parameter increases with the magnitude of Vg for both
polarities, reaching its maximum of ∼ 45% at Vg = 4 V
and T ' 4 K (Fig. 22D). Remarkably, the normal-state
resistance of Type-A IJoFETs is unaffected by the gating
(Fig. 22E). These features suggest that charge accumula-
tion/depletion is not driving the supercurrent suppres-
sion in our devices.

To examine whether this unconventional gating ef-
fect is general or related to a specific sample geometry,
we performed similar experiments on Type-B IJoFETs,
where the superconducting channel consists of a long
Nb nanowire (Fig. 11B). Notably, the overall qualitative
behavior of this structure is analogous to Type-A sam-
ple. Indeed, the IV characteristics of a typical Type-B
IJoFET recorded at T = 2.4 K show bipolar IC sup-
pression with the gate voltage (Fig. 33A). At a given
value of Vg, the supercurrent is strongly reduced at low
temperatures, whereas it approaches the zero-gate value
by increasing the temperature (Fig. 33B). Furthermore,
the superconducting critical temperature and the retrap-
ping current are Vg-independent. As a consequence of
the IC(Vg) versus T characteristics, the suppression pa-
rameter decreases with temperature for both polarities

of gate voltage (Fig. 33C). Similarly to Type-A IJoFET
(Fig. 22D), gating effect is more pronounced for positive
values of gate voltage (S ∼ 9% at Vg = 5.5 V), due to the
higher polarization efficiency of the employed electrolyte
(DEME-TFSI) [2424]. Finally, the normal-state resistance
of the nanotransistor channel is not affected by gating,
since RN does not show any clear trend with Vg (Fig.
33D).

The phenomenology shown by Type-A and Type-B
IJoFETs fully resembles the effect of conventional solid
gating observed so far on nanosized superconducting sys-
tems [33–99, 1111, 2323]. The absence of full supercurrent sup-
pression in the IJoFETs might be ascribed to the pro-
file of the electric field generated by ionic gating. In-
deed, lateral solid gates tend to produce localized and
strongly anisotropic electric fields [55, 66], while electrolytes
tend to generate rather isotropic electric field profiles on
the nanotransistors channel surface. Since ionic gating
avoids any leakage current, we conclude that the ob-
served supercurrent suppression is exclusively driven by
the electrostatic field therefore ruling out any quasiparti-
cle injection-related mechanism at the origin of the effect
[1212–1616]. Moreover, the observed bipolarity together with
the invariance ofRN and TC also exclude significant mod-
ulations of the superconductor chemical potential due to
charge accumulation/depletion which, differently, were
reported in ionic-gated micro-scale metals in the normal
[1818] and superconducting [1919, 2020] state. This difference
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FIG. 3. Transport properties of a typical Type-B Nb IJoFET. (A) IV characteristics measured for different values of
gate voltage at T ∼ 4 K. The curves are horizontally offset for clarity. The dotted black lines are guides for the eye highlighting
IC evolution with gating. (B) Temperature dependence of IC measured for different positive values of Vg. A typical IR vs T
curve is also shown. (Inset) Blow up of main panel for T < 3.750 K. (C) Suppression parameter S versus Vg for selected values
of T . (D) Nanowire normal-state resistance RN versus Vg at T = 2.4 K.

might stem from the nanoscale channel of our IJoFETs
as compared to the micro-scale one of other works on Nb
thin films, or from the superconducting film thickness
[1919]. As a consequence of the chemical potential steadi-
ness, this unconventional field-effect seems not to act di-
rectly on the amplitude of the pairing potential but sug-
gests a non-trivial interaction with the superconducting
macroscopic phase [88, 99]. Since the microscopic nature of
such interaction is still almost entirely unknown, further
experimental and theoretical investigations are required
to shed light on this gating effect.

We wish to finally comment the performance of our
Nb IJoFETs from the application point of view. To this
end, it is interesting to compare the maximum suppres-
sion parameter obtained in various IJoFETs. Figure 44A
shows Smax for different IJoFET geometries. In partic-
ular, samples discussed so far are also compared with
an additional set of Type-C devices, that are Josephson
nano-constrictions realized by a bottom-up approach on
top of a silicon dioxide substrate (details are provided in
the supplementary materials). The suppression param-
eter seems to be generally larger for devices fabricated
with a bottom-up approach (Type-A and Type-C), since
possible tiny resist residues originating from the etch-
ing mask might increase the distance between the charge
planes forming the EDL at the surface of the super-
conducting channel, thereby yielding a reduced electric
field. Moreover, in light of possible applications, it is

worth to discuss the transconductance of the IJoFETs, a
key figure of merit for field-effect transistors. For the
IJoFETs, it can be defined as T = δIC/|Vg|, where
δIC = IC(Vg) − IC(0). Figure 44B shows the maximum
value of T versus Vg deduced for four different IJoFETs.
Notably, for all our ionic-gated devices, Tmax (which ob-
tains values as high as ∼ 35 µA/V) is comparable to
the transconductance achieved so far in conventional su-
perconducting [2525], Josephson [2626], and all-metallic field-
effect nanotransistors [44].

In conclusion, our work provides the clear and unam-
biguous proof of the non-conventional and disruptive im-
pact of intense electrostatic fields on the supercurrent
flow in nano-sized metallic superconductors. The use of
ionic gating rules out both quasiparticle overheating and
any other charge injection-based mechanism at the origin
of the effect. Moreover, the bipolar supercurrent suppres-
sion observed in IJOFETs of different geometries, along
with the absence of critical temperature and normal-state
resistance variations, exclude conventional charge accu-
mulation/depletion. Therefore, our results advise for fur-
ther theoretical and experimental investigations to unveil
the microscopic genesis of field-effect in metallic super-
conductors. From the technological side, our IJoFETs
might be at the basis of innovative combined ionic-solid-
gating devices suitable for a number of different applica-
tions in leading-edge superconducting electronics, quan-
tum computing, and sensing.
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SUPPLEMENTARY MATERIAL FOR ELECTROSTATIC FIELD-DRIVEN SUPERCURRENT
SUPPRESSION IN IONIC-GATED METALLIC JOSEPHSON NANOTRANSISTORS

FABRICATION PROTOCOLS

Type-A IJoFETs were fabricated by bottom-up approach on a sapphire substrate. A single-step electron-beam
lithography (EBL) was realized to pattern a polymethyl-methacrylate (PMMA, thickness ∼ 250 nm) evaporation
mask. To avoid charging of the insulating substrate, a conductive polymer (Elttra 92) was spin-coated on the PMMA
layer before the EBL. After the development of the resist mask, a 5-nm-thick Ti adhesion layer was dc-sputtered
before the superconducting Nb film of thickness tA ∼ 50 nm. After the lift-off procedure, the resulting nanotransitor
channel is a nanoconstriction Josephson junction of length lA ∼ 300 nm and width wA ∼ 100 nm. The gate counter
electrode is distant ∼ 100 µm from the transistor channel. After wire-bonding the device on a suited chip carrier,
a drop of diethylmethyl(2-methoxyethyl)ammonium bis(trifluoromethylsulfonyl)imide (DEME-TFSI) was placed on
the device.
Type-B IJoFETs were fabricated by top-down approach on a sapphire substrate. A 5-nm-thick Ti adhesion layer

was dc-sputtered before the superconducting Nb film of thickness tB ∼ 50 nm. A single-step EBL was realized to
pattern the PMMA (thickness ∼ 250 nm) etching mask. After the development, a step of inductively coupled plasma
reactive ion etching [ICP-RIE, BCl3 (8 sccm)/Cl2 (6 sccm)/Ar (10 sccm)] etches the Nb film defining the device.
The resulting nanotransitor channel is a nanowire of length lB ∼ 1 µm and width wB ∼ 100 nm. The gate counter
electrode is distant ∼ 100 µm from the transistor channel. After wire-bonding the device on a suited chip carrier, a
drop of DEME-TFSI was placed on the device.
Type-C IJoFETs were fabricated by bottom-up approach on a silicon substrate covered by 300 nm of thermally

grown dry silicon dioxide. A single-step EBL was realized to pattern a polymethyl-methacrylate (PMMA, thickness
∼ 250 nm) evaporation mask. After the development of the resist mask, a 5-nm-thick Ti adhesion layer was dc-
sputtered before the superconducting Nb film of thickness tC ∼ 50 nm. The resulting nanotransitor channel is a
nanoconstriction Josephson junction of length lC ∼ 300 nm and width wC ∼ 125 nm. The gate counter electrode
is distant ∼ 100 µm from the transistor channel. After wire-bonding the device on a suited chip carrier, a drop of
DEME-TFSI was placed on the device.

MEASUREMENT SET-UP

The measurements were performed from room temperature down to 2.4 K in a dry cryostat (OptistatDry, Oxford
Instruments) equipped with RC-fiters of resistance ∼ 1.15 kΩ. The gate voltage was applied by means of a semi-
conductor characterization system (Keithley 4200). The current versus voltage characteristics of the IJoFETs were
obtained by applying a biasing current through a low noise source (GS200, Yokogawa) and measuring the voltage
drop by a room-temperature battery-powered differential preamplifier (Model 1211, DL Instruments). Alternatively,
the device characterization was performed by a 750-KHz bandwidth input/output analog-to-digital/digital-to-analog
converter (ADC/DAC, National Instruments) board for the generation of the bias current and the acquisition of
the voltage drop signal arising from a room-temperature battery-powered differential preamplifier (Model 1211, DL
Instruments). In both cases, we performed several repetitions of the IV characteristics (up to 50 depending on the
device).

POLARIZATION OF THE ELECTROLYTE

Figure S1S1 shows a typical charging characteristic of our IJoFETS recorded at room temperature (T = 296 K)
before cooling down the devices to cryogenic temperatures for the electronic transport experiments. When a gate
voltage is applied (panel A, Vg = 1 V), a peak in the ionic current appears (panel B, Ig) due to the formation of
the electric double layers (EDLs) at the interfaces of the electrolyte with the nanotransistor channel and the gate
counterelectrode. On the one hand, Ig shows a fast decay with time. On the other hand, an ionic current several
orders of magnitude lower than the peak value is always present, since a charge flow is necessary into the electrolyte
to maintain the gradient of ionic concentration [2929]. The ionic charge displaced in the electrolyte is given by

Qg(t) =

t∫
0

Ig(t)dt′, (S1)
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FIG. S1. Typical charging curve of the electrolyte. (A) Voltage applied to the gate counter electrode as a function of
time. (B) Ionic current flowing into the electrolyte as a function of time due to the Vg profile shown in panel A. (C) Charge
displaced in the electrolyte as a function of time corresponding to the current shown in panel B.

where t is the time. Figure S1S1C shows the typical time dependence of Qg: an exponential charging with time during
the EDLs formation and, later, a square dependence with time (t2) due to electrochemical effects in the electrolyte
bulk.

ELECTRONIC TRANSPORT IN TYPE-C IJoFETS

We present the electrostatic control of the supercurrent in Type-C IJoFETs consisting of a Josephson nanoconstric-
tion fabricated with top-down approach on a silicon substrate covered with 300 nm of thermally grown silicon dioxide.
Since the electrolyte can be polarized only at high temperature, we applied the gate voltage at room temperature
and, then, we cooled down the devices to cryogenic temperatures to investigate the behavior of the supercurrent with
temperature while a strong electrostatic field is present. To this end, we recorded the IV characteristics at different
values of Vg as a function of temperature. Figure S2S2 shows the IV characteristics recorded at T = 2.4 K for different
values of gate voltage of devices C1 (panel A) and C2 (panel B), respectively. The critical current decreases with
the amplitude of the gate voltage (dotted black lines), while IR turns out to be almost unaffected by gating effect
(dashed-dotted black lines). In particular, IC decreases of ∼ 6% at Vg = 5 V for sample C1, while it id suppressed of
about 3% at Vg = 3 V for sample C2.

DEVICES PARAMETERS

Based on the device structure and transport properties, we can estimate several parameters of the superconducting
Nb film, such as the normal-stare resistance (RN ), the critical temperature (TC), the zero-temperature Bardeen-
Cooper-Schrieffer (BCS) energy gap (∆0), and the zero-temperature critical current (IC,0).

The normal-state resistance is obtained by a linear fit of the current versus voltage characteristics in the dissipative
state. The error bars arise from the averages between the values of RN obtained from the fit procedure on the different
repetitions.

The zero-temperature BCS superconducting energy gap can be calculated from

∆0 = 1.764 kB TC , (S2)
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FIG. S2. IV characteristics for Type-C IJoFETs. IV characteristics measured for different values of gate voltage at
T = 2.4 K for devices C1 and C2 (panel B). The curves are horizontally offset for clarity. Dotted black lines are guides for the
eye highlighting the IC evolution under Vg, whereas dash-dotted lines mark the independence of IR from gating.

where kB is the Boltzmann constant and TC is the superconducting critical temperature.
The phenomenological Bardeen model for the temperature dependence of the superconducting critical current reads

[2828]

IC(T ) = IC,0

[
1−

(
T

TC

)2]3/2
, (S3)

where IC,0 is the zero-temperature critical current.

The basic parameters deduced for every device are resumed in the following table.

DEVICES PARAMETERS
Sample TC [K] RN [Ω] ∆0 [µeV]
Type-A 7.3 180 1.11
Type-B 7.6 94.6 1.15
Type-C1 5.4 18 0.82
Type-C2 6.4 28.8 0.97
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