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ABSTRACT: Signiﬁcant control over the properties of a high-carrier
density superconductor via an applied electric ﬁeld has been
considered infeasible due to screening of the ﬁeld over atomic
length scales. Here, we demonstrate an enhancement of up to 30% in
critical current in a back-gate tunable NbN micro- and nano
superconducting bridges. Our suggested plausible mechanism of this
enhancement in critical current based on surface nucleation and
pinning of Abrikosov vortices is consistent with expectations and
observations for type-II superconductor ﬁlms with thicknesses
comparable to their coherence length. Furthermore, we demonstrate
an applied electric ﬁeld-dependent inﬁnite electroresistance and
hysteretic resistance. Our work presents an electric ﬁeld driven
enhancement in the superconducting property in type-II superconductors which is a crucial step toward the understanding of ﬁeld-eﬀects on the fundamental properties of a superconductor and
its exploitation for logic and memory applications in a superconductor-based low-dissipation digital computing paradigm.
KEYWORDS: NbN, Superconducting nanobridges, Gate tunability, Critical current, Electroresistance, Vortices
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INTRODUCTION
Semiconductor-based ﬁeld-eﬀect transistors (FETs), which
have been instrumental in the silicon revolution, operate
through modulation of resistance between the source and drain
electrodes via an applied gate voltage. This modulation, in
turn, is achieved via a change in the charge carrier density
resulting from the electric ﬁeld generated by the gate voltage.
The relatively low carrier densities in semiconductors allow for
a strong resistance modulation with reasonable gate voltages
thereby enabling broad functionalities. Such a ﬁeld eﬀect is not
expected to work with metals, which have a very high charge
density compared to what can be induced by a gate voltage,
and was shown to be negligibly weak.1,2
Gate-voltage modulation of superconductivity is considered
immensely useful and has been attempted for some time,3−6
including the recent advances in gate tunability of superconductivity in van der Waals materials.7−9 Conventional
superconductors have been amenable to control via interaction
with magnetic ﬁelds10−15 but not electric ﬁelds. Superconducting properties, such as critical temperature Tc of
metallic superconductors, were found to be fairly insensitive to
gate voltages,3,16 exhibiting a minuscule change of ∼10−3%. In
contrast, unconventional superconductors based on strongly
correlated oxides allow for an eﬃcient gate-modulation due to
their relatively low carrier concentration.4−6 The change in
density of states at the chemical potential, which is associated
© 2020 American Chemical Society

with the gate-modulated carrier density, alters the superconducting order parameter and qualitatively explains the
experimental observations discussed above.6,16 This implies
that superconducting properties, such as Tc, can be enhanced
(reduced) by an increase (decrease) in the carrier concentration via a positive (negative) gate voltage. The change in
superconducting properties is thus odd in the gate voltage, that
is, “unipolar”. Besides this quasi-equilibrium modulation,
various nonequilibrium approaches to controlling the superconducting properties using electromagnetic radiation have
been successful with signiﬁcant advances demonstrated
recently.17,18
In contrast with previous literature and expectations,16,19 De
Simoni and co-workers recently reported a gate-voltageinduced suppression of the critical current (Ic) in all-metallic
superconducting nanobridges and junctions.20−23 Furthermore, the observed suppression is even in the gate voltage,
that is, “bipolar”. Apart from the technological potential, these
observations have raised two fundamental questions regarding
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(i) how a gate-voltage-induced electric ﬁeld can aﬀect a highcarrier density superconductor,3,16,19,24,25 and (ii) what
mechanism causes a change in the Ic. These crucial issues
remain unaddressed thus far, although the possibility of the
creation of metallic puddles,26 which could reduce the Ic, has
been ﬂoated. Various other mechanisms that may degrade
superconductivity could be envisaged as accounting for the
observed Ic reduction, for instance, injection of high-energetic
carriers as established by the two most recent experiments with
compelling evidence considering the size of leakage
currents.27,28
Here, we demonstrate a bipolar gate-voltage-induced
“enhancement” in the Ic of NbN (high carrier density
superconductor) based superconducting bridges by 30%,
whereas the critical temperature remains insensitive to the
applied voltage. Besides uncovering novel fundamental
phenomena, we demonstrate inﬁnite electroresistance, that is,
gate-voltage-controlled change in resistance between zero and
a ﬁnite value, and hysteretic resistance variation versus gate
voltage. These two eﬀects could be exploited for lowdissipation logic and memory elements based on superconductors. We further demonstrate that the observed
phenomena work for bridges in the nanoscale providing a
proof-of-principle for scalability of such a technological
paradigm. We also qualitatively discuss a plausible mechanism
for the observed critical current modulation with the gate
voltage. Hypothesizing that the critical current in our ﬁlms is
the value at which ﬂux creep from one edge to the other
becomes energetically favorable29,30 by overcoming BeanLivingston surface barrier,31 a gate-voltage-induced enhancement of this surface barrier could account for our experiments
and is consistent with related literature.29,30,32−35 Altogether,
our work provides crucial insights for understanding the ﬁeld
eﬀect in metallic superconductors demonstrating that it could
be further optimized with suitable surface termination and
employed for enhancing, instead of suppressing, superconducting properties.
Synthesis and Fabrication. Niobium nitride (NbN) thin
ﬁlms with thicknesses t = 10 and 7 nm were grown on Si/SiO2
substrates (Figure 1). The 300 nm thick SiO2 layer ensured
electrical isolation between the superconducting ﬁlm and the
p-doped Si substrate acting as the gate. NbN thin ﬁlms with
Al2O3 (t = 5 nm) capping were grown in situ by reactive DC
magnetron sputtering (for NbN) and by standard RF
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nonreactive magnetron sputtering (for Al2O3). Substrates
were annealed at 573 K for 1 h in UHV prior to the
deposition. The base pressure of the sputtering chamber before
the ﬁlm deposition was below 5 × 10−8 Torr. The thin ﬁlm
growth was found to be polycrystalline in texture with sharp,
well-deﬁned NbN characteristic peaks in X-ray diﬀraction
spectrum (see Supporting Information). The multilayer
structures were then patterned via e-beam lithography into a
microbridge (μB) with length l = 10 μm, width w = 1 μm, and
thickness t = 10 nm, and a nanobridge (NB) with l = 1 μm, w
= 100 nm, and t = 7 nm (Figure 1). Negative-tone resist was
spun on the ﬁlm and exposed at 10 kV following a soft bake.
The resulting pattern was developed and the samples were
then Ar+ ion-milled to fabricate the bridges.

■

RESULTS

We ﬁrst present our experiments on the μB device. It was
cooled down below its transition temperature into the
superconducting state. A transition temperature Tc ≈ 10.8 K
can be seen in the temperature dependence of resistance
shown in Figure 1c, similar to previous NbN thin ﬁlms, (for
example, ref 36). The inset depicts the corresponding I−V
characteristics at 4.2 K showing an Ic of about 82.5 μA. The
Bardeen−Cooper−Schrieﬀer (BCS) energy gap 2Δ0 = 4.05
kBTc corresponds to ∼4.16 meV, where kB is the Boltzmann
constant.37,38 The London penetration depth is derived from
the above parameters as λL = ℏRNwt /πμ0 lλ 0 ≈ 450 nm,
where l = 10 μm, w = 1 μm, and t = 10 nm are length, width,
and thickness of the bridge, respectively. RN = 2 kΩ is the
resistance in the normal state at low temperature, and μ0 is
magnetic permeability in vacuum. The Ginzburg−Landau
coherence length is estimated as ξGL = ℏl /RNwtNFe 2Δ0 ≈ 9
nm, where NF = 1.65 × 1028/(m3 eV) is the density of states in
NbN at the Fermi level,39 and e is the electronic charge. This
places the Pearl length40,41 (2λL2 /t ) at around 40 μm (≫w)
ensuring a spatially uniform current through the ﬁlm.
Further, the same μB was investigated for its electric ﬁeld
response by applying back-gate voltage as depicted in Figure
1a. Figure 2a shows current−voltage characteristics of the μB
at diﬀerent back-gate voltages (VG varying from −80 V to +80
V) at 4.2 K. The Ic enhances with the increase in gate voltage
from ∼80 to 105 μA (i.e., an increase in critical current density,
Jc from 0.80 × 106 to 1.03 × 106 A cm−2). The enhancement
shows a nearly symmetric response with respect to the gate
voltage polarity [Figure 2b] and is observed to be ∼30% which
is the largest modulation to date.20 The applied voltage,
however, did not produce any observable change in the critical
temperature. As discussed below, the observed enhancement in
the Ic, as compared to the previously reported suppression,20
may be attributed to our choice of superconductor (type II)
and the ﬁlm thickness that is comparable to the superconducting coherence length.
Next, we examine the resistance variation with gate voltage
(Figure 2c) biasing the device at a constant current of 85 μA.
The device completely recovers the superconducting state
from the normal state for a ﬁnite value of gate voltage <20 V.
This modulation of resistance may be used to deﬁne an
“electroresistance” ER, similar to the well-known magnetoresistance,42−45 ER ≡ (Rmax − Rmin)/Rmin, which yields inﬁnite
value for our μB. The response is symmetric with respect to
gate voltage polarity and is a direct consequence of the gate-

Figure 1. NbN device schematics and characterization. (a) Schematic
depicting the measurement geometry of NbN bridges. (b) Pseudocolor scanning electron micrographs [image taken with sample tilted
by 55°] of the fabricated 100 nm wide NB [left] and 1 μm wide μB
[right]. (c) Resistance versus temperature variation for the μB device
showing the superconducting transition at ∼10.8 K. Inset shows
current−voltage characteristics of the device at 4.2 K (for both
forward and backward scans).
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Figure 3. Back-gate-controlled switching between superconducting
and normal states at diﬀerent bias currents at 4.2 K. Resistance of the
μB as a function of back-gate voltage for bias currents of (a) 90 μA,
(b) 92.5 μA, (c) 95 μA, and (d) 150 μA. Both forward and backward
sweeps are shown.

Figure 2. Gate-voltage-control of the μB properties at 4.2 K. (a)
Current−voltage characteristics for various values of the back-gate
voltage VG. (b) Ic as a function of back-gate voltage. Scale on the right
shows the corresponding enhancement percentage. (c) Resistance of
μB as a function of back gate voltage at a constant current bias of 85
μA.

thickness t = 7 nm (t < ξGL). Here, the aspect ratio w/l = 1/10
was kept the same as that of the μB. The resistance versus
temperature curve in Figure 4a shows a superconducting
transition close to 12 K. However, the I−V characteristics
show an additional normal metal behavior with ﬁnite resistance
at 4.2 K (inset of Figure 4a). This appears to be the result of
the edge disorder caused by Ar ion milling and the
concomitant degradation of the nanowire causing a small
drop in the Tc. (We expect a sharper I−V characteristic at
lower temperatures) Nevertheless, in these NBs we observe a
transition in the Ic-like feature with gate bias similar to that of
the μB device discussed previously. On biasing with a constant
current of 10 μA and scanning the gate voltage, the NB
recovers the superconducting state with a much broader
hysteresis (Figure 4c) possibly due to increased charge pinning
eﬀects. The ER in this case is nearly 1400%, which is extremely
large but ﬁnite since the NB does not transition to a
completely superconducting state at 4.2 K. We further note
the absence of retrapping currents49 in all of our devices, as
seen via I−V characteristics, that is, symmetric in both forward
and backward sweeps (Figure 1c and Figure 4a). This
observation is in contrast with previous works20,21,26 and
suggests the role of symmetric ﬂux pinning edges.
Our experiments on both μB and NB devices demonstrate a
robust coupling of Ic to gate-voltage exhibiting an inﬁnite
(large) ER in μB (NB). Despite the Tc drop in the NB on
account of an additional disorder, the qualitative eﬀects
reported herein remain the same as for the μB thereby
demonstrating their scalability for technological applications.
Furthermore, the larger hysteresis in the NB should be
beneﬁcial for cryogenic memory devices. The gate voltage
required to control the superconductor-normal state transition
can be brought down signiﬁcantly, by engineering the oxide
layer thickness, to values comparable with the contemporary
silicon technology. Finally, we note that similar measurements,
presented in the Supporting Information on ﬁve diﬀerent

voltage-induced Ic enhancement. We rule out the possibility of
such a response as being due to heating or electronic
refrigeration eﬀects as mentioned in ref 46 by noting that
the measurements were performed by immersing the sample in
liquid helium in a storage dewar. This helps maintain the
sample in thermodynamic equilibrium. We also remark that the
leakage current due to the applied electric ﬁeld was ≤1 nA.
Any spurious eﬀect due to gate leakage can be ruled out as it
would only lead to a reduction in critical current.
We also study electric ﬁeld-induced switching of the device
by applying diﬀerent bias currents (90, 92.5, 95, and 150 μA)
as shown in Figure 3. The back-gate voltage was scanned for
both upward (negative to positive) and downward (positive to
negative) directions. While we are successfully and consistently
able to drive the system from superconducting to normal state
and vice versa, we observe slight hysteresis with gate voltage
sweeps as it approaches the transition voltage. With an increase
in the bias current, the gate voltage required for the transition
is higher and the hysteresis becomes more prominent. This
could arise as a consequence of charge pinning due to surface
inhomogeneities in the thin ﬁlm. The range over which the
quasi-normal state exists broadens with increase in the bias
current which may be attributed to inhomogeneous superconducting state at higher currents or intrinsic thermal
excitation in the sample and is not due to phase dynamics in
the superconductor. Such scaling of the area under the
hysteresis curve with bias current makes our device a potential
candidate for cryogenic memory systems.20,47 However, the
hysteresis may weaken in thinner ﬁlms.48 When the bias
current is set to a relatively large value of 150 μA, the system
does not achieve the superconducting state (Figure 3d) within
the limits of gate voltage allowed by the SiO2 dielectric.
In order to examine the dependence of gating eﬀect on the
bridge dimensions and probe the device scalability to
nanoregime, we now present results for the NB device with
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Figure 4. Gate-voltage-control of the NB at 4.2 K. (a) Resistance versus temperature. Inset shows the I−V characteristics without any gate bias
(both forward and backward scans). (b) I−V characteristics at diﬀerent gate voltages (c) Resistance versus VG at a ﬁxed bias current of 19 μA.
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devices with the same aspect ratio, ﬁnd essentially the same
eﬀects as discussed above.
Mechanism and Discussion. We now discuss a plausible
mechanism for the observed enhancement in the Ic. Depending
on the sample details, such as physical dimensions,40,41,50
grains, and so on, Ic can be determined by a variety of
processes such as critical pair-breaking,41,51,52 superconducting
weak links,53 an intrinsic proximity eﬀect,54 and surface vortex
(ﬂux) nucleation and ﬂow.29,30,32 For a homogeneous type II
superconductor with t larger than or comparable to ξ, it
becomes energetically favorable for vortices nucleating at one
edge to move across to the other at large enough currents. This
instability of the vortex system then determines the
Ic29,30,32−35,53 and has been the basis for understanding
experiments including magnetic ﬁeld-induced enhancement
in Ic of bent superconductors.34
Working under the assumption that the vortex instability
mechanism discussed above determines the critical current Ic
in our ﬁlms, an applied gate voltage can inﬂuence Ic by
changing the vortex surface barrier. 29,31 This appears
consistent with two key features. First, our experimental
observation is that although Ic is aﬀected, critical temperature
remains unaltered. A change in vortex surface barrier should
not alter critical temperature. Second, the expectation is that
electric ﬁeld is screened over atomic length scales in our highcarrier density superconductor.16 The gate voltage, therefore,
drops largely over the interfaces causing strong interfacial
electric ﬁelds. The latter should give rise to an interfacial
Rashba spin−orbit interaction (SOI) parametrized by α ∝ VG.
We hypothesize that the ensuing interfacial SOI contributes an
amount ∼α 2 ∝ VG2 to the vortex surface barrier and discuss its
origin further in the Supporting Information. The vortex
surface barrier, and thus the change in critical current, is
therefore bipolar. In this manner, we are able to explain all of
the key features of our experiments with the caveat that our
reasonable sounding hypotheses need to be examined via
further theoretical and experimental analyses.
In our considerations above, we have assumed a
homogeneous superconducting state consistent with existing
experimental evidence for samples similar to ours.36 Finally, a
possible role of magnetic impurities in determining the
electric-ﬁeld-induced vortex pinning in our devices cannot be
ruled out.55 As detailed in the Supporting Information, we have
also observed similar gating eﬀects in NbN/GdN bilayer ﬁlms,
where the ferromagnetic GdN layer may play a role via
exchange-coupling to the superconducting NbN layer.

CONCLUSION
We have demonstrated gate-voltage-induced enhancement by
up to 30% in Ic of NbN-based superconducting bridges. We
have put forward a qualitative plausible model that explains our
experiments in terms of gate-voltage-controlled surface pinning
of vortices. Capitalizing on this voltage control, we
demonstrate inﬁnite electroresistance and hysteretic resistance
variation in our devices making them promising candidates for
logic and memory applications. Our work thus provides
fundamental new insights into the ﬁeld-eﬀect in superconductors, paving the way for even larger voltage-controlled
enhancement of superconducting properties and developing
novel low-dissipation computing paradigms.

■

ASSOCIATED CONTENT

sı Supporting Information
*

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03547.
Results of measurements on additional devices of NbN
and NbN/GdN bilayers; further details of the proposed
theoretical model for the mechanism (PDF)

■

AUTHOR INFORMATION

Corresponding Authors

Mirko Rocci − Francis Bitter Magnet Laboratory and Plasma
Science and Fusion Center, Massachusetts Institute of
Technology, Cambridge, Massachusetts 02139, United States;
NEST, Instituto Nanoscienze-CNR and Scuola Normale
Superiore, I-56127 Pisa, Italy; Email: rocci@mit.edu
Jagadeesh S. Moodera − Francis Bitter Magnet Laboratory
and Plasma Science and Fusion Center and Department of
Physics, Massachusetts Institute of Technology, Cambridge,
Massachusetts 02139, United States; Email: moodera@
mit.edu
Dhavala Suri − Francis Bitter Magnet Laboratory and Plasma
Science and Fusion Center, Massachusetts Institute of
Technology, Cambridge, Massachusetts 02139, United
States; orcid.org/0000-0003-0085-7648;
Email: dmsuri@mit.edu

Authors

Akashdeep Kamra − Center for Quantum Spintronics,
Department of Physics, Norwegian University of Science and
Technology, NO-7491 Trondheim, Norway
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