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ABSTRACT

Static electric fields have a negligible influence on the electric and transport properties of a metal because of the screening effect. This belief
was extended to conventional metallic superconductors. However, recent experiments have shown that the superconductor properties can be
controlled and manipulated by the application of strong electrostatic fields. Here, the authors review the experimental results obtained in the
realization of field-effect metallic superconducting devices exploiting this phenomenon. The authors start by presenting the pioneering
results on superconducting Bardeen-Cooper-Schrieffer wires and nanoconstriction Josephson junctions (Dayem bridges) made of different
materials, such as titanium, aluminum, and vanadium. Then, the authors show the mastering of the Josephson supercurrent in
superconductor-normal metal-superconductor proximity transistors, suggesting that the presence of induced superconducting correlations
is enough to see this unconventional field-effect. Later, the authors present the control of the interference pattern in a superconducting
quantum interference device, indicating the coupling of the electric field with the superconducting phase. The authors conclude this review
by discussing some devices that may represent a breakthrough in superconducting quantum and classical computation.
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superconducting energy gap (A) and critical temperature (T¢), have
been theoretically discussed for the variation of the surface density of
states, ie., the modulation of the free charge carrier concentration of
the superconductor outer layer."' "

In parallel, pioneering gating experiments showed the possibility
of tuning the electronic properties of metallic thin films. In particular,
electrostatic charge accumulation/depletion has been demonstrated to
tune both the conductivity of normal metals'®'® and the T value of
metallic superconductors'””” of a few percent. The breakthrough of
tuning the electronic properties of metallic systems has been the
implementation of electric double layer transistors (EDLTs).”"** They
rely on polarization of an electrolyte, i.e., an ionic conductor and elec-
tronic insulator,” through the application of a voltage between the
transistor channel and a counter gate electrode. This technique allows
us to generate electric fields up to 10'° V/m and to induce surface
charge modulations of 10'® charges/cm”** As a consequence, huge
modulations of both the charge carrier concentration and transport
properties have been reported on EDLT's based on low charge concen-
tration 2D material.”” *® In particular, superconductivity has been
modulated in layered superconductors,”” and it has been induced in
semiconductors,’’ topological insulators,”"*” and conventional insula-
tors.”” By contrast, conductivity modulations of about 10% in metal
thin films**"” and critical temperature modifications of ~1% in metal-
lic superconductors’”” have been demonstrated.

In the last few decades, no experimental effort has been put in
the study of electric field driven modulations of supercurrent in metal-
lic superconductors. The latter have been extensively exploited in low
charge concentration superconductors™*' for the realization of
superconducting field-effect transistors (SUuFETs)"* with interesting
applications in superconducting electronics.

Only in the last two years, the impact of electrostatic fields on the
critical current (Ic) of systems based on conventional metallic super-
conductors, i.e., described by Bardeen-Cooper-Schrieffer (BCS) the-
ory," has been investigated."" *’ Since these studies take advantage of
conventional solid gates, they focus on electric fields reaching the order
of 10°® V/m and creating negligible variations in the surface charge car-
rier concentration. In particular, ambipolar suppression of I has been
demonstrated in metallic superconductor films,"* nanoconstriction
Josephson junctions (JJs),**” metallic proximized systems,48 and fully
metallic superconducting quantum interference devices (SQUIDs)."”
The unconventional field-effect in metallic superconductor systems
could pave the way for the realization of easy fabrication and scalable
technologies in the realm of both superconducting electronics and
quantum computing.

The purpose of this review is to cover the recent advances in the
control of supercurrent in metallic superconductor nanostructures by
solid conventional gating. This article is organized as follows: Sec. 1
presents the control of supercurrent in fully metallic field-effect tran-
sistors (FETs) made of different Bardeen—-Cooper-Schrieffer supercon-
ductors (Ti and Al) and fabricated on various substrates (silicon
dioxide and sapphire) and the dependence of such an effect on the
devices’ lateral dimensions; Sec. III shows the evolution of the
Josephson effect with the gate bias in monolithic superconducting
nanoconstrictions [Dayem bridge field-effect transistors (DB-FETs)]
made of titanium and vanadium; Sec. IV describes the field-effect con-
trol of Josephson supercurrent in superconductor-normal metal-
superconductor transistors (SNS-FETs) made of aluminum and

REVIEW scitation.org/journal/aqs

copper; Sec. V presents the control of the interference pattern of a fully
metallic SQUID by applying a gate bias on a single JJ; Sec. VI depicts
some of the possible applications with special attention to classical and
quantum computation; and finally, Sec. VII presents a roadmap for
future developments both in the direction of intimate understanding
of the origin of this unconventional field-effect and for its exploitation
for industrial purposes.

Il. BCS SUPERCONDUCTOR THIN FILMS AND WIRES

This section focuses on the impact of an external electric field on
the critical current of conventional BCS metallic superconductor wires
and thin films. In particular, this section covers experiments per-
formed on titanium and aluminum based devices fabricated on differ-
ent substrates (silicon dioxide and sapphire). We show how the
temperature and magnetic field influence this unconventional gating
effect, and we discuss how the effect depends on the dimensions of the
device.

A. Titanium FETs

The titanium supercurrent FETs typically consist of a 200 nm
wide and 30 nm thick wire of variable lengths (ranging from 900 nm
to 3 um) deposited on a p**-doped silicon wafer covered by 300 nm
of silicon dioxide,” as displayed in Fig. 1(a). The device shows a
normal state resistance of Ry ~ 45 Q and a critical temperature of
Tc ~ 410 mK. In order to generate the electrostatic fields controlling
the supercurrent, two side-gate electrodes (denoted as V) and a back-
gate lead (indicated with V) have been used. Finally, the critical
current is measured by feeding into the wire a current (I) and simulta-
neously recording the voltage drop (V).

The dissipationless Cooper pair transport is highlighted by plot-
ting the current-voltage (I-V) characteristics measured at a bath tem-
perature of T=>5 mK (lattice temperature; the electronic temperature
is about 15 mK), as shown in Fig. 1(b). The intrinsic wire critical cur-
rent is Ic ~ 11 pA and shows a hysteretic behavior induced due to
heating while switching from the normal to the superconducting state
(known as retrapping current).”’

The impact of an electrostatic field on I is obtained by measur-
ing the I-V characteristic as a function of the gate voltage applied at
the same time to all gate electrodes (Vy = Vs = V}) in order to maxi-
mize the effect. As depicted in Fig. 1(b), the critical current lowers by
increasing V, and it is completely suppressed at a critical value of
VgC ~ 40 V (resulting in an electric field of E¢ ~ 2 x 108 V/m).
Different from SuFETs,"” the electric field does not affect the normal
state resistance of the device (the slope of the I-V characteristics is not
modified by V,). This behavior can be understood by comparing the
intrinsic 2D free charge concentration of a metal [1;,p ~ 10" cm 2
(Ref. 51)] with its maximum surface modulation due to the applied
gate voltage (Anyp ~ 10'2 cm ™). In a depth comparable with the
Thomas-Fermi screening length, the maximum relative carrier density
modulation is Anyp/nisp ~ 1073, As a consequence, the resulting
tuning of normal state resistance is expected to be negligibly small [see
Fig. 1(b)]. Another important difference with respect to SUFETS is that
the critical current suppression is symmetric on the polarity of the gate
voltage. Since surface charge accumulation/depletion would cause an
asymmetric modulation of superconductivity,” ' it cannot account
for this unconventional field-effect.
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Fic. 1. Electric field dependence of supercurrent in titanium wires. (a) A typical Ti-based supercurrent FET. The transistor channel (red) is current biased and the voltage drop
is measured in a four-wire configuration, while the gate voltage can be applied to the back-gate (V},) and the lateral gate (V) electrodes. (b) Current-voltage characteristics of
a titanium supercurrent FET measured at 5 mK (lattice temperature; the electronic temperature is T, ~ 15 mK) for several values of gate voltage (V; = V,, = Vs). The curves
are horizontally offset for clarity. The semitransparent gray area depicts the parameter space where superconductivity persists. (c) Dependence of critical current (/c) on gate
voltage (V) for different values of bath temperature (T). (d) Behavior of critical current (Ic) vs gate voltage (V,) measured at a temperature of T=5 mK (lattice temperature;
the electronic temperature is T, ~ 15 mK) for different values of the perpendicular-to-plane magnetic field (B) (e) Top: critical current (Ic) vs gate voltage (V) characteristic
measured at T=232 mK on a FET fabricated on a silicon dioxide substrate. Bottom: leakage current (1, left vertical axis, purple dots) and corresponding Ieakage power
(P, right vertical axis, blue dots) vs gate voltage (V) for the same device of the top panel. (f) Top: critical current (Ic) vs gate voltage (V, = Vs) characteristic measured at
T=32 mK on a FET fabricated on a sapphire substrate. Bottom: leakage current (/,, left vertical axis, purple dots) and corresponding leakage power (P, right vertical axis,

blue dots) vs gate voltage (V) for the same device of the top panel.

The typical evolution of the gate-induced I- suppression with
temperature is depicted in Fig. 1(c). At low temperature, the critical
current is not affected by low values of V, and then decreases down to
full suppression. By increasing temperature, the plateau of I with V,
widens, but the critical current full suppression always occurs at the
same critical value [VgC (T) ~ constant]. A microscopic explanation of
this effect is still missing, and a phenomenological model* based on
the Ginzburg-Landau theory”” was shown to grab the dependence of
I on the applied gate voltage, but the invariance of V¢ on tempera-
ture was an assumption of the model. Finally, Fig. 1(c) shows that the
field-effect survives up to T'=350 mK, that is, ~85% of the critical
temperature of the superconductor.

Since the magnetic field is well known to quench supercon-
ductivity,”** the study of the joint impact of electric and magnetic
fields on the supercurrent is of extreme interest. Figure 1(d) shows
the I dependence on Vj for several values of the perpendicular-
to-plane magnetic field (B) measured at T=>5 mK (lattice temper-
ature; the electronic temperature is about 15 mK). On the one
hand, the field effect remains bipolar in gate voltage and the criti-
cal current plateau in V, widens as in the temperature case. By
contrast, the value of the critical voltage weakly decreases by
increasing B. The presented experiments seem to indicate that

electric and magnetic fields suppress superconductivity by acting
on the same knob.

Different experiments have been realized to exclude any possible
role of the substrate in the supercurrent suppression. In particular, sev-
eral devices have been fabricated on undoped silicon covered with
300 nm of thermal silicon dioxide and on sapphire. Both substrates
were fully insulating at cryogenic temperatures, and therefore, exclu-
sively side gate electrodes have been employed. On the one hand, both
FETs show a monotonic suppression of the critical current by increas-
ing the gate voltage. The small quantitative variations in the I versus
V¢ characteristics [see Figs. 1(e) and 1(f)] can be attributed to differ-
ences in the gate/channel distance. On the other hand, the leakage cur-
rent (I;) and the leakage power (Pp) in the two cases differ by several
orders of magnitude. Namely, the maximum value of I; for the SiO,
substrate is ~107!! A, while for sapphire, it reaches ~107"> A. The
corresponding leakage power in the entire circuit is P, = I} Vg, and it
is depicted with blue dots in the bottom panels of Figs. 1(e) and 1(f).
The typical maximum value of P, for devices fabricated on silicon
dioxide is 3 orders of magnitude higher than that for FETs realized on
sapphire (~1071° W against ~107!> W). As a consequence, I sup-
pression due to direct injection of hot electrons into the superconduct-
ing wire”” seems to be excluded.
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B. Aluminum FETs

For both practical and fundamental purposes, it is important to
establish if and how the field effect depends on the material used. To
this aim, several experiments on aluminum based devices have been
performed.” Figure 2(a) depicts the false color scanning electron
micrograph of a typical aluminum FET of length /=5 pum, width
w ~ 30 nm, and thickness t= 11 nm. Different from titanium-based
transistors, these devices were fabricated without the possibility to
apply a gate bias to side electrodes, and thus, only a back-gate voltage
could control the supercurrent in the wire (V, = V).

The I-V characteristics measured at T=5 mK (lattice tempera-
ture; the electronic temperature is about 15 mK) for several values of
Vg are displayed in Fig. 2(b). The traces present the hysteretic behavior
typical of diffusive superconducting thin films. In agreement with the
results observed for Ti FETs, the critical current is monotonically
reduced by increasing the gate voltage and the normal-state resistance
is unaffected by the external electric field. However, in this case, the
supercurrent is never completely suppressed. The latter seems to again
exclude sizable charge accumulation/depletion at the superconductor
surface (such an effect would be even more visible on these types of
devices since they are thinner than the titanium transistors). The com-
plete dependence of the transistor behavior on temperature is shown

(a
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Fic. 2. Electric field dependence of supercurrent in aluminum wires. (a) A typical
Al-based supercurrent FET. The transistor channel (blue) is current biased and the
voltage drop is measured in a four-wire configuration, while the gate voltage can be
applied to the back gate (V). (b) Current-voltage characteristics of an aluminum
supercurrent FET measured at 5 mK (lattice temperature; the electronic tempera-
ture is T, ~ 15 mK) for several values of gate voltage (V= V}). The curves are
horizontally offset for clarity. The semitransparent gray area depicts the parameter
space where superconductivity persists. (c) Dependence of the critical current (/c)
on gate voltage (Vy = V}) for different values of bath temperature (7).

REVIEW scitation.org/journall/agqs

in Fig. 2(c). On the one hand, the critical current suppression persists
up to ~40% of T¢ ~ 1.2 K in full agreement with the case of Ti devi-
ces. One the other hand, different from titanium [see Fig. 1(c)], the
plateau of I dramatically widens for T > 200 mK (the threshold volt-
age for the beginning of suppression reaches ~70 V). The reason for
the difference in the behavior of titanium and aluminum devices is not
yet understood.

C. Spatial extension of field-effect

The study of the spatial extension of the field effect within a con-
ventional metallic superconductor requires special attention for all the
different length scales characterizing the physical system: the penetra-
tion depth of the electric field at the superconductor surface and the
nonlocal propagation of the condensate perturbation into its bulk.

Despite the fact that the first theory of superconductivity allowed
the existence of an electrostatic field inside a superconductor for a
depth comparable to the magnetic penetration depth,’ more detailed
calculations seem to predict an electrostatic screening length (Zg) in
the superconductor similar to the one of a normal metal.” '’ The
experimental study of the field effect on NbN (Ref. 37) and theoretical
calculations on Pb (Ref. 9) showed a screening length dependent on
the strength of the applied electric field. In particular, the obtained
penetration depth ranges from As ~ Ag3, for low values of the external
electric field (10® V/m) to As ~ 5y, for E ~ 10° V/m,””” where
Arn ~ 0.1 nm is the Thomas-Fermi length in a normal metal.”’

At the same time, the Cooper pairs of the condensate are sepa-
rated by one coherence length (&,) and we would expect that the per-
turbation of the correlated electrons on the surface is felt over such
length scales. This seems to be the case for the charge accumulation/
depletion effect” for which it has been theoretically shown that, at
T ~ T, the field effect propagates into the superconductor for at least
&o. In fact, the electric field perturbed surface couples to the supercon-
ductor bulk via the superconducting proximity effect.”® These calcula-
tions exploited the one band s-wave Eliashberg equations’” and result
in a complex response of the system to the external static field that
takes into account both /g and the spatial dimensions of the device.

The typical titanium coherence length extracted from the devices
shown in Sec. IT A is & 1y >~ 100 nm. In the discussed experiments, the
dimensions of the transistors perpendicular to the applied electric field
were comparable with the coherence length, namely, the thickness was
~0.3&, 1; while the width was ~2&; 1;. Under these conditions, the
perturbation induced by the electric field on the surface affects the
whole device. However, for a more quantitative analysis of the spatial
extension of the electric field-induced nonlocal effect in the supercon-
ductor, a different ad hoc geometry has been fabricated and used.

The inset of Fig. 3(a) shows a typical comblike device, which
allowed us to extract the spatial extension of the nonlocal electric field
effect in titanium. In particular, the I versus Vg characteristics have
been measured along the wires indicated by the white lines. At each
position, it was possible to determine the critical current suppression
parameter S =100 x [IC(VSi = 0) — IC(VSi = 90V)}/Ic(VSl = 0),
where i=1, 2 represents the used gate electrode (Vg or V). Figure
3(a) shows the parameter S as a function of the distance between each
wire and the lateral edge of the comb structure (x). The effect of the
electric field exponentially vanishes by moving toward the supercon-
ductor bulk with an attenuation length of 2 ~ 770150 nm [the fit is
represented by the dashed blue line in Fig. 3(a)]. Interestingly, this
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Fie. 3. Dimension dependence of the critical current suppression. (a) Critical current
suppression parameter (S) vs distance x measured at 5 mK (lattice temperature;
the electronic temperature is T, ~ 15 mK). The dashed blue line is an exponential
decay fit. Inset: pseudocolor scanning electron micrograph of a typical Ti comblike
FET used to investigate the spatial extension of the electric field-induced critical
current suppression. The core of the device is represented in red, while the two
side gate electrodes (Vs and Vs) in blue. The white dashed lines indicate
the direction of the measured critical current. (b) Behavior of the electrostatic atten-
uation length (1) vs bath temperature (7). (c) A typical Ti-based 2D FET. The
transistor channel (red) is current biased and the voltage drop is measured in the
four-wire configuration, while the gate voltage can be applied to the back gate (V).
(d) Dependence of critical current (Ic) on gate voltage (Vg = V}) for different values
of bath temperature (T).

value is several times the coherence length (~7) and in reasonable
agreement with the London penetration depth extracted from the
devices shown in Sec. Il A (4 ; ~ 900 nm).

The same experiments have been repeated for different bath tem-
peratures. The resulting temperature dependence of the spatial attenu-
ation length is shown in Fig. 3(b). The parameter S is almost constant
for T < 330 mK (about 80% of T(), and it rapidly decays to fully
quench around 375 mK. This behavior seems to indicate that the
number of thermally activated quasiparticles [increasing dramatically
near T (Ref. 54)] strongly influences the spatial extension of the field
effect. Furthermore, the attenuation length obtained in these experi-
ments is much shorter than the typical thermal relaxation length in
superconductorsq ? (several tens of micrometers). So, once more, direct
hot electron injection can be excluded.

In order to study the field effect on a superconducting region of
lateral dimensions larger than both the coherence length and the
London penetration depth, a square-shaped titanium transistor shown
in Fig. 3(c) has been realized. The FET consists of a 30-nm-thick,
4-um-long, and 4-um-wide channel with the possibility of exclusively

REVIEW scitation.org/journal/aqs

applying a back-gate bias. The I versus V, characteristics measured at
different values of bath temperature [see Fig. 3(d)] show a behavior
similar to Ti wires. Therefore, the direction parallel to the applied elec-
trostatic field appears to be the only relevant spatial scale for this pecu-
liar field effect.

11l. NANOCONSTRICTION JOSEPHSON JUNCTIONS

This section reports gating experiments on nanoconstriction
Josephson junctions (Dayem bridges) made of conventional BCS
metallic superconductors. In particular, we cover studies on DB-FET's
based on titanium and vanadium thin films and fabricated on different
substrates (silicon dioxide and sapphire). First, we show how the tem-
perature and magnetic field influence the electric field control of
supercurrent in the DB-FETs. Then, we show the independence of the
critical temperature of the device on gate voltage and how the
Josephson effect depends on gating. Finally, we discuss the combined
effect of two independently controlled gate electrodes on the DB-FET
critical current.

A. Titanium DB-FETs

A typical titanium DB-FET consists of a nanoconstriction (about
125 nm long and 300 nm wide) interrupting an approximately 4-um-
wide and 30-nm-thick Ti strip, as shown by the false color scanning
electron micrograph in Fig. 4(a). The resulting normal state resistance
is Ry >~ 600 Q with an unprecedented critical temperature of about
540 mK.""” The latter has been obtained by optimal growth condi-
tions of the Ti thin film."” Two independent gate voltages (V,; and
V,2) can be applied on the JJ region through two side gate electrodes
(the violet and blue leads, respectively) placed at a distance ranging
between 80 and 120 nm from the constriction.

The I-V characteristics for different values of gate voltage
(Vg = Vg1 = V) at a bath temperature of =50 mK allow us to
determine the performances of the DB-FETs [see Fig. 4(b)]. At V,=0,
the current versus voltage characteristic is hysteretic owing to quasi-
particles overheating while switching from the normal to the super-
conducting state.”’ In particular, we measured a critical current of
Ic ~ 18 pA and a retrapping current of Ic ~ 1.6 pA. By increasing
V, the critical current is monotonically suppressed until its full
quenching at V,=46V. In contrast, the retrapping current remains
almost constant until I¢(Vy) > Iz(0), and it acquires the same value
of the critical current [Ix(V,) = Ic(V,)] by further increasing the gate
voltage. The field-effect driven suppression of the critical current is
symmetric in the polarity of the gate voltage. Furthermore, the normal
state resistance of the DB-FETS is completely unaffected by the applied
gate bias. These results are in full agreement with the experiments pre-
sented in Sec. 11 for superconducting wires** and in contrast to the typ-
ical phenomenology of Josephson field-effect transistors (JoFETs).”® !
As a consequence, charge accumulation/depletion has been again
excluded as a possible source of the presented I suppression.*°

The complete behavior of a DB-FET is resumed in Fig. 4(c),
where the critical current (Ic) is plotted versus gate voltage
(Vg = V41 = V) for different values of temperature in the range of
50 — 450 mK. At T = 50 mK, the critical current is almost unaffected
for values of gate voltage lower than about 15V, and then, it starts to
drop by further increasing V, down to full suppression at the critical
value of Vgc o~ 32 V. For higher values of temperature, the I; plateau
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Fic. 4. Electric field dependence of supercurrent in titanium DB-FETs. (a) False color scanning electron micrograph of a typical Ti-based DB-FET. The transistor channel (red)
is current biased and the voltage drop is measured in the four-wire configuration, while the gate voltage can be independently applied to the lateral gate electrodes (V and
Vi2). (b) Current-voltage characteristics of a titanium DB-FET measured at 50 mK for several values of gate voltage (Vy = Vg1 = V). The curves are horizontally offset pro-
portionally to V;, for clarity. The semitransparent gray area depicts the parameters space where superconductivity persists. (c) Dependence of critical current (/c) on gate volt-
age (V) for different values of bath temperature (T). (d) Behavior of critical current (Ic) vs gate voltage (V,) measured at a temperature of T =50 mK for different values of the
perpendicular-to-plane magnetic field (B). (e) Top: critical current (Ic) vs gate voltage (Vg = Vg1 = V) characteristic measured at T= 50 mK on a different DB-FET fabricated
on a silicon dioxide substrate. Bottom: leakage current (I, left vertical axis, purple dots) and corresponding leakage power (P, right vertical axis, blue dots) vs gate voltage
(V) for the same device of the top panel. (f) Top: critical current (Ic) vs gate voltage (Vg = Vi1 = Vi) characteristic measured at T= 50 mK on a FET fabricated on a sap-
phire substrate. Bottom: leakage current (I, left vertical axis, purple dots) and corresponding leakage power (P, right vertical axis, blue dots) vs gate voltage (V) for the same

device of the top panel.

widens, but the value of V¢ remains almost constant in the complete
temperature range (up to about 0.85T¢).

The combined impact of electric and magnetic fields on the criti-
cal current in the DB-FETs is summarized in Fig. 4(d), where the
dependence of I on Vy is shown for different values of the perpendic-
ular-to-plane magnetic field. Interestingly, the critical current plateau
widens by increasing the magnetic field, but the value of VgC decreases
by increasing B. The widening of the plateau of constant I for the
increasing magnetic field seems to further exclude mere heating as the
origin of the effect because the critical current drops faster with B
while approaching the critical temperature.””

Analogous to supercurrent FETs,"* titanium based DB-FETSs
have been realized on different insulating substrates to exclude any
role of the substrate (such as the leakage current). In particular, several
devices have been fabricated on 300 nm intrinsic thermal silicon diox-
ide [see Fig. 4(e)] and sapphire [see Fig. 4(f)]. Typically, the DB-FETs
fabricated on sapphire show a lower leakage current (I) and a lower
injected power (P;) than in the case of the silicon dioxide substrate.
Different devices made on the silicon dioxide substrate show complete
suppression of I at completely different values of leakage current and
power.” As a consequence, the I suppression is unlikely to be
ascribed to direct current injection driven quasiparticle overheating.

B. Critical temperature studies in DB-FETs

The study of the resistance (R) versus temperature (T) character-
istics of the DB-FET for different values of gate voltage (V, = Vg
= Vj) gives interesting information about the mechanism generating
the supercurrent suppression [see Fig. 5(a) for the raw data]. First of
all, Fig. 5(b) shows that the critical temperature remains constant over
the complete range of applied values of gate voltage.>*” For instance,
a reduction of ~80% of I has been measured for V,=25V [see
Fig. 4(c)], while the critical temperature was completely unaffected.
Since any heat injection reducing the critical current would lower the
critical temperature,”” a role of hot carrier injection can be excluded.

The normal-state resistance is unaffected by the gate bias. Its
value Ry ~ 600 Q is comparable with the values extracted from the
current versus voltage characteristics shown in Fig. 4(b). These results
are in full agreement with the data reported for superconducting
wires.”* Therefore, once again, charge accumulation/depletion has
been considered negligible.'""’

At the same time, the resistance in the superconducting state
(Rs) strongly depends on V, near full supercurrent suppression [see
Fig. 5(c)]. This can be attributed to the creation of a subgap dissipative
component”’ due to the action of the external electrostatic field.
In particular, this component could arise from the creation of an
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Fic. 5. Electric field dependence of critical temperature in titanium DB-FETs. (a)
Resistance (R) vs temperature (T) characteristics measured at /= 1 nA for different
values of gate voltage (Vy = Vg1 = Vo). (b) Critical temperature (T¢) as a function
of gate voltage (V) extracted from the data in (a). The dotted black line represents
the average critical temperature of T =539 mK. (c) Resistance in the supercon-
ducting state (Rg) as a function of gate voltage (V) at three different temperatures:
480 mK (red), 500 mK (pink), and 520 mK (blue). Inset: electrothermal parameter
() as a function of gate voltage (V) extracted from the data in (a).

inhomogeneous mixed state composed of superconducting and nor-
mal metal puddles.“’ In this view, the critical current of the DB-FET
would be strongly suppressed by V,, but the critical temperature
remains constant.

A good figure of merit for the sharpness of the superconducting
transition is the electrothermal parameter o= [T/T(T,I)]/
[dR(T,I)/dt], where R is the resistance, I is the current, and T is the
temperature.”’ The dependence of o calculated at half of the supercon-
ductor/normal metal transition is shown in the inset of Fig. 5(c). The
electrothermal parameter decreases by increasing V, because the
superconducting transition decreases in height and becomes wider
in temperature. At the inset of the I suppression, the electric field
seems to create instabilities in the Cooper condensate [see the noise in
Fig. 4(c)]. As a consequence, the superconducting transition is ran-
domized and the parameter o shows strong fluctuations with the gate
voltage.

C. Josephson effect studies in DB-FETs

The dependence of the Josephson coupling on the gate voltage
in the DB-FET provided other interesting insights into this uncon-
ventional field effect."” The behavior of I with temperature (T)
recorded for different values of gate voltage is shown in the left
panel of Fig. 6(a). The critical current is monotonically damped by
increasing Vy = Vg1 = Vj, in all the studied temperature range,
but the temperature of full suppression of the Josephson supercur-
rent is always the intrinsic value of the Ti thin film, that is, T¢
~ 540 mK. Since quasiparticle overheating would cause an increase
in the effective electronic temperature (T,p),” the Josephson super-
current would vanish when Ty = Te,but T < Top. Therefore, these
measurements seem to exclude again a hot electron injection
mechanism.

REVIEW scitation.org/journal/aqs

The experimental data can be fit with a theoretical equation,
which describes the critical current of a Josephson constriction in the
short-junction limit,”*

A sin ¢

T 2Ry [ L0
N 17’Tsin2£
2
A
><tanh|:ﬁ I—Tsinzg}. (1)

Here, ¢ is the phase difference across the constriction, A is the pairing
potential, e is the electron charge, and 7 is the transmission probabil-
ity through the junction. The normal state resistance can be written as
Ry = Rg/T = (4n*h)/(e*k%ST ), with Ry, being the Sharvin resis-
tance, ki the Fermi wave vector, and S the constriction cross-sectional
area. If 7 = 1, Eq. (1) reduces to the Kulik-Omelyanchuck advanced
theory for a ballistic clean constriction.”” On the other hand, for
T < 1, it reduces to the Ambegaokar—Baratoff model®® for a tunnel
Josephson junction.

The fits of the experimental data are shown in the right panel of
Fig. 6(a), where the values of 7" correspond to the values of gate volt-
age represented with the same color in the left panel. In the experi-
ment, Ry is constant with respect to Ve and therefore, in this model,
we assume that only some channels do not contribute to the supercur-
rent flow.”” Within this hypothesis, the model produced curves in
good agreement with the experimental data. In particular, the effective
transmission probability seems to decrease by increasing gate voltage.
This means that the behavior of the DB-FET goes from the typical
Kulik-Omelyanchuk characteristic of a clean ballistic constriction to
the Ambegaokar-Baratoff temperature dependence of a tunnel JJ.

Figure 6(b) shows the comparison of the behavior of 7 with the
gate voltage for two devices (labeled as A and B). Since the gate electro-
des were placed at different distances from the Josephson junction, the
gate voltage has been normalized with respect to the value for com-
plete I suppression (V,/ VgC ). Although the two devices showed
completely different values of Vgc, the dependence of 7" on the gate
voltage seems to be universal. In particular, the effective transmission
probability drops dramatically when the gate voltage approaches its
critical value. In agreement with the dissipative states growing in the
I-V characteristics,”’ this result suggests the formation of supercon-
ducting/normal metal disordered regions with a noncontinuous dissi-
pationless path.

The kinetic inductance is the first physical quantity typically ana-
lyzed in Josephson junctions and plays a fundamental role in gate-
tunable transmon qubits.””** It is defined as L = F/(2elc), where i
is the reduced Planck constant. Figure 6(c) shows the Li vs V, charac-
teristics extracted from the measurements carried out on sample A at
several values of bath temperature. The maximum value of kinetic
inductance is Lx ~ 8 nH, while gate-dependent modulations from
hundreds of fH to tens of nH have been obtained.

The transconductance is one of the most used figures of merit for
field-effect transistors. In superconducting FETSs, it is defined as the
variation of critical current with the applied gate bias (g,, = dIc/dV).
The dependence of g, on V, extracted from the measurements carried
out on sample A at several values of bath temperature is shown in Fig.
6(d). To highlight the stark temperature dependence of the transcon-

ductance, the absolute value of its maximum (|g¥4%|) is plotted as a

Ic(o)
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Fic. 6. Electric field dependence of the Josephson effect in DB-FETs. (a) Left panel: dependence of critical current (Ic) on temperature (T) for different values of gate voltage
(Vg = Vg1 = V). Right panel: fit of /¢ vs T calculated using the Kulik-Omelyanchuk theory generalized for an arbitrary effective transmissivity 7. The resulting values of 7
correspond to the gate voltages represented with the same color in the left panel. (b) Effective transmissivity of the Josephson junction 7" vs normalized gate voltage (V,/ 79)
extracted from two different devices. (c) Josephson kinetic inductance (Lk) vs gate voltage (Vg = Vi1 = Vi) of a typical DB-FET for different values of temperature (7). (d)
Transconductance (G,,) as a function of gate voltage for the same device in (c) for different values of temperature (7). (e) Absolute value of the maximum transconductance

(g¥4X) as a function of temperature (T) for two different DB-FETs.

function of temperature for two different devices [see Fig. 6(¢)]. In par-
ticular, |gM4X| remains almost constant up to ~0.5T¢ and then
decreases by almost 1 order of magnitude while approaching the criti-
cal temperature. The maximum values of transconductance measured
in the DB-FETs (~15 pA in sample A) are comparable with those
obtained in thin-film JoFETs (Ref. 59) and several orders of magnitude
higher than those of nanowire Josephson transistors.”’

D. Impact of two independent electric fields

The independent use of the two side gate electrodes placed at the
opposite flanks of the JJ [see Fig. 4(a)] can give a physical insight into
the spatial extension of the field effect. The normalized critical current
(Ic/Icp, where I¢y is the intrinsic critical current) as a function of
both V1 and Vy; is shown in Figs. 7(a) and 7(b) for samples A and B,
respectively. The squarelike shape indicates the independence of the
effect of the two electric fields on the critical current. This seems to
suggest that the gate-induced suppression of critical current is related
to a surface effect, which affects nonlocally superconductivity. In
agreement with previous experiments** and calculations,” this surface
perturbation may affect the superconductor for a depth of a few times
the superconducting coherence length (&), that is, the characteristic
length scale for superconductivity.

The quantitative difference in the values of V¢ between the two
devices has been attributed to the variance in the distance between the
gate electrodes and the JJs (~80 nm in sample A and ~120 nm in

sample B). Furthermore, the rectangular shape in Fig. 7(b) has been
attributed to the different distance of Vi and Vi, from the active
region in DB-FET B.

E. Vanadium DB-FETs

The study of vanadium-based DB-FETs encloses a twofold rele-
vance. On the one hand, the demonstration of field-effect control of I
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Fic. 7. Combined effect of two electric fields on titanium Dayem bridges. (a) and
(b) Color plot of the normalized critical current as a function of Vy (x-axis) and Vgo
(y-axis) for two different devices (A and B).
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on JJs consists of different material points toward the universality of
the phenomenon already presented for titanium. On the other hand,
its relatively high critical temperature [T¢c ~ 5 K (Ref. 69)] elects vana-
dium as a strong candidate for industrial applications.

Figure 8(a) shows a false color scanning electron micrograph of a
typical vanadium DB-FET. The nanoconstriction is ~180 nm-long,
~110 nm-wide, and ~60 nm-thick. The complete I-V characteristics
measured at a temperature of T=3 K for different values of gate volt-
age applied to the side gate electrode V,= V are shown in Fig. 8(b).
The trace recorded at V,= 0 shows the usual hysteretic behavior due
to the overheating related to the normal/superconducting state transi-
tion.”’ The difference between the switching and the retrapping cur-
rents is less pronounced than that in the case of titanium Dayem
bridges [see Fig. 4(b) for comparison] because the higher measure-
ment temperature ensures a more efficient cooling of the quasiparticles
through phonons.””" For both polarities of V,, the critical current is
monotonically suppressed by increasing the gate voltage. In full agree-
ment with all the previously presented experiments, the normal state
resistance of the vanadium DB-FETs is not affected by the applied
electric field.

Figure 8(c) shows the dependence of the critical current (Ic) on
gate voltage (V) for different values of temperature. The I vs V, char-
acteristics show the typical features already recorded for titanium devi-
ces: a plateau of constant I at low values of gate voltage followed by a
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steep decrease in the critical current down to its full suppression.
For most of the investigated temperatures, the critical gate voltage is
VE ~ 15V, but at T=3.375K, it is reduced to VC ~ 13 V. This
behavior is different from what is measured on titanium DB-FETs
(Ref. 46) [see Fig. 4(c) for comparison]. Despite the latter difference,
these experiments showed a similar phenomenology of titanium DB-
FETs. As a consequence, we can conclude that this unconventional
field effect is not material related, but it may be intrinsic to any metal-
lic BCS superconductor JJ (and wires).

Figure 8(d) shows the g, versus Vy traces for different values of
bath temperature. The transconductance strongly depends on temper-
ature. In particular, its maximum value (g¥4%) ranges from 150 pA/V
at T=2.875K to 0 at T=3.6K [see the inset of Fig. 8(d)]. We would
like to stress that the maximum values of transconductance extrapo-
lated for vanadium devices exceed by at least 1 order of magnitude
obtained for the titanium ones [see Fig. 6(e) for comparison] and
semiconductor JJs.””*’ Therefore, vanadium might be a suitable candi-
date for industrial applications of the DB-FETs in superconducting
digital electronics.

The temperature behavior of the Josephson effect is resumed in
Fig. 8(e), where the critical current monotonically suppresses by
increasing the gate voltage. The limited range of explored temperatures
does not allow a reliable fit of the data with Eq. (1). Nevertheless, we
can foresee a behavior similar to titanium DB-FETs: the transport in
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Fic. 8. Behavior of vanadium DB-FETs. (a) False color scanning electron micrograph of a typical Ti-based DB-FET. The transistor channel (blue) is current biased and the volt-
age drop is measured in the four-wire configuration, while the gate voltage can be applied to the lateral gate electrode (red, Vs). (b) Current-voltage characteristics of a vana-
dium DB-FET measured at 3K for several values of gate voltage (V). The curves are horizontally offset for clarity. The semitransparent gray area depicts the parameter
space where superconductivity persists. (c) Dependence of critical current (Ic) on gate voltage (V) for different values of bath temperature (7). (d) Transconductance (g,,) as a
function of gate voltage for different values of temperature (T). Inset: Absolute value of the maximum transconductance (g*X) as a function of temperature (T). (e)
Dependence of critical current (/c) on temperature (T) for different values of gate voltage (V; =). (f) Josephson kinetic inductance (L) vs gate voltage (V;) of a typical vana-

dium DB-FET for different values of temperature (7).
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the JJ evolves from the Kulik-Omelyanchuk characteristic of a clean
ballistic constriction” to the Ambegaokar-Baratoff temperature
dependence of a tunnel junction.”’

The changes in switching current of a Josephson junction can be
remapped as modifications of its kinetic inductance (Lg). The depen-
dence of L on V, is shown in Fig. 8(f) for different values of bath tem-
perature. The kinetic inductance is modulated of more than 2 orders
of magnitude by the gate bias. In particular, Lx acquires a minimum
value of about 800 fH (for V,=0 and T=2.875K) and a maximum
value of ~400 pH (at Vo= 14V and T'=3.37 K). Therefore, the vana-

dium DB-FETs might be suitable, in principle, for the realization of

7,68

metallic superconducting qubits.”

IV. PROXIMITY JOSEPHSON JUNCTIONS

This section presents a set of gating experiments realized on fully
metallic superconductor-normal metal-superconductor Josephson
junction-based field-effect transistors.” We show the influence of the
temperature and magnetic field on this gating effect measured on
SNS-FETs of different lengths. These experiments demonstrate that
this unconventional field effect does not require the presence of a
proper pairing potential. In contrast, the existence of induced super-
conducting correlations seems to be enough to enable the electric field
control of supercurrent in the system.

(a)

I (nA)
o

-8

scitation.org/journal/aqs

The SNS-FETs typically consist of an Al/Cu/Al planar Josephson
junction with the possibility of applying a gate bias (V) through a
side gate electrode [see Fig. 9(a)]. Devices with three different inter-S-
electrode spacings (L), i.e., the length of the copper weak link, have
been realized. In particular, data obtained for L, =800nm (type-A),
Lg=1um (type-B), and L¢ = 1.2 um (type-C) are also shown. i

The characteristic energy scale for the electronic diffusion in a SNS
Josephson junction is the Thouless energy, which is defined as Eqy
= hD/ L2, where F is the reduced Planck constant and D is the diffusion
coefficient of the normal metal [for copper thin films, D ~ 0.008 m*/s
(Ref. 48)]. The Thouless energy associated with the studied samples was
Era >~ 6.6 peV, Ep g ~ 4.2 ueV, and Ey 4 ~ 2.9 ueV. Since for all of
them, E7;, < A (where A >~ 180 ueV is the superconducting energy gap
of aluminum), all the weak links operate in the long-junction limit.

Figure 9(b) shows the I-V characteristics of a typical type-A
SNS-FET measured at T= 100 mK for several values of gate voltage
(V). For V,=0, the current versus voltage characteristic highlights
the presence of the Josephson effect with a critical current of I
~ 5.8 A and a retrapping current of Iz ~ 1.9 pA. In analogy with
the phenomenology presented for genuine superconductors,*>*" a
clear suppression of I has been recorded at high values of gate voltage
(Vg > 40 V), while the normal state resistance is completely unaf-
fected by the external electric field. Furthermore, the decrease in
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Fic. 9. Electric field dependence of supercurrent in SNS-FETS. (a) False color scanning electron micrograph of a typical SNS-FET. The superconducting parent material is alu-
minum (blue), while the proximized normal metal is copper (red). The transistor is current biased (/), and the voltage drop (V) is measured in the four-wire configuration. The
gate voltage (V) is applied through the side gate electrode. (b) Current-voltage characteristics (/~V) of an 800 nm long channel SNS-FET measured at 100 mK for several val-
ues of gate voltage (V). The curves are horizontally offset for clarity. The semitransparent gray area depicts the parameter space where superconductivity persists. (c)
Dependence of critical current (/c) on gate voltage (V) of an 800 nm long SNS-FET for different values of bath temperature (7). (d) Temperature dependence of critical current
(Ic) of an 800 nm long SNS-FET measured for different values of gate voltage (V; =). () Normalized critical current (Ic /Ic0) as a function of gate voltage (V) of lengths
800nm (rectangles), 1 um (hexagons), and 1.2 um (ellipses). For the latter, a thermal characterization is shown. Inset: a blow-up of the saturation of /¢ with Vg. (f)
Perpendicular-to-plane magnetic field dependence of the critical current (I¢) of an 800 nm long SNS-FET measured at T= 100 mK. (a) Adapted with permissions from G. De
Simoni, F. Paolucci, C. Puglia, and F. Giazotto, ACS Nano 13, 7871 (2019), Copyright 2019, American Chemical Society.
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critical current is symmetric in the polarity of the gate bias. As a conse-
quence, charge accumulation/depletion cannot account for the effect.

The complete temperature dependence of the field effect
recorded for the same type-A SNS-FET is resumed in Fig. 9(c).
Different from proper superconductors,”"**" at fixed tempera-
ture, the critical current monotonically decreases with increasing
V, without reaching its full suppression in the studied gate voltage
range. At the same time, the plateau of I with Vg widens with
increasing temperature.

The field effect becomes completely inefficacious for T > 350 mK
[see Fig. 9(d)], which is less than one third of the aluminum supercon-
ducting critical temperature. In fact, at low temperature, Ic(V,)
strongly deviates from the unperturbed case, while all the curves are
overlapped for T > 350 mK. We also notice that the electric field gen-
erated by the gate electrode has been calculated to impact exclusively
on the copper wire without reaching the Al leads."® These results seem
to suggest that the field effect does not require a proper genuine super-
conductor, but it can occur even in the presence of superconducting
correlations.

The dependence of the field effect on the length of the normal
metal strip is summarized in Fig. 9(e), where the normalized critical
current (Ic/Ic) is plotted as a function of the gate voltage for repre-
sentative type-A, type-B, and type-C devices. On the one hand, the pla-
teau of constant critical current shortens with increasing L. On the
other hand, a saturation region for high values of gate voltage appears
for the type-C devices in the complete temperature range studied [see
the inset of Fig. 9(e)]. This behavior is strictly peculiar to SNS-FETs
since gate-induced full suppression of the critical current has been
demonstrated in both metallic superconductor wires** and DB-FETs
(Refs. 46 and 47) (see Secs. 1T and 111, respectively). As a consequence,
these experiments suggest a nontrivial relation between the Thouless
energy of the JJ and the ability of the electric field to affect its critical
current. In addition, the saturation of I for high values of gate voltage
suggests once again the exclusion of quasiparticle overheating as a
leading mechanism of the measured effect.””"”*

The combined action of electric and magnetic fields on the criti-
cal current of the SNS-FET's has been investigated by measuring I as
a function of the perpendicular-to-plane magnetic field (B) for differ-
ent values of bias applied to the lateral gate electrode (V,), as depicted
in Fig. 9(f). Similar to the thermal characterization [see Fig. 9(d)], for
B > 15 mT, the curves at different values of gate voltage overlap. In
other words, the impact of this unconventional field effect on the
switching current saturates at high values of the magnetic field. These
observations confirm a damping of the electrostatic effect on the weak
link as it approaches the normal state. Further details can be found in
Ref. 48.

These results obtained on SNS-FETs suggest that the impact of
the electric field is initially more relevant in weaker superconductors,
but as the system approaches the resistive state (by the temperature or
magnetic field increases), a threshold is reached, above which no fur-
ther suppression of Ic can be observed (the field effect becomes
inefficient).

V. SQUID

Here, we resume transport experiments performed on fully
metallic SQUIDs where each JJ was independently mastered through a
voltage applied to side gate electrodes placed at each Dayem bridge."’

scitation.org/journal/aqs

The electric field has been shown to control the whole interference
pattern of the SQUID. In particular, the switching current (I5) was
suppressed to values lower than the critical current of a single JJ. This
has been explained assuming that the electric field couples (even if not
directly) with the superconducting phase.

A typical metallic gate-tunable Josephson interferometer is com-
posed of a titanium superconducting loop (30 nm thick) interrupted
by two nanoconstrictions (150 nm long and 150 nm wide) separated
by about 8 um, as shown in Fig. 10(a). At each JJ, a side gate electrode
(V, and Vi for the left and right junction, respectively) allows the
application of an electrostatic field in the Dayem bridge region. This
enables the independent control of the switching current of the two
Josephson junctions (I; and Iz), as confirmed by finite element simula-
tions of the electric field distribution for the same geometry of the
device.”

The current-flux behavior of the SQUID showed the characteristic
triangular patterns typical of a Dayem bridge-based interferometer”””*
for both the positive and negative branches of the switching current, as
represented in Fig. 10(b). The fit of the experimental data with a theo-
retical model based on the resistively and capacitively shunted junction
formalism allows us to obtain the SQUID basic parameters. In particu-
lar, the critical current of the two junctions was shown to be slightly
asymmetric (Ic; ~ 13.6 uA and Ic; ~ 13.3 pA), and the screening
parameter was calculated to reach the noticeable value f§ ~ 32 since
the kinetic inductance”” of the Ti ring was as high as Lx ~ 0.6 nH.

The gate bias has a strong impact on the Is(®) characteristic of
the SQUID, as shown in Figs. 10(c) and 10(d) for positive values of
V1, while the right gate electrode was left grounded or floating. The
data highlight the suppression of the maximum switching current
[Is,max = Is(® = 0)] for both current biases and a shift of I qy along
the magnetic flux axis in the opposite direction for the two switching
current branches. Furthermore, the error bars of I are different in the
two halves of the interference pattern period.

In accordance with the results obtained on superconducting
wires** (see Sec. IT), Dayem bridges**"” (see Sec. II), and proximity
JJs** (see Sec. 1V), the switching current suppression is almost sym-
metric in the polarity of the applied gate bias [see Fig. 10(e)].

A gate voltage applied to the right gate electrode (V) generates a
decrease in I q (as for V), shifts the interference pattern in the
opposite direction along the magnetic flux axis than for the left gate
electrode, and increases the current fluctuations in the second half
period of Ig(®) [see Fig. 10(f)]. The different values of V; and V nec-
essary to affect I can be attributed to different distances between the JJ
and the gate electrode in L and R."’

The conventional models for SQUIDs predict a flux-independent
current flow when the critical current of one of the two junctions is
suppressed down to full closure.”””” By contrast, Is(®) has been
shown to be lowered by the application of V; =12V below the critical
current of a single Josephson junction, while preserving its oscillatory
behavior"” [see Fig. 11(a)].

Figure 11(b) shows the gate voltage dependence of Igmax. The
plot highlights once again that the total SQUID switching current
reduces under the critical current of a single JJ. In addition, we notice
that the electric field induced switching current suppression seems to
be more efficient for negative values of gate voltage in both Dayem
bridges. In particular, the zero-flux value of the switching current
reaches Ig max > 0.6Ic g for V, = —12'V.
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Fic. 10. Electric field control of the interference pattern of a metallic SQUID. (a) False-color scanning electron micrograph of a typical field-effect controllable Josephson inter-
ferometer. The core of the SQUID is represented in blue, whereas the left (V) and right (Vg) side gate electrodes are shown in purple and red, respectively. / is the total current
flowing through the interferometer, while @ represents the magnetic flux piercing the loop. (b) Switching current (/s) of the interferometer as a function of the normalized flux
piercing the loop (®/®,) measured at T= 50 mK. (c) Modulation of the switching current (Is) with the magnetic flux @ piercing the SQUID at T= 50 mK for positive current
bias measured for positive voltages applied to the left gate electrode (V). (d) Negative branch of /s(®) measured for positive values of V;. (e) Positive branch of Is(®) for
different negative values of V, and for different values of positive right gate bias Vi (f) measured at T= 50 mK. (a) Adapted with permissions from F. Paolucci, F. Vischi, G. De
Simoni, C. Guarcello, P. Solinas, and F. Giazotto, Nano Lett. 19, 6263 (2019), Copyright 2019, American Chemical Society.

The phenomenology resumed in Figs. 11(a) and 11(b) indicates
that an electrostatic field applied to a single Dayem bridge indirectly
affects the other junction and, therefore, the entire interferometer. This
behavior can be obtained with a model that imposes gate-dependent
suppression of the critical current and creation of phase fluctuations of a
single JJ."” Since the phases of the two JJs are locked by fluxoid quantiza-
tion, these local perturbations can affect the phase of the other junction
and, as a consequence, the entire interferometer. This model suggests
that an external electrostatic field couples (even if indirectly) with the
superconducting phase of a conventional metallic superconductor.

The gate-tunable interferometer can be used as a controllable
phase shifter [see the inset of Fig. 11(c)]," where the phase shift is
defined as Ap(V;) = @(Vi) — @(0), with V; being the gate bias
applied to the i = L, R electrode. Figure 11(c) shows A¢ generated by
the application of Vi (violet) and Vg (red). The effect on the
phase shift is asymmetric because the two gate electrodes are placed at
different distances from the corresponding JJ. In fact, we notice
A@,a (VL) ~ —0.4, while A, (Vr) =~ 0.2. The maximum achiev-
able phase shift may be improved by applying higher values of gate
voltage, under the condition of preserved oscillating Is(®).

In conclusion, the experiments on the gate-tunable metallic
Josephson interferometers show the coupling between an external elec-
tric field and the macroscopic superconducting phase. In addition, this
device is a promising candidate for the realization of gate-tunable
flux*”” and phase” superconducting qubits’ ** and for the

implementation of superconducting electronics™ in the form of rapid
single flux quantum logic.””*°

VI. POSSIBLE APPLICATIONS

There are several possible applications arising from the phenome-
nology related to the field-effect control of the supercurrent in all
the physical systems presented along this review. These works may
pave the way for a number of novel gate-tunable devices, such as
magnetometers,77’87‘88 heat mastering systems,x‘)’g3 radiation detectors,()4
and metallic architectures for quantum®°*”% " and classical”®
computation. In particular, Sec. VI A will show possible implemen-
tations of superconducting qubits, while Sec. VIB is devoted to
classical electronics that exploits this unconventional gating effect.

A. Qubits

The transmission line shunted plasma oscillation qubit (trans-
mon)*** is the leading architecture for the implementation of super-
conducting qubits. It consists of a Cooper pair box (where one more JJ
is shunted by a capacitance Cg) capacitively coupled to a resonant cav-
ity (usually a LC circuit) that is driven by microwave radiation. The
interesting energy scales are the Josephson coupling energy
Ep = hilc/2¢’® and the charging energy Ec = 2€?/Cipar, Where Cropai
is the total capacitance. In order to minimize the charge noise affecting
the qubit, the value of Cg (and therefore C,,,;) needs to be chosen in
order to fulfill Ep > Eg, ie., the Josephson coupling energy has to be
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Fic. 11. High gate voltage regime and tunable phase shift. (a) Modulation of the
switching current (/s) with the magnetic flux @ piercing the SQUID at T=50 mK
for positive voltages applied to the left gate electrode (V;). The horizontal black line
depicts the critical current of the right JJ. (b) Switching current at ® = 0 vs the gate
voltage applied to the left (violet squares) and right (red squares) electrode at
T=50 mK. (c) Phase shift vs the left (violet squares) and right (red squares) gate
electrode voltage extracted from data at T=50 mK. Inset: schematic representa-
tion of a gate-tunable phase shifter.

much greater than the charging energy. At the same time, the
Josephson energy can be tuned by means of an external magnetic flux
threading a SQUID (Ref. 81) or by a gate bias coupled to a proximized
semiconductor nanowire.”” %"

The tunability over 2 orders of magnitude of the Josephson criti-
cal current in metallic Dayem bridges (see Sec. I1I) is reflected in the
possibility of controlling Ep, with an electric field. As a consequence, it
is possible to envision a fully metallic gate-tunable Dayem bridge
transmon: the dayemon [see Fig. 12(a)].

A more exotic and versatile architecture might employ the
gate-tunable SQUID (presented in Sec. V) to control the Josephson
coupling: the squidmon, as depicted in Fig. 12(b). This device
would increase the number of knobs able to control the qubit state.
In fact, the switching current of this type of interferometer can be
independently tuned with both the magnetic flux and two gate
electrodes.

The performances of dayemons and squidmons are predicted to
be similar to that of conventional transmon qubits’ if the gating
mechanism does not introduce large noise (that would cause decoher-
ence of the qubit). Furthermore, their monolithic architecture (single
step fabrication process without heterojunctions between different
materials) might promote them as a promising scalable technology for
superconducting qubit implementation.

REVIEW scitation.org/journal/aqs

(a)
Qubit

-

Fic. 12. Gate-tunable metallic superconductor qubits. The Dayem bridge transmon
dayemon (a) and the SQUID transmon squidmon (b), where the qubit is capaci-
tively coupled to a resonant cavity. The dayemon can be controlled by the gate volt-
age (V,). The squidmon can be independently mastered through the magnetic flux
(@) and two gate voltages (Vg1 and V).
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B. Superconducting classical electronics

Superconducting classical computation hinges upon the modula-
tion of the critical current of a transistor through an external gate
bias.”’ The challenge has been addressed by different approaches: the
superconducting field-effect transistor,”® ** where the critical current
of a low charge carrier density superconducting thin film is modulated
by a gate voltage; the Josephson field-effect transistor (JoFET), "%’
where I of a proximized semiconductor thin film is controlled via
field-effect; and the nanocryotrons (nTrons),”” ”” where a gate current
tunes the supercurrent transport in a metallic channel.

The electric field control of supercurrent in metallic supercon-
ductor wires (see Sec. IT) could be used to realize an electric-field-con-
trolled cryotron (EF-tron), as depicted in Fig. 13(a) for a copy logic
circuit. The device is current biased under the wire pristine critical cur-
rent (Iis < Icp), and the normal state resistance of the wire is much
higher than the load (Ry >> Rjpuq). For V4 =0 (logic state 0), all the
current flows in the transistor channel (the output current is zero,
I, =0) and the output voltage is 0 (logic state 0). In contrast, for
Ipias > Ic(V4) (input logic state 1), the EF-tron switches in the normal
state, the output current grows (I,,; 7 0), and the output shows logic
state 1.

Similarly, the Not logic gate can be realized by employing the
EF-tron, as shown in Fig. 13(b). It is composed of the series of a gate-
tunable wire (controlled by the input A) and a constriction of critical
current lower than I, and a load resistance Rjp,q < Ry (with Ry
being normal state resistance of the ungated constriction). When the
input A is 0, the current can pass through the first wire, while the sec-
ond constriction switches to the normal state. As a consequence, the
current flows through Ry,,q and the output signal is 1. In contrast,
when A =1, the wire is in the normal state. Therefore, the current
does not flow in the device core and the output signal is 0.

The EF-tron could be used to define a functionally complete logic
since it can realize the conjunction [aND, see Fig. 13(c)] and disjunc-
tion [see Fig. 13(d)] gate. Both devices are realized by the parallel
connection of two electric-field controlled cryotrons characterized by
the same intrinsic critical current (Ic = Ica = Ic ). The structure
provides the anD logic gate when the bias is lower than the pristine
critical current of a single EF-tron (Iy,s < Ic). In fact, the current
flows to the output electrode (i.e., C=1) only when both inputs are in
logic state 1 (both EF-trons are in the normal state). By contrast, when
Ipias > Ic, a single input set to logic state 1 causes the transition of
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Fic. 13. Gate-tunable metallic superconducting electronics. Basic logic gates employing the EF-tron: copy (a), NoT (b), AND (c), and or (d). The truth table of each individual circuit is

represented.

both EF-tron channels to the normal state. Therefore, the device exhib-
its the or behavior.

The EF-tron could also be used to implement more complex
functions and circuits. For instance, the parallel connection of two
cryotrons could implement the flip-flop storage circuit [see Fig. 14(a)].
The bias current (I;,s) can be directed in the A (or B) branch accord-
ing to the logic state given to the two EF-troms. Interestingly, the
directed current continues to flow through the A (B) branch even if
the write pulse to B (A) is removed since the absence of dissipation
prevents current redistribution.”” As a consequence, this circuit could
serve as an information storage loop in a fully metallic superconduct-
ing electronics architecture.

A similar approach leads to the creation of a demultiplexer,
where the current injected from a single input electrode can be
directed to one of the several outputs, as depicted in Fig. 14(b). In
particular, the role of each electric-field-controlled cryotron is to
forbid (allow) the supercurrent flow through the corresponding
branch.

(a) (b)
/ bias l / bias l

D@ DOD-

FLIP-FLOP DEMULTIPLEXER

Fic. 14. More complex electronic circuits based on the EF-fron. Schematic repre-
sentation of flip-flop (a) and demultiplexer (b) circuits.

In conclusion, the EF-trons marry the easy single step fabrication
process of a nanocryotron” ”” with the very large input-to-output
impedance (~1 — 10 TQ) of a SuFET (Refs. 38-42) [or a JoFET (Refs.
58, 59, and 100)]. Therefore, they could be the cornerstone of new and
scalable superconducting electronics.

VII. SUMMARY AND FUTURE DIRECTIONS

Throughout this review, we showed the electric field control of
the critical current in different systems made of conventional metallic
superconductors: titanium and aluminum wires (Sec. II), titanium and
vanadium nanoconstriction Josephson junctions (Sec. IIT), aluminum/
copper/aluminum proximity JJs (Sec. IV), and titanium superconduct-
ing quantum interference devices based on nanoconstrictions (Sec. V).
Despite the fact that a microscopic explanation of this effect is not
available yet, the presented experiments provide a wide platform for
discussion and analysis.

The most prominent common feature in all the studied systems
is the suppression of critical supercurrent symmetry in the polarity of
gate voltage. In addition, the normal state resistance of various systems
is not affected by the electric field. As a consequence, the electric field
does not act on the carrier concentration at the material surface, ie.,
charge accumulation/depletion can be excluded.

On the one hand, at low temperature, the experiments
highlighted a propagation of the effect into the superconductor sev-
eral times the superconducting coherence length, which decreases
while approaching the critical temperature. On the other hand, the
effect of two gate electrodes placed at opposite sides of the super-
conductor does not sum up. Therefore, the electric field seems to
stop at the superconductor surface, but the supercurrent is nonlo-
cally affected deep in its bulk thanks to the coherence of the super-
conducting condensate.
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Hot quasiparticle injection in superconducting nanostructures is
an ordinary source of critical current reduction since it increases their
effective electron temperature and, consequently, damps the supercon-
ducting energy gap. Experiments performed on samples fabricated
onto different insulating substrates highlighted the complete uncorre-
lation between the I reduction and the leakage current. In addition,
the critical temperature of DB-FETSs is completely gate voltage inde-
pendent, and SNS-FETs with long normal metal wire showed satura-
tion at high values of gate voltage (and leakage current). Therefore,
simple quasiparticle overheating seems to be excluded.

The partial suppression of the switching current in proximity
Josephson junctions demonstrates that the presence of a proper pair-
ing potential is not required, but the existence of induced supercon-
ducting correlations enables this unconventional field effect.
Furthermore, the saturation of the effect seems to indicate an increase
in the resilience of the Josephson coupling to the applied electric field
when the weak link approaches the normal state.

The gating experiments performed on the SQUIDs cannot be
explained by simple squeezing of the critical current of a single junc-
tion. In particular, the suppression of the interferometer switching cur-
rent to values lower than the critical current of a single JJ can only be
explained assuming that the electrostatic field couples with the phase
dynamics of a superconductor.

To shed light on these gating experiments and move toward the
understanding of the intimate relation between superconductivity and
the electric field, a set of complementary experiments would be neces-
sary. For example, scanning tunneling microscopy or scanning gate
experiments could provide information about the spatial variation of
the superconducting gap due to the presence of an external electric
field. In addition, scanning SQUID microscopy would render the gate-
dependent supercurrent spatial distribution.

Instead, the electric field-driven transition mechanism could be
studied by investigating the distribution function of the switching cur-
rent, which is the escaping current from the superconducting to the
normal state. Furthermore, the change in critical current, phase
dynamics, and possible quasiparticle poisoning due to the gating effect
could be studied through radio-frequency-based experiments, such as
measurements of the resonance frequency of a gated circuit and of
Shapiro steps in Josephson junctions.

In parallel, the puzzle needs to be tackled from a theoretical point
of view. Despite the fact that a few phenomenological models have
been proposed,”**”*” a microscopic picture is still missing. The first
attempt to provide a microscopic explanation proposes a mechanism
based on the electric field-driven modification of the orbital Rashba
coupling at the surface.'”" Besides this, the knowledge of the physics at
the origin of this unconventional gating is quite limited.

Even without a theoretical explanation, the field-effect control of
supercurrent in metallic BCS materials could be employed to develop
devices with a plethora of applications. In particular, in Sec. VI, we
showed a possible vision of fully metallic classical and quantum com-
putation architectures. The first goal of applied research lines might be
to demonstrate the feasibility of such systems by realizing the first proof
of principle devices, such as gatemons or EF-trons. Successively, large-
scale superconducting electronics systems working in synergy with
conventional computing technologies could be designed by employing
higher critical temperature superconductors (such as niobium and nio-
bium nitride) compatible with present industrial standards.
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