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Single-photon detectors and bolometers represent the bridge between different topics in science, such

as quantum computation, astronomy, particle physics, and biology. Nowadays, superconducting bolome-

ters and calorimeters are the most-sensitive detectors in the terahertz and subterahertz bands. Here, we

propose and demonstrate a Josephson escape sensor (JES) that could find natural application in astro-

physics. The JES is composed of a fully superconducting one-dimensional Josephson junction, whose

resistance-versus-temperature characteristics can be precisely controlled by a bias current. Therefore, dif-

ferently from traditional superconducting detectors, the JES sensitivity and working temperature can be

in situ simply and finely tuned depending on the application requirements. A JES bolometer is expected

to show an intrinsic thermal-fluctuation-noise noise-equivalent power on the order of 10−25 W/Hz1/2,

while a JES calorimeter could provide a frequency resolution of about 2 GHz, as deduced from the

experimental data. In addition, the sensor can operate at the critical temperature (i.e., working as a con-

ventional transition-edge sensor), with a noise-equivalent power of approximately 6 × 10−20 W/Hz1/2 and

a frequency resolution of approximately 100 GHz.

DOI: 10.1103/PhysRevApplied.14.034055

I. INTRODUCTION

Sensitive photon detection in the gigahertz band con-

stitutes the cornerstone to study different phenomena in

astronomy [1], such as radio-burst sources [2], galaxy for-

mation [3], the cosmic microwave background [4], axions

[5,6], comets [7], gigahertz-peaked-spectrum radio sources

[8], and supermassive black holes [9]. Nowadays, state-

of-the-art detectors for astrophysics are mainly based on

transition-edge sensors [10–12] and kinetic inductance

detectors [13–15]. Overall, most sensible nanobolometers

so far are superconducting detectors [16] showing a noise-

equivalent power (NEP) as low as approximately 2 ×
10−20 W/Hz1/2 [17]. Yet, fast thermometry at the nanoscale

was demonstrated as well with Josephson junctions (JJs)

through switching-current measurements [18,19]. In gen-

eral, detection performance is set by the fabrication process

and is limited by the materials used.

In this work, we conceive and demonstrate a tun-

able Josephson escape sensor (JES) based on the pre-

cise current control of the temperature dependence of a

*federico.paolucci@nano.cnr.it
†francesco.giazotto@sns.it

fully superconducting one-dimensional nanowire Joseph-

son junction. The JES might be at the core of future

hypersensitive in situ–tunable bolometers or single-photon

detectors working in the gigahertz regime. Operated

as a bolometer, the JES has a NEP due to thermal-

fluctuation noise (TFN), NEPTFN, of approximately 1 ×
10−25 W/Hz1/2, which as a calorimeter bounds the fre-

quency resolution above approximately 2 GHz, and resolv-

ing power reaching approximately 40 at 50 GHz, as

deduced from the experimental data.

Beyond the obvious applications in advanced ground-

based [20] and space [21] telescopes for gigahertz astron-

omy, the JES might represent a breakthrough in several

fields of quantum technologies ranging from subterahertz

communications [22] and quantum computing [23] to

cryptography [24] and quantum key distribution [25].

II. GIGAHERTZ ASTROPHYSICS AND JES

OPERATION PRINCIPLE

Many features of the universe are hidden in infrared

and microwave faint signals [1]. In particular, the study

of cosmic-microwave-background polarization [4,26] and

galaxy expansion [3] benefits from ultrasensitive giga-

hertz bolometers, while the existence of axionlike particles
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FIG. 1. Gigahertz astronomy and JES operation principle. (a)

Frequency and energy ranges relevant for different astronomi-

cal investigations, such as cosmic microwave background [4],

preinflation and postinflation axions (Post-I) [6], and nonthermal

and thermal galaxy emission [3]. (b) The left panel shows the

schematics of the washboard model versus the phase difference

across a JJ for different values of bias current (I rises from red

to green, with the same color code in the right panel). U rep-

resents the energy barrier for the escape of the phase particle

(black dots). The right panel shows the resistance- (R) versus-

temperature (T) characteristics of a JJ for different values of

I . Both the transition temperature and its width decrease with

increasing I . (c) The left panel shows the schematics of the wash-

board model versus the phase difference across a JJ for different

values of the Josephson energy (EJ decreases from red to green,

with the same color code in the right panel). The right panel

shows the R-versus-T characteristics of a JJ for different values

of EJ at I = 0. Dotted black curves are calculated for EJ = EJ 0

by our varying I to have the same transition temperature.

[5,6] might be proven through the revelation of microwave

single photons [see Fig. 1(a)].

To increase photon-detection sensitivity, novel super-

conducting sensors have been developed by miniaturiz-

ing the active region [27,28] and drastically lowering

their operation temperature via the Josephson coupling in

complex nanostructures [17,29–35]. Their properties are

thus defined during the fabrication process and cannot be

tuned during the operation. In analogy to the widespread

transition-edge sensor (TES), the JES exploits the change

of resistance of a superconductor when transitioning to the

dissipative state: either the absorption of radiation or the

change of temperature [18,19] triggers the passage from

the superconducting regime to the normal regime, yielding

a sizable signal from the sensor. In contrast to TESs, the

JES benefits from the possibility to finely tune in situ its

working temperature and sensitivity.

The JES operation principle is based on a fully super-

conducting one-dimensional (1D) JJ (i.e., two supercon-

ducting leads coupled by a superconducting nanowire with

lateral dimensions smaller than its coherence length, ξ ).

The transition to the dissipative state can be understood

as being due to 2π phase slips, qualitatively similar to

the tilted-washboard-potential (WP) model of JJs, where

a phase particle moves in the WP under the action of

friction forces [36,37]. The effective WP profile strongly

depends on both the bias current (I ) through the junction

and Josephson energy (EJ ) [38] [see the left panels in Figs.

1(b) and 1(c)]. In particular, for a 1D nanowire JJ, the

escape barrier can be written as [38]

U(I , EJ ) ≃ 2EJ (1 − I/IC)5/4 , (1)

where EJ = �0IC/2π , �0 ≃ 2.067 × 10−15 Wb is the flux

quantum, and IC is the JJ critical current. Equation (1)

shows that the phase-particle escape from a potential min-

imum (and, therefore, the corresponding transition of the

junction to the dissipative state) can be finely controlled

either by increasing I or by reducing EJ .

Because of the use of a 1D JJ, the JES benefits from

a twofold advantage. On the one hand, transverse dimen-

sions smaller than ξ ensure a constant superconducting

wave function along the wire cross section, leading to

uniform superconducting properties. On the other hand, a

nanowire width (w) much smaller than the London pene-

tration depth (λL) guarantees a homogeneous supercurrent

density in the JJ when the JES is current biased and an

uniform penetration of the film by an external magnetic

field.

For comparison, in a sufficiently shunted overdamped

limit, we can evaluate the resistance- (R) versus-

temperature (T) characteristics of a JJ for different values

of I and EJ by calculating the current derivative of the

voltage drop [39]:

V(I , EJ , T) = RN

⎛

⎝I − IC,0 Im
I1−iz

(

EJ
kBT

)

I−iz

(

EJ
kBT

)

⎞

⎠ , (2)

where IC,0 is the JJ zero-temperature critical current, Iµ(x)

is the modified Bessel function with imaginary argument

034055-2
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µ, and z = (EJ /kBT)(I/IC). The details of the theoretical

model are given in Supplemental Material [40].

Specifically, an increase of I leads to a sizable low-

ering of the resistive transition temperature accompanied

by narrowing of its width, as shown in the right panel in

Fig. 1(b) for EJ = EJ 0 (where EJ 0 is the zero-temperature

Josephson energy). Similarly, the transition temperature

can be reduced by decreasing EJ , but its width becomes

wider than in the presence of a sizable bias current flow-

ing through the nanowire [see the right panel in Fig. 1(c)].

The dotted black curves are calculated for EJ = EJ 0 by our

varying I in order to have the same transition temperature

(TC) given by the reduction of the Josephson energy. The

temperature response of R originating from the bias cur-

rent yields transitions that are sharper than those obtained

by simply reducing EJ .

EJ can be reduced, for instance, by applying an external

magnetic field (B). However, the use of external magnetic

field can be detrimental for several applications, since it

typically broadens the superconducting transition [41]. As

we show, tuning the nanowire JJ through current injection

will prove to be an excellent strategy to achieve near-to-

ideal nanosensors with excellent performance.

III. JES STRUCTURE AND BASIC

CHARACTERIZATION

The realization of a typical JES is shown in the pseudo-

color scanning electron micrograph displayed in Fig. 2(a).

The JESs are fabricated by electron-beam lithography

and two-angle shadow-mask electron-beam evaporation

of metals onto an oxidized silicon wafer through a sus-

pended resist mask. The 1D-sensor active region con-

sists of a bilayer of Al (tAl = 10.5 nm) and Cu (tCu =
15 nm) evaporated at an angle of 0◦. The total volume

of the sensor active region is Vw = VAl + VCu ≃ 3.83 ×
10−21 m−3, with VAl ≃ 1.58 × 10−21 m−3 and VCu ≃
2.25 × 10−21 m−3. The lateral 40-nm-thick Al banks are

then evaporated at an angle of 40◦.

All measurements are performed in a filtered He3-He4

dry dilution refrigerator at different bath temperatures in

the range from 20 to 160 mK. The resistance-versus-

temperature characteristics of the JES and of the Al banks

are obtained by conventional the four-wire low-frequency

lock-in technique at 13.33 Hz. To this end, ac excitation

currents with typical root-mean-square amplitudes I ≃
15–380 nA are imposed through the device. The current is

generated by our applying an ac voltage bias (Vac) to a load

resistor of impedance (RL) much larger than the sample

resistance (RL = 100 k� ≫ R). The critical temperature of

the Al banks is measured with the same setup. The I -

versus-V characteristics of the nanowires are obtained by

our applying a low-noise dc bias current, while the voltage

drop is measured via a room-temperature battery-powered

differential preamplifier.
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FIG. 2. Realization of the JES. (a) False-color scanning elec-

tron micrograph of a typical JES. The nanosensor is ac-biased

(amplitude I ) and the voltage drop across the wire (Vout) is mea-

sured via a voltage preamplifier connected to a lock-in amplifier.

RL is a high-impedance load resistor. The inset shows an enlarge-

ment of the core of the JES showing the Al/Cu nanowire (red)

in contact with thick Al leads (yellow). (b) Back-and-forth dc

current-vs-voltage (I -V) characteristics of a typical JES mea-

sured at different temperatures T ranging from 20 to 160 mK

in steps of approximately 20 mK. The curves are horizontally

shifted for clarity. (c) Temperature evolution of the critical cur-

rent (IC; blue) and the retrapping current (IR; green). The dashed

black line is the critical-current prediction of the Bardeen model

[43] (see the Appendix for details). The green line is a guide for

the eye for the retrapping current. The inset shows the nanowire

switches from the superconducting state to the normal state at

IC, while the transition from the resistive regime to the dissipa-

tionless regime occurs at IR. The hysteretic behavior stems from

Joule heating during transitioning from the normal state to the

superconducting state [42]. IR is almost temperature independent,

and it is approximately 26.6 nA.

Josephson transport in the nanosensor is highlighted

by the I -versus-V characteristics shown in Fig. 2(b) for

bath temperatures (T) ranging from 20 to 160 mK. The
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wire normal-state resistance RN ≃ 77 �, and the typical

heating-induced hysteretic behavior of the I–V curves is

observed [42]. On the one hand, the critical current is max-

imum (IC ≃ 575 nA) at T ≃ 20 mK [see Fig. 2(c)] and

monotonically decreases with temperature following the

prediction of Bardeen [43] (see the Appendix for details).

On the other hand, the retrapping current (IR ≃ 26.6 nA) is

constant in the whole temperature range.

As stated, the JES working principle is based on a 1D

nanowire JJ. Indeed, the coherence length (ξ ≃ 220 nm)

and the London penetration depth (λL ≃ 970 nm) of the

nanowire are much greater than the wire width (w = 100

nm) and total film thickness (tw = 25.5 nm), thereby pro-

viding the frame of a 1D junction (see the Appendix).

Yet, the nanowire length (approximately 6.8ξ ) reduces the

influence of the superconducting proximity effect arising

from the clean contact with the lateral Al leads [37]. We

also note that the maximum magnetic field created by

the critical-current flow, Bmax ≃ 5 µT, is negligibly small

compared with the out-of-plane critical magnetic field of

the wire (BC ≃ 21 mT), thus implying a vanishing effect

on the JES.

IV. CURRENT MODULATION OF THE

R-VERSUS-T CHARACTERISTICS

We investigate the behavior of the JES by recording

the resistance-versus-temperature characteristics for sev-

eral amplitudes I of low-frequency ac bias current [see

Fig. 3(a)]. The R(T) characteristics monotonically shift

toward low temperatures with increasing I , almost preserv-

ing the same shape up to the largest current amplitude.

In particular, I is varied between approximately 3% and

approximately 64% of IC. Although the transition curves

shift toward low T with increasing I , the nanowire elec-

tronic temperature Tw in the middle of the transition under

current injection is not expected to coincide anymore with

the bath temperature Tb. Indeed, when the sensor is tran-

sitioning to the normal state, electrons in the nanowire

are Joule overheated with respect to Tb by the bias cur-

rent (with final Tw � TC), thus preventing the operation of

the nanosensor as a conventional TES biased at those low

bath temperatures, without additional shunting. By con-

trast, when the sensor is operated in the dissipationless

regime (i.e., as an escape sensor), Tw coincides with Tb.

150

T (mK)

12060300

R
(W

)

0

40

80

90 180

(a)

I (nA)
15

150
200
250
300
325
370

(d)

T (mK)

180600

R
/R

N

0

0.5

1

120

B (mT)

0

13

15

18.5

19

0.7

(c)

I/IC

0.350
4

16
Sample

1

2

I/IC

0.70.350

(b)
Sample

1

2

20

(e)

B (mT)

100

T

R

*Te

T
e

(m
K

)
*

0

30

150

T

dTC

*Te

*
60

90

120

10

150

30

60

90

120

0

d
T

C
(m

K
)

*

T
 (

m
K

)
dTC

*

TC

Sample

1

Sample

1

Sample 1

FIG. 3. Tuning the properties of the JES. (a) Selected resistance- (R) versus-temperature (T) characteristics for different values of ac-

bias-current amplitude I . The inset shows a sketch of the temperature dependence of the JES resistance. The current-dependent escape

temperature T∗
e and the phase-transition width δT∗

C are indicated. T∗
e monotonically decreases with increasing I , while the transition

becomes sharper with increasing bias current. TC ≃ 130 mK is the critical temperature of sample 1. (b) Full behavior of T∗
e versus I

for two different JESs. For large I , T∗
e can be as small as approximately 20 mK. (c), Width of the phase transition δT∗

C versus I for

two different JESs. δT∗
C is reduced by a factor of 4 at the largest bias currents. Note the fine tunability of T∗

e provided by the injection

current. (d) R-versus-T characteristics for different values of the perpendicular-to-plane magnetic field (B). The sizable widening of

the phase transition likely stems from depairing in the nanowire induced by the magnetic field [41]. (e) T∗
e and δT∗

C versus B. T∗
e shifts

toward lower values with increasing B, but the transition becomes much broader at higher fields. Yet, T∗
e is hardly tunable at large

values of B.
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From the R-versus-T curves we can specify a current-

dependent temperature related to the resistive transition;

that is, the escape temperature, T∗
e (I). The latter is the

maximum value of T providing zero nanowire resistance

[see the inset in Fig. 3(a) and the Appendix]. The T∗
e (I)

characteristics for two JES samples are shown in Fig.

3(b). In particular, T∗
e is monotonically reduced by increase

of I , with a minimum value of approximately 20 mK

for I = 370 nA, corresponding to approximately 15% of

the nanowire intrinsic critical temperature, TC ≃ 130 mK.

Moreover, the transition width (δT∗
C) narrows with increas-

ing I [see Fig. 3(c)]. In particular, δT∗
C is reduced by a

factor of 4 at the largest current amplitude, mirroring the

expected changes in the switching as shown in Fig. 1(b).

In addition, to prove the complementary tuning of the

WP through the reduction of IC [see Eq. (1)], we apply a

perpendicular-to-plane magnetic field. The resulting shape

of the corresponding transition degrades dramatically in

the presence of an external magnetic field [see Fig. 3(d)].

In particular, the R-versus-T characteristics appear to be

scarcely tunable, while the onset of the transition is almost

unaffected. The extreme broadening of the transition from

the superconducting state to the dissipative state can be

explained in terms of flux penetration in the nanowire and

in the aluminum banks, since our nanowires are thinner

than the London penetration depth for a magnetic field (see

the Appendix for details). T∗
e shows a stark variation at val-

ues of B → BC, together with the strong enlargement of

the transition width, as displayed in Fig. 3(e). The above

results in a finite magnetic field validate therefore the bias

current as an ideal tool to control the JES properties.

V. PERFORMANCE OF JES-BASED

BOLOMETERS AND CALORIMETERS

Insight into the behavior of the JES can be gained by

considering the predominant heat-exchange mechanisms

occurring in the nanodevice, as schematically depicted in

the thermal model in Fig. 4(a). The absorption of exter-

nal incident radiation (Pin) leads to the increase of the

nanowire electronic temperature Tw. Yet, the two lateral

superconducting Al leads (residing at bath temperature
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FIG. 4. Performance of the JES. (a) Thermal model highlighting the predominant heat-exchange mechanisms occurring in the

nanosensor. Pin is the power coming from the incident radiation, Pe-ph is the heat exchanged between electrons in the nanowire residing

at temperature Tw (red box) and lattice phonons residing at bath temperature Tb (gray box), and Pw-l is the electron heat current flowing

from the nanowire to the superconducting leads residing at Tb (yellow boxes). (b) Electronic temperature in the nanowire Tw (blue dots)

versus Pin recorded at Tb = 147.5 mK. The red line represents the theoretical behavior (see Supplemental Material for details [40]).

(c) Deduced NEPTFN versus I for sample 1 (triangles) and sample 2 (squares). (d) Frequency resolution δνTFN versus I for sample 1

(triangles) and sample 2 (squares). (e) Resolving power ν/δνTFN versus frequency ν calculated for sample 1. ν/δνTFN increases with

increasing bias current (from blue to green). (f) Time constant τ versus I for sample 1 (triangles) and sample 2 (squares). The dashed

lines in (c)–(f) indicate the expected figures of merit when the sensor is operated at TC in TES mode for sample 1 (red) and sample 2

(yellow).
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Tb) serve as Andreev mirrors [44], thereby suppressing

heat out-diffusion (Pw-l) from the nanowire. As a conse-

quence, the main thermal relaxation channel in the system

stems from heat exchange with lattice phonons (Pe-ph)

residing at Tb. For a normal metallic thin film, Pe-ph,n =

wVw

(

T5
w − T5

b

)

[10,45], where Vw is the nanowire vol-

ume and 
w is the electron-phonon coupling constant of

the bilayer. 
w is determined through energy-relaxation

experiments [45] by our injecting a known power, and by

our measuring the resulting steady-state electron temper-

ature established in an ad hoc–fabricated identical wire

kept above its critical temperature. Figure 4(b) shows the

Tw-versus-Pin characteristics (blue dots) recorded at Tb =
147.5 mK along with a fit to the data, which allows us to

extract the electron-phonon coupling constant in the Al/Cu

nanowire, 
w ≃ 1.15 × 109 W/m3 K5 (see Supplemental

Material [40]).

Yet, since the JES is operated in the superconducting

state at T∗
e (I), the latter can be substantially smaller than

TC depending on the current amplitude. At sufficiently low

temperature, the electron-phonon heat exchange in a super-

conductor is exponentially suppressed with respect to the

normal state owing to the presence of the energy gap; that

is, Pe-ph,s ∝ Pe-ph,n exp [−�w/(kBT∗
e )] [46], where �w ≃

23 µeV is the pairing potential in the nanowire (see Sup-

plemental Material for details [40]). As we argue later, the

operation deep in the superconducting state dramatically

increases the JES radiation detection sensitivity.

In general, the performance of a bolometer can be quan-

tified by the NEP; that is, the input-power resolution per

unit bandwidth. For the JES, the NEP is bounded by ther-

mal fluctuations between the electron-and-phonon system

in the nanowire [45]. Other limitations to the resolution can

arise from the switching measurement, which we assume is

optimized to be subdominant. NEPTFN can be extracted by

our substituting the measured parameters of the JES, such

as IC-versus-T and R(T) characteristics, �w, and 
w, in the

widely used equations for superconducting radiation sen-

sors [45] (see also Supplemental Material [40]). NEPTFN

monotonically decreases with increasing current ampli-

tude, and is in situ finely controlled by tuning I [see Fig.

4(c)]. In particular, the JES has noise values that are sev-

eral orders of magnitude smaller than previously reported.

Specifically, the best extracted NEPTFN is low as approx-

imately 1 × 10−25 W/
√

Hz for I = 370 nA at approxi-

mately 18 mK. By contrast, in the normal state (i.e., when

the JES is operated as a conventional TES), the sensor

is expected to provide a much higher NEPTFN of approx-

imately 6 × 10−20 W/
√

Hz because the electron-phonon

thermalization in the active region is stronger.

In pulsed detection mode, a relevant figure of merit of

a radiation sensor is the frequency resolution (δν); that

is, the minimum detectable energy for an incident single

photon (see Supplemental Material for details [40]). We

assume the JES measurement is performed accurately and

sufficiently fast [18,19] compared with the thermal relax-

ation time τ , and estimate the limitation from the TFN.

Figure 4(d) emphasizes the strong dependence of δνTFN

on I , which displays variations over 3 orders of magni-

tude. For δνTFN, this limit can be as low as approximately

2 GHz at 370 nA, and would enable single-photon sens-

ing at unprecedented low energies. When the nanosensor

is operated as as TES, δν is roughly 2 orders of magni-

tude larger, and is approximately 100 GHz. The limitation

to single-photon sensing capability from TFN in our JES

is highlighted by the resolving power (ν/δνTFN), which

is shown versus the incident-radiation frequency in Fig.

4(e). ν/δνTFN can reach approximately 40 at 50 GHz and

approximately 800 at 1 THz, both for 370 nA, whereas

it can be approximately 10 at 1 THz when the sensor is

operated as a TES. Since the power associated with 1-

THz photons is lower than 1 × 10−18 W and the power

dissipated through the phonons at T = 260 mK is about 6

fW [see Fig. 4(b)], the electronic temperature in the wire

is always lower than 0.3TC,Al. Therefore, we can exclude

thermal diffusion through the aluminum banks [44], thus

considering the active region to be fully thermally isolated

from the electrodes.

We finally comment on the JES time constant (τ ), which

is one of the fundamental figures of merit for a radia-

tion sensor. It is basically given by the ratio between the

electron heat capacitance and the electron-phonon heat

conductance in the nanowire [45], since heat conduction

through the lateral electrodes is negligible in a JES. In

pulsed detection mode, τ determines the minimum speed

of the readout electronics (which has to be faster than the

time constant) and the minimum time separation for the

independent detection of two photons. Figure 4(f) shows

the expected JES time constant versus bias current I , as

deduced from the experimental data (see Supplemental

Material for details [40]). In particular, τ increases mono-

tonically with increasing I , and varies between approxi-

mately 1 µs at low current amplitude and approximately

100 ms at 370 nA. In general, when used at TC as a TES,

the nanosensor can provide a much-faster response than

the JES in the whole bias current range (τ ∼ 10–100 ns)

because of the higher operation temperature and electron-

phonon thermal relaxation.

VI. CONCLUSIONS

We conceive and demonstrate an innovative hyper-

sensitive superconducting radiation-sensing element with

the capability of in-situ fine tuning its performances

by a current bias. Our nanosensor has the potential to

drive radiation detection in the gigahertz regime toward

unexplored levels of sensitivity by lowering the thermal-

fluctuation limitation to NEP down to approximately 1 ×
10−25 W/

√
Hz, with a corresponding limit in frequency

resolution of approximately 2 GHz. The JES is expected to
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have a significant impact in radio astronomy [1–4,7,9,20,

21], space spectroscopy [8], and dark-matter search [5,6]

since its working mechanism could allow, in principle,

the immediate replacement of TESs in already-existing

experiments and telescopes. Furthermore, the JES could

have countless applications in several fields of quantum

technology, where extrasensitive photon detection is a fun-

damental task, such as subterahertz communication [22],

quantum computation [23], and quantum cryptography

[24,25].
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APPENDIX: DEVICE PARAMETERS

The temperature dependence of the critical current of

the nanowire can be fitted through the phenomenolog-

ical equation [43] IC(T) = IC,0

[

1 − (T/TC)2
]3/2

, where

IC,0 is the zero-temperature critical current. The fit pro-

vides IC,0 ≃ 615 nA and critical temperature TC,fit ≃ 133

mK, which is in good agreement with the experimen-

tal value obtained from the resistance-versus-temperature

characteristics.

The Al/Cu bilayer can be considered as a uniform

superconductor since it lies within the Cooper limit [47,

48]. We assume a transparent Al/Cu interface. More-

over, the aluminum layer respects tAl = 10.5 nm ≪
ξAl =

√

�DAl/�Al ≃ 80 nm (with � the reduced Planck

constant, DAl = 2.25 × 10−3 m2/s the diffusion constant

of Al, and �Al ≃ 200 µeV its superconducting energy

gap), while the copper film obeys tCu = 15 nm ≪ ξCu =
√

�DCu/2πkBT ≃ 255 nm (with DCu = 8 × 10−3 m2/s the

copper diffusion constant and the temperature is chosen for

the worst-case scenario, T = 150 mK).

From the nanowire normal-state resistance (RN ≃ 77 �)

we determine the superconducting coherence length in the

active region ξ =
√

l�/[(tAlNAl + tCuNCu)RN e2�w] ≃ 220

nm, where e is the electron charge, while NAl = 2.15 ×
1047 J−1 m−3 and NCu = 1.56 × 1047 J−1 m−3 are the den-

sity of states at the Fermi level of aluminum and cop-

per, respectively. As a consequence, the nanowire obeys

tw = tAl + tCu = 25.5 nm ≪ ξ , thus ensuring a constant

pairing potential along the out-of-plane axis. The super-

conducting energy gap of the bilayer, �w = 23 µeV,

is determined by tunnel spectroscopy performed on ad

hoc–fabricated nominally identical wires equipped with Al

tunnel probes. For further details, see Supplemental Mate-

rial [40]. The London penetration depth is determined as

λL =
√

�(tAl + tCu)wRN /(πµ0l�w) ≃ 970 nm, where µ0

is the vacuum magnetic permeability. The maximum mag-

netic field generated by the bias current at the wire surface

reads BI ,max = µ0IC,0/2π tw ≃ 5 µT, where IC,0 is the zero-

temperature critical current and tw = tAl + tCu is the total

thickness of the JES active region. Finally, the critical

temperature of the Al banks is approximately 1.3 K.

The energy gap induced by the lateral Al banks in

a nonsuperconducting Al/Cu bilayer is given by Eg ≃
3�Dw/L2 ≃ 5 µeV, where Dw = (DAltAl + DCutCu)/tw ≃
5.6 × 10−3 m2/s is the wire diffusion coefficient and L =
1.5 µ m is its length. This value is less than one quarter of

the measured gap. Therefore, the intrinsic superconductiv-

ity of the bilayer dominates.

The current-dependent escape temperature [T∗
e (I)] is

defined as the maximum temperature providing R(I) = 0

(i.e., when the JES is in the dissipationless state).
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