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Abstract: The origin and the evolution of the universe are concealed in the evanescent diffuse
extragalactic background radiation (DEBRA). To reveal these signals, the development of innovative
ultra-sensitive bolometers operating in the gigahertz band is required. Here, we review the design
and experimental realization of two bias-current-tunable sensors based on one dimensional fully
superconducting Josephson junctions: the nanoscale transition edge sensor (nano-TES) and the
Josephson escape sensor (JES). In particular, we cover the theoretical basis of the sensors operation,
the device fabrication, their experimental electronic and thermal characterization and the deduced
detection performance. Indeed, the nano-TES promises a state-of-the-art noise equivalent power
(NEP) of about 5 x 10720 W/+/Hz, while the JES active region is expected to show an unprecedented
NEP of the order of 10~2° W/+/Hz. Therefore, the nano-TES and JES are strong candidates to push
radio astronomy to the next level.

Keywords: radio astronomy; Josephson effect; transition edge sensor; Josephson escape sensor;
nanodevices; gigahertz detection

1. Introduction

The universe is permeated by radiation extending over almost all the electromagnetic
spectrum, the so-called diffuse extragalactic background radiation (DEBRA) [1]. Particular in-
terest is posed on the portion of the DEBRA covering energies lower than 1 eV, since this range
contains information regarding the formation and the evolution of the universe. Indeed, the
temperature and the polarization of the cosmic microwave background (CMB) [2—4], ranging
from 300 MHz to 630 GHz, reveal the early stages of the universe and represent the smoking
gun proof of the Big Bang. Furthermore, the emission from stars/galaxies formation [5] and
the active galactic nuclei (AGNSs) [6] gives rise to the cosmic infrared background (CIB) [7,8],
that shows 10% of the power of the CMB. As a consequence, sensitive gigahertz photon
detection is fundamental to shed light on different radioastronomy phenomena [9], such as
atomic vibrations in galaxy clusters [10], hydrogen atom emission in the galaxy clusters [11],
radio burst sources [12], comets [13], gigahertz-peaked spectrum radio sources [14] and
supermassive black holes [15]. Figure 1 resumes the frequency and energy range for selected
radio-astronomy source in the GHz band.

State-of-the-art GHz/THz detectors for astronomy are the transition edge sensors
(TESs) [16-18] and the kinetic inductance detectors (KIDs) [19], since they are extremely
sensitive and robust. Indeed, TES-based bolometers reached a noise equivalent power (NEP)
of the order of 10~ W /+/Hz [20], while KIDs showed an NEP of about 10~ 8 W/+/Hz [21].
To push detection technology towards lower values of NEP, it is necessary a strong reduction
of the thermal exchange of the sensor active region, i.e., the portion of the device absorbing
the incident radiation, with all the other thermal sinks. To this end, miniaturized super-
conducting sensors have been realized [22]. Furthermore, several hybrid nano-structures

Appl. Sci. 2021, 11, 746. https:/ /doi.org/10.3390/app11020746

https:/ /www.mdpi.com/journal/applsci


https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0001-8354-4975
https://orcid.org/0000-0001-9795-1491
https://doi.org/10.3390/app11020746
https://doi.org/10.3390/app11020746
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/app11020746
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/2076-3417/11/2/746?type=check_update&version=2

Appl. Sci. 2021, 11, 746

20f 17

exploiting the Josephson effect [23] have been proposed and realized [24,25]. In partic-
ular, cold electron bolometers (CEBs) in normal metal/superconductor tunnel systems
were experimentally demonstrated to show a NEP ~ 3 x 10718 W/+/Hz [26], while gate-
tunable CEBs can be realized by substituting the metal with silicon [27] or graphene [28].
Furthermore, detectors based on proximity effect demonstrated a NEP of the order of
10~2° W/+/Hz in superconductor /normal metal /superconductor (SNS) junctions [29,30]
and 7 x 1071 W/+/Hz in superconductor/graphene/superconductor (SGS) junctions [31].
Finally, an innovative sensor based on the exotic temperature-to-phase conversion (TPC) in
a superconducting ring is expected to provide a NEP ~ 10722 W/+/Hz [32].
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Figure 1. Frequency and energy ranges relevant for different GHz astronomical sources, such as

cosmic infrared background (CIB), gigahertz-peaked radio sources (GPRS), fast radio bursts (FRB),
emission from galaxies and cosmic microwave background (CMB).

Despite the high sensitivity, all these innovative bolometers do not fulfill the strict
requirements for being employed in ultra-sensitive space telescopes. In fact, materials,
fabrication procedures and structures need to be extensively tested to survive the extreme
stress (vibrations, acceleration, radiation, etc.) typical of space missions. Instead, we re-
view recent developments of superconducting radiation sensors based on a structure that
shares many technological aspects with the already employed TESs and KIDs. Indeed, the
nanoscale transition edge sensor (nano-TES) [33] and the Josephson escape sensor (JES) [34]
are envisioned by downsizing the active region of a TES to the nano-scale. In particular,
they employ a one dimensional fully superconducting Josephson junction (1D-]]) as radia-
tion absorber. In full analogy with the widespread TES, these sensors take advantage of the
stark variation of the resistance of a superconductor while transitioning to the normal-state.
Furthermore, the resistance versus temperature characteristics of a 1D-]J can be tuned by
varying the bias current. As a consequence, in principle the sensitivity of the nano-TES and
the JES can be in situ controlled. Moreover, the nano-TES and JES intrinsic values of NEP
were deduced from the transport and thermal data. The nano-TES is predicted to show a
thermal fluctuation limited NEP of about 5 x 10~20 W /+/Hz [33], while the JES is expected
to provide an NEP of the order of 1072 W/+/Hz [34]. As a consequence, these sensors
could be the basis of detectors pointing towards unprecedented sensitivities in the GHz
and THz bands. In addition to gigahertz astronomy, these sensors could be employed in
medical imaging [35], industrial quality controls [36] and security applications [37].

This review is organized as follows. Section 2 covers the theoretical bases of the
nano-TES and JES highlighting their structure and operating principle. Section 3 introduces
the thermal and electrical model employed to calculate the performance of the sensors,
such as noise equivalent power and response time. Section 4 describes the experimental
realization of the nano-TES and the JES. In particular, the nano-fabrication, the thermal,
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spectral and electronic transport measurements are shown. Section 5 reports the sensing
performance deduced from the experimental data. Finally, Section 6 resumes the results
and opens to new applications for the nano-TES and the JES detectors.

2. Sensors Structure and Operating Principle

The sensors presented in this review, i.e., the nano-TES [33] and the JES [34], can be
described as a 1D fully superconducting Josephson junction (1D-]]). A 1D-J] is realized in
the form of a superconducting nanowire (A), with both lateral dimensions (thickness (t) and
width (w)) smaller than its coherence length (¢ 4) and the London penetration depth of the
magnetic field (A} ), separating two superconducting lateral banks (B), as schematically
shown in Figure 2a. The 1D nature of the J] provides a two-fold advantage. On the
one hand, A 4 > w, t ensures homogeneous supercurrent density in the J] and uniform
penetration of A by an out-of-plane magnetic field. On the other hand, {4 > w, t leads to
uniform superconducting properties and constant superconducting wave function along
the nanowire cross section.
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Figure 2. Properties of a 1D fully superconducting Josephson junction (J]). (a) Schematic represen-
tation of a 1D fully superconducting JJ, where a superconducting nanowire A is contacted by two
superconducting leads B obeying to A4 < Ap (with A4 and Ap the superconducting energy gap of
the nanowire and the leads, respectively). (b) Energy of the washboard potential normalized with
respect to the zero-temperature Josephson energy as a function of the phase difference across a JJ for
different values of bias current. The energy barrier (5U) for the escape of the phase particle from the
WP is indicated. (c) Energy barrier normalized with respect to the zero-temperature Josephson energy
(6U/Ej ) calculated as a function of critical current (top) and bias current (bottom). (d) Resistance
(R) versus temperature (T) characteristics calculated for different values of I. Inset: Temperature
derivative of R calculated for different values of I. (e) Calculated temperature dependence of the JJ re-
sistance, where the escape temperature (T,) and the critical temperature (T¢) are indicated. (f) Escape
temperature (T,) and critical temperature (T¢) calculated as a function of the bias current (I).

The electronic transport properties of a 1D-JJ can be described through the over-
damped resistively shunted junction (RSJ) model [38], where the dependence of the stochas-
tic phase difference (¢(t)) over the 1D-]J on the bias current (I) is given by

2e ¢(t)

5 RN + IC sin gD(t) = I+5Ith(t), (1)

where ¢ is the electron charge, Ry is the normal-state resistance, 7 is the reduced Planck
constant and I is the critical current. The thermal noise generated by the shunt resistor
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(Ry) is given by (81, (+)6 Iy, (') = %é(t — 1), where kg is the Boltzmann constant and T
is the temperature.

Within the RS] model, the transition of the junction to the resistive state is attributed
to 27t phase-slip events [38,39]. The phase slips can be viewed as the movements of a phase
particle in a tilted washboard potential model (WP) under the action of friction forces.
In particular, the WP takes the form

hil
U(p) = ¥ oU cos ¢. )

For a 1D-]] composed of a superconducting nanowire, the escape energy barrier can
be written as [40]

D1,
SU(LEy) ~2E;(1 - 1/1c)™* = %(1—1/1@5/4. 3)

Indeed, the effective WP profile strongly depends on both bias current (I) through
the junction and Josephson energy E; = ®glc /27 [40], where &y ~ 2.067 x 10~ Wb
is the flux quantum. In particular, by rising I the phase-slip energy barrier (6U) lowers,
similarly to the result of decreasing Ej, and the WP tilts proportionally to the value of the
bias current, as shown in Figure 2b. Furthermore, Equation (3) shows that §U is suppressed
faster by rising I than by suppressing I (see Figure 2c). As a consequence, the transition
to the dissipative state can be more efficiently induced by rising the bias current than by
decreasing the Josephson energy. In addition, we note that E; (and thus I¢) can be suppressed
by applying an out-of-plane magnetic field. Since a magnetic field can be problematic for
several applications and broadens the superconductor-to-dissipative transition [41], we will
focus on the impact of I on the transport properties of the 1D-J].

Since the nanowire normal-state resistance is very low, the 1D-]JJ can be efficiently
described by the RSJ] model in the overdamped limit. Within this model, the resulting
voltage (V) versus temperature (T) characteristics of a 1D-]J for different values of I and E;
is given by [42]

V(LE;, T) =Ry |1 —IcyIm @)

where I¢ is the zero-temperature critical current and 7, (x) is the modified Bessel function

1 - . . E .
with imaginary argument y with z = kT]T % Thus, the current dependent resistance versus

temperature characteristics (R(T)) of the 1D-JJ can be evaluated by calculating the current
derivative of the voltage drop

dv (I, E;, T)

R(LE},T) = —

®)

Figure 2d shows that I has a twofold effect on the R(T) characteristics. On the one
hand, an increase of I lowers the temperature of the superconducting-to-dissipative state
transition. On the other hand, the width of the transition narrows by rising I. This behavior
is also highlighted by the temperature derivative of R(T) (see the inset of Figure 2d).

From each R(T) curve we can define two temperatures related to the superconductor-
to-normal-state transition: the effective critical temperature (T¢) and the escape temper-
ature (T;), as shown in Figure 2e. In particular, T¢ is the temperature corresponding to
half of the normal-state resistance (R(T¢) = Ry /2), while T, (I) is the maximum value of
temperature providing a zero resistance of the nanowire (R(T,) = 0). These two tempera-
tures define two distinct operating conditions for the 1D-JJ: the nano-TES operates at T,
i.e., at the middle of the superconductor-to-normal-state transition, and the JES operates
at T,, i.e., deeply in the superconducting state. Indeed, T¢ and T, strongly depend on the
bias current, as shown in Figure 2f. As a consequence, both nano-TES and JES are in situ
current-tunable radiation sensors.
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3. Theory of Nano-TES and JES Bolometers

The behavior of superconducting bolometers strongly depends on the predominant
heat exchange mechanisms occurring in their active region. The thermal model describing
all the main thermal exchange mechanisms occurring in A is the same for the nano-TES
and the JES, as schematically shown in Figure 3a. Here, P, is the power associated with
the absorption of the external radiation, while P4_p represents the energy out-diffusion for
the active region to the lateral leads kept at the bath temperature (Tj,,). We notice that
depending on the device operation, nano-TES or JES, the bath temperature is set to T¢(I) or
Te(I), respectively. The lateral electrodes can act as energy filters (P45 — 0), the so-called
Andreev mirrors [43], when their critical temperature (T ) is much higher than the zero-
current critical and escape temperatures of the active region (Tc g > T (0), T¢(0)), that are
the maximum operating temperatures. Therefore, heat exchange with lattice phonons (P,_,1,)
is the predominant thermal relaxation channel in the active region. In the TES operation, A
is always kept almost in the normal-state thus yielding an electron—phonon coupling [17,44]

Pe—ph,n =2XaVa (Tfl - Tl?ath)’ Q)

where V4 is the nanowire volume, and X. 4 is its electron—phonon coupling constant. On
the contrary, since the JES operates at T,(I), the latter can be substantially smaller than T
depending on I (see Figure 2f) with A deeply in the superconducting state. The electron—
phonon heat exchange in a superconductor takes the form [45]

Pe—ph,s & Pe—ph,n exp [_AA/(kBTA)]/ (7)

where A 4 is the superconducting energy gap in A, thus showing an exponential suppres-
sion with respect to the normal-state at very low temperatures. As a consequence, the
performance of a JES radiation detector is expected to be considerably better than that of a
nano-TES operating at the same temperature.

(b) N

phonons, T, .,

Figure 3. General thermal and electrical model of the nano-trasition edge sensor (TES) and Josephson
escape sensor (JES). (a) Thermal model of the nano-sensors where the main thermal exchange channels
are shown. Py, is the power coming from the incoming radiation, P,_, is the heat exchanged between
electrons at T4 (violet) and lattice phonons at Ty, (green), and P4_p is the heat current flowing
towards the superconducting electrodes at Ty, (blue). (b) Schematic representation of a typical
biasing circuit for the sensors. The parallel connection of the sensor (R) and the shunt resistor (Rg)
is biased by the current Ip;;s. The role of Rg is to limit the Joule overheating of the active region
when transitioning to the normal-state. The I variations are measured thank to the inductance L, for
instance by a SQUID amplifier.

The transition to the normal-state driven by radiation absorption generates Joule
heating in A, thus rising T4 and creating thermal instability. For TES bolometers, this issue
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is solved by a biasing circuit implementing the so-called negative electrothermal feedback
(NETF). Similarly, the nano-TES and the JES could be biased with the circuitry shown
in Figure 3b. The shunt resistor (Rs) guarantees that the current (I) flowing through the
sensor (R) is limited when the active region undergoes the superconducting to normal-state
transition. In TES operation, the sensor is biased at T (R = Ry /2) so that the condition for
the shunting resistor reads Rg = IRN/[2(Ipjss — I)], where Ip;,s is the current provided by
the generator. In JES-mode, the device has to be biased at T,(I), i.e., at R = 0, and the role
of Rg is to limit the current flow through the sensing element below the retrapping current
(Ir) [46], that is the switching current at which a diffusive superconducting wire switches
into the dissipationless state from the normal-state during a current down-sweep. This
happens for Rg < RyIR/ Iyiss and brings A quickly back to the superconducting state after
radiation absorption. Therefore, the sensor always operates in the superconducting state.
Finally, in both configurations the variations of the current circulating in the inductor (L), as a
consequence of radiation absorption, can be measured via a conventional SQUID amplifier.

In the next sections, we will show all the theoretical relations describing the sens-
ing properties of the nano-TES and the JES active regions when continuously irradiated
(bolometer). Therefore, we will neglect all the noise contributions arising from outside the
sensors, such as the noise coming from the electronic circuitry [44].

3.1. Nano-TES Bolometer Performance

The noise equivalent power (NEP) represents the minimum power that can be detected
above the noise level. Thus, the NEP is the most important figure of merit for a bolometer
based on the nano-TES sensing element. Taking into account the equivalent circuit shown
in Figure 3, the total NEP of the nano-TES is given by the [47,48]

NEPyot = \/NEP%FN,nano—TES + NEP}, + NEPZS’ ®

where NEPTEN nano-TES is associated with the thermal fluctuations, NEPj, is due to the
Johnson noise, while NEPg arises from the shunt resistor.

For a nano-TES operating at T4 ~ T, the thermal fluctuations limited NEP takes the
form [49]

NEPTEN nano-TES = \/ 4Y Gy, nano-TESkBTC?, ©)

where Y = n/(2n + 1) accounts for the temperature gradient between the quasiparticles
in A and all the other thermal sinks (with n = 5 for pure and n = 4, 6 for dirty metals),
and Gy, yano-TEs is the thermal conductance of all heat losses.

Since Tc < T¢ p, the main thermalization channel for A is the electron—phonon cou-
pling (P,.py). Furthermore, the 1D-J] is always kept in the partially dissipative state (at Ry /2)
for the nano-TES operation. Therefore, the electron—-phonon coupling of a normal-metal
diffusive thin film (P, ,, see Equation (6)) is employed [44]. The resulting thermal conduc-
tance for a nano-TES (G, yan0-TES) can be calculated through the temperature derivative of
the electron—phonon energy relaxation [17]

dP,.
Gotano-TEs = g~ = SLaVaTh- (10)

The Johnson noise is originated by the electronic transport through A when the
nano-TES is in the normal-state and takes the form [49]

Gt nanoTES T,
NEP), = \/2kBRNTC%, [1+4m2p222, (11)

RT
where V is the voltage drop, f is the signal bandwidth, « = %E is the electrothermal

parameter accounting for the sharpness of the phase transition from the superconducting
to the normal-state [17] and 7,/ is the effective circuit time constant (see Equation (15)).
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Finally, the charge fluctuations through Rg provide a contribution [49]

Gtmano-EST
NEPR, = v/4kpRs Tyon, — 50 TEC | (1 — Lo)? + 4221, (12)

where Ly = a/n is the loop gain. Since the shunting resistor needs to satisfy Ry, < Ry,
the contribution of NEPy, is usually negligible compared to Johnson noise. Indeed, in
superconducting bolometers, the thermal fluctuations contribution dominates over NEPj,
and NEPg,. Thus, we can consider NEPtot = NEPTEN nano-TES-

The time response of the detector can be calculated by solving the time dependent
energy balance equation that takes into account all the exchange mechanisms after radiation
absorption [44]. In particular, the re-thermalization (to Ty,y,) of the quasiparticles in A
has an exponential dependence on time. The associated time constant (7,,;,,0-7Es) can be
calculated as the ratio between the thermal capacitance and the thermal conductance of A

Ce,nuno-TES (13)

T _ = .
nano-TES Gth,nano—TES

where C, ,410-TEs is the electron heat capacitance. The latter is written

Cenano-TES = vYaVaTc, (14)

where 1 4 is the Sommerfeld coefficient of the active region.

We note that T,,5,,0-TEs is the intrinsic recovery time of A. This term does not take into
account the Joule heating due to the current flowing through the sensor in the dissipative
state. By considering the circuitry implementing the NETF (see Figure 3b), the pulse
recovery time becomes [17]

Thano-
Toff = nano TL;CES ] (15)
1+ -
n
For 7,5y << Tyano-TEs, 1.6, when the pulse recovery time is much shorter than the
intrinsic time constant of A, the overheating into the active region is decreased, thus com-
pensating for the initial temperature variation and avoiding the dissipation through the sub-
strate.

3.2. JES Bolometer Performance

The JES operates at T, (I), that is fully in the superconducting state. Since the current
injection does not change the energy gap of the active region (A4 ~ const), only the effective
critical temperature of A changes with I, while the intrinsic values of critical temperature
(TL) is unaffected. As a consequence, all figures of merit of a JES are calculated deeply in
the superconducting state, thus ensuring high sensitivity.

In full analogy with the nano-TES, the thermal fluctuations are the limiting factor for
the sensitivity of a JES bolometer. The related contribution to the NEP reads

NEPreN,jEs = \/4YGy jesksTe?, (16)

where Gy, g is the thermal conductance in the superconducting state. The latter takes the
form [50]

G jEs ~ ZAV?I; [fl ( > cosh(ﬁ)e_A + nﬁ5f2(g)e_2ﬂ , (17)

where the first term refers to the electron—phonon scattering, while the second term stems
from the recombination processes. In Equation (17), ¢(5) is the Riemann zeta function,
A = A4 /kpT is the normalized energy gap of A, i = h/kpT represents exchange field
(0 in this case), fi(x) = Zn:O C,x™ with Cy ~ 440,C; ~ 500,C, ~ 1400,C; =~ 4700
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and f>(x) = 2721:0 B,x" with By = 64,B; = 144,B, = 258. We note that the thermal
conductance for a JES is exponentially damped compared to the nano-TES, due to the
operation in the superconducting state. Thus, we expect the JES to be extremely more
sensitive than the nano-TES, that is NEPTrn, jEs < NEPTEN nano-TES-

The JES speed is given by the relaxation half-time (7q /), which reads [32]

Ti/2 = TesIn2, (18)

where Tjgs is the JES intrinsic thermal time constant. The latter is calculated by substi-
tuting the JES parameters in Equation (13), thus considering C, jps and Gy, jgs in deep
superconducting operation. The electron heat capacitance needs to be calculated at the
current-dependent escape temperature (T,(I)), thus in the superconducting state, and takes
the form

Ce,]ES = 'YAVATe®Damp - Ce,nano-TES®Damp/ (19)

where Opgyp is the low temperature exponential suppression with respect to the normal
metal value. The suppression is written [51]

Cs
= 2
Opamp 1349 4T, 20)
Finally, the electronic heat capacitance is given by
AL\ 32
Cs = 1.34y,4TL | —4 ePa/kpTe, 1)
kT,

4. Experimental Realization of JES and Nano-TES

The nano-TES and JES are experimentally realized and tested thanks to two different
device architectures: an auxiliary device and the proper nano-sensor. On the one hand,
the auxiliary device was employed to determine the superconducting energy gap and the
thermal properties of the material composing the one-dimensional active region. On the
other hand, the measurements performed on the proper nanosensor provided dependence
of the R(T) characteristics on the bias current.

4.1. Fabrication Procedure

Both devices were fabricated during the same evaporation process, ensuring the ho-
mogeneity of the properties of A. In particular, they were fabricated by electron-beam
lithography (EBL) and 3-angles resist shadow mask evaporation onto a silicon wafer cov-
ered with 300 nm of thermally grown SiO;. To obtain a resist suspended mask, a bilayer
composed of a 950-nm-thick MMA(8.5)MMA layer and a PMMA (A4, 950k) film of thickness
of about 300 nm was employed. The ratio between the electron irradiation doses to make
the resists soluble is about 1 to 4. The evaporation was performed in an ultra-high vacuum
electron-beam evaporator with a base pressure of about 107! Torr by keeping the target
substrate at room temperature. The first step was the evaporation of a 13-nm-thick Al
layer at an angle of —40° and then oxidized by exposition to 200 mTorr of O, for 5 min
to obtain the tunnel probes of the auxiliary device. In a second step, the Al/Cu bilayer
(ta; = 10.5 nm and t¢,, = 15 nm) forming the active region is evaporated at an angle of
0°. Finally, a second 40-nm-thick Al film was evaporated at an angle of +40° to obtain
the lateral electrodes. The angle resolution of the evaporation was about 1°. The average
film thickness can be controlled with the precision of 0.1 nm at the evaporation rate of
about 1.5 angstrom/s. This evaporation rate allows good thickness control and films with
state-of-the-art diffusion constants and superconducting properties. Finally, the tunnel
barriers present in the auxiliary device were reproducible and almost free from pin-holes.
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4.2. Density of States and Thermal Properties of the Active Region

The false-color scanning electron microscope (SEM) picture of a typical auxiliary
device is shown in Figure 4a. The 1D-]] is formed by 1.5 pm-long (/), 100 nm-wide (w) and
25 nm-thick (f) Al/Cu bilayer nanowire-like active region (purple) sandwiched between
the two Al electrodes (blue). To characterize both the energy gap and the thermal properties
of A, the device is equipped with two additional Al tunnel probes (green).

C T T T © 14 T T T
30 — 20 mK
15— 250 mK —
or 4 & 7
_15_ -
-30 I I I N 0 I
-05 -025 O 0.25 0.5 100 150 200 250 300
V (mV) V (uv)
(e) (f) 280y T T
P, l
<
£ 2101 -
=< o Data
thermometer — Fit
Vtr Tbath
| |
140 0 35 7
Py, (fW)

Figure 4. Energy gap and thermal properties of the nano-sensor active region. (a) False-color scanning
electron micrograph of a typical auxiliary device. The core of the device is made of an Al/Cu bilayer
nanowire (purple) sandwiched between two Al leads (blue). To perform tunnel spectroscopy a
voltage (V) is applied between A and an Al tunnel probe (green) while recording the current (I).
(b) Tunneling current (I) versus voltage (V) characteristics recorded at Tj,;, = 20 mK (blue) and
Tparn = 250 mK (purple). (c) Zoom of the IV characteristics in correspondence of the transition
to the normal-state. It is possible to extract Ay g ~ 23 peV and Apg ~ 200 peV. (d) Schematic
representation of the set up employed for the thermal measurements. The left tunnel junction serving
as thermometer is biased with a constant current (I;) while the voltage (V}) is measured. The right
junction is voltage biased (V},) and operated as local electronic heater. (e) Thermal model describing
the main heat exchange mechanisms involved in the experiment. The power injected by the local
heater (P;) relaxes by the exchange with phonons (F,_,;) and outflows through the thermometer
tunnel junction (P;). (f) Electronic temperature of the active region (T4) versus the injected power by
the heater (P;). The dots represent 5 different sets of measurements, while the back line depicts the fit
performed by employing Equation (22).

Figure 4a schematically represents the experimental set up employed to carry out the
spectral characterization of the active region in a filtered He3-He* dry dilution refrigerator.
The IV tunnel characteristics of A are performed by applying a voltage (V) and measuring
the current (I) flowing between one lateral electrode and a tunnel probe.

For T < 0.4Tc, the energy gap of a superconductor follows A(T) = Ap, where Ay is its
zero-temperature value [38]. Typically, aluminum thin films show a T > 1.2 K, that is the
bulk Al critical temperature [52]. Therefore, the superconducting gap of the superconducting
tunnel probes is temperature independent up to at least 500 mK. On the contrary, supercon-
ductivity in A is expected to be strongly suppressed due to inverse proximity effect [38].
Therefore, this structure allows to determine the zero-temperature superconducting energy
gap of the active region (Ag 4). The IV characteristics were measured at the base temperature
(T = 20 mK) and well above the expected critical temperature of A, as shown in Figure 4b.
At the base temperature, the J] switches to the normal-state when the voltage bias reaches
V = £(Aa0+ App)/e[44], where A p is the zero-temperature gap the Al probe. Instead, at
Tpatn = 250 mK the transition occurs at V = £Apy/e, since A is in the normal-state. In ad-
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dition, the tunnel resistance of the JJ takes the values R; ~ 12 k). The difference between
the curves recorded at 20 mK and 250 mK is highlighted by Figure 4c. The measurement
at Tyay, = 250 mK (purple) shows a value of the zero-temperature energy gap of the Al
probe Agp ~ 200 eV, indicating a critical temperature Tcp = Apy/(1.764kp) ~ 1.3 K.
Furthermore, the difference between the results obtained at 20 mK and 250 mK leads to
A g ~ 23 eV pointing towards a critical temperature T 4 ~ 150 mK.

We now focus on the heat exchange properties of the active region. The schematic rep-
resentation of the experimental setup employed is shown in Figure 4d. The left Josephson
junction operates as a thermometer: it was current-biased at I; and the resulting voltage
drop (V;) reflects the variations of the electronic temperature in A [44]. Instead, the right JJ
was voltage-biased at V}, > Ay o+ Apy) /e to work as a heater [44].

The geometry of the device guarantees that the electronic temperature of the lateral
superconducting electrodes and the tunnel probes are equal to the phonon bath temperature
(Tpaen)- By contrast, the quasiparticles temperature of the active region is the fundamental
thermal variable in the experiment. Since T4 < T¢ p for all the measurements, the lateral
banks serve as perfect Andreev mirrors (P4.p = 0). Therefore, the power injected by the
heater (P;) relaxes only via electron—phonon interaction P,_,, and out-diffuses through
the tunnel junction acting as thermometer (P;). The resulting quasi-equilibrium thermal
exchange model is

by :Pe—ph+Ptr (22)

as schematically represented in Figure 4e. Since the active region is in the normal-state, the
power exchanged via electron—phonon interaction is described by Equation (6), while the
power flowing through the thermometer reads [44]

—+o00
p= " / dEE DOSp(E, Tyarn) [fo(E — eVi, Ta) — fo(E, Tpamn)], (23)

o 62Rt —o0

where R; = 11.6 k() is the normal-state tunnel resistance of the thermometer, and fo(E, T4 patn)
= [1+exp(E/kp TA,bath)rl is the Fermi-Dirac distribution of the active region and the

superconducting probe, respectively. Above, the normalized density of states of the super-
conducting probe takes the form [44]:

E|
E? — A5 (Toarn)

DOSp(E, Tya) = O(E? — AR (Tyarn))- (24)

Figure 4f shows the dependence of electronic temperature in A on the injected power
(P) acquired at Ty, = 150 mK for five different sets of measurements. The value of T4
rises monotonically from Ty, = 150 mK to about 270 mK by increasing P, up to ~7 fW.

By solving Equation (22), it is possible to fit the experimental values of T, as a
function of P,. This simple model is in good agreement with the data, as shown by the
black line in Figure 4f. The extracted value of the electron-phonon coupling constant of
the Al/Cu bilayer is £4 ~ 1.3 x 10° W/m?K® in good agreement with the average of
Teu = 2.0 x 10 W/m3K® and £ 4; = 0.2 x 10° W/m? K [44], weighted with the volumes
of the copper and the aluminum layer forming the active region: X4 1, = (XcuVeu +
V1) /Va = 1.38 x 10° W/m3 K°, with V4; ~ 1.58 x 1072 m—3, V¢, ~ 2.25 x 10721
m~3and V4 =V + Veu ~ 3.83 x 1072 m—3 the resulting total volume of A.

Since the fit provides P, ,;, > I, the presence of the thermometer tunnel barrier has
a negligible impact on the determination of X 4. Furthermore, the electronic temperature
in A varies for distances of the order of the electron—phonon coherence length I, _,, =

\/DATe—pi = 180 um [44], where Dy = (to;Da; + tcuDeu)/ (Far +tey) ~ 5.6 X 107> m? /s
is the diffusion constant of the active region and 7,_,, = C/G =~ 6 us is the electron—

phonon scattering time. Since the length of the active regionis | = 1.5 um < [y,
the electronic temperature in A can be assumed homogeneous.
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4.3. Bias Current Control of Resistance versus Temperature Characteristics

The realization of a typical 1D-]] is shown by the scanning electron micrograph displayed
in Figure 5a. The 1D superconducting active region consists of the same Al/Cu bilayer
presented in Section 4.2, that is t4; = 10.5 nm and ¢¢,, = 15 nm. The width of Aisw =
100 nm, while its length is I = 1.5 um. Finally, the lateral banks are composed of a 40-nm-
thick aluminum film. The zero-temperature critical current of this 1D-J] is Ic g ~ 575 nA.

(b) 1E (0)140 L e — &
(]
< ®
zZ
24 L € - -
= 0.5 = 70 ® ’
— (
Sample 1
Sample 2
— o C O 1 1 11111 II 1 1 1
+ v 0 40 80 120 160 1 10
out T (mK) lco!

Figure 5. Experimental I-tuning of the transport properties of a 1D-]]. (a) False-color scanning electron
micrograph of a typical 1D-JJ. The core of the device is made of an Al/Cu nanowire (purple) in contact
with thick Al leads (blue). The nanosensor is AC current-biased (amplitude I), while the voltage
drop across the wire (Vy,¢) is measured through a lock-in amplifier. Ry is a load resistor (R, > Ry).
(b) Selected normalized resistance (R/Ry) versus temperature (T) characteristics recorded for different
values of bias current (I). (c) Dependence of the escape temperature (1) on the ratio between the
zero-temperature critical current and the bias current (I ¢/ I) for two different 1D-J]Js.

The resistance R vs. temperature characteristics and of the Al banks were obtained by
conventional four-wire low-frequency lock-in technique at 13.33 Hz in a filtered He3-He*
dry dilution refrigerator. The current was generated by applying a voltage (V) to a load
resistor (Rp) of impedance larger than the device resistance (R = 100 kQ2 > R), as shown
in Figure 5a. In particular, the device showed a normal state resistance Ry ~ 77 Q).

To prove that the Al/Cu bilayer can be considered a uniform superconductor, we need
to demonstrate that it respects the Cooper limit [53,54], that is the contact resistance
between the two layers is negligible and the thickness of each component is lower than its
coherence length. Since its large surface area, the Al/Cu interface can be considered fully
transparent, i.e., its resistance is negligibly small with comparison to Ry. Furthermore,
the superconducting Al film fulfills ¢4 = /hEDg; /Ay ~ 80 nm > t4; = 10.5 nm,
where Dy; = 2.25 x 1073 m? s7! is the diffusion constant of Al thin films and Ay; ~
200 peV is its superconducting energy gap. Concurrently, the normal copper film respects
Ecu = \/hD¢,/(2mkgT) ~ 255 nm > tc, = 15 nm, with D¢, = 8 x 1073 m? 57! the
typical copper diffusion constant for thin films deposited in the same conditions (pressure
and evaporation rate. We note that the temperature is chosen to the worst case scenario
T = 150 mK. As a consequence, the Al/Cu bilayer lies within the Cooper limit and can be
considered a single superconducting material.

We now focus on the 1D nature of the fully superconducting nanowire Josephson junction. The

superconducting coherence length in A is givenby {4 = \/lh/ [(tarNa; + tcuNcy ) Rne2A o]

~ 220 nm, where Ny; = 2.15 x 104 7! m=3 and N¢, = 1.56 x 10 J=! m~3 are the
density of states at the Fermi level of Al and Cu, respectively. Therefore, the bilayer shows
a constant pairing potential along the out-of-plane axis, since the Cooper pairs coherence
length is much larger than its thickness ((; > t = t4; + tcy, = 25.5 nm). Furthermore,
¢4 > w = 100 nm. Therefore, the active region is one dimensional with respect to the
superconducting coherence length. In addition, the London penetration depth for the
magnetic field of A can be calculated from A 4 = /(hwtaRN)/ (7tpolDap) ~ 970 nm,
where ji is the magnetic permeability of vacuum. Since Aj 4 > t, w, A is 1D with respect
to the London penetration depth, too.

The magnetic field generated at the wire surface by the maximum possible bias
current is By ,0x = polco/ (27tt) ~ 5 uT. This value is orders of magnitude lower than the
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critical magnetic field of A that was measured to be about 21 mT [34]. Therefore, the self
generated magnetic field does not affect the properties of the device. Furthermore, the
superconducting properties of the Al/Cu bilayer dominate the behavior of A. In fact, the
energy gap expected for a non-superconducting Al/Cu bilayer as originated by lateral
proximity effect is Eg ~ 31D, /1% ~ 5 ueV [55]. This value is about 1/4 of the measured
A 4 (see Section 4.2).

The device in Figure 5a fulfills all the requirements of a 1D-]] (see Section 2). Therefore,
it can be used to investigate the impact of I on the R(T) characteristics. To this end,
excitation currents with amplitude ranging from 15 nA to 370 nA were imposed through
the device. Figure 5b shows that the R(T) characteristics monotonically move towards low
temperatures by rising the current from ~3% and ~65% of I¢ o. Furthermore, the resistance
versus temperature characteristics preserve the same shape up to the largest bias currents.
We stress that the use of an AC bias allowed to resolve the R vs. T characteristics near the
critical temperature. In fact, values of DC bias higher than the retrapping current (Ipc > Igr)
would cause the sudden transition of the device resistance to Ry. Instead, the AC bias has
always a part of the period lower than Iz thus enabling the precise measurement of the
entire R(T) traces. In order to maximize the part of the period with I ~ I, the AC signal
should be a square wave with the upper level close to I and the lower value obeying to
I; < Ig. If the duty cycle of the signal is 95 % in the upper level, the sensor operates most
of the time near I thus providing high sensitivity.

Despite the R(T) curves shift towards low temperatures by increasing the bias current,
the active region electronic temperature (T4) at the middle of the superconducting-to-
dissipative-state transition under current injection does not coincide with Ty,y,. In fact,
Joule dissipation (for R # 0) causes the quasiparticles overheating in A yielding T4 > Ty,
Therefore, the operation of the sensor as a nano-TES is not possible without the additional
shunting resistor (see Figure 3b). By contrast, the operation as a JES (at R = 0) guarantees
that the electronic temperature of A coincides with the bath temperature.

From the R vs. T curves, we can specify the current-dependent escape temperature
(Te(I)). The values of T, are shown in Figure 5c as a function of Ic /I for two different
devices. The escape temperature is monotonically reduced by rising the bias current with a
minimum value ~20 mK for I = 370 nA, that is ~15% of the intrinsic critical temperature
of the active region, Té ~ 130 mK. As a consequence, the bias current is the ideal tool to in
situ tune the properties of the 1D-JJ] when operated as a JES.

5. Performance Deduced from the Experimental Data

Here, we show the deduced performance of the 1D-JJ-based bolometers operated both
as nano-TES (at T¢) and JES (at T,). To this end, the experimental data (A, thermal and
transport properties of A) shown in Section 4 are substituted in the theoretical models
presented in Section 3.

5.1. Nano-TES Bolometer Experimental Deduced Performance

The thermal fluctuations between the electrons and phonons in the active region are the
limiting factor for the intrinsic noise equivalent power of a nano-TES [44], as described in
Section 3.1. Indeed, the contributions related to the Johnson noise and the shunting resistor
are negligibly small [33]. Despite that the R(T') characteristics are modulated by the bias
current, Joule heating restricts the operation of the nano-TES at I — 0. As a consequence,
the values of NEPTrN an0-TEs can be only extracted for the lowest experimental values of I.

Table 1 shows the NEPrrN nano-TES of two different 1D-JJs. In particular, the thermal
fluctuations limited NEP of sample 1 (NEPrpy1 ~ 5.2 X 1020 W/+/Hz) is lower than
that of sample 2, since it can be operated at lower temperature (Tc; < Tcp) and its
thermal losses are reduced (Gy,; ~ 6.7 x 10~ W/K and Gip ~ 9.3 x 10~ W/K).
This sensitivity is one order of magnitude better than state-of-the-art transition edge
sensors [20], since Gy, yan0-TEs is drastically reduced thanks to the small dimensions of A
and the presence of efficient Andreev mirrors.
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Table 1. Performance of nano-TES bolometers deduced from the experimental data reported in

Section 4.
nano-TES Tc (mK) 12 NEPTFN,nuno-TES W/ HZ) T (us) Teff (ns)
Sample 1 128 2742 5.2 x 10720 6 10
Sample 2 139 121 6.7 x 10720 5 200

The saturation power of the nano-TES can be written as

R(T,
Pggr = <1 - I({NC))Peph/ (25)

where R(T¢) ~ 40 Q) is the resistance of the active region at Tc. The saturation power
is of the order of tens of hundreds of aW. It is possible to increase the saturation power
by increasing the heat losses through the phonons, that is by increasing the active region
volume, with the simultaneous increase of the NEP.

The intrinsic time constant of the 1D-JJ () can be calculated from Equation (13). Here,
the heat capacitance is given by Equation (14) taking the value C,; =~ 4 X 10720 J/K
and C,p ==~ 4.2 x 102 J/K for samples 1 and 2, respectively, where the Sommerfeld
coefficient of the active region is calculated as the average of the two components 74 =
(veuVeu + vaVar)/Va (with ye, = 70.5JK 2 m =3, yCu = 91 JK 2 m™3).

The presence of the bias circuit producing the NETF speeds up the response of a
nano-TES bolometer. In fact, effective detector time constant becomes 71 =~ 10 ns for sample
1 and 7 ~ 200 ns for sample 2. The difference between the two devices arises from the
values of the electrothermal parameter (¢ o~ 2742 and ap >~ 121, respectively), as shown
by Equation (15).

It is interesting to note that, in principle, the nano-TES is fully tunable through the
current injection. In fact, the critical temperature, i.e., the temperature giving R(T¢) =
RN /2, can be varied by I, as shown in Figure 2d. In order to be I-tunable, the electronic
temperature of the active region should be not affected by Joule overheating. This condition
is fulfilled when I’Ry < Pe_pn,n, that is when electron—phonon relaxation is able to fully
balance the Joule dissipation in A.

5.2. JES Bolometer Experimental Deduced Performance

Additionally for the JES, the noise equivalent power is limited by thermal fluctuations
between the electron and phonon systems in A [44]. Other limitations to the resolution
can arise from the measurement of the superconducting to normal-state transition, which
we assume it is optimized to be sub-dominant. The values of NEPrry,jgs can be extracted
by substituting in Equation (16) the measured parameters of the JES, such as I¢ g, R(T)
characteristics, A 4 and X 4 (see previous sections for details). We note that the performance
can be extracted at any value of I, since the operation in the dissipationless superconducting
state ensures that T, (I) = Ty, (see Figure 5b,¢).

As expected, NEPrry jEs can be in situ finely controlled by tuning I. In particular,
it decreases monotonically by increasing the amplitude of bias current, as shown in Figure 6a.
Notably, the current bias modulates the device sensitivity over about 6 orders of magnitude.
Furthermore, the extracted data indicate that the JES [34] reaches best sensitivities several
orders of magnitude better than nano-TES bolometers [33] and all other sensors proposed
and realized [16-22,26-32,35-37,48] so far. Specifically, the JES showed unprecedented
values of NEPrry jEs as low as ~1 X 1025 W/+/Hz for the highest bias current I = 370 nA
(Ico/I ~ 1.5) corresponding to a working temperature of about 18 mK. This sensitivity
arises from the extremely suppressed heat exchange of A with all the thermal sinks (the
phonons and the lateral electrodes) due to the combination of very low working temperature
and operation deeply in the superconducting state.

The JES time constant (77 /) can be calculated by the combination of Equations (13) and
(18). As for the TES, it is proportional to the ratio between the electron heat capacitance and
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the electron—phonon heat conductance in A [44]. Figure 6a shows the dependence of the
JES time constant deduced from the experimental data on the amplitude of I. As expected,
Ty /7 is monotonically suppressed by rising I, since the thermalization of A is exponentially
suppressed by decreasing the working temperature. In particular, 7y /, varies between
~lusatlcg/I ~42and ~ 100ms at I/ ~ 1.5.

The tunability of the JES properties allows to choose between moderate sensitivity /fast
response and extreme sensitivity /slow response by simply varying the bias current within
the same structure. As a consequence, the same bolometer could fulfill the requirements of
different applications.

(a)10‘19 T T T L (b) T T T T T
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Figure 6. Deduced properties of a JES. (a) Thermal fluctuations limited NEP as a function of the ratio
Ic /1 for two different 1D-]Js. The NEP improves of about six orders of magnitude by increasing I.
(b) JES bolometer time constant (7q /;) as a function of the ratio I /I for two different 1D-JJs. The
high current operation decreases the speed of the bolometer.

6. Conclusions

This paper reviews a new class of superconducting bolometers owing the possibility of
being finely in situ tuned by a bias current. This family of sensors includes the nanoscale
transition edge sensor (nano-TES) [33] and the Josephson escape sensor (JES) [34], which take
advantage of the strong resistance variation of a superconductor when transitioning to
the normal-state. These bolometers employ a one dimensional fully superconducting
Josephson junction (1D-]]) as the active region. On the one hand, this enables the modulation
of the R(T) characteristics of the device by varying I. On the other hand, the lateral
superconducting electrodes ensure exponentially suppressed thermal losses, the so-called
Andreev mirrors effect.

The 1D-]] is theoretically analyzed from an electronic and thermal transport point of
view. In particular, the current dependence of the resistance versus temperature character-
istics and of the electron—phonon thermalization are predicted. Furthermore, the equations
of the main figures of merit of a bolometer, such as the noise equivalent power and response
time are calculated both in the nano-TES and JES operations.

A complete series of electronic and thermal experiments allowed extracting all the
parameters of the device active region, such as the current-dependent R(T) characteris-
tics, the density of states and the electron-phonon thermal relaxation. These data allow
determining the performance of the sensing element the nano-TES and the JES while
irradiated with continuous radiation, that is as a bolometer. The nano-TES active region
reaches a total noise equivalent power of about 5 x 1072° W/+/Hz limited by thermal
fluctuations, thus suggesting the possibility to produce detectors with higher sensitivity
than state-of-the-art conventional transition edge sensors [20]. In addition, the negative
electrothermal feedback is expected to ensure a very fast sensing response 7,7 ~ 10 ns.
The JES showed the possibility of in situ tuning the sensitivity by changing the biasing
current. The intrinsic thermal fluctuation limitation to NEP can be lowered down to the
value of ~1 x 1072 W/+/Hz. On the contrary, the sensing speed decreases significantly
(up to about 100 ms), due to the poor thermalization of the active region when operated
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fully in the superconducting state. Thus, the JES might be the basis for unprecedented
sensitive bolometers operating in the GHz range.

The nano-TES and the JES are expected to have a strong impact on radio astronomy [1,9].
In particular, studies of the CMB [2—4], CIB [7,8], AGNs [6], galaxies [10,11], comets [13],
gigahertz-peaked spectrum radio sources [14], supermassive black holes [15] and radio burst
sources [12] need new and hyper-sensitive radiation sensors operating in the gigahertz range.
Furthermore, the nano-TES and the JES might be employed as well in imaging for medical
purposes [35], quality controls in industrial plants [36] and security scanners [37].
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