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Enhanced Josephson coupling in hybrid nanojunctions

Domenico Montemurro®,">" Dmitry S. Golubev,* Sergey Kubatkin,' Francesco Tafuri,
Thilo Bauch,' and Floriana Lombardi'
"Quantum Device Physics Laboratory, Department of Microtechnology and Nanoscience,
Chalmers University of Technology, SE-41296 Goteborg, Sweden
’Dipartimento di Fisica “Ettore Pancini,” Universita di Napoli “Federico II,” Monte S. Angelo, I-80126 Napoli, Italy
3Low Temperature Laboratory (OVLL), Aalto University School of Science, P.O. Box 13500, FI-00076 Aalto, Finland

® (Received 19 July 2022; revised 27 December 2022; accepted 7 March 2023; published 23 March 2023)

We have fabricated NbN/Au nanogaps and bridged them with an Al superconductor using Ti as an interlayer.
The nanodevices show a critical current density at 300 mK as high as 3 x 10® A/cm?, which is 30% higher
than that of Al nanowires with the same lateral dimensions as the NbN-based devices. The response of the
critical current as a function of the external magnetic field clearly showed a Fraunhofer-like behavior, indicating
a Josephson coupling between the NbN electrodes through the Al barrier. The superconducting transport evolves
into different transport regimes as a function of the temperature. These findings demonstrate the importance of
using superconducting barriers in hybrid nanodevices to achieve very high Josephson current in nanodevices of
great relevance in superconducting circuits requiring high integration density.

DOI: 10.1103/PhysRevB.107.094517

I. INTRODUCTION

Advances in material science and nanofabrication have
favored the development of a new class of hybrid Josephson
junctions (JJs) in which a much wider variety of barriers
than in the past is integrated with superconducting electrodes
[1-9]. Here “hybrid” stands for a barrier which, different
from a simple insulator or a normal metallic layer, can
add novel functionalities to the Josephson coupling, transfer-
ring the specific—possibly unconventional—features of the
barrier to the coherent flow of the carriers such as topolog-
ical states, ferroelectricity, magnetoelectricity, noncollinear
magnetism, and emergent properties from twisted heterostruc-
tures. Barriers leading to hybrid JJs are, for instance,
ferromagnets [10-14], semiconductors [15-26], topological
insulators [27-31], graphene [32,33], nanotubes [34,35], etc.,
and are really driving exciting research in different directions.
Their major complexity requires additional efforts to engi-
neer the final layout of the junctions, and the literature is
very rich with experimental and theoretical studies on very
advanced and complex structures. Interfaces are the key el-
ement to determine the overall properties of the junctions.
They are the primary sites where electrodes and barriers
match with the opportune boundary conditions. The junction
properties will depend not only on their inner nature but
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also on the properties of the barrier, on the superconducting
electrodes and on the conditions under which they are built.
They will operate as filters for the competing processes oc-
curring in the junctions, with the possible unavoidable result
of introducing artifacts and, in some cases, with extreme
consequence of hiding specific effects associated with the
special barrier/superconductor ensemble. These notions are
well documented for all classical JJs, including high critical
temperature superconductor JJs [36]. Perfect interfaces have
never been as necessary as they are now in order to have
access to several key phenomena [17,30,37,38]. The primary
criteria to measure the efficiency of a barrier is its trans-
parency, which is the ultimate aim of the present study. Highly
transparent barriers also imply a much stronger proximity
effect and tend to be a solution for another wider class of
applications where higher values of critical currents are re-
quired, such as in digital circuits [17,39—-41]. Here we present
devices based on NbN nanogaps which are bridged with an
Al superconductor that in this case works as a barrier. We
use a combination of Au and Ti layers in between the elec-
trodes and the barrier to improve the interface resistance.
The concept of using an intermediate layer to match very
different materials has been exploited in different contexts and
for different types of Josephson junctions, mostly in multi-
layer and coplanar structures. Protecting layers have also been
used for high critical temperature superconductor (HTS) thin
films due to the ease of the degradation of properties at the
surfaces [36]. Following this approach, we have been able
to achieve a Josephson critical current exceeding the critical
current values of Al nanowires. Another advantage to making
devices based on nanogaps is represented by the possibility
to build junctions in suspended architecture. This means that
the barrier material is surrounded by vacuum, suggesting that
there is no coupling with the substrate. Because of that no
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FIG. 1. (a) Fabrication flow. (i) A 40 nm thick NbN film is epitaxially grown and capped by a uniform Au layer 10 nm thick. All devices
have a gap length L of the order of 100 nm and a width W of 1 um, while the thickness ¢ of the deposited (Au or Al) barrier is 145 nm (see
Table I). By pulsed laser deposition an 80 nm thick C hard mask is deposited. The first EBL step transfers the design of the device through a
liftoff of a 12 nm Cr mask. (ii) IBE step defines the geometry of the device. (iii) The C layer is removed by a gentle oxygen plasma etching.
(iv) Resists are exposed; prior to the Ti/Al evaporation a gentle oxygen plasma etching is accomplished. (v) The Second IBE step removes
10 nm of Au; the Au thin layer is only kept under the Ti/Al weak link. (b) False 30° tilted scanning electron microscope micrograph of a
typical NbN/Au-Ti/Al-NbN/Au junction. (c) Cross section of the junction; the /- path (orange dashed line) is displayed. The horizontal red
and vertical black lines represent two tunable barriers that allow us to fix the current’s path in the built junctions. In our case, with test devices
we have proven that the vertical black lines in the NbN nanogap sidewall have the lowest transparency.

accumulation layer pops up; thus, in the case of a barrier made
by topological insulators (Weyl and Dirac semimetals such as
BiSe and HgTe) its surface states, which are responsible for
the transport properties, are not affected by any charge due to
the interaction with the substrate [30,42].

In this work the notion of interposing layers is specif-
ically studied for nanojunction layouts based on nanogaps
[43-48]. The overall studied structures are NbN/Au-
Ti/Al/Ti/Au/NbN, as shown in Fig. 1(a). By the proximity
effect [49], Cooper pairs diffuse from the superconducting

banks (S) with a higher superconducting gap, which in our
case is NbN with a critical temperature 7X°N ~ 16K, to the
superconducting Al (S') barrier (our evaporated Al has TA! ~
1.05 K). The supercurrent [dashed orange lines in Fig. 1(c)]
passes across the most transparent interfaces of the junction
[red line in Fig. 1(c)], those with the Au-Ti interlayer. We
rule out that there are any supercurrent flows in the region
where the NbN is in direct contact with the Al barrier since
electrical measurements performed on test devices showed a
highly resistive NbN/Al interface that completely hampered

TABLE 1. The devices are gathered in three groups (A, B, and C); NbN nanogaps belonging to groups A and B are covered by 10 nm
thick Au, while the Al test nanowires are included in group C. Chips A, B, and C were fabricated following the procedure reported in Sec. II.
Junction parameters L, W, R\"™, J20mK | j300mK "and JoRy represent the space between two NbN superconducting banks, the width of the (Al
or Au) barrier, the normal resistance, the critical current and critical current density at 7 = 300 mK, and the product of the critical current and
normal resistance, respectively. Next, R, Rc, and T¢ represent the barrier resistance, the interface resistance, and the critical temperature of
the junction, respectively. The characteristic parameters for Al test nanowires fabricated on the same chip as the junctions are also included.
For all the reported junctions the thicknesses of NbN (¢N°N), Al (+A), and Ti (+"") layers are, respectively, 40, 145, and 12 nm. The contact
area between the NbN banks and the Au or Al barriers equals S¢ = 2.46 um?. The critical temperatures of NbN and Al are 16 and 1.05 K,
respectively. The values of L and W were determined from the scanning electron microscope image. The Al test nanowires were fabricated on
the same sapphire chip as the NbN/Al junctions, and they have the same thickness, ¢t = 145 nm, as the Al bridges in the NbN nanogaps.

Chip  Device L (nm) W (um) R}S"C (mS) 100K (mA) J2OmK (MA /cm?) IcRy (WV) R (m) Re (mR) T
A NbN/AI-E2 100 1 81 4.70 3.24 381 31 19 5.0
A NbN/AI-C5 90 1 105 4.56 3.14 479 44 17 5.0
A NbN/AI-C4 80 1 100 5.30 3.65 530 42.5 15 5.0
A NbN/AI-B2 360 1 400 1.41 0.97 564 165 70 19
A NbN/AI-B2 360 1 400 0.104 (T =1.15K) 0.07(T =1.15K) 41 (T =1.15K) 165 70 1.9
B NbN/Au-B2 230 2x0.5 400 0.0026 0.0018 1 180 40 0.9
C Al-NW 5000 0.2 2150 (T =2K) 0.7 2.4 1500 1.05
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a current from passing through it. When the NbN is in direct
contact with the Al barrier, by the proximity effect, their
density of states at the interface affects each other [1]. The for-
mer mechanism shows a strong dependence on the interface
quality between the coupled materials that could influence
the transport properties of the junction [50]. A Cooper pair
penetrates the normal material (N) coherently propagating as
a time-reversed electron-hole pair in N if the length L of N
is shorter than its normal coherent length &y [51]. We find
that the transparency of the built junctions depends on the two
main parameters: the annealing temperature and the thickness
of the used Au capping layer of the NbN banks. Fixing the Au
annealing temperature at 400 °C for the NbN banks, which are
covered by a 5 nm thick Au layer, leads the junctions to show
critical current density (J¢) of the order of tens of KA /cm?
with an IoRy product (where I¢ is the critical current and Ry
is the normal resistance) of a few hundred uV (see chip C in
Table I). By increasing the thickness of Au up to 10 nm we
were able to build junctions with higher transparency: J¢ and
the IcRy product are three orders of magnitude and a factor
of 2 higher than the values measured in devices covered by
a thinner Au layer, respectively. Table I summarizes the main
parameters collected on annealed devices at 400 °C with an
Au capping layer 10 nm thick.

For temperatures TCAl <T < TCNbN, such a NbN/AI sys-
tem is expected to behave as a superconductor-normal-
superconductor (S-N-S) junction, and it is well established
that the supercurrent in such a system is predominantly carried
through Andreev levels [51]. Below TCAI, we have modeled
our device as two S-I-S’ junctions in series, where I indicates
the interface between the NbN and the proximized Au-Ti-Al
layer. We have also made a comparative analysis of NbN
nanojunctions bridged by Al barriers with those bridged by
an Au weak link. We find that NbN/Al Josephson junctions
exhibit long-range proximity-induced superconductivity in Al
barriers. These results are supported by our theoretical mod-
eling of the nanojunctions (see Appendix B). Apart from the
technical aspects sketched above and extensively discussed in
the sections below, this experiment gives an example of how
to induce a giant proximity effect by increasing the critical
current density and the critical temperature of an Al nanos-
tructure inserted in a Josephson structure. Al technology is
the main one for all current superconducting technologies,
and this experiment suggests a way not only to enhance the
performances of the device but also to enlarge the space of
the parameters of operation for all coplanar hybrid junctions.
These are widely employed in a variety of cutting-edge ex-
periments aimed at investigating the topological phases of
matter and their unconventional excitations like Majorana
fermions and would benefit from operating in a wider range
of conditions to remove possible ambiguities. Also, simple
Al nanowires widely studied in the literature [52-54] would
benefit from operating at higher temperatures and values of
the current.

II. FABRICATION

We fabricated NbN nanogaps with lengths ranging from
80 to 230 nm. NbN thin films were epitaxially grown on a
(110)-oriented sapphire substrate in ultrahigh vacuum by DC

magnetron sputtering from a high-quality Nb target. Prior to
the NbN deposition the substrate was annealed at 780 °C for
30 min, and 2 nm of Nb were deposited. Then the substrate
was cooled down to room temperature, and an additional
38 nm of NbN were sputtered. A flux of 6.5 sccm of N,
at a pressure of 6.7 ubar was allowed to achieve 7, ~ 16 K.
To prevent the oxidation of the NbN surface, in sifu, we
deposited a thin layer of Au acting as a NbN cap layer. The
deposition conditions of Au have proved to be crucial for the
transparency of the interfaces. The Au layer was sputtered at
400 °C on the NDbN film [55,56]. Previous works showed that
at this temperature the transparency between the two layers
(NbN and Au) is increased compared to that achieved by
depositing Au at room temperature.

The nanogaps (NGs) in the NbN/Au bilayer [see the
false scanning electron microscope image in Fig. 1(b)] are
fabricated by using a carbon mask in combination with an
electron-beam lithography (EBL) step and a gentle Ar ion-
beam etching (IBE) [57]. The geometrical parameters of the
NGs are summarized in Table I. The NGs are then bridged by
a (12 nm) Ti/(145 nm) Al bilayer, whose geometry is defined
by a second EBL followed by a liftoff step. The Ti interlayer
improves the adhesion between the Au and Al layers and
reduces the mismatch of the Fermi energies [58]. Figure 1(a)
shows the sketch of the entire fabrication process. To highlight
the unique properties of the superconducting proximity effect
induced in a superconducting barrier, we also fabricated NGs
bridged with Au for comparison.

III. EXPERIMENTAL RESULTS

A. Normal transport properties

The transport properties of the junctions were studied using
four probe electrode geometries in a *He refrigerator with a
base temperature of 300 mK. The cryostat was equipped with
a superconducting solenoid providing magnetic field up to
70 mT. The thickness of the NbN banks tN°N, the NG length
L, the thickness of the Al barrier 4!, and the width of the
Josephson junctions W are given in the caption of Table I.
The surface area of the contact barrier S¢ = 2.46 um? was
estimated from the scanning electron microscope image. Due
to their exposure to air prior to deposition of the bridges, the
sidewalls of the NbN NGs form low-transparency interfaces
with the metals (Ti/Al or Ti/Au). We have tested this as-
sumption by making NbN-based NGs without the Au capping
layer, and none of those devices showed measurable current at
300 mK. Thus, we conclude that the current path follows the
direction sketched by the orange dashed line in Fig. 1(c).

1. NbN/Al and Al nanowire

Here we compare the superconducting properties of the
NbN/AI junctions with those employing Au as the barrier
in the NbN nanogaps (NbN/Au). The Josephson current in
these two configurations is also compared with the critical
current of a pure Al nanowire (AI-NW; see Table I). This
comparison provides clear evidence of enhanced supercon-
ductivity in the barrier made of the superconducting material,
which will be discussed below. Figure 2 shows the current
density J¢ as a function of the bias voltage for the NbN/Al-E2
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FIG. 2. Jc-V curves of the 200 nm wide and 145 nm thick Al
nanowire (red line) and NbN/AI-E2 Josephson junction (black line).
Both devices are grown on the same sapphire substrate. The curves
were recorded at 7 = 300 mK. The geometry of the nanowire has
been adjusted to avoid the current crowding effects [59].

junction (black curve) and for a pure AI-NW (red curve).
Al-NWs were fabricated on the same chip as the NbN/AI
junctions. At 7 =300 mK we obtain the critical current
density Jg ON/AL — 3 MA /cm? for the junction NbN/AI-E2,
while JA' = 2.4 MA/cm? for the Al nanowire. We estimate
that JN"V/A is ~33% times higher than JA'“™W _ This confirms
that the proximity effect enhances the superconducting prop-
erties of the Al barrier bridging the NGs between the NbN
banks.

To test our assumption about proximity-enhanced super-
conductivity in Al barriers further, we fabricated a batch of
junctions with gold bridges over the NbN NGs. In Fig. 3,
we compare the transport properties of the two junctions
NbN/Au-B2 and NbN/AI-B2, which have the same layout
and similar interface transparency between the electrodes
and the barrier material. In Fig. 3 we show the critical
currents of the two junctions versus temperature Ic(7'). Both
junctions have the same R\ at room temperature but have
different lengths L of the NG channel. The corresponding

L

® NbN/AI-B2

oo 00 o 4 ® NbN/Au-B2

Ic (A)

FIG. 3. Ic-T curves for junctions based on NbN nanogaps em-
ploying Al (NbN/AI-B2; red points) and Au (NbN/Au-B2; black
points) as a barrier. NbN/Au-B2 has a superconducting quantum
interference device design, and its width, due to the sum of the widths
of two single junctions, is equal to that of the NbN/AI-B2 junction.
NbN/AI-B2 has Tc ~ 1.9K, while NbN/Au-B2 has 7c ~ 0.9K.
Other parameters are reported in Table 1.

values are given in Table I: LN°N/Al = 360 nm and LNPN/AY —
230 nm. Taking the values of resistivity for gold, ps, = 2.4 x
1073 Qm, and for aluminum, pa; =3 x 1078 Qm, we esti-
mate the channel resistance of the NbN/Au-B2 junction as
Rc ~ 40m£2, and for junction NbN/AI-B2 we obtain R¢ ~
70 m€2. Since the total resistance of the junctions is expressed
as R\™ = 2Rp + Rc [60], where Rj is the interface resis-
tance, we obtain similar values of Rp for both junctions,
and therefore, we can expect the two junctions to have sim-
ilar interface transparencies (see Table I). Even though the
interface resistances Rp are similar for both junctions, the
NbN/AI-B2 junction is longer than the NbN/Au-B2 one.
Despite that, the junction with the aluminum bridge has a
significantly higher critical current (see Fig. 3). Indeed, junc-
tion NbN/Au-B2 has I "/*" ~ 2.6 uA and 7, ~ 0.9 K, while
for junction NbN/AL-B2 Ip"™V*(1.4K) ~ 6.5uA and Tr ~

1.9K. ICNbN/ M(1.4K) is almost 3 times higher than Ing/ A at
300 mK (see Fig. 3). These results are in line with previous
theoretical and experimental works, which also showed that
the intrinsic superconducting correlations in a film have a
strong influence on the proximity-induced superconductivity
[2,61,62]. Devices NbN/Al-B2 and NbN/Au-B2 were also
studied in the presence of magnetic field, and those results
are presented in Appendix A. The junctions were further
characterized by measuring the current-voltage characteristics
(IVCs) at various temperatures and magnetic fields. The mag-
netic field was always applied orthogonal to the direction of
the critical current that passes through the barrier. In Fig. 4 we
show the IVCs for junction NbN/AIl-E2 at zero magnetic field.
The current voltage curves turn out to be highly hysteretic.
The hysteretic behavior of the IVCs could be ascribed to
self-heating as a cause of the substantially reduced retrapping
I, below the value of the upsweep I;. This could generate
Joule heating that is not entirely dissipated by either the NbN
superconducting banks or the substrate. Former phenomena
entail that current higher than the supercurrent leads to an
increase in the effective electrons’s temperature, thus reducing
the amplitude of the retrapping current during the bias down
sweep [63].

2. Critical current: Temperature dependence

In this section, we discuss the temperature dependence of
the critical current for junction NbN/AI-E2. We model the
system as an SIS'IS structure, where S stands for supercon-
ducting leads made of NbN, S’ denotes the Al bridge, and
I denotes the barrier between NbN and Al, i.e., the Ti/Au
bilayer. A full theory for our device would require the numer-
ical solution of Usadel’s equation [64]. Here we will use a
simplified model, which is sufficient to describe the transport
properties of the junctions at temperatures below the criti-
cal temperature of aluminum but may not be quantitatively
accurate above it. Specifically, we will use a simplified and
computationally less demanding version of the theory and
model our system as an SIS’IS structure with rigid boundary
conditions, thin middle layer, and identical barriers on both
sides. As shown by data fitting in Fig. 5, this oversimplified
model allows us to justify saying that a high-transparency
interface (t ~ 0.98) for the built junctions has been achieved.
The suppression of the superconductivity in NbN due to the
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FIG. 4. Current-voltage curves for the NbN/AI-E2 junction display hysteretic behavior up to 3.3 K. The curves are shifted for clarity.

inverse proximity effect [1] in the leads is taken into account
via an additional prefactor in the final expression for the
Josephson current (see Appendix B). In this model the Joseph-
son current is the sum of two contributions [50], I,(¢/2)
and I,,.(¢), which represent the current flowing through the
two connected in series Josephson junctions (SIS’ and S'IS)
and a proximity-mediated current through the whole SIS'IS
structure, respectively,

1;(#) = 1r(#/2) + L,r(@). ey

Further details about the developed model are reported in
Appendix B. Here we briefly discuss the physical properties
that it describes. At temperatures below T2 the term I,(¢/2)
dominates in Eq. (1). It is given by the usual expression for
a Josephson tunnel junction with leads that have different
superconducting gaps Anpn and Ax; and with the phase dif-
ference ¢ /2 across the junction. The temperature dependence
of the critical current in this regime depends on the average

T T T T
0.005 |- 7,=0.98 |
- - -~ 7,=0.001
0.004 .
— 0.003 .
<
N
9)
= 0002 .
4 5
0.001 .
0.000
1 1 1 1
0 1 3 4 5

T(K)

FIG. 5. Fit of the experimental I--T dependence for the junction
NbN/AI-E2 (see Table I) with Eqgs. (1)—(3). Black circles repre-
sent experimental data, the solid blue line shows Egs. (1)—(3) with
73 = 0.98, and the dashed red line shows Eqs. (1)—(3) with 73 =
0.001. The system parameters are TN°N = 5K and Ry = 0.081 Q.
The fit parameters for transparent interfaces with 7, = 0.98 are
TA =13K, I'=2.86peV, and A =0.22. For the model with
strong tunnel barriers, 7, = 0.001, we find the best fit with TCAl =
1.2K, I = 1.4ueV, and A = 0.372. The inset shows the temperature
dependence of the superconducting order parameter in aluminum
that follows from the self-consistency equation (BS).

transparency of the barrier tp. By fitting the experimental data,
we find that values of 7z close to 1 better describe the obser-
vations (see Fig. 5). This indicates the high transparency of
the Au/Ti barriers between NbN and Al. The superconducting
gap in the aluminum bridge is influenced by the proximity
effect, and it should be found self-consistently. For this reason,
A ) remains finite even at temperatures T > TCAl (see the inset
of Fig. 5). At even higher temperatures A, becomes small,
and the second term in Eq. (1), I,(¢), becomes dominant.
This term represents the current through an SINIS structure.
In the short junction limit it is determined by the escape
rate of an electron from the normal middle layer, which we
denote as I". In the short junction limit it is expressed via
the Thouless energy of the aluminum layer and the channel
and barrier resistances as I' ~ 4RcEt,/(2Rp + Rc). Based
on the resistivity of the aluminum nanowire, we estimate its
mean free path as [, = 13.3nm, the diffusion constant as
D = vrle/3 =5.8 x 1073 m?/s, and the Thouless energy of
the aluminum bridge of the junction as Er, = AiD/L> ~
380 ueV, with a geometrical gap length L = 100 nm. Using
the parameters reported in Table I and the above value of
the Thouless energy, we obtain I' = 357 ueV. This value is
much higher than that obtained from the fit procedure carried
out in Fig. 6 and used to extract Ety, where I' = 2.86 ueV.
However, the effective length of the junction is much longer
due to the overlapping geometry of the NbN electrodes and
the aluminum layer. This leads to an injection of currents into
the Al over distances much longer than the nominal nanogap.
Indeed, if we use an effective length of L.y = 800 nm, we
obtain I' = 5 ueV, which is not far from the fitted value.

3. Magnetotransport properties

Figures 7(a) and 7(b) show the differential resistance vs
magnetic field dependence at two different temperatures for
the NbN/AI-E2 junction. The curves are well described in
the framework of the electrodynamics of the junctions [15].
Since the thickness of NbN NN is smaller than ANPN ~
390 nm (London penetration depth), the characteristic length
that rules the variation of the phase difference ¢ along the
junction is I; = k;/AL [1,58,59], where A; ~ 1//1 —T/T,
is the Josephson penetration depth. At 7* = 1.7K we find
l; = W [W represents the width of the junction, as shown in
Fig. 1(b)], which signals the border between the magnetically
long and short junction regimes [1,66,67]. For T > T* the
I-B graph shows a Fraunhofer-like dependence with magnetic
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FIG. 6. The retrapping currents I, (blue circles) and high-
temperature switching currents /; (black circles) as a function of
temperature for the NbN/AI-E2 junction are shown. The red line
represents the fit based on the relation reported in [65] used to
estimate Thouless energy Ety,.

periodicity AB ~ 1.7mT [see Fig. 7(a)]. This value is in
reasonable agreement with that predicted in the case of thin
films where flux-focusing effects are relevant, AB ~ 1.84 x
dyW?2 [1,66-68], with &, and W being the magnetic flux
quantum and the width of the junction, respectively. The
attenuation of the high-order maxima can be ascribed to a
possible nonuniform spatial distribution of the critical current
amplitude inside the junction [69,70]. At low temperature
we have [; << W; then the I-B characteristic does not follow
a Fraunhofer dependence [see Fig. 7(b)]. In this limit the
Josephson currents can also generate a self-magnetic field that
modifies the position of maxima of I¢.

IV. CONCLUSION

We have realized NbN nanogap-based Josephson junctions
using a superconductor as a material barrier which displayed
a Josephson current density higher than that of Al nanowires.
Because of the high compatibility of the Au that covers the
NbN banks, with a wide class of materials, such as topolog-

Current (L A)

N
o
o

S5 4 -3 -2 -1 0 1 2 3

Magnetic Field (mT)

ical insulators [29,71,72], semiconducting nanowires [9,15—
18,47,48], graphene [40,73,74], and ferromagnetic materials
[10-13], and considering the high stability in the magnetic
field of NbN (HMN ~ 25T), our nanogap technology could
represent an important suitable platform for exploring the
novel properties of hybrid superconducting systems. In partic-
ular nanogaps could become the key element for investigating
reliable hybrid junctions when the barrier is made of a sus-
pended two-dimensional material [74]. NbN nanogaps would
also give great freedom to design advanced circuits and, due to
their high stability in magnetic field, might represent a key ele-
ment for engineering complex circuits for quantum computing
applications [75-78]. Moreover, the developed nanofabrica-
tion procedure is fully compatible with HTS technology; thus,
it could also pave the way towards hybrid superconducting
systems employing HTS [47,79].
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APPENDIX A: I-B FOR LOW-TRANSPARENCY
STRUCTURES

In Fig. 8(a) the current-applied magnetic field (I-B)
dependence of a NbN/Au-B2 superconducting quantum in-
terference device (SQUID) is shown. We observe SQUID
oscillations with a period AB ~ 280 uT, consistent with that
computed via the geometrical area Age, =d X L [d and L
are defined in Fig. 8(c)]. We attribute the full agreement
between Age, and Acy = % to the high ratio between d and
WxbN (d ~ 39.6 um represents the distance between two Au
weak links, and Wypn ~ 2um is the width of NbN leads).
Numerical simulations confirm that with such a SQUID lay-
out for d/Wnpn > 1 the screening currents in the SC leads
generate a small magnetic field that does not significantly
affect the SQUID periodicity AB. Figure 8(a) shows that
SQUID oscillations are enclosed in an envelope due to the
Josephson current interferences of the individual junctions,
whose width is half of that of the NbN/AI-B2 junction (see

R(Q) . R(Q)
0.1 1
— - T=300mK |
00s <L 40- 108
bios é 3.0 06
=)
oos & 2.0 04
&
0.02 $= 10 0.2
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o O o - porall
4 5 0 5 0 5 10

Magnetic Field (mT)

FIG. 7. Resistance maps as a function of bias current and applied magnetic (/-B) field for the junction NbN/AI-E2. (a) At T = 1.83 K the
junction works in a short transport regime (A; > W) and the Fraunhofer-like dependence is shown. (b) At 7 = 300 mK the junction evolves
in the long limit (A, < W), and the /-B dependence is no longer sinusoidal.
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FIG. 8. Resistance maps as a function of bias current and ap-
plied magnetic (/-B) field for devices based on NbN nanogap:
(a) NbN/Au-B2 SQUID and (b) NbN/AI-B2 junction. (c) Scanning
electron microscope image showing the SQUID layout of a device
similar to the one whose properties are reported in (a) and (b). The
NbN/Au-B2 SQUID has d = 39.6 um, L = 230 nm, W = 500 nm,
and Wypn ~ 2 pm.

Table I), confirming a wider periodicity in the /-B graph
[1,80,81]. For such a SQUID we estimate 81 = Inax/Alc =2
(where I,x and Iy, are the maximum and minimum val-
ues of Ir and Alr = Iy.x — Imin) and the transfer function
Vo, =700 nV/Py [1].

Figure 8(b) shows the /-B dependence of the NbN/Al-B2
junction. I-B is recorded at T = 1.3 K, and despite lower
transparency of the junction, the modulation 7-B is still in

J

Fron (@n)Fai(@y, @) sin §

agreement with that predicted by AB ~ 1.84®,W [1,66,67]
reported in Sec. IIT A 3.

APPENDIX B: THEORETICAL MODEL

A complete theory of the Josephson effect in our structure
would rely on Usadel equations with proper boundary con-
ditions at the interfaces between different materials. It would
need to take into account the coordinate dependence of the
quasiclassical Green’s functions originating from the proxim-
ity effect. The full theory would require a numerical solution,
which is quite difficult, especially in a sample with a compli-
cated geometry like ours, and the result of such a simulation
would be sensitive to the assumptions about the quality of the
interfaces. For these reasons, here we use a simplified version
of the theory, which is analytically tractable. We use the fol-
lowing approximations: (i) we treat the aluminum connection
between the NbN leads as a thin superconducting layer with
coordinate-independent Green’s functions, (ii) we treat NbN
leads as bulk superconductors with a coordinate-independent
energy gap, and (iii) we treat the gold-titanium bilayers as thin
barriers phenomenologically characterized by a single barrier
transmission probability 7,. Within this model, gap suppres-
sion in NbN leads in the vicinity of the barriers is described by
a single suppression parameter, A < 1. Despite its simplicity,
this model captures the main physical effects which determine
the value of the critical current in our system. For example,
it accounts for the proximity effect in the aluminum layer,
which results in the final value of the superconducting gap
even above its critical temperature. Adopting the approxima-
tions outlined above, we obtain the Josephson current through
our structure in the form of Eq. (1). In this equation, the
term that describes the Josephson current through a single
NbN/Au/Ti/Al junction is given by the expression [82]

8mAkgT
W(3) ="

and depends on the phase difference across one of the junc-
tions, which in the symmetric setup equals ¢/2. For the
second contribution to the current, ,(¢), we use the expres-
sion derived for an SIS'IS structure with low-transparency
tunnel interfaces [50],

27TAkBT Z FFI\%bN(w")FAl(w"’ (p) S

L =
or (@) Ry An

ing. (B2)

Wy

The form of this contribution is not very important since in
our system 1,-(¢) < I;(¢/2) at all temperatures except in the
vicinity of the critical temperature of NbN, where the Joseph-
son current is very small anyway. In Eqs. (B1) and (B2) we
have used the following parameters: Matsubara frequencies
w, = (2n+ 1)mkgT /K, where n is an integer number; the
average transmission probability of the barriers between the
NbN and Al layers 75; the normal state resistance of the whole
structure Ry; and the superconducting order parameters in
NDbN, Anpn, and in Al, A ;. In addition, we have introduced

2,2
h-w}

ANpNAAL

eRy 42— 1+

(BD
+ cos %)FNbN(a),, YA (@n, @)

(

the parameter I", which characterizes the coupling strength be-
tween the Al and NbN layers. Physically, it can be interpreted
as the escape rate of an electron from the Al layer into the NbN
leads or, alternatively, as a value of the proximity-induced
minigap in the middle Al layer if it is driven to the normal
state. The prefactor A appearing in Eqs. (B1) and (B2) ap-
proximately accounts for the suppression of superconductivity
in NbN leads by the inverse proximity effect and in the alu-
minum by high current density and the effects ignored in our
simple model with rigid boundary conditions. For transparent
barriers with 7, = 1 the prefactor A can be estimated as [5]

1 o Dpy TNON
_ NbN Al CA] ’ (B3)
145 o Al DNbN TC
where o1 nbN) are the conductivities of the Al and NbN lay-
ers, Dainony are the corresponding diffusion constants, and

TC(AI’NbN) are the critical temperatures of the two materials.

A~ 0.8exp
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Next, the Matsubara Green’s functions in NbN and Al are defined as follows [5]:

ANbN

o (w,) = ————,
\/ Fzzwﬁ + AIZ%N

A

Fal(w,, @) =

(B4)

2 9 I Fron (@n)
\/Fz wn<1 +

; :
) + (Aar + I'Faon(wy) cos %)2

In our model, the Green’s function of the NbN leads Fyun(e,) 1S the same as in a bulk superconductor, while the Green’s
function of the aluminum layer is modified by the proximity effect and therefore depends on the Josephson phase ¢. Finally, the
superconducting order parameter of the aluminum layer A a; should be found from the self-consistency equation,

T AYN
AAIIH—+27T]€BT |:— —
TCA] ag) hioon

In order to clarify the physical meaning of Eq. (1), we con-
sider several limiting cases. At low temperatures, where both
NbN and Al are in the superconducting state, the structure
is essentially reduced to the two NbN/Au/Ti/Al Joseph-
son junctions connected in series. The Josephson current is
then given by I,(¢/2), while the term I,.(¢), which results
from the Cooper pair tunneling events through the whole
Au/Ti/Al/Ti/Au multilayer barrier, is small and can be ne-
glected. With growing temperature A, decreases together
with the value of the critical current. Since the aluminum
layer is thin, A, does not vanish even above the criti-
cal temperature of this material. Indeed, the self-consistency
equation (B5) always results in a nonzero value of the gap
due to the finite value of the escape rate. For this reason, the
contribution in Eq. (1) continues to dominate over /,,.(¢) in
a large part of the temperature interval T > T4, completely
vanishing only close to the critical temperature of NbN. This
behavior differs from that of an SINIS junction. In the lat-
ter case, the superconducting order parameter in the middle
layer always equals to zero even though the proximity effect
induces the finite minigap in it. Hence, the first term in Eq. (1)
vanishes, and the Josephson current is the given by the remain-
ing contribution (B2). We fit the experimental temperature
dependence of the critical current with the above expressions
(see Fig. 5). We were able to fit the data quite well assum-
ing transparent interfaces between the NbN leads and the Al

[Aal + T cos § Faon (@) [Fai(@n)

=0. B5
An } (BS)

(

layer (see the blue line in Fig. 5). For comparison, we also
plotted theory prediction for a system with low-transparency
barriers (red dashed line in Fig. 5) and found that it fits
the data much worse. The essential fitting parameters in the
model are the values of the suppression prefactor A and of the
proximity-induced minigap in aluminum I". Assuming trans-
parent barriers, we find A = 0.22, in good agreement with the
prediction of Eq. (B3), which for oa; ~ oxbN, Dal ~ DN,
and T = 1.3K and TN = 5K gives A = 0.196. Accord-
ing to the theory, the parameter y should be close to the
Thouless energy of the aluminum layer, which we estimate to
be Etn ~ 15 ueV (see Sec. I1I), assuming the distance between
the NbN leads is L = 100 nm. From the fits we obtain a value
one order of magnitude lower, I' = 2.86 ueV. A possible ex-
planation for this discrepancy could again be the suppression
of the superconductivity in NbN by the inverse proximity
effect, which not only results in the suppression of I by the
prefactor A but also makes the effective distance between the
superconducting leads longer and in this way reduces Ery.
In the inset of Fig. 5 we plot the temperature dependence
of the order parameter in the aluminum layer obtained with
the numerical solution of the self-consistency equation (B5).
The strong proximity effect from the NbN leads makes An;
finite even above the critical temperature of Al and ensures
a smooth transition from high to low values of the critical
current around TCAI.
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