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Abstract

Decoherence in quantum bits (qubits) is a major challenge for realizing scalable quantum
computing. One of the primary causes of decoherence in qubits and quantum circuits based on
superconducting Josephson junctions is the critical current fluctuation. Many efforts have been
devoted to suppressing the critical current fluctuation in Josephson junctions. Nonetheless, the
efforts have been hindered by the defect-induced trapping states in oxide-based tunnel barriers
and the interfaces with superconductors in the traditional Josephson junctions. Motivated by
this, along with the recent demonstration of 2D insulator #2-BN with exceptional crystallinity
and low defect density, we fabricated a vertical NbSe,/h-BN/Nb Josephson junction consisting
of a bottom NbSe, superconductor thin layer and a top Nb superconductor spaced by an
atomically thin #-BN layer. We further characterized the superconducting current and voltage
(I-V) relationships and Fraunhofer pattern of the NbSe,/h-BN/Nb junction. Notably, we
demonstrated the critical current noise (1/f noise power) in the 2-BN-based Josephson device
is at least a factor of four lower than that of the previously studied aluminum oxide-based
Josephson junctions. Our work offers a strong promise of 4-BN as a novel tunnel barrier for
high-quality Josephson junctions and qubit applications.
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1. Introduction

Josephson junctions underlie the operations of many
superconductor-based  device applications ranging
from superconducting quantum interference devices
(SQUIDs) to superconducting quantum bits (qubits) for
quantum computing [1, 2]. A representative superconduc-
tor—insulator—superconductor (S/I/S) Josephson junction
normally consists of two superconductors separated by a thin
insulator as a tunnel barrier. Typically, the tunnel barriers
in the S/I/S junctions are made of a thin metal oxide layer
[2], such as aluminum oxide (AlO,) [3]. One of the grand
challenges of realizing scalable quantum computing using
such a mesoscopic S/I/S junction device is the minimization of
decoherence of qubits [4, 5]. It has been shown that the coher-
ence time of qubits in S/I/S Josephson junctions is largely
affected by the quality of the individual materials [6-9],
particularly, the insulating spacer as well as the interfaces
between the insulating spacer and its adjacent superconduc-
tors, where charge trapping states can inevitably exist. For
example, one of the serious problems is the critical-current
fluctuation caused by the charge trapping at the defect sites in
the S/I/S Josephson junctions [4, 5, 10—12]. In recent years,
a long-standing goal in this field is to create a high-quality
and defect-free insulating spacer that may lead to improved
properties of the superconducting Josephson junctions.

Ever since the mechanical exfoliation of atomically thin
graphene layers from bulk graphite [13, 14] and their deposi-
tion or dry-transferring on various substrates [14], significant
progress has also been made in other two-dimensional (2D)
materials, including examples such as insulating hexagonal
boron nitride (h-BN) [15, 16], superconducting niobium dis-
elenide (NbSe,) [6, 17], semiconducting molybdenum disul-
fide (MoS,) [18, 19] and black phosphorene (BP) [20], etc.
An attractive merit of using 2D insulators and semiconductors
as tunnel barriers in high-quality Josephson junctions is that
such 2D materials can be highly crystalline, atomically thin,
and nearly defect-free. Recently, notable progress has been
made in making designable Josephson junctions using insulat-
ing/semiconducting 2D materials. For instance, the Josephson
effect in AI/MoS,/Al tunnel junctions using a MoS; thin layer
as the tunnel barrier has been recently demonstrated [19]. Peo-
ple have developed an in situ technique to fabricate Nb/BP/Nb
Josephson junctions and demonstrated good interfacial proper-
ties between Nb and BP by the Josephson effect [21]. Recently,
2D magnetic insulators (Mls) have also been used to fabri-
cate high-quality magnetic Josephson junctions consisting of
2D superconductor/2D MI/2D superconductor van der Waals
(vdW) heterostructures [22—-24]. On the other hand, 4-BN as
the first discovered 2D insulator with a large band gap has
attracted extensive attention [16, 25, 26], promising an ideal
candidate for making single crystalline and defect-free insulat-
ing spacers for Josephson junctions. However, quantitatively
analyzing the quality of the Josephson junction devices with
an atomically thin A-BN layer is still missing. Specifically,
how the 2D insulator tunnel barrier affects the critical current
noise in the Josephson junctions remains unanswered. In the

present study, we have fabricated a vertical NbSe,/h-BN/Nb
Josephson junction (figure 1(a)) using a bilayer #-BN as the
insulating spacer (tunnel barrier) and systematically stud-
ied its transport characteristics. Our results demonstrate clear
Josephson transport properties in the NbSe,/h-BN/Nb junction
device. We further measured the critical current fluctuations
with a 1/f spectral density at low-frequency in the NbSe,/h-
BN/Nb Josephson device. We find that the critical current noise
in the #-BN based Josephson device is at least a factor of
four lower than the 1/f noise power of the previously studied
aluminum oxide-based junctions [10].

2. Results and discussion

We first measured the temperature dependences of the resis-
tances (R) from different parts of the Josephson junction,
including the two superconductors (Nb and NbSe;) and the
NbSe,/h-BN/Nb junction itself (figure 1(d)), respectively. As
shown in figure 2(a), all three R vs T curves show a sharp
transition from a normal resistive state to a zero-resistance
superconducting state at the critical temperatures 7.’s, indi-
cating a clearly developed superconductivity. The extracted
critical temperatures 7.’s of Nb, NbSe, and NbSe,/h-BN/Nb
junction (figure 2(a)) are ~7 K, 6 K, and 5 K, respectively.
We note that the critical temperatures of Nb (7 K) and NbSe;
(6 K) in our device are slightly lower than their bulk values
(9.25 K for Nb and 7.2 K for NbSe;), but higher than the
critical temperature 7. (=5 K) of the NbSe,/A-BN/Nb Joseph-
son junction. Our temperature dependences of the Josephson
junction device exhibit the direct signatures of superconduc-
tivity and Josephson coupling in the NbSe,/h-BN/Nb junction
through the #-BN tunnel barrier. We further note that, com-
pared to other tunnel devices using atomically thin ~2-BN layers
[16, 27], the normal resistance of the NbSe,/A-BN/Nb junc-
tion is relatively small due to the possible pinholes or defects
created in the s-BN spacer during the sputtering procedure.
We further studied the current—voltage (I-V) characteris-
tics of the NbSe,/h-BN/Nb Josephson junction at 7 = 300 mK
as shown in figure 2(b). The /-V curves not only exhibit a
hysteresis loop as the bias current is swept back and forth,
but also show a clear zero-voltage state when the bias cur-
rent is less than the critical current /.. As the bias current /
is increased above the critic current /, a finite voltage can be
measured, indicating that the junction transitions to its normal
resistive states, showing the typical behavior of an under-
damped Josephson junction. From figure 2(b), we can further
extract the Josephson critical current (/) of this device to be
~120 pA at T = 300 mK. The corresponding critical current
density is 2800 A cm~2 with a junction area of 4.25 pm?.
In addition to the hysteresis around the critical current of
I. = 120 pA, we also observed additional voltage jumps
around I = 140 and 175 pA as shown in figure 2(b). We
attribute these features to breaking of superconductivity (at
such high currents) in the NbSe, and Nb layers rather than the
NbSe,/h-BN/Nb junction itself. All of our /-V results demon-
strate a clear Josephson coupling in our NbSe,/h-BN/Nb
junction device through the atomically thin A-BN spacer,
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Figure 1. A vertical NbSe,/h-BN/Nb Josephson junction.

(a) Schematic illustration of a vertical NbSe,/h-BN/Nb Josephson
junction using a bilayer ~#-BN as the spacer (tunnel barrier).

(b)—(d) Device fabrication process of the vertical NbSe,/h-BN/Nb
Josephson junction. (b) A NbSe, thin flake with thickness of 15 nm
exfoliated on a Si/Si0O; substrate. (c) Four Ti/Au contacts fabricated
on the NbSe, thin flake. (d) The final device of the NbSe,/h-BN/Nb
Josephson junction after dry-transferring a thin 4-BN layer on top of
the NbSe, thin flake and followed by sputtering a Nb top electrode,
with a junction area of 4.25 m?. The white dashed line highlights
the perimeter of the ~-BN thin flake. The thickness of the #-BN flake
is ~1 nm.

which introduces a discontinuity in the superconducting order
parameter in the Josephson effect.

We also examined another hallmark of the Josephson effect,
the Fraunhofer effect, in the NbSe,/A-BN/Nb junction. It is
known that the application of a magnetic field in the junc-
tion plane of a Josephson junction induces a gradient in the
phase difference between the superconductors, thereby induc-
ing a variation in the critical current /. (which is driven by
the phase difference). In our measurements, an in-plane mag-
netic field was applied along the long diagonal direction of the
bottom NbSe; layer (figure 1(b)). The in-plane magnetic field
dependence of the /-V curve measured at 7 = 1.4 K is shown
in figure 3. The critical current /. exhibits an approximately
periodical modulation by the applied magnetic field. We fur-
ther extracted a periodicity Hy =~ 50 mT from the Fraunhofer-
like diffraction pattern (figure 3). Theoretically, based on the
device geometry of our device, we can estimate the expected
periodicity Hy (=®o/[W(d, + AL + N1)]) = 13.5 mT, which
is the magnetic field corresponding to a flux quantum ®, =
h/2e threading the junction cross section area A = W(d; + AL
+ Np) = 0.153 pum?. Here, W = 3.4 um is defined by the
width of the bottom electrode (NbSe»), d; = 1 nm is the thick-
ness of the A-BN, and A\, = 39 nm and )i = 5 nm are the
London penetration depths (in the direction perpendicular to
the sample surface) of bulk Nb [28] and NbSe, [29], respec-
tively. We find that the measured periodicity Hy (=50 mT)
from the Josephson effect is ~3.7 times larger than the the-
oretically calculated periodicity based on our device geometry
and London penetration depths estimated from the bulk val-
ues. We speculate that the extended periodicity H observed in
our NbSe,/h-BN/Nb device can be caused by several factors:
for instance, (1) the effective width of the Josephson junction
can be shorter than the sample width (3.4 pum); (2) the Lon-
don penetration depths of the two superconductors are highly
dependent on their growth conditions and can be significantly
different from the reported bulk values that we used in our esti-
mations. If the width of the junction is fixed to 3.4 um, the sum

of London penetration depths (AL + A'L) of the two supercon-
ductors based on the actual Hy is expected to be ~11 nm only.
We further find that the observed /. modulation can be fitted to
an expected expression of the Josephson junction Fraunhofer

H
pattern I. (H) = I (0) | —p2

M| where 1.(0) = 120 pA is the
Hy

critical current at zero magnetic field. As shown in figure 3,
this fitting curve matches reasonably well with the contour
of the measured pattern. In addition, the observed single-slit
interference-like dependence of /. on the magnetic field further
confirms that the supercurrent of our NbSe,/h-BN/Nb junction
originates from the Josephson effect through the #-BN tun-
nel barrier, rather than any direct shorting between the Nb and
NbSe, superconductors.

In a conventional S/I/S Josephson junction, fluctuating con-
duction channels cause the /. to fluctuate with a 1/f power
spectrum S;, = S7 (1 Hz) /f. It has been suggested that the
critical current noise is dominated by microscopic defects in
the amorphous insulating barrier of the junction or at the dis-
ordered metal—insulator interface. In a superconducting qubit,
any fluctuation in /. modulates the energy level separation
between the qubit O and 1 states; therefore low-frequency /.
noise is a potential source of qubit dephasing. These fluc-
tuations also limit the sensitivity of Josephson devices such
as SQUID magnetometers. Previous studies have found criti-
cal current noise S, (1 Hz) = (10_610)2 for 100 zm? conven-
tional (AlO, based) junctions at 4 K; moreover, S}‘O (1 Hz) / Ic2
scales inversely with junction area and as the square of tem-
perature [10-12].

We have performed the /. noise characterization on the
NbSe/h-BN/Nb Josephson junction at 7 = 3 K. In the experi-
ment, the NbSe/h-BN/Nb junction was voltage biased and a
separate dc SQUID circuit was used to monitor the current
through the junction. The representative noise spectrum is pre-
sented in figure 4. We measured a current noise amplitude at
1 Hz of 20 pA Hz "> A~! in the NbSe,/h-BN/Nb Josephson
junction with a lateral junction area of 4.25 um?. Separate tests
reveal that this noise is dominated by the noise of the mea-
surement system and, thus, this result represents only an upper
bound on the critical current noise of the junction. We note
that, such an upper limit, though, is already a factor of 4 lower
than that in the conventional oxide-based Josephson junctions
(after proper scaling of junction’s critical current, area, and
temperature) [ 10—12]. Thus, our result demonstrates the strong
promise of 4-BN as an improved tunnel barrier for Joseph-
son quantum devices and qubit applications. We note that, in
order to circumvent the noise contribution of the readout cir-
cuit and access the true intrinsic noise of the 4-BN junction,
one may further decrease the area of the #-BN junction in order
to enhance the magnitude of fluctuating conductance channels
relative to the overall junction conductance. We further note
that in our current devices, defects or pinholes may be created
in the 2-BN during Nb sputtering. It is expected that the defects
and the noise of the #-BN-based Josephson junction can be
further reduced by replacing the Nb contact with a 2D super-
conductor layer to form an all-vdW Josephson junction, where
clean interfaces in the Josephson junctions may be achieved.
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Figure 2. Electrical characterization of superconductivity in the NbSe,/h-BN/Nb Josephson junction: (a) resistance (R) vs temperature (7°)
measured on Nb, NbSe,, and the NbSe,/h-BN/Nb junction, respectively. (b) Current—voltage (/-V) curves of the NbSe,/h-BN/Nb
Josephson junction measured by sweeping the bias current at 7 = 300 mK, featuring a superconducting critical current /. = 120 pA.

Arrows indicate the sweep directions of the current.
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Figure 3. Measurement of Fraunhofer pattern in the
NbSe,/h-BN/Nb Josephson junction. Color plot of dV/d/ as a
function of the bias current / and in-plane magnetic fields at 7 =
1.4 K, showing a characteristic Fraunhofer-like diffraction pattern
with fitting (solid line).
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Figure 4. The critical current noise spectra of the NbSe,/A-BN/Nb
Josephson junction measured at 7 = 3 K. The system noise floor is
dominated by the noise of the SQUID-based measurement circuit
used to monitor the critical current fluctuations and thus represents
an upper limit on the actual critical current noise of the #-BN-based
junction.

3. Conclusion

In conclusion, we have fabricated a vertical S/I/S Josephson
junction device using a single-crystalline 42-BN layer as the
insulating spacer between two superconductors (NbSe, and
Nb). Through the transport studies, we have observed well
developed Josephson effect in the NbSe,/h-BN/Nb junction
device. We further demonstrated that, by using the single crys-
talline ~-BN in the S/I/S Josephson junction, the critical cur-
rent noise of the device is at least a factor of 4 lower than the
1/f noise power of the previously studied aluminum oxide-
based Josephson junctions. Our results pave a possible way to
reduce the noise and improve the sensitivity of SQUID magne-
tometers, as well as to extend the coherence time of Josephson
junctions-based qubits for quantum computing applications.

4. Methods

4.1. Device fabrication

We fabricated the NbSe,/h-BN/Nb Josephson junctions incor-
porating a single-crystalline 4-BN spacer and two supercon-
ductors (NbSe,, which is a 2D/vdW superconductor, and Nb).
The NbSe, thin flakes (10 nm to 30 nm) were mechanically
exfoliated from a 2H-NbSe, bulk crystal (7. ~ 7.2 K) and
transferred on a SiO, (300 nm)/Si (heavily doped) substrate
(figure 1(b)). To prevent surface oxidation of the NbSe; layer, a
layer of polymethyl methacrylate (PMMA) e-beam resist was
immediately spin-coated on the substrate. Then, a few win-
dows were opened in the PMMA layer using the standard e-
beam lithography. Four Ti/Au (10 nm/60 nm) metal contacts
(figure 1(c)) were deposited on the NbSe, flake using an e-
beam evaporator. To prepare the 4-BN tunnel barrier (typically
~1-2 nm-thick, characterized by atomic force microscopy and
optical microscopy), we exfoliated the atomically thin layer
from the 4-BN bulk crystals (HQ graphene) on another SiO,
(100 nm)/Si substrate. After the lift-off step of the NbSe,
device fabrication, the selected #-BN flake was transferred
on top of the NbSe, flake using a dry-transfer technique
(figures 1(c) and (d)) [30]. To minimize the possible surface
oxidation of the NbSe, layer, the whole transfer process was
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limited to 30 min. Finally, the top superconductor Nb (80 nm
thick) was made by another round of e-beam lithography
and followed by sputter deposition. The final NbSe,/h-BN/Nb
Josephson device is shown in figure 1(d).

4.2. Device characterization

To study the transport characteristics of the NbSe,/h-BN/Nb
Josephson junction, the device (NbSe, ~ 15 nm; Nb ~ 80 nm)
was cooled in a variable temperature insert with a base temper-
ature of 7= 1.5 K or a He-3 cryostat with a base temperature
of T =300 mK. All the resistance measurements were using a
typical four-terminal configuration. We characterized the tem-
perature dependences of the resistances from different parts of
the NbSe,/h-BN/Nb Josephson junction. We further measured
the /-V characteristics of the Josephson junction. The mea-
surement circuit lines used for the /-V characterizations were
electrically filtered by two-stage low-pass RC filters, with a
cutoff frequency of ~10 kHz, in combination with another set
of RC filters and w-type low-pass LC filters with a cutoff fre-
quency of 10 MHz at room temperature. To further measure
the critical current noise, the devices were cooled to 3 K using
a pulse tube cooler (which is part of an adiabatic demagne-
tization refrigerator system). The NbSe,/h-BN/Nb Josephson
junction was voltage biased and fluctuations in the critical cur-
rent were measured by an auxiliary Nb-AlO,-Nb SQUID [31].
Here, the integrated input coil of the readout SQUID was wired
in series with the NbSe,/A-BN/Nb junction and the readout
SQUID was operated in a flux-locked loop with flux modu-
lation at 100 kHz. The noise floor was dominated by the added
noise of the measurement system, so we are only able to set
an upper bound on the critical current noise of the Josephson
junction.
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