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Abstract

Owing to appealing physical properties such as broad tunability in bandgaps and structural
anisotropy, black phosphorus (BP) holds great potential in exploring novel electronic devices.
However, it is extremely challenging to use BP to fabricate electronic devices, since it is prone to
deteriorate in air. To address this challenge, we demonstrate an in situ fabrication technique
which enables us to minimize interfacial degradation and to fabricate vertical Josephson
junctions by employing few-layer BP as a barrier between two closely spaced Nb electrodes. The
current–voltage characteristics of the junctions are hysteretic at low temperatures and become
nonhysteretic when approaching the junction critical temperature. In the resistive state the
differential conductance increases with decreasing voltage. Microwave-induced Shapiro steps
were observed, conﬁrming the presence of the ac Josephson effect. We present different models
to analyze the current–voltage characteristics and conclude that resistive state of the current–
voltage characteristics points to a zero bias anomaly, which is presumably caused by Andreev
reﬂections. Our in situ fabrication technique represents a viable way to incorporate air-unstable
materials for electronics and offer a chance to explore their unique functionalities.
Supplementary material for this article is available online
Keywords: Josephson junction, black phosphorus, two-dimensional (2D) materials, in situ
fabrication
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1. Introduction

possibility of fabricating optically tunable superconducting
junctions [7]. Hence, the barrier has been a major focus of
interest in this ﬁeld of research. Recently, two-dimensional
layered materials are extensively studied as the barrier layer
for making Josephson devices, due to their atomic thickness
and ﬂatness. The well-controlled thickness (down to a
monolayer) and the high interface cleanness offer advantages
in fabricating high-quality devices with new physics and
elevated performance [8–12].
Black phosphorus (BP), similar to bulk graphite, is a
layered structure in which individual atomic layers of the

Due to their unique electronic properties, Josephson junctions
play an essential role in superconducting electronics, most
recently in the context of quantum computing [1–6]. The
junction barrier, which can be basically an insulator, a
semiconductor, or a metal, plays a critical role in determining
the overall junction properties and functionalities. For
example, a barrier that is sensitive to light provides the
3
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puckered honeycomb lattices are stacked by van der Waals
interactions [13]. Few-layer BP exhibits unique properties
absent in other 2D structures. For example, BP has a strongly
anisotropic conducting behavior and highly anisotropic optical and phonon properties [14, 15]. It also shows a large
thickness-dependent bandgap tuning range from 0.3 eV (bulk)
to ∼2 eV (monolayer), ﬁlling the gap between zero-bandgap
graphene and wide-bandgap 2D transition metal dichalcogenides (1.5–2.5 eV) [13]. With its peculiar properties, BP
has attracted increasing interest for potential applications in
thin-ﬁlm electronics, mid- and near-infrared optoelectronics,
and for the development of new-concept devices [15–17].
However, because BP is relatively active and will deteriorate rapidly in the air [18], there are few relevant studies on
Josephson junction devices with BP as the barrier. Also,
because of unknown interface properties between the superconducting electrodes and BP, it is very hard to predict the
type of transport across the barrier, which can range from
tunneling for a low-transparency barrier to ballistic transport
for a high-transparency one. In this paper, we report on the
development of an in situ fabrication process to minimize the
interfacial degeneration of BP, which enables us to fabricate
Josephson junctions by using few-layer BP as a barrier
between two superconducting Nb electrodes. We will discuss
resistance versus temperature (R–T), the temperature
dependence of the junction critical current and the current–
voltage curves from the Nb/BP/Nb Josephson junctions. All
data indicate a good interface transparency. At temperatures
down to 2.6 K, clear Shapiro steps under microwave irradiation at different frequencies were observed, at junction voltages satisfying the well-known Josephson relation. Now that
BP has not only unique anisotropic photoelectric [14, 15] but
also gate-tunable properties [19], Nb/BP/Nb junctions may
pave a new way to study the characteristics of BP for newconcept superconductor electronics.

Figure 1. Nb/BP/Nb Josephson junction geometry. (a) Schematic

view and (b) SEM image. In (b), the white dotted line outlines the
bottom Nb electrode. The thickness of the BP barrier layer is about
4 nm (or eight monolayers), as estimated by Raman spectra and by
atomic force microscopy.

glovebox with Ar atmosphere (H2O<0.1 ppm, O2<0.1
ppm). To avoid degradation, we transferred BP ﬂakes directly
onto 40 nm thick Nb electrodes pre-patterned on sapphire or
Si substrates via a dry-transfer method in the glovebox. Then,
the as-prepared sample was quickly transferred through a
UHV connection tube to an electron-beam evaporation system for Al deposition and then to a dc sputtering system for
Nb deposition, to prepare the top electrode. A bilayer of Al
(2 nm)/Nb (60 nm) was deposited onto the sample, followed
by lithography to deﬁne (Al/Nb) electrodes on top of the BP.
The evaporation rate of Al was about 0.8 Å s−1 and the
evaporation rate of Nb was 1 Å s−1. Note that during the
deposition of Al, some amount of aluminum phosphate may
have formed at the interface which may have an effect on the
interface transparency. After developing the photoresist,
reactive-ion etching was used to remove the undesired Nb
surrounding the junctions by SF6 milling. Then, the samples
were put into alkaline solution for 2 s to remove the residual
Al layer and immersed in alcohol for 1 min to eliminate the
remaining alkaline solution. This process produces superconductor–BP–superconductor (S–BP–S) Josephson junctions on sapphire or Si substrates, with a typical vertical
sandwich structure. Note that Al was used as a mask layer to
avoid over-etching the BP and the bottom electrodes. In order
to minimize the effect of degradation, the samples were
immediately covered with polymethyl methacrylate (PMMA)
and loaded into a cryogenic system with less than 20 min of
exposure to air. Below we show data for one sample with a
junction area of ∼85 μm2. The junction was patterned on a
sapphire substrate and the thickness of the BP layer is about
4 nm (eight monolayers), as estimated by Raman spectra and
atomic force microscopy. Other junctions behaved similarly.
Figure 1(a) shows a schematic view and ﬁgure 1(b)
shows a scanning electron microscopy (SEM) image of the
Josephson junction with BP as the barrier.

2. Sample fabrication
It is well known that a good interfacial contact between the
barrier and the superconducting electrodes is extremely
important for the successful fabrication of Josephson junctions. However, the few-layer BP barrier and the superconducting Nb electrodes are extremely prone to deteriorate
in air. In order to employ the unique but chemically active
material to create Nb/BP/Nb Josephson junctions, we
devised an in situ fabrication system (AdNaNo-Tek Ltd),
where a glovebox, reactive-ion etching, electron-beam
deposition, and magnetron sputtering facilities are connected
together. Since the connection tubes are in ultra-high-vacuum
(UHV) condition (<10−8 Torr), this in situ fabrication
method ensures that the interface between BP and Nb is never
exposed to air, and consequently interfacial degeneration is
minimized dramatically.
Few-layer BP was obtained by cleaving bulk BP crystals
(99.995%, Muke Nano) several times with the well-known
adhesive tape method. BP can easily deteriorate in oxygen
and moisture [18], so we mechanically exfoliated it in a
2
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Figure 2. Resistance versus temperature (R–T) curve of the in situ

fabricated junction (recorded with a bias current I=8 μA) between
2.6 and 8 K. Inset: R–T curve in the full temperature range.

Figure 3. Junction critical current Ic as a function of bath
temperature. Open circles are for a positive bias current and open
squares are for negative bias. Error bars are indicated.

3. Results and discussion

40 μA, corresponding to a critical current density of about
47 A cm−2. This is relatively low but not an unusual value for
Josephson junctions.
The progressive evolution of typical I–V curves with
temperature is illustrated in ﬁgure 4, where the arrows
represent the sweeping direction of the bias current. At
T=2.6 K, the I–V curve shows sharp and hysteretic
switching between the zero-voltage state and the ﬁnite-voltage state. With increasing temperature, the hysteresis
decreases and disappears when the junction critical temperature is approached. Note that the I–V curves show no indication of a gap structure which for Nb should appear near
2 mV. This strongly indicates that the resistive part of the I–V
curves is not mainly due to tunneling. In the resistive state the
differential resistance, although nonlinear, is on the order of
5–10 Ω, implying a resistance-times-area product of below
1 μΩ cm2, which is at least three orders of magnitude lower
than a typical value for a tunnel junction and indicates a good
interface transparency. We also note that, when extrapolating
the resistive part of the I–V curves back to zero voltage, there
seems to be a substantial excess current.
In the following we discuss three models to ﬁt the shape
of the I–V curves shown in ﬁgure 4, the standard resistively
and capacitively shunted junction (RCSJ) model for underdamped Josephson junctions [22], an RCSJ model coupled to
heat diffusion equations and ﬁnally an RCSJ model with a
nonlinear quasiparticle current. Only the latter model gives
reasonable agreement with the data.
In the standard RCSJ model, which can describe many
Josephson junctions in great detail, the I–V curves are calculated as the sum of the Josephson current, a displacement
current and an ohmic quasiparticle current as

Electrical transport measurements were carried out in a Gifford–McMahon-type refrigerator with temperatures down to
2.6 K. The measurement DC lines were equipped with RC
ﬁlters to eliminate electrical noise. The electrical transport
properties of the junction were measured by a standard fourterminal method with two separated contacts on each Nb
electrode. Figure 2 shows the temperature dependence of the
junction resistance R. Below 7.3 K the ﬁrst Nb electrode and
below 7 K the other Nb electrode becomes superconducting.
The transition starting at 4.7 K arises from the junction. Zero
resistance is reached below 4.5 K. For the measurement the
bias current was set to 8 μA, thus zero resistance implies that
the junction critical current exceeded 8 μA at 4.5 K. The inset
shows a metallic resistance versus temperature (R–T) curve
behavior above Tc of Nb, revealing a high-quality interfacial
contact between BP and Nb electrodes due to the in situ
fabrication process.
To further stress the importance of the in situ fabrication
process, we make a comparison of the transport properties in
junctions between the in situ and ex situ fabrication methods
(see ﬁgure S1 available online at stacks.iop.org/SUST/32/
115005/mmedia). By ex situ, we mean that we do not
mechanically cleave BP in a glovebox or do not transfer the
sample into the in situ fabrication system through the connection tube. Although we have made great efforts to reduce
the air exposure time of the ex situ samples as much as
possible, we could not obtain a BP-based Josephson junction
with reasonable properties.
Figure 3 shows the junction critical current Ic as a
function of bath temperature. Open circles are for a positive
bias current and open squares are for negative bias. Ic
increases about linearly with decreasing temperature, with a
junction critical temperature of about 6.0 K. A roughly linear
temperature dependence of Ic can be characteristic for Cooper
pair tunnelling but can also be observed for ballistic transport
[11, 20, 21]. Note that the critical current at 2.6 K is about

i = bc g̈ + g / r + ic sin g ,

(1 )

where bc = 2pIc0 R02 C /F0 is the Stewart–McCumber parameter, R0 is the junction resistance, Ic0 is the Josephson critical current and C is the junction capacitance. Φ0 denotes the
3
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Figure 4. Current–voltage (I–V ) curves of the in situ fabricated

junction, measured at (a) 2.6 K, (b) 3.5 K, and (c) 5.1 K with
increasing and decreasing bias current (indicated by dashed arrows).
The critical current (Ic) and the retrapping current (Ir) are indicated
in (a).

Figure 5. Models to ﬁt the experimental I–V curves of ﬁgure 4: (a)

standard RCSJ model, (b) RCSJ model coupled to heat diffusion
equations, (c) power-law ﬁts to the resistive branch of experimental
I–V curves. In all graphs, experimental data for bath temperatures of
2.3 K (5.1 K) are shown by black solid (open) circles. In (c) in
addition, 3.5 K data are included by open black triangles. In (a) and
(b), ﬁts to the 2.6 and 3.5 curves are shown by, respectively, solid
red and green dashed lines. In (c) the ﬁt to the 2.6 and 3.5 K curves
are shown by the solid red line, the ﬁt to the 5.2 K curve by the
dashed green line. Numbers in (b) indicate some junction
temperatures, as calculated in the thermal model.

ﬂux quantum and γ is the Josephson phase difference. Currents are normalized to Ic0, resistances to R0, voltages to Ic0R0
and time to Φ0/2πIc0R0. In the standard notation ic and r can
be set to 1. Equation (1) yields the time dependent normalized
voltage v=g . The voltage V used in the I–V curves is
obtained by time averaging v. Figure 5(a) shows the best ﬁts
for the experimental I–V curves taken at, respectively 2.6 K
and 5.1 K. The ﬁt to the 2.6 K curve is shown by a red solid
line. Here we used βc=3 to match the hysteresis. The ﬁt to
the 5.1 K curve, shown by the green dashed line, uses
βc=0.5. The ﬁts are very poor, for the reason that the
experimental curves exhibit a negative curvature of the
resistive branch, i.e. a differential resistance increasing with
bias current. This feature may be indicative of a Joule heating
effect, assuming that the junction resistance increases with
temperature. In extreme cases the hysteresis in the I–V curves
can be purely caused by heating [23].
To include heating, similar as in [24] we combine
equation (1) with the heat diffusion equation
Ch T = P -

òT

as T in the main part of the text) and T is now the actual
temperature of the junction. We assume that the junction
resistance and the Josephson critical current are temperature
dependent and use Ic0 and R0 as their values at some normalization temperature Tn (2.6 K for the simulations shown
here). Thus, ic=Ic(T)/Ic0 and r=R(T)/R0 are temperature
dependent functions. The temperature is calculated from
equation (2) using the Joule power P generated from
equation (1). For Ic(T) we use a linear temperature dependence Ic(T) ∝ (1−T/TcJ), with TcJ=6 K, as suggested from
ﬁgure 3. We obtain R(T) by ﬁtting the R–T curve shown in
ﬁgure 2 over some temperature range above TcJ and extrapolating it to some residual value below TcJ. The ﬁts are
shown in ﬁgure 6. The ﬁrst ﬁt function is given by R (T)
[Ω]=4.2+0.023 (T [K])3 and is close to the measured R(T)
curve for temperatures between TcJ and 6.5 K. Below TcJ the
ﬁt curve approaches the value of 4.2 Ω at low temperatures.
The second ﬁt function is given by R (T) [Ω]=4.2+0.023

T

KdT,

(2 )

b

with the heat capacitance Ch of the junction, the thermal
conductance K of the junction to the bath and the Joule power
input P=U2/R. Tb is the bath temperature (simply denoted
4
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Figure 6. Fits (lines) to the measured (solid circles) temperature

dependence of the junction resistance. For the ﬁt formulas, the
temperature T is in Kelvin and the output is in Ω.

(T [K])3+10–9 exp(3.1 T[K]). This function basically coincides with the ﬁrst ﬁt function for temperatures below 6 K but
follows the measured R(T) curve up to about 7 K. As it is
commonly done [25], we assume power laws in T for the
thermal conductance, with powers between 1 and 5. The prefactor is adjusted so that the hysteresis in the I–V curves, as
well as the resistive part of the I–V curves near the critical
current, are reproduced. Figure 5(b) shows results for K ∝ T5,
using the ﬁrst ﬁt function for R(T). A power of 5 for K(T) is in
the range of Nb ﬁlms at low temperature. Apparently, the ﬁts
do not agree with the measured I–V curves at high currents
and voltages. Using the second ﬁt function for R(T) or using a
power below 5 for the thermal conductance makes the ﬁts
even worse (not shown). In essence the crux is that, e.g., the
resistance observed after switching to the resistive state at
Tb=2.6 K requires a junction temperature of 5.75 K and
higher, resulting in the need to use a very low thermal conductance which for the ﬁts shown amounts to 2.8 pW K−1 at
Tb=2.6 K. Using the Nb ﬁlm thickness as the effective
distance of the junction to the bath and a junction area of
85 μm one ﬁnds a thermal conductivity of about
1.3 mW mK−1, which is at least four orders of magnitude
below reported thermal conductivities of Nb near 2.6 K
[25, 26]. One would have to increase the effective distance to
bath to the mm scale to get reasonable values for thermal
conductivities of either Nb or Si. We conclude that the thermal model cannot reproduce the measured I–V curves for
reasonable model parameters.
The remaining possibility is that the quasiparticle conductance is nonlinear. Indeed, as shown in ﬁgure 5(c), the
resistive parts of the I–V curves at 2.6 and 3.5 K can be
described very well with R−1 ∝ |V|−0.32. For the 5.2 K curve,
the power is somewhat lower, 0.25. The decrease of the
differential resistance (increase of the differential conductance) for V→0 is reminiscent of a zero bias anomaly
(ZBA), observed for many Josephson junctions. There can be
various reasons for the formation of the ZBA [27], and
multiple Andreev reﬂections is one of them [28]. To model
the experimental I–V curves in the presence of a ZBA we
replaced the ohmic quasiparticle current g /r in equation (1)
nonlinear dependence, making use of the I/V ∝ V −p dependences introduced above. For the calculations, we use a

Figure 7. Fits to the experimental I–V curves of ﬁgure 4, as obtained

from the RCSJ model with nonlinear quasiparticle current.
Experimental data are shown by black solid circles, dashed green
lines are the power-law ﬁts of ﬁgure 5(c), solid red lines are the
results of simulations using these power-law dependences as a
nonlinear quasiparticle current in the RCSJ model.

McCumber parameter bc = 2pIc0 R02 C /F0 of 4.5, where R0 is
now the linearized resistance V/I at 44 μA, i.e. the 2.6 K
critical current. We also include thermal ﬂuctuations.
The results of the simulations using this RCSJ model
with nonlinear quasiparticle current are shown in ﬁgure 7.
The agreement with the experimental curves is reasonable.
Also note that an opening of a ZBA below the transition
temperature of the Nb electrodes ZBA could explain the
‘metallic’ behavior of R(T) for temperatures below 7 K or so.
Direct experimental evidence of the genuine Josephson
junction is provided by the microwave irradiation response.
Applying a microwave of frequency f to the sample results in
Shapiro steps in the I–V curve at discrete bias voltages
Vn=nhf/2e [29], where n is an integer and h is Planck’s
constant. The constant-voltage Shapiro steps can be attributed
to the synchronization of the Josephson oscillations and the
applied microwave radiation. Figure 8(a) shows I–V curves
obtained from the in situ fabricated Nb/BP/Nb Josephson
junction, irradiated by microwave of different frequencies.
For I–V curves under microwave irradiation at 40 GHz,
35 GHz, 30 GHz, and 25 GHz, the current steps were
observed at integer multiples of ΔV=82.7 μV, 72.4 μV,
61.7 μV, and 51.4 μV, respectively. As shown in ﬁgure 8(b)
5
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Figure 8. a.c. Josephson effect of the junction created by the in situ fabrication process, measured at T=2.6 K. (a) I–V curves under

microwave irradiation with different frequencies. (b) Interval ΔV versus irradiation frequency. Symbols and error bars represent the
experimental values, the dotted line is given by ΔV=hf/2e.

but not least, we stress that BP thin ﬂakes have ambipolar
insulator-to-metal transition properties by applying an electric
ﬁeld [19], the in situ fabrication will lead to a very crucial step
towards the applications of gate-tunable BP-based Josephson
devices.

these values are very close to the ΔV values expected from
the a.c. Josephson relation, ΔV=hf/2e. In fact, we also tried
to simulate the I–V curves under microwave irradiation.
However, for all three approaches (conventional RCSJ, RCSJ
with Joule heating and RCSJ with nonlinear quasiparticle
current) there was no agreement with data. Both within the
conventional and the nonlinear RCSJ simulations the junction
behaved chaotic, and the observed Shapiro steps were too
small and instable. For the RCSJ model coupled to heat diffusion equations, there was strong overheating and the Shapiro steps were by far too small. It is likely that one also needs
to consider a non-sinusoidal Josephson current-phase relation
to fully describe the data.
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4. Conclusion
We have developed an in situ method to fabricate Nb/BP/Nb
Josephson junctions. The junctions showed a metallic R–T
curve behavior above Tc of Nb, pointing to good interfacial
properties between Nb and BP. The I–V curves of the junctions exhibit hysteresis at low temperatures and become
nonhysteretic when approaching the junction critical temperature. The junction critical current increases linearly with
decreasing temperature. Well-behaved microwave-induced
Shapiro steps were observed, conﬁrming the presence of the
ac Josephson effect. In the resistive state of the junctions, the
differential conductance of the I–V curves increases with
decreasing voltage, a feature which cannot be described
within the standard RCSJ model. We have also ruled out
Joule heating as the source for the large conductance at low
voltages and conclude that resistive state of the I–V curves
points to a zero bias anomaly which is presumably caused by
Andreev reﬂections.
From a comparison of the transport properties in junctions between different fabrication methods, we found that the
in situ method provides high-quality interfacial contact
between BP and Nb electrodes, which is the key for fabricating robust junctions. The proposed in situ method is not
limited to fabricating BP-based Josephson junctions but is
readily applicable to a variety of air-sensitive devices. Last
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