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ABSTRACT

The gate-tunable Josephson junction, generally achieved in planar Josephson field-effect transistors (JoFETs), is a key element for the applica-
tions of superconducting devices. At present, the performance of these systems with planar JoFETs is often impeded by the large channel
length, which, at best, lies in the range of tens of nanometers. In contrast, the channel length in vertical junctions can be easily scaled down
to nano-scale to realize the strong Josephson coupling. However, the vertical junctions are believed to be insensitive to the field-effect due to
the atomic screening of electric fields in metals. Here, we report on a novel realization of few-layer black phosphorus (BP)-based vertical
JoFETs using an electric-double-layer configuration. In transport experiments, using junctions of different shape, superconducting quantum
interference device-like magnetic diffraction patterns of the junction critical current and anomalous Shapiro steps on current voltage charac-
teristics are observed, strongly indicating that the critical current density in the junctions is highly inhomogeneous and peaked at the edges
or even near the junction corners. The electric-field tunability of the Josephson coupling could be attributed to the edge- or corner-
dominated supercurrent density profile combining with the carrier diffusivity in the few-layer BP. The ability to control the vertical
Josephson coupling provides us with new opportunities to study high-performance and high-temperature superconducting Josephson field-
effect transistors operating on an atomic-scale channel length.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0061999

Field-effect superconducting devices utilize an applied electric field
to control the coupling between the superconducting electrodes.1–8

These systems, typically made of a two-dimensional electron gas
(2DEG) as the Josephson barrier, have considerable potential for low-
loss, fast digital elements as well as for tunable superconducting qubits
(i.e., gatemons).9–12 Two-dimensional (2D) materials, due to their rich
physical properties,13,14 provide a versatile platform to study the electric
field-effect and field-induced phenomena in hybrid Josephson junctions.
Josephson junctions combined with different 2D materials have
attracted many studies experimentally and theoretically in recent

years.2,15–20 Heersche and co-workers developed a gate-tunable
Josephson supercurrent through two closely spaced superconducting
electrodes coupled by monolayer graphene.2 Subsequently, graphene-
based Josephson junctions with one-dimensional edge contacts of super-
conducting electrodes have enabled demonstrations of Josephson effects
in the long ballistic regime.15,21 Moreover, Josephson junctions with the
newly discovered 2D topological materials as barriers opened up new
ways to explore Majorana fermionic excitation states.16,22 However,
most of these in-plane junctions, typically formed by using electron
beam lithography (EBL), show relatively weak Josephson coupling and
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low operation temperature due to the short coherence length (n) com-
pared with the channel length (L). The resolution of the EBL fabrication
method, being in the range of tens of nanometers, fundamentally limits
the channel length and, thereby, the device performance.1,2,8 One possi-
ble solution to enable an electric field-effect in more strongly coupled
Josephson junctions is to change the direction of current flow from par-
allel to perpendicular to the substrate surface, in which case the channel
length L can be reduced to the atomic scale.18,23,24 In this geometry, to
realize vertical Josephson field-effect transistors (vJoFET), the major
obstacle is electrostatic screening by the junction electrodes. This limita-
tion can be overcome using the recently discovered 2D material black
phosphorus (BP) as the barrier of Josephson junctions.

Due to its fascinating physical and semiconducting properties,25,26

BP is an intriguing candidate for exploiting JoFETs. In this paper,
we investigate the vJoFET in Nb/BP/Nb sandwiched Josephson
junctions (BPJJs) with an atomic-scale channel length. The ambient
degradation of BP is minimized by in situ fabrication steps.27 In
magnetic fields, the junction critical currents exhibit a magnetic dif-
fraction pattern that is similar to the case of a direct current (dc)
superconducting quantum interference device (SQUID), indicating
that the critical supercurrent density jc is dominated by contribu-
tions from the edges or even the corners.17,28,29 This view is also
confirmed by the disappearance of low-index Shapiro steps in
microwave fields point to Joule overheating caused by high-jc
regions in the junction.30,31 Making use of this strongly inhomoge-
neous critical current density profile, an electric double-layer tran-
sistor (EDLT) structure with an ionic liquid gate is applied to the
BPJJs. We find a strong electric-field dependence of the junction
critical current and resistance. The observed gate-tunability of the
Josephson supercurrent is highly desired for vertical Josephson junc-
tions integrated into superconducting classical and quantum com-
putation circuits.32,33

An optical image of the structure we use is shown in Fig. 1(a).
Two BPJJs, labeled JJ1 and JJ2, are formed between the Nb electrodes.
The structure also contains all electrodes to perform four-probe trans-
port measurements on the junctions and on the BP flake. The four
leads on the left sides are used to perform four-point measurements
on the BP flakes, and the leads on, respectively, the top side and the
right side are used to measure the junctions. The side-gate electrode is
also indicated. To form the BPJJ, we encapsulate a few-layer BP
between two superconducting Nb films (about 100nm thick) using a
dry-transfer method and an in situ fabrication system. For a detailed
description of the device fabrication, see the supplementary material
Sec. 1. A droplet of ionic liquid covers both the region between the
junctions and the gate pad. Figure 1(b) shows a cross-sectional sche-
matic of the device with EDLT. The ionic liquid [(N,N-diethyl-N-(2-
methoxyethyl)-N-methylammonium bis(trifluoromethylsulfonyl)
imide (DEME-TFSI)] was chosen as the gate insulator. The electric
double layer formed at the liquid/solid interface allows us to accumu-
late or deplete charge carriers of the bare BP.

Figures 1(c) and 1(d) show transfer curves of the BP EDLT, as
measured at 230K. Figure 1(c) displays the source–drain current Ids as
a function of the gate voltage Vg between �3 and 3V with a sweep
speed of 10mV/s. Figure 1(d) shows the four-probe resistance Rds
with a fixed source–drain voltage Vds of 10mV as a function of Vg.
The curves show the typical ambipolar behavior of BP, which is in the
ON-state with p-type behavior.34–37 Therefore, a positive gating

accumulates electrons while depleting holes and vice versa. A charge
neutrality point (CNP) is reached at about Vg¼ 1.5–2.0V forming a
sharp Rds peak. The ON–OFF ratio is �2� 103, which is comparable
to previous reports.34,35 As shown in the inset of Fig. 1(c), the bandgap
is approximatively obtained to be 0.4 eV due to the high geometrical
capacitance of EDLT. From this value, we can estimate that the thick-
ness of the BP flake is about 10 nm.26,38 We note that since the device
is covered by the ionic liquid immediately to prevent degradation, its
actual thickness cannot be confirmed by atomic force microscopy.
These ambipolar transfer curves, plus the Raman spectroscopy charac-
terization of the few-layer BP (supplementary material Fig. S1), dem-
onstrate that the influence of chemical reactions and ambient
degradation of the BP flakes is minimal.

We have performed low-temperature experiments to characterize
the transport properties of the BPJJ. In the following analysis, we will
focus on the properties of JJ1. The temperature dependence of the
junction resistance, shown in Fig. 2(a), is metallic, pointing to an
Ohmic interface contact between BP and the niobium electrodes. We
see such metallic behavior in our in situ fabrication system. In contrast,
devices fabricated in ex situ conditions behaved strongly insulating
(supplementary material Fig. S2). At low temperature, a series of
superconducting transitions are observed, of which the first transition
Tc1� 8.2K is for the bottom electrode, Tc2� 7.8K for the top elec-
trode, and Tc� 4.5K for the Josephson junction, i.e., when phase
coherence is established across the BP layer. Figure 2(b) displays an
current-voltage characteristic (IVC) of the junction at 2.8K.

FIG. 1. (a) Optical image of the overall structure. The area enclosed by the white
dashed line is the BP flake, and two areas indicated by the red dot lines are the
sandwiched BP Josephson junctions (BPJJs: JJ1: 10� 10 lm2 and JJ2: 7� 7
lm2). The isolated niobium pad is the side-gate electrode, and four extra electrodes
on the BP are used to measure the transport characteristics of the BP. A magnetic
field By can be applied as indicated. A four-probe setup is used for all the measure-
ments. (b) Schematics y–z plane cross section and measurement configuration of
the BPJJ field-effect transistor. (c) Source–drain current (Ids) as a function of the
gate voltage (Vg) at Vds¼ 10 mV, T¼ 230 K, showing an ambipolar behavior. The
inset shows a magnified image of the threshold voltage. (d) Four-probe resistance
Rds as a function of Vg.
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The junction carries a supercurrent up to the critical current Ic
¼ 118 lA, above which the junction switches to the resistive state. When
lowering the bias current, the reverse switching to the zero-voltage state
occurs at the retrapping current Ir¼ 86 lA. Often hysteresis arises from
capacitive effects as, e.g., described by the resistively and capacitively
shunted junction (RCSJ) model. By contrast, in our case, the hysteresis is
very likely of thermal origin and arises from Joule heating. We will ana-
lyze this below in the context of microwave field data. An asymptote that
does not go through the origin (blue dashed line) appears in the IVC for
the voltages larger than 2.6mV, shown in the inset of Fig. 2(b). The slope
represents the normal state resistance Rn (Rn¼ 6.3X) of the BPJJ,
whereas the intercept is the excess current Iexc. The large positive excess
current Iexc¼ 125 lA is likely to stem from multiple Andreev reflections
and indicates the high transparency of the Nb/BP interface.39

We investigate the profile of the Josephson critical current den-
sity by applying a magnetic field By in the y-direction, cf. Fig. 1(a). The
total critical current Ic(By) can be written as follows:28

Ic Byð Þ ¼
ð1
�1

dxJc xð Þe
i2pteff Byx

U0

����
����; (1)

where teff¼ dBPþ 2kNbtanh(dNb/2kNb) �105 nm is the effective junc-
tion thickness,40 kNb �110nm is the London penetration depth of the
dNb¼ 100nm thick Nb film,41 dBP is the thickness of BP, andU0 is the
flux quantum. Jc(x) is the Josephson critical current density integrated
along x. Note that once teff is fixed, the coordinate x in Jc(x) can be cal-
culated without further assumptions, and below we find very good

agreement with the actual size of our junction. Also note that Eq. (1)
assumes a sinusoidal Josephson current phase relation. As we will see
below, this assumption is presumably not completely fulfilled for our
junctions. From Eq. (1), for a uniform critical current density, one would
obtain the standard Fraunhofer pattern for Ic(By). By contrast, our BPJJs
exhibit a “SQUID-like” interference pattern, as shown in Fig. 2(c). Here,
the differential resistance is plotted color-coded as a function of the mag-
netic field and bias current, and Ic(By) appears as the boundary between
zero and finite resistance. For quantitative analysis of the critical current
density, we invert Eq. (1) by a Fourier transform yielding Jc(x), as shown
in Fig. 2(d). The accuracy is limited by the finite range of magnetic fields
in which the interference pattern was measured.

Evidently, the projection Jc(x) peaks at the junction edges. The
(resolution limited) widths of the peaks, estimated via Gaussian fits,
are 1.69 and 1.74lm for the two edges. The behavior observed in this
device is reproduced in all other BPJJs of either square or rectangular
cross section we measured. However, from a single Ic vs B measure-
ment, because of the limited number of oscillation periods recorded,
we cannot clearly deduce whether the edges carry the supercurrent
homogeneously or if only some parts contribute. In the supplementary
material Sec. 6, we present additional data for another square-shaped
junction and an equilateral triangle. For both junctions, we have
applied the in-plane magnetic field in different directions. From these
measurements, we conclude that the supercurrent is dominantly,
although probably not completely, carried by regions near the corners
of the junctions, i.e., we basically may have a set of weak links near the
corners. The origin of corner-dominated critical current distribution is
not certain but may be attributed to corrugations in the BP at the
niobium edges or corners.42–44

To gain more insight into the dynamics of the BPJJs, we investi-
gated the ac Josephson effect by applying a microwave field to the
samples. In the presence of a microwave excitation, the IVCs exhibit a
series of quantized voltage plateaus (i.e., Shapiro steps) at voltage inter-
vals DV¼U0f, where f is the microwave frequency. Figure 3(a) shows
IVCs at f¼ 35GHz for different values of the microwave amplitude.
We find a voltage interval DV � 70lV, consistent with the Josephson
relation. At low values of the microwave amplitude, the third Shapiro
step appears on the return branch of the hysteretic IVC, while the first
and second steps are not observed. When the microwave amplitude is
increased, the first and the second steps appear, but the hysteresis
becomes even more pronounced. A color map of the differential resis-
tance (dV/dI) as a function of microwave amplitude P1/2 and bias
current I is shown in Fig. 3(b). This is in contrast to the behavior of
traditional Josephson junctions where hysteresis is caused by capaci-
tance effects. In this case, the hysteresis is suppressed before stable
Shapiro steps appear. Similar behaviors as for our BPJJs have been
reported for high critical-current–density superconductor-normal
metal-superconductor (SNS) junctions and Dayem bridge Josephson
weak links.30,31 Here, the hysteresis is thermal in origin and caused by
a local temperature increase due to Joule heating.

The thermal hysteresis typically occurs when the supercurrent
density Jc is well above 10

5 A/cm2.30 This, in turn, says that much less
than 1% of the actual area of JJ1 carries a significant Josephson cur-
rent, pointing to weak links or nano-bridges either near the edges or
corners, or somewhere inside the junction area. Thus, also taking the
Ic(By) data into account, we basically may have a set of weak links
along the junction edges or corners that heat up strongly. We also find

FIG. 2. (a) R–T characteristic measured at a bias current of 25 lA, Vg¼ 0 V. The
inset shows the R–T curve over a wide temperature range. (b) IVC measured at
T¼ 2.8 K, Vg¼ 0 V, with a current sweep from negative to positive (red line) and
vice versa (black line). The inset shows a part of the IVC on expanded current and
voltage scales. An excess current is indicated in the inset by the blue dashed line.
(c) Differential resistance map of the junction as a function of the applied magnetic
field By and the bias current I, showing a SQUID-like periodic oscillation of Ic. (d)
Critical current distribution (blue dotted line) integrated along the x-direction as
obtained by FFT of the Ic(By) pattern. The width of the edge currents is extracted
from Gaussian fits and is estimated to be about 1.7lm (red dashed line).
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a series of half-integer Shapiro steps, as can be seen in the color map
of the differential resistance (dV/dI) as a function of microwave ampli-
tude P1/2 and normalized voltage V/U0f, cf. Fig. 3(c). These subhar-
monic steps may arise from a non-sinusoidal current-phase relation of
the junctions containing a substantial second harmonic.45,46

Having demonstrated the existence of an edge- or corner-
dominated Josephson supercurrent distribution in BPJJ, we now
analyze the gate voltage dependence of the junction properties. To
our best knowledge, due to the atomic-scale Thomas–Fermi
screening length of metals, the effective gating region of our junc-
tions is on the naked BP around the edge of niobium electrodes, as
shown in Fig. 4(a). In the presence of a static electric field, a
charge-carrier concentration gradient occurs in the BP between
the inside and outside of the junction. In turn, charge carriers dif-
fuse from higher concentration areas to lower concentration areas
of the BP, with diffusion length Ld,

Ld ¼
ffiffiffiffiffiffi
Ds
p

; (2)

where D is the diffusion coefficient and s is the charge carrier lifetime.
It has been reported that the value of Ld is about 450nm for a 2 nm
BP thin flake25 and 1 or 4lm for the case of 16 nm thick flakes.47 In
our device, we estimate a diffusion length of about 0.9lm. This diffu-
sion process will influence the BP at the edges of the junction, leading
to a modification of the Josephson coupling.

After applying electric fields at 230K with different gate voltages
Vg, we measured R–T curves across the junction when the device was
further cooled down to 2.8K, cf. Fig. 4(b). The gate voltages were
applied in the sequence 0, 1, 1.5, 1.75, 2, 2.25, 2.5, 0, �1.5, and
�1.75V. The reproducible characteristics at 0V indicate that the mod-
ulation of our device does not stem from a chemical reaction in the
BP. The diffusion effect under gating can be clearly seen. The junction
transition temperature Tc is reduced as the gate voltage increases and
reaches a minimum at 1.75V. By contrast, the transition temperatures
of the Nb electrodes are not affected by the different gate voltages.
Simultaneously, the constant transition temperatures of Nb electrodes
allow us to exclude field-effect-driven weakening of superconductivity
in the Nb electrodes.

In the superconducting state, we observe that also the critical cur-
rent (Ic) and the normal resistance (Rn) can be modulated by the gate
voltages. Figure 4(c) shows IVCs taken at different gate voltages at
2.8K. In Fig. 4(d), we have extracted the values of Tc, Ic, and Rn for the
various applied gate voltages. Note that the dependence of these quan-
tities on Vg is found to be consistent with the ambipolar transfer
characteristics of BP, indicating that the carrier diffusion in BP plays
an important role. A positive Vg results in a reduction of the charge
carrier concentration in the naked area of the BP. Near the junction
edges, the carriers will diffuse due to the large gradients, giving rise to
a higher Rn and, hence, a lower Ic.

1,9 As it can be seen in the supple-
mentary material Fig. S5, the magnetic field modulation of Ic remains
SQUID like, i.e., the supercurrent density remains edge- or corner-
dominated also under gating. Furthermore, the gate-induced change
in Ic and in Rn also affects the junction dynamics and, thus, the micro-
wave response. This is shown in the supplementary material Fig. S6.
Overall, it is the semiconducting nature of BP in combination with the

FIG. 3. (a) Selected IVCs of BPJJ with microwave frequency f¼ 35GHz. The
curves are horizontally offset for clarity. (b) Differential-resistance (dV/dI) color map
as a function of current (I) and power amplitude (P1/2). The blue regions indicate
the Shapiro steps; the power dependence of Ic and Ir is marked by the green and
yellow solid lines, respectively. (c) Differential-resistance (dV/dI) color map as a
function of normalized voltage (V/U0f) and microwave power (P1/2). Integer and
half-integer Shapiro steps can be seen.

FIG. 4. (a) Schematic x–z plane cross section of the device with gate voltage; the
supercurrent mainly passes through the edges. Gating results in a gradient of the
carrier density along the edges of BPJJ. (b) R–T curves at different Vg; the mea-
surement current is set to 25 lA. (c) IVCs at 2.8 K measured at different Vg. The
curves are horizontally offset for clarity. (d) Extracted normal resistance (Rn), critical
current (Ic), and critical temperature (Tc) vs gate voltage (Vg).
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edge- or corner-dominated supercurrent density, which allows the
strong electric-field tunability of the properties of our vertical
Josephson junctions.

In conclusion, we have fabricated vertical Josephson transistors
made with BP barriers using our in situ fabrication system. The
electric-field tunability of the BPJJs could be attributed to the edge- or
corner-dominated supercurrent density profile in combination with
the carrier diffusivity in the few-layer BP. Although the origin of the
edge- or corner-dominated current in BPJJs is unclear, we think it is
quite promising to conduct more in-depth research on it. We empha-
size that Josephson supercurrent field-effect transistors in the vertical
structure are superior to those in planar geometry. The atomic-scale
channel length in BPJJ enables the strong Josephson coupling even in
a short ballistic regime,18,23 leading to an operating temperature of the
field-effect vertical junctions, which is much higher than that of the
planar geometry. These observations would be desirable in search for
high-performance or even high-temperature superconductor (HTS)
JoFETs. We anticipate that this work will inspire a comprehensive
investigation of vertical superconducting field-effect devices ranging
from tunable superconducting qubits to HTS Josephson devices,
which would benefit from the field-effect control to enhance their
device functionality.
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