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ABSTRACT

We present planar aluminum superconductor–graphene junctions whose hybrid interface is engineered for couplings ranging from
tunneling to the strongly coupled regime by employing an atomically thin van der Waals tunneling barrier. Without the vdW barrier, we
find Al makes strongly coupled contacts with the fully proximities graphene channel underneath. Using a large band gap hexagonal
boron nitride (hBN) barrier, we find the junctions always remain in the weak coupling regime, exhibiting tunneling characteristics.
Using monolayer semi-conducting transition metal dichalcogenides (TMDs) such as MoS2, we realize intermediate coupling with
enhanced junction conductance due to the Andreev process. In this intermediate regime, we find that junction resistance changes in
discrete steps when sweeping a perpendicular magnetic field. The period of the resistance steps in the magnetic field is inversely
proportional to the junction area, suggesting the physical origin of our observations is due to magnetic-field-induced vortex formation in
the planar junction.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/10.0019423

1. INTRODUCTION

When a normal conductor is brought in close proximity to a
superconductor, its properties can be dramatically changed. The
early knowledge about this proximity effect was understood as the
leakage of the superconducting order parameter from the supercon-
ductor into the normal region. A microscopic understanding of this
physical mechanism can be described by the Andreev reflection1 at
the interface of a normal metal (N) and a superconductor (S). In this
interfacial process, an electron in N is retro-reflected by a hole in N
at the interface, creating a Cooper pair in S. The Andreev reflection
describes how the electron is coherently reflected as a hole from
the NS interface while a charge of −2e is transferred into the
superconductor.

In a planar NS junction with arbitrary transparency of the NS
interface, the Andreev process can be more quantitatively described
by G. E. Blonder, M. Tinkham, and T. M. Klapwijk (BTK).2 From
the BTK model, we can show that the Andreev reflection probabil-
ity is 100% for an ideal interface. Furthermore, this model includes
the contribution of subgap conductance from Andreev reflection
and is extremely useful for experimentalists studying transport
through NS junctions.

Two-dimensional (2D) materials have been a uniquely versa-
tile platform for induced superconductivity due to their electrostatic
tunability, transparent interface, and atomically thin geometry
allowing for a combination of metallic, semiconducting, and insu-
lating planes while maintaining high mobility. Notable demonstra-
tions include ballistic Josephson junctions,3 twist-interface-enabled
superconductivity,4 and quantum Hall-superconductor hybrids.5

To better understand the induced superconducting behaviors
stemming from the superconducting contacts, one can rely on van
der Waals (vdW) heterostructures in conjunction with 2D gra-
phene channel. Depending on the vdW materials used as a barrier,
one can explore different coupling regimes that the superconductiv-
ity proximity effect falls into, which are determined by the Andreev
process probability.

In this work, we present planar aluminum superconductor–
graphene junctions whose hybrid interface is engineered for cou-
plings ranging from tunneling to the completely proximitized
regime. For the junctions with weak coupling, we observe that the
quasi-particle transport between Al and graphene is in the tunnel-
ing regime exhibiting conductance suppression. Without vdW
barriers, Al superconducting electrode couples strongly with the
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underlying graphene channel. We observe that no junction voltage
is developed when Al remains superconducting. In the intermediate
regime realized by the introduction of mono-layer TMDs between
Al and graphene, we find that the junction shows staircase-like dis-
crete changes in resistance when sweeping a perpendicular mag-
netic field, a behavior absent in the tunneling and strongly coupled
junctions. We find that the period of the resistance steps is
inversely proportional to the junction area.

2. EXPERIMENT

The van der Waals vertical structure is built by the inverted
dry transfer technique.6,7 The bottom layer is a thick, clean flake of
hBN (20–40 nm), creating a uniform substrate for graphene to
minimize the disorder. On top of the graphene is the barrier layer
that separates the evaporated Al superconducting electrode from
the graphene channel layer. For this barrier, we chose atomically
thin vdW materials so that the barrier thickness can be fine tuned
on an atomic length scale. Within the van der Waals family, there
exist many materials that range from insulating to semiconducting
and then to completely conducting. Among them, we chose to use
two as the interfacial layer: hBN and molybdenum disulfide
(MoS2). These two mate-rials offer bandgaps of different sizes
(1.8 eV for MoS2,

8 6.1 eV for hBN9,10 which can help tune the
contact transparency. Moreover, these materials frequently appear
in large sizes after mechanical exfoliation. They also come in differ-
ent thicknesses and can be in the thin limit with just a few atomic
layers. These are important traits that allow us to fast-track the fab-
rication process.

For assembling vdW layers into the device structure shown in
Fig. 1(a), we employ an inverted vdW stacking technique,11 where
the top surface of the stack is never in contact with any polymer

layers for transferring. After the stack is assembled, the Hall-bar
shaped geometry is defined followed by deposition of normal leads
(5/50 nm of Cr/Au) [see Fig. 1(b)]. The device then undergoes the
process of vacuum annealing at 350 °C for 15–20 minutes to remove
any polymer residue from e-beam lithography, so that the tunnel
path from graphene through the barrier layer to the superconductor
is guaranteed to be clean. The final step is deposition of the supercon-
ducting contacts (5/80 nm of Ti/Al) on top of the area of interest.

The critical temperature of Al in the devices is typically
around 1 K. All the measurements were performed in He3- fridge
with a base temperature of 300 mK. The main focus is the gra-
phene region underneath Al, where the superconducting proximity
correlation is the strongest. As shown in Fig. 1(c), the Al contact
branches out to two leads. The current (a small AC excitation dI
on top of a DC bias current Ibias) is sent from a normal contact at
the left end of graphene to the first Al lead, which is grounded.
Then we measure the voltage VNS between the other end of the gra-
phene and the second Al lead. This is effectively the voltage drop
across the vertical graphene–barrier–Al structure, as marked by the
dotted square in Fig. 1(d). As a result, we obtain the tunneling con-
ductance (or resistance) across the vertical NS junction, which
characterizes the Andreev process in the system via the BTK model.
With this measurement scheme, we categorize our devices into
three regimes depending on the differential conductance profile as
we discuss in the following sections.

3. STRONG COUPLING REGIME: Al/GRAPHENE

As a reference point in this study, we start with a device
without any barrier layer–Al is deposited directly on top of gra-
phene. The graphene in this type of device becomes fully proximi-
tized due to the highly strongly coupled su perconducting contact.

Figure 2(a) shows the differential resistance dV/dI ¼ dVNS/dI
as a function of current bias (Ibias) and back gate voltage Vbg . In the
color plot, it is clear that there is a gap feature, in which the resistance
drops to near zero (deep blue region), signifying the presence of super-
conductivity. At the Dirac peak of graphene, where Vbg ¼ 3 V across
300 nm SiO2 dielectric, the superconducting gap reaches a minimum.
As the carrier density in graphene is increased, the gap becomes
larger. This back-gate dependence suggests that dV/dI presented in
this figure is related to the properties of graphene.

In Fig. 2(c), we plot the differential resistance as a function of
current bias and applied magnetic field. In this figure, one can see
how the induced gap (deep blue region)is measured from closes as
the magnetic field approaches a critical field Hc. In addition, there
are oscillations formed outside of the gap. These oscillations fan
out from the superconducting gap and only exist in the supercon-
ducting regime (i.e., they also get quenched when the applied mag-
netic field rises above the critical field). We attribute these high
bias conductance oscillations to the resonance of Andreev-process
induced coherent mesoscopic states in either confined supercon-
ductor (Al islands) or normal metal (graphene channel). The
Andreev process across the NS interface can lead to a periodic con-
ductance modulation at finite bias voltage across the junction (i.e.,
outside of the superconducting gap) if the mesoscopic confinement
induces quasi-particle interference within the superconducting
region (Tomasch oscillations).12–14 Similar periodic conductance

FIG. 1. (a) Illustration of the device structure, top and side view. The vdW
barrier layer can be atomically thin hBN or TMDs. (b) Optical image of a typical
device. (c) Measurement configuration of the vertical superconductor/barrier/gra-
phene device structure. (d) Cross-sectional view of measurement configuration.
The pink region denotes the current path (I) from a normal contact to graphene
at one end to the Al contact. The voltage drop across the vertical junction VNS
the other end of the graphene to the Al lead.
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oscillations may occur if the Andreev reflected quasi-particles in
the N region form coherent bound states due to the N region con-
finement (McMillan-Rowell resonance (MRR).14–16 The meso-
scopic size of both Al island and graphene channel in our device
structures can in principle lead to these coherent oscillations on
top of the superconducting states.

4. TUNNELING REGIME: Al/BN/GRAPHENE

In 2D materials research, hBN is commonly used as a dielec-
tric substrate that provides a flat surface for graphene and can also
screen the stray electric fields from the charged impurities within
the silicon dioxide substrate. As a tunneling layer, hBN has been
investigated extensively. There are numerous studies on the trans-
mission probability between combinations of graphene/graphite/
gold through different hBN layers.17,18 In this section, we present
the experimental results in such a system and explain them from

the perspective of Andreev process. Particularly, we focus on using
one atom thick hBN monolayer in our devices.

Figure 3(a) shows the spectroscopic properties of the tunnel
junction as a function of Vns and magnetic field B at a fixed back-
gate voltage Vbg ¼ 30 V. We also plot the in-dividual line traces in
Fig. 2(b) for 0 < B < 24 mT, extending above Bc . Tunneling con-
ductance dI/dV shows a clear suppression for j Vns j , 0:7 mV at
low B, indicating the suppression of Andreev reflection due to the
barrier, which decreases the transparency of the NS interface. The
coherence peaks are seen at Vns : Vc ¼ 0:7 mV, an energy which is
considerably larger than the superconducting gap of Al ∼ 0.25 mV.
This may be due to a spurious voltage drop outside the junction
area, which is picked up in our measurement configuration.
Increasing B suppresses the superconductivity and at | B |= 24 mT
the tunneling conductance is constant in Vns indicating the energy
independent normal state conductance.

Figure 3(c) shows the tunneling conductance at B = 0 as a
function of Vns and Vbg The junction conductance is modulated by

FIG. 2. (a) Gate dependence of tunneling resistance dV/dI in the strongly coupled regime. In the device, the graphene layer is in direct contact with Al. The color plot is
dV/dI as a function of current bias (Ibias) and back-gate voltage Vbg . The gap in the bias current (the zero resistance region) can be tuned by a back-gate voltage and its
minimum appears at the graphene Dirac peak (Vbg ¼ 3 V). (b) dV/dI as a function ofIat different Vbg , corresponding to the dotted horizontal lines in (a). (c) Magnetic field
depend ence of the differential resistance dV/dI in the strongly coupled regime. The gate voltage is fixed at Vbg ¼ 50 V. (d) Several line cuts at constant magnetic fields B
taken from (c). Inset figure shows the schematic diagram of the junction.
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Vbg , demonstrating that the graphene in the junction area is gate-
tunable. The conductance minimum at Vbg " –7 V observed for
the entire measured energy range indicates the Dirac peak of the
graphene. The line traces plotted in Fig. 3(d) show a suppressed
tunneling conductance at small energies for the entire gate voltage
range, which indicates that the back gate, while tuning the

conductance of the graphene channel, does not significantly alter
the junction transparency dictated by the barrier.

The hBN barrier employed in this experiment is monolayer,
the thinnest barrier limit for this material. Nevertheless, we observe
the conductance suppression, suggesting that the hBN barrier
always provide weak coupling between Al superconductor and gra-
phene channel. We tested four de vices with monolayer hBN as the
barrier with different tunneling area A. We find that the tunneling
resistance RN in the normal regime (i.e., jVns j # Vc) is on the
order of kΩ. The resistance area product (RNA) in our devices is
consistent with those in graphite/monolayer hBN/gold devices,18 as
shown in Table I.

5. INTERMEDIATE REGIME: Al/MoS2/GRAPHENE

The weak coupling between Al and graphene channel across a
large energy gap of hBN, as discussed in the previous section, can
be turned into an intermediate coupling regime via replacing the

FIG. 3. (a) Magnetic field dependence of differential conductance dI/dV in the tunnel regime. Monolayer hBN is used as the barrier in the device. The color plot is dI/dV
as a function of bias voltage Vbias and magnetic field B. The back-gate voltage is fixed at Vbg ¼ 30 V. (b) dI/dV as a function of Vbias at different magnetic fields, corre-
sponding to the dotted horizontal lines in (a). Inset figure shows the schematic diagram of the junction. (c) Gate voltage dependence of the differential conductance dI/dV
in the tunneling regime. (d) Several line cuts at constant gate voltage Vbg taken from (c).

TABLE I. Devices in the tunneling regime with different sizes of tunneling area. The
RN A product is consistent with the exponential dependence of zero-bias resistance
on the thickness of hBN separating graphite and gold.18

Device Tunneling area, μm2 RN, kΩ RNA, kΩ⋅μm2

A 1.6 4.2 6.7
B 2.7 2.6 7.2
C 0.75 11.4 8.5
D 1.9 8.9 16.9
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vdW barrier in the device. In this section, we demonstrate the
intermediate coupling regime by using a monolayer semiconduct-
ing TMD, MoS2.

Figure 4(a) shows the resistance dV/dI in the intermediate
transparency regime as a function of bias current Ibias and B at
Vbg ¼ 60 V. The characteristics are similar to that of the strongly
coupled junction in Fig. 2(a) with the exception that, here, the
junction resistance does not vanish at low bias current, suggesting
that the graphene in the junction area is not completely proximi-
tized [see line trac es in Fig. 4(b)].

Figure 4(c) shows the gate dependence of the tunneling differ-
ential conductance as a function of voltage bias at zero magnetic
field. The Dirac point of the graphene channel is located around
Vbg ¼ –55 V, showing that the graphene channel is n-doped by
being in contact with MoS2. As shown in the traces in Fig. 4(d),
when the Fermi level of graphene is away from the Dirac point, the
dV/dI is strongly suppressed, indicating Andreev enhanced

conductance. As the gate voltage is tuned near the Dirac point, the
junction turns into the weak coupling regime, losing most of the
Andreev enhanced junction conductance at the zero bias limit.

Interestingly, the junction resistance at small Ibias changes in
discrete steps as the magnetic field increases, evident from the line
traces with several overlapping successively (labeled by the horizon-
tal arrows). We will discuss these stepwise in crease of junction
resistance in the next section.

6. MAGNETORESISTANCE PLATEAUS IN THE
INTERMEDIATE REGIME

The discrete changes of Andreev current measured in
Al/MoS2/graphene device can be further investigated by sweeping
magnetic fields at fixed bias voltage Ibias and gate voltage Vbg

Fig. 5(a) shows the change of magneto resistance dR/dB as a func-
tion of Ibias and B at gate 60 V, taken from the same device in

FIG. 4. (a) Magnetic field dependence of tunneling resistance dV/dI in the intermediate regime. The device has monolayer MoS2 as the tunneling barrier. The color plot is
dV/dI as a function of bias voltage (Vbias) and magnetic field B. The backgate voltage is fixed at Vbg ¼ 60 V. The step features are indicated by the white arrows. (b) dV/dI
as a function of Ibias at different magnetic fields, taken from (a). The magnetoresistance plateaus are manifested as these cuts from different B fall on top of each other
within the low bias region, leaving only a few distinguishable lines (marked by the arrows). Inset figure shows the schematic diagram of the junction. (c) Gate voltage
dependence of the differential resistance dV/dI . (d) Several line cuts at different gate voltages, taken from (c).
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similar transparency, (2) the slope of the steps changes sign (from
measurement conditions presented in Fig. 4. Here, the differential
resistance R = dV/dI is measured first using B as a fast sweeping
variable while keeping I ¼ Ibias fixed during the measurement [see
Fig. 5(b)]. This experimental procedure ensures that there is no
experimental artifact such as flux jumping in the solenoid magnet

being used in the experiment. The steps in dV/dI are formed as B
is varied and appear as the sharp peaks or dips in dR/dB, as shown
in Fig. 5(a). This stepwise change of R is not seen at large I and B,
suggesting these features have a super conducting origin.
Figure 5(b) shows dV/dI as a function of B taken at various bias
currents I ¼ 0 . . . 0:8μA. The step features appear at identical B
values for all plotted I, indicating that these steps are reproducible
and regularly spaced with a separation ΔB " 0:6mT.

We have studied the observed resistance steps in sever-al
devices as a function of magnetic field and gate voltage. Figure 6(a)
shows the dI/dV traces at zero bias as a function of B for different
devices with intermediate junction transparency. All the resistances
change in steps, high lighted by arrows. While the visibility of the
steps decreas es as the magnetic field increases, the periodicity of
the steps remains constant for each device. This is shown in the
Inset of Fig. 6(a), in which the positions of the steps in B are
plotted against the index of the steps n, presenting a lin ear rela-
tion. The constant periodicity of the steps for each device suggests
an origin of the steps, which is related to the junction area. The
average magnetic field spacing ΔB then can be obtained from the
slope of these linear lines.

We find that ΔB is directly related to the junction area of the
device. Figure 6(b) shows the relation between 1/ΔB and the area A
of each device. Among the 4 devices measured in the intermediate
coupling limit, shown in the lower Inset of Fig. 6(b), we find a
linear relation between1/ΔB and the area A, implying that the steps
originate from flux penetration through the junction. Indeed, the
inverse slope of these linear line corresponds well with the super-
conducting magnetic flux quanta Φ0 ¼ h/2e, as shown in the solid
line in this graph.

While the step width in ΔB can be explained in terms of flux
penetration into superconducting islands, the step height in dV/dI
depends on the gate voltage. Figure 6(c) main panel shows dV/dI
of device C measured as a func tion of Vbg at B = 0. The colored
squares indicate the value of Vbg for the four traces of dV/dI as a
function of magnetic field, shown in Fig. 6(d). For each trace, we
have marked with arrows the resistance values at which the steps
appear and plotted them as a function 1/ B, shown in the Inset of
Fig. 6(c). The resistance values decrease is inversely proportional to
B for each shown gate voltage.

We now discuss the physical origin of our observed resistance
steps, which occur due to flux penetration through the junction.
Our main observations are (1) the resistance steps are found only
for the junctions with intermediate transparency, (2) the slope of
the steps changes sign (from ascending to descending and vice
versa) at finite bias, (3) the step height changes with gate voltage,
and finally (4) the resistance value at which the steps appear
decreases inversely proportional to B. These observations are con-
sistent with vortex penetration into an Al contact that is thin
enough to exhibit type II superconductor behaviors. In this expla-
nation, each vortex penetrating the supercon ductor results in an
abrupt change in the junction resistance.

Superconducting vortices have been directly observed in prox-
imities of normal regions.19 Due to the relation between the step
width and graphene/Al overlapping area, we deduce the plateau
feature is related to the transport of vortices at the interface as well
as in the proximities of graphene. Although Al is a type I

FIG. 5. (a) dR/dB as a function of magnetic field B and current bias Ibias, where
R is differential resistance R = dV/dI obtained in Fig. 4(a). Gate voltage is fixed
at Vbg ¼ 60 V. The black arrows mark the magnetic field values where sudden
change of R occurs. (b) dV/dI as a function of B taken at various bias currents
A (the range is marked by two horizontal lines in Fig. 5(a). The step features in
dV/dI are evident at fixed magnetic field values, marked by the dashed lines
and arrows.
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superconductor, which does not allow the formation of quantized
magnetic vortices in the bulk sample, mesoscopic Al islands can
exhibit vortex structures in the low magnetic field regime.20,21

Decreasing step height dV/dI with increasing magnetic field
was reported in previous experiments that detected vortices in
mesoscopic Al superconductors.22 In this work, current-driven
splitting of multiquanta vortices are realized, where
current-induced transitions between degenerate quantum states
provide detectable junction resistance. Similarly, the gate voltage
modulation of the step height in our devices could be related to the

gate voltage affecting the slope of the background resistance, which
as a result determines the step height.

7. CONCLUSION

The Andreev process probability is determined by the barrier
strength separating the normal conductor and the superconductor.
In this paper, we explored the fundamental proximity effect in gra-
phene systematically in different regimes depending on the
Andreev probability. Using insulating van der Waals materials as

FIG. 6. (a) Step features in different devices. Inset shows Bn for each device; the slope provides the average step size, ΔB . (b) ΔB versus the device area A for four
devices in the intermediate coupling regime. The lower Insets show optical microscope images of the devices. The solid line is for ΔBA ¼ Φ0. (c) Graphene channel resis-
tance as a function of back-gate at zero magnetic field. Dirac peak of the graphene is at Vbg ¼ $50 V. Dots with different colors correspond to the gate voltage where
magnetic resistances are measured in (d). Inset displays the scattered data points with the value of each differential resistance step plotted as a function of 1/B, which
shows a linear behavior. These slopes are gate-dependent. (d) dV/dI plateaus at different values of back-gate voltages. There is no clear step feature when graphene is at
the charge neutrality point.
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the tunnel barrier allows us to assemble a vertical structure with
atomically flat and clean interface between graphene and the tunnel
barrier. We can control the barrier strength by choosing materials
with different sizes of band gap or different numbers of atomic
layers. In the strongly coupled regime, i.e., without a barrier, we
showed that when the superconducting Al is in direct contact with
graphene, the induced gap is gate-tunable and there are above-gap
features showing the superconducting correlation inside the gra-
phene. However, the near zero resistance inside the gap prevents us
from further probing the properties of proximitized graphene.
Conversely, by using monolayer hBN as the barrier we enter the
tunnel regime. The graphene is no longer proximitized and we can
only observe the superconducting gap of Al without gate depen-
dence and any above-gap features. An ideal regime for the purpose
of our study is achieved by selecting monolayer MoS2 as the separa-
tion layer between graphene and Al. In this intermediate regime,
we find that inside the induced gap there is typically a 10–50%
enhancement of conductance, indicating the predominance of the
Andreev process between graphene and Al via MoS2. Furthermore,
in the field dependence measurement there are plateaus developed
in the magneto-resistance. Since the width of the plateaus is consis-
tent with a flux quantum in the system, we ascribe their origin to
vortices.

Our experimental results have demonstrated how to obtain
different probabilities of the Andreev process by experimental
control of vdW barrier strength. With significant probability of
Andreev process, there is superconducting correlation in the gra-
phene layer, and its proximity effect properties are characterized by
the magnetic field as well as the carrier density.

Our experimental results have demonstrated how to obtain
different probabilities of the Andreev process by experimental
control of vdW barrier strength. With significant probability of
Andreev process, there is superconducting correlation in the gra-
phene layer, and its proximity effect properties are characterized by
the magnetic field as well as the carrier density.
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