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Abstract
Inducing superconductivity into graphene by a proximity effect offers a chance to study exotic
physics phenomena involved in Cooper pairs on a Dirac fermions system. Here we fabricate the
monolayer graphene/single-unit-cell Bi2Sr2CaCu2O8+x (single-unit-cell Bi2212) van der Waals
heterostructure, where the atomically flat surface from mechanically exfoliated single-unit-cell
Bi2212 is the key to the pronounced proximity effect. The transport measurements in
combination with direct and alternating current are performed on graphene/single-unit-cell
Bi2212. The superconductivity is observed at the graphene/single-unit-cell Bi2212
heterostructure below 86 K. In the superconducting state, the nonlinear drain current–voltage
relation is seen reflecting the characterisation of the Dirac–fermionic band structure of graphene.
While for a lower bias, the differential conductance spectra shows a small subgap up to 60 K,
implying a proximity-induced high-temperature superconductivity in graphene. Our results open
a new way to study the superconductivity in two-dimensional Dirac fermion systems.
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1. Introduction

Graphene at one-atom thick has attracted a lot of interest
because of its wonderful properties, such as superior
mechanical strength, high carrier mobility, high electrical and
thermal conductivity, chemically inert properties and the
linear dispersive electronic structure [1–6]. Recent research
on graphene has gotten involved in the combination of gra-
phene with superconductivity. Graphene becomes super-
conducting by coupling with the twisted graphene underneath
[7] or by proximity effect in superconductor–graphene–

superconductor junctions [8–12], superconducting nanois-
lands on graphene [13–16], superconductor–graphene het-
erostructures [17–19] and so on. Amongst them, the
superconductor–graphene heterostructure provides a rela-
tively easy way [20, 21] to study proximity-induced super-
conductivity in the two-dimensional relativistic electronic
system of graphene.

Superconducting proximity effect occurs when a normal
metal is brought into contact with a superconductor. The
Cooper pairs penetrate from the superconductor (S) into an
adjacent non-superconducting metal (N). The microscopic
mechanism describing superconducting proximity effect is
Andreev reflection (AR). It describes how an electron on
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normal metal at energies less than the superconducting energy
gap is reflected as a hole with opposite spin and velocity but
equal momentum by an adjacent superconductor, meanwhile
a Cooper pair is created in the superconductor [22]. In con-
trast to normal metal, graphene is proposed to experience the
specular Andreev reflection, where the AR related electron
and hole lie in different valleys of the band structure [20, 21].
Up to now, most of the previous works on proximity effect in
graphene were carried out based on the low-temperature
superconductor. In contrast, graphene in proximity contact
with a high-temperature cuprate superconductor demonstrate
spectral features: e.g. proximity-induced p–wave super-
conductivity in graphene/ -Pr Ce CuOx x2 4 (PCCO) hetero-
structure [19]; Klein-like tunnelling of high-temperature
superconducting pairs in graphene/YBa Cu O2 3 7 (YBCO)
structure [23]. In our previous work, the graphene/cuprates
van der Waals heterostructures were achieved by assembling
graphene with the exfoliated-cuprate superconductor
Bi2Sr2CaCu2O8+x (Bi2212) [18]. In the heterostructures, it is
found that the superconductivity even for single-unit-cell
Bi2212 can persist up to 88 K [18], which is much higher
than that of an electron-doped cuprate. In addition, graphene-
cuprates structures is the van der Waals heterostructure which
has a more clean and sharper interfaces because the van der
Waals forces can push trapped contaminants into micrometer
size bubbles [24]. Thus, the graphene/cuprates van der Waals
heterostructure is the best candidate to the proximity-induced
high-temperature superconductivity and the associated phy-
sics phenomena in graphene.

In this paper, we fabricate the monolayer graphene/sin-
gle-unit-cell Bi2212 van der Waals heterostructure by dry
transfer of monolayer graphene onto mechanically exfoliated
Bi2212. A combination of direct current (DC) and alternating
current transport measurements are performed in this hetero-
structure. Under large bias current (voltage), we find that the
heterostructure demonstrates the nonlinear drain current–
voltage behavior which reflects the linear dispersion of
massless Dirac fermions in graphene. While at the small bias,
a small subgap is observable in the superconducting state up
to 60 K implying a proximity-induced superconducting gap.

2. Experiment

2.1. The structure of graphene/single-unit-cell Bi2212

The heterostructure was fabricated by the previously devel-
oped transfer technique as shown in figure 1(a) [18]. The
monolayer graphene is a continuous film grown by chemical
vapor deposition method on the Cu foil [25]. The as-grown
graphene is covered with a layer of spin-coated PMMA and
cured in O2/Ar (20 s.c.c.m./200 s.c.c.m.) at 200 °C for about
30 min for better contacts. The Cu substrate (Alfa Aesar) was
then dissolved by an aqueous solution of ferric chloride (0.1
g/mL) and the PMMA-graphene is then washed with deio-
nized water and dried on the quartz substrate. After that, we
exfoliate the single-unit-cell Bi2212 on the quartz substrate
by scotch tape. Immediately after the Bi2212 flakes are

fabricated, the prepared tape-PMMA-graphene is transferred
onto the top of the Bi2212 flakes. To get ride of the PMMA
film on the heterostructure, the PMMA was dissolved by
acetone. The freshly cleaved surfaces of graphene and the
Bi2212 layer are contacted through the van der Waals force.
Figure 1(b) is the configuration of the transport measurement
for the graphene/single-unit-cell Bi2212 device.

Figure 1(c) is the metallographic microscope picture of
the fabricated monolayer graphene/single-unit-cell Bi2212
van der Waals heterostructure. The thickness of different
regions of the sample can be distinguished by the color in the

Figure 1. (a) The fabrication process of the monolayer graphene/
single-unit-cell Bi2212 van der Waals heterostructures [18]. (b)
Schematic plot of the device. (c) Optical microscope images. The
thick Bi2212 is white, the single-unit-cell Bi2212 is light blue and
the quartz substrate is blue. (d) Atomic force microscope (AFM)
image of the sample from the square in (c). (e) The measured height
from AFM in (d): From left to right, the single-unit-cell Bi2212 is
brown, the thick Bi2212 is yellow and the quartz is dark brown. (f)
Transmission electron microscope (TEM) image of the sample cross
section: From top to bottom. The uppermost gold is white, the
middle graphene is black, the next Bi2212 is white stripe, and the
bottommost substrate is black. (g) Raman spectroscopy of the
heterostructure. The G and 2D band peaks for the graphene are
marked with dashed lines.
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metallographic microscope picture due to the interference
shift. The thick Bi2212 flake shows white color, while the
thinnest or the single-unit cell Bi2212 (single-unit-cell
Bi2212) flakes look blue color as the square region in the
figure 1(c). Figure 1(d) is atomic force microscope (AFM)
image for the sample in the square region of figure 1(c). The
thickness of the Bi2212 flakes is also determined by the AFM
from figure 1(e), where the measured step height is about
4 nm which is slightly larger than the actual value of single-
unit cell Bi2212 (3nm). Considering the influence of the
chemical contrast and the gap between the flake and the
substrate, the value of 4 nm indeed confirms that this Bi2212
flake is single-unit cell thick. Figure 1(f) is the transmission
electron microscope (TEM) image of the cross section of the
heterostructure. Through the clear boundary, the entire
Bi2212 sample shows very uniform thickness of about 4 nm.
It can also be seen that the interface between graphene and
Bi2212 as well as gold remains intact even after transfer
processes and the deposition of gold. In addition, Raman
spectroscopy was carried out on the heterostructure as shown
in figure 1(g). The 2D band peak (2686 cm−1) is much larger
than G band peak (1590 cm−1) confirming that the graphene
on the Bi2212 is a monolayer. The D band (about 1350 cm−1)
is almost covered up, suggesting the monolayer graphene
contains fewer defects but still has relatively good quality.

2.2. Electrical transport measurement of graphene/single-unit-
cell Bi2212

Figure 2(a) is the DC drain current–voltage (I− V ) curves of
graphene/single-unit-cell Bi2212 heterostructure measured at
the temperature (T) between 5 K and 90 K and zero magnetic
field by electrical transport options in the physical property
measurement system (PPMS) from Quantum Design. The
schematic plot of the measurement configuration is shown in
the bottom inset to figure 2(b). Inset to figure 2(a) is the
temperature (T) dependence of the differential resistance (dV/
dI) measured at zero bias. The dV/dI shows a sharp drop at
86 K and a following slow increase as cooling down. Such a
non-monotonic temperature dependent dV/dI behavior is
known as ‘reentrance effect’ [26, 27] and widely observed in
normal metal-superconductor junction at very low temper-
ature and small bias voltage [28, 29]. This reentrance effect is
due to nonequilibrium effects between electron pairs leaking
from superconductor and quasiparticles injected by the nor-
mal metal. [26, 30]. Actually, the resistance of a thin normal
metal in the presence of proximity-induced superconducting
correlations will not vanish, since the proximity-induced
superconductivity of non-interacting electrons differs from
true superconductivity of electrons [30, 31]. The physics
behind the non-vanish resistance is that Andreev reflection
spoils the time-reversing properties [32], which is also
responsible a non-zero voltage value at a bias current below
the superconducting state. The value of Tc is consistent with
the previous report for single-unit-cell Bi2212 [18]. Above
the Tc, the V increases almost linearly with the increase of I as
shown in the main plot of figure 2(a). While below Tc, the V
demonstrates a significant nonlinear behavior. It increases

with the increase of current and shows an abrupt upturn at the
critical current (Ic).

3. Discussion

The Ic (the arrows in figure 2(a)) increases as cooling down
begins, which can be understood as the superconducting
critical current. Thus the superconductivity of the single-unit-
cell Bi2212 is suppressed above the Ic, which causes a sudden
increase of V in the figure 2(a). While below Ic, the I−V
curves overlap with each other exhibiting an abnormal para-
bolic-like behavior. Such a parabolic-like voltage behavior
should be closely related to the electronic properties of
junction between the graphene and single-unit-cell Bi2212

Figure 2. (a) The current (I) dependence of drain-source voltage (V )
for the graphene/single-unit-cell Bi2212 heterostructure device at
the temperature range 5 K�T�90 K. The inset: dV/dI v.s. T at
zero bias. The dash arrow marks the Tc of Bi2212. (b) -I V 2 curve.
The dashed line is the linear fitting above I=0.27 mA (the red
arrow). The top inset: schematic illustration of two tunneling
mechanisms. left: ∣ ∣ ∣ ∣~ DEF . right: ∣ ∣ ∣ ∣ DEF , where EF is the
Fermi level of graphene and Δ is the superconducting gap of single-
unit-cell Bi2212. The bottom inset: the circuit configuration of the
device.
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heterostructure, since either Bi2212 or graphene would not
show such a behavior individually. Actually a significant
nonlinear I−V behavior was previously observed in vertical
graphene heterostructures called as graphene tunnel field-
effect transistors (FETs) [33–36]. In these, the tunnel current
is controlled by Fermi energy (EF) of monolayer graphene,
which is sensitive to the bias voltage owing to the low density
of states and one-atom thickness of graphene [33]. Such an
electric field also acts on the monolayer graphene in the
geometry configuration of the inset to figure 2(b), when the
single-unit-cell Bi2212 loses resistance at the super-
conducting state.

In order to further clarify the nature of the parabolic-like
voltage behavior, we plot the V2 v.s. I in the figure 2(b),
where the dash line is the linear fitting curve. It is shown that
V2∝I when the I is larger than about 0.27 mA but deviates
downward from the linear curve at I<0.27 mA. This

behavior can be understood as the result of the Fermi energy
of graphene tuned by the voltage applied on the junction,
which is half of the drain voltage since there is no net electric
field inside the superconducting single-unit-cell Bi2212 as
shown in the inset to figure 2(b). In the limit of high bias
voltage, superconducting effects become negligible and the
differential tunneling conductance dI/dV is the product of
electronic density of states (DOS) on both sides of the junc-
tion and tunneling probability [37, 38] as in the normal
material junction. In particular to the graphene junction, the
density of states of graphene (DOSg) plays a major role in the
tunability of tunneling dI/dV for its high sensitive to the bias
electric field [33]. Thus the dI/dV is roughly proportional to
DOSg when the Fermi level of graphene fall outside the
supercondcuting gap of Bi2212. The obtained relation of
V2∝I therefore suggests dI/dV∝DOSg∝V, which is
consistent with the linear DOS of the Dirac cone of graphene

Figure 3. (a) Differential conductance (dI/dV )s at T=5 K normalized by (dI/dV )N at 90 K for graphene/single-unit-cell Bi2212
heterostructures. There are three gaps Δ0 (the blue), Δ1 (the green), Δ2 (the red) which can be identified as the intrinsic gap of single-unit-
cell Bi2212, reduced gap at interface and induced gap in graphene, respectively. The inset: schematic drawing of the superconducting gaps in
proximity effect. (b) The enlarge plot of Δ2 from (a) at 5�T�80 K. (c) T dependence of Δ0 (blue circles), Δ1 (green squares) andΔ2 (red
stars). The red diamonds is the Δ0 from [39]. The solid lines are a guide to the eye.
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[2]. We note that such a characteristic could serve as a simple
criteria for the Dirac-like band structure from similar transport
measurements.

On the other hand, the EF of graphene falls in between of
single-unit-cell Bi2212 supercondcuting gap in the low bias
voltage, at which Andreev reflection mechanism [22] is
expected to occur at the interface between graphene and
BSCCO. Different from the tunneling process discussed
above, Andreev reflection involves in the process that the
normal current is converted to a supercurrent. Andreev
reflection states that an electron at energies less than the
superconducting energy gap is converted to a hole with
opposite spin and velocity but equal momentum, which thus
produces an extra current through the junction. Consequently,
it leads to the downward deviation from V2∝I as in
figure 2(b).

For study of this superconducting proximity effect on
graphene, we investigate the differential resistance dV/dI
under different DC bias. Figure 3(a) shows the normalized
differential conductances (dI/dV )SC/(dI/dV )N as a function
of V/2 for the graphene/single-unit-cell Bi2212 hetero-
structure at T=5 K, where (dI/dV )N is the differential
conductance at 90 K. It is worth noting that the applied
voltage on the junction is one half of the drain-source voltage
V. This differential conductance spectrum consists of three
sets of conductance peaks, which are located in at about Δ0

(blue arrows), Δ1 (green arrows) and Δ2 (red arrows),
respectively. Such a differential conductance spectrum was
previously observed in the Bi2Se3/Bi2212 van der Waals
junctions and was interpreted as the result of the leakage of
the superconducting order parameter into a normal region
[39, 40]. In this picture, the intrinsic superconducting gap Δ0

is depressed at the interface while a proximity-induced
superconducting gap Δ2 is present at the normal region as
shown in the inset to 3(a). It thus means that a super-
conductivity might be induced in graphene even by single-
unit-cell thick Bi2212 according to figure 3(a). It is worth
noting that superconducting correlation penetrates a distance
x º  D into a normal metal, where D is diffusion con-
stant and ò is the energy relative to the maximum of temp-
erature kBT or bias voltage eV [41–45]. For a graphene
(0.3 nm thickness) adjacent to a superconductor, the super-
conductivity could, in principle, be fully induced in the gra-
phene at low temperature and at zero bias. Meanwhile, an
induced gap is expected to be observed in the proximity-
induced superconducting graphene.

To clarify the possible proximity-induced super-
conductivity in graphene, we enlarge the Δ2 as shown in the
figure 3(b). It is worth noting that the gap size of
Δ2≈3 meV at the lowest temperature has the same order as
the previously observed proximity-induced p–wave super-
conductivity in monolayer graphene by electron-doped cup-
rate superconductor PCCO [19]. In contrast to the graphene/
PCCO heterostructure, figure 3(b) shows that the Δ2 in gra-
phene is observable even up to 60K. It implies that the high-
temperature superconductivity might survive even at one-
atom thickness. The evolutions of Δ0, Δ1 and Δ2 with
temperature (T) for single-unit-cell Bi2212 are summarized in

figure 3(c). It is found that the Δ0 of single-unit-cell Bi2212
(solid blue) is larger than the reported intrinsic super-
conducting gap of bulk Bi2212 (hollow red) [39]. The
enlarged Δ0 in single-unit-cell Bi2212 is similar to the iron-
based superconductors FeSe where the single layer FeSe has a
much larger superconducting gap than the bulk FeSe [46].
However, in contrast to a significant increase in Tc of FeSe,
the Tc of single-unit-cell Bi2212 is almost the same as bulk
Bi2212, which thus calls for a further study by a scanning
tunneling microscope (STM).

4. Conclusion

In summary, we fabricate the monolayer graphene/single-
unit-cell Bi2212 van der Waals heterostructure. We found the
superconductivity of single-unit-cell Bi2212 is present below
86 K along with a small subgap open up to 60 K, which might
originate from the proximity-induced superconductivity in
graphene. Our results provide a new insight into the induced
superconductivity in two-dimensional Dirac fermion systems.
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