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We present transport measurements on long diffusive graphene-based Josephson junctions. Several
junctions are made on a single-domain crystal of CVD graphene and feature the same contact width
of ∼ 9µm but vary in length from 400 to 1000 nm. As the carrier density is tuned with the gate
voltage, the critical current in the these junctions spans a range from a few nA up to more than
5µA, while the Thouless energy, ETh, covers almost two orders of magnitude. Over much of this
range, the product of the critical current and the normal resistance ICRN is found to scale linearly
with ETh, as expected from theory. However, the ratio ICRN/ETh is found to be 0.1-0.2: much
smaller than the predicted ∼10 for long diffusive SNS junctions.

Electrical current can flow without dissipation through
a normal (non-superconducting) material connected to
superconducting contacts [1]. Using graphene as a nor-
mal region, one can create gate-tunable superconducting
devices which feature both a high electronic mobility and
a large Fermi velocity [2–5]. As a result, in the cleanest
devices supercurrents can propagate ballistically on a mi-
cron scale [6, 7]. However, the mechanism allowing super-
current transport through diffusive graphene is not yet
fully understood. Even in relatively disordered samples,
supercurrents can propagate through channel lengths ex-
ceeding one micron; however, the channel length depen-
dence of the critical current has not yet been explored.

Conventional theory for diffusive Superconductor-
Normal Metal-Superconductor (SNS) junctions predicts
that the critical current of the junction (IC) is deter-
mined by the Thouless energy ETh = ~D/L2, where D is
the diffusion coefficient and L the channel length. For
long junctions where ETh<<∆, IC is predicted to be
given by eICRN ≈ 10ETh [8]. Here, ∆ is the supercon-
ducting gap in the leads, and RN is the normal state
resistance of the junction. In this work, we investigate
the relationship between ICRN and ETh in Josephson
junctions of different lengths made on the same graphene
crystal. We establish that in a wide range of critical cur-
rents (covering more than two orders of magnitude) and
densities away from the Dirac point, ICRN is indeed pro-
portional to ETh. However, the coefficient of proportion-
ality is significantly suppressed compared to the expected
value of ∼10.

Our devices utilize large domain size (∼ 100µm)
graphene grown via Chemical Vapor Deposition
(CVD) [9–13]. A macroscopic piece of graphene film,

grown on Copper foil [9], is transferred to a 300 nm oxide
SiO2/Si substrate using the standard PMMA/FeCl3
transfer technique [11]. The superconducting contacts
are made by depositing 120 nm of lead (Pb) on top of
a 6 nm Pd sticking layer, which provides an electrically
transparent contact to graphene. Pb has a high critical
temperature TC ∼ 7 K, so a supercurrent can be
observed through graphene junctions at temperatures
up to 4 K [14, 15]. Our three junctions have lengths
(distance between the contacts) of L = 400, 600 and
1000 nm respectively [Figure 1(a)]. The width of the
contacts is W = 9µm, which yields a sufficiently high
supercurrent even for the longest one. The junctions
are isolated from the large capacitances of the bonding
pads by on-chip resistors in the range of 500 Ω to a few
kΩ placed just outside the junctions. These resistors are
created by partially oxidizing the Pb contact outside of
the junctions using oxygen plasma. The CVD graphene
is not encapsulated, suspended, or annealed; the re-
sulting electron mean free path is less than 100 nm, as
estimated from the bulk resistance. Thus, the devices
are definitely in the diffusive junction limit [8].

The measurements are performed in a dilution refrig-
erator with a base temperature of 50 mK. The device is
isolated via low temperature RC filters, resistive coaxial
lines, as well as RF shielding. Figure 1(b) shows the dif-
ferential resistance dV/dI map measured versus the ap-
plied current I and the back-gate voltage VG for the 400
nm device. The area of zero resistance (black region) in-
dicates the superconducting regime, which persists for all
values of the gate voltage. In this measurement, the cur-
rent is swept from negative to positive; thus, at negative
bias, the device transitions from the normal to the super-
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FIG. 1. (a) Optical microscope image of graphene-based
Josephson junction device. A 9 × 20µm active area is de-
fined in CVD graphene and the unused material is etched
away. Josephson junctions of the same width, but varying
lengths (400 nm, 600 nm, 1000 nm, 1500 nm, 2000 nm) are
made by depositing superconducting metal contacts onto the
graphene. In order to form resistors that isolate the junctions
from the rest of the circuit, parts of electrodes located away
from the active area are oxidized with oxygen plasma. Only
the first three junctions are used in this work. (b) Differ-
ential resistance dV/dI measured versus applied current and
gate voltage in the 400 nm-long junction. The full back gate
range from 39 V to −39 V is divided in three separate maps
with different current ranges. The superconducting region is
observed around zero current (dark region of vanishing resis-
tance.) The current is swept from negative to positive bias.
IR, the retrapping current from the normal to the supercon-
ducting state (observed at negative current) is smaller but
comparable to IS , the switching current from the supercon-
ducting to the normal state (at positive current.) (c) Zoomed-
in resistance map around the Dirac point.

conducting state, yielding the retrapping current IR. At
positive current, the junction switches from the super-
conducting to the normal state at the switching current,
IS [1]. IS is found to be greater, but comparable to IR
throughout the gate voltage range. We have earlier at-
tributed the origin of this hysteresis in similar resistively
isolated graphene junctions to electron heating [16]. In
the following, we use IS to represent the true critical cur-
rent of the sample, IC .

Figure 1(c) shows a high resolution dV/dI map mea-
sured around the Dirac point (DP), where the switching
current IS is the lowest. The DP in this junction is lo-
cated at VG = −35 V, and the DP in other junctions
are located within 3 V of this value, indicating that our
graphene is uniformly N-doped. In the following, we plot
the voltage as measured from the Dirac point, VG − VD.

Figure 2(a,b) shows the normal resistance RN and the
switching current IS versus VG for all three junctions.
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FIG. 2. (a) Normal resistance, (b) critical current, (c) calcu-
lated Thouless energy, and (d) ICRN product, plotted versus
the gate voltage measured from the Dirac point, VG − VD,
for the three junctions of different lengths. In panel (c), the
ETh curves artificially diverge at the DP, because the aver-
age density goes to zero, while the resistance stays finite. We
therefore ignore any data taken with VG within 7 V from the
DP. Outside of this regime, ETh is sufficiently (more than
5 times) larger than kBT , which allows us to use the zero-
temperature limit of Ref. [8]. It is clear that the shape and
the relative values of the three curves in panel (c) closely re-
semble those of panel (d), except in the vicinity of the DP.

Naturally, the switching current decreases with increas-
ing channel length. The minimum IS measured at the
Dirac point is ∼ 25 nA for the 400 nm junction and drops
to ∼ 8 nA for the 1000 nm junction. Since these small
values are strongly affected by fluctuations, we exclude
them from the analysis.

In long diffusive SNS junctions, the product of the
critical current and normal resistance ICRN is expected
to be proportional to ETh << ∆ [8]. The Thou-
less energy ETh = ~D/L2 can be further expressed as
a function of conductivity σ, and the density of states
∂n/∂ε. The conductivity could be obtained from RN

as σ=L/(RN − RC)W , where W is the width of the
junction and RC is the contact resistance. RC for each
junction can be fitted by relying on the fact that σ of
diffusive graphene scales linearly with gate voltage mea-
sured from the Dirac point, so that 1/(RN −RC) should
be ∝ (VG − VD) [17]. The resulting RC values for the
three junctions are found to be in the range of ≈ 6-14 Ω.
The Thouless energy may be eventually rewritten as:

ETh =
~σ
e2L2

(
∂ε

∂n
) ∝ 1

(RN −RC)LW
√
n

(1)
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where, n≡C(VG−VD)/e is the carrier density and C is
the gate capacitance.

Figure 2(c) shows the resulting dependence of the
Thouless energy on VG, as calculated from eq. (1). For
a junction to be in the regime where ICRN ∝ ETh, the
Thouless energy must be much larger than kBT . This
condition holds for a wide range of densities in all three
junctions since kBT ∼ 4.3µeV for T = 50 mK. Around
the neutrality point, the carrier density is inhomogeneous
and fluctuates strongly in space [18]. In this regime the
calculation of ETh becomes invalid; the very low density
regime is therefore excluded from future analysis.

Finally, Figure 2(d) shows the product of ICRN for
the same junction. We expect the relation between the
critical current and the Thouless energy to be of the form
eICRN =αETh, and indeed the shapes of the curves in
Figure 2(c,d) are similar except in the vicinity of the DP.
We further plot IC as a function of the ETh/RN ratio in
Figure 3. We find that the data measured on the three
junctions of different lengths over more than two orders
of magnitude in IS collapse on the same linear curve, in
agreement with the theory for diffusive SNS junctions [8].

However, unlike the case of conventional metal SNS
junctions [8, 19], the ratio of eICRN/ETh ∼ 0.1-0.2
is suppressed by a factor of 50-100 compared to the
expected value of α ≈ 10 [8]. The reduced value of
the critical current in diffusive graphene-based Joseph-
son junctions has been observed in previous studies [20–
22], and attributed to the partial transmission of the
graphene/superconductor interface [21, 22]. Indeed, in
case of the partial transmission, the diffusion time in-
side the junction, ~/ETh has to be lengthened by the
inverse of the transparency 1/t of the superconductor-
normal interface. As a result, ETh will be replaced by
E∗

Th = tETh. To account for our observations, t should
be ≈ 0.01-0.02, independent of the junction and the elec-
tron density. This very low transmission likely occurs at
the interface between the Pd contact layer and the highly
doped graphene underneath. This interface has a very
large number of modes which could have a small trans-
mission, without contributing an overwhelmingly high re-
sistance. Indeed, taking the density under the contact to
be in the 1013/cm2 range, and assuming that the effective
coupling length between graphene and Pd is ∼100 nm,
we estimate the number of transmission modes between
graphene and metal to be in the 105 range. Further-
more, unlike the bulk of graphene, the electron density
in graphene under the contact is relatively insensitive to
the gate voltage; therefore its interface with metal should
produce a constant contribution to the resistance. As-
suming 105 modes with t ≈ 0.01 transmission yields ∼10
Ω, which is similar to the value of the contact resistance
that we extracted earlier.

In summary, we studied the length and density depen-
dence of the critical current in graphene-based Josephson
junctions. The scaling function eICRN =αETh works

I  
(µ

A
)

1 10 10

10

1

10

C 
 

E    /eR  (µA)Th            N

-1

210-2

10-1

 
 
 

400 nm
600 nm

1000 nm

eI  R  =10EC     N                 Th

eI  R  =0.14EC     N                      Th

FIG. 3. IC plotted vs. ETh/eRN for the three junctions.
Clearly, IC scales linearly with ETh/eRN with the same co-
efficient for the three junctions. However, the proportionality
coefficient is suppressed by a factor of 50-100 compared to
the theoretical results of Ref. [8], as discussed in the text.
The blue line indicates the expected scaling eICRN ≈ 10ETh

while the purple fit corresponds to eICRN = 0.14ETh.

well away from the Dirac point, over a range of critical
currents covering more than two orders of magnitude.
However, we observe that α ∼ 0.1− 0.2 , instead of ∼ 10
as measured in metallic SNS junctions. This suppres-
sion may be attributed to the effective enhancement of
the diffusion time due to suppressed transmission at the
metal-graphene interfaces.
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Supplemental Material for:
Critical current scaling in long diffusive graphene-based Josephson junctions
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Russo, Michihisa Yamamoto, Seigo Tarucha, and Gleb Finkelstein

The back gate dependence measurement was performed on all graphene-based Josephson junctions . The current v.s. back
gate dependence for the 600 nm and 1000 nm junctions are shown below.

FIG. 1. The current v.s. back gate dependence of the 600 nm graphene-based Josephson junction. To see the detail around the
DP, we divide the back gate into three regions. The tunneling current survives when the back gate is swept through the DP.
The smallest critical current is found to be less than 10 nA.
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FIG. 2. The current v.s. back gate dependence of the 1000 nm graphene-based Josephson junction. We separate the current
v.s. back gate into three different regimes. Approaching the DP, the current steps become smaller. In the vicinity of the DP, a
very small but nonzero supercurrent can be observed.
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