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Abstract

Josephson junctions with graphene as the weak link between superconductors have been
intensely studied in recent years, with respect to both fundamental physics and potential
applications. However, most of the previous work was based on mechanically exfoliated
graphene, which is not compatible with wafer-scale production. To overcome this limitation, we
have used graphene grown by chemical vapour deposition (CVD) as the weak link of Josephson
junctions. We demonstrate that very short, wide CVD-graphene-based Josephson junctions with
Nb electrodes can work without any undesirable hysteresis in their electrical characteristics from
1.5 K down to a base temperature of 320 mK, and their gate-tuneable critical current shows an
ideal Fraunhofer-like interference pattern in a perpendicular magnetic field. Furthermore, for our
shortest junctions (50 nm in length), we find that the normal state resistance oscillates with the
gate voltage, consistent with the junctions being in the ballistic regime, a feature not previously

observed in CVD-graphene-based Josephson junctions.

Supplementary material for this article is available online
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(Some figures may appear in colour only in the online journal)

1. Introduction

The experimental isolation of mono-layer graphene [1] has
triggered an enormous effort to explore the new physical
properties of graphene-superconductor hybrid structures. The
unique band structure of graphene led to the prediction in
2006 that superconductor—graphene—superconductor (SGS)
Josephson junctions should have a bipolar critical current that
can be tuned from the electron band to the hole band by
application of a gate voltage [2]. Such a unique property
introduces a new degree of freedom for device operation, and
offers the potential for a range of novel applications in
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magnetic metrology, quantum information, and other gra-
phene-based electronics. Since the first SGS junction was
experimentally realised by Heersche et al in 2007 [3], a
number of papers on graphene- or thin-graphite-based
Josephson junctions and superconducting quantum inter-
ference devices (SQUIDs) have been published [4-28], and
many novel phenomena including multiple Andreev reflection
[3, 4, 6-8, 14, 15, 18, 19, 21, 24] and ballistic transport
[15, 17, 19-21, 24, 28] have been discovered and discussed.
Operating devices with clean junctions in the ballistic regime
could lead to performance improvements such as a lower
intrinsic noise than for traditional tunnel junction-based
devices [28]. The earliest work on SGS junctions was
mainly based on mechanically exfoliated graphene [3-14,
16, 22, 23], due to the quality and easy availability of such
samples. To reduce disorder, and allow exploration of new
physics in the ballistic regime of SGS junctions, various

© 2018 IOP Publishing Ltd  Printed in the UK
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treatments to mechanically exfoliated graphene have been
investigated such as suspending it [15, 24], or encapsulating it
in exfoliated hexagonal boron nitride [17, 20, 21, 27, 28].
However, the fabrication and measurement of SGS junctions
compatible with wafer-scale production remains largely
unexplored, and circuits involving many SGS junctions are
still a long way off. Recently, a few reports on SGS junctions
based on epitaxial graphene on a SiC substrate [25] or gra-
phene grown by chemical vapour deposition (CVD) [26] have
been published, but in both cases the junctions were in the
diffusive regime where the junction length was longer than
the mean free path.

Here we report our study on much shorter SGS junctions
based on CVD graphene. The fabrication process has been
carefully optimised to be compatible with very short and wide
junctions. We show that these junctions exhibit ideal -V
characteristics and an ideal Fraunhofer pattern in a perpend-
icular magnetic field, and that the junction critical current can
be effectively tuned by the application of a gate voltage. Due
to a higher density of scattering centres, CVD graphene
typically has a shorter mean free path than exfoliated gra-
phene, although mean free paths of up to 28 um have recently
been reported in fully encapsulated CVD graphene [29].
However, our carefully controlled fabrication technique
allows us to build junctions as short as 50 nm, which is
comparable or shorter than the mean free path in our un-
encapsulated samples. Consequently, we managed to observe
the oscillation of the junction normal state resistance versus
gate voltage in more than one device, indicating that our
shortest junctions are in the ballistic regime. The ballistic
transport is also consistent with the behaviour of the critical
current as a function of temperature.

2. Methods

We have developed a robust process to fabricate Josephson
junctions based on CVD graphene, which is compatible with
mass production. The CVD graphene samples used in our
experiment (Graphenea'™) were synthesised and transferred
to a silicon substrate with a 300 nm thick oxide layer. The as-
transferred graphene was characterised by atomic force
microscopy and Kelvin probe force microscopy, which
showed that the silicon substrate was fully covered by gra-
phene, mostly mono-layer (supplementary data is available
online at stacks.iop.org/SUST/31/045004/mmedia). To
fabricate the Josephson junctions, we used electron beam
lithography (EBL) to define superconducting (Nb) electrodes
on top of the graphene. After developing the e-beam resist, a
tri-layer of Ti(5 nm)/Nb(70 nm)/Au(8 nm) was sputtered
onto the sample, followed by lift-off without sonication. Ti
was used here as an adhesive layer, while Au was sputtered
immediately after Nb to prevent its oxidation. Since sputtered
atoms are less directional than evaporated atoms, sputtering
and lift-off are somewhat incompatible with each other in a
normal micro-fabrication process, especially for small struc-
tures with dimensions of tens of nanometres. However, by
using a double-layer of poly(methyl methacrylate) (PMMA)

as the e-beam resist and sputtering the tri-layer at a lower rate
to prevent overheating the sample, we managed to fabricate
short and wide Josephson junctions with a very high
throughput. We have inspected the fabrication of hundreds of
devices in a single EBL process, and the visible yield is
higher than 95%. After defining the junctions, another EBL
process was used to remove the graphene surrounding the
devices by Ar milling, so that the devices were isolated from
one another and the junctions had no additional shunt
resistance outside the gap region between the electrodes. The
highly doped silicon substrate was connected as the back-gate
electrode. A major concern in the fabrication was to reduce
the junction normal state resistance R, so as to increase the
junction critical current /. to an easy-to-measure level. Thus,
we chose to fabricate junctions of short length L, in the range
50-850nm, and large width, W = 10-80 pm, i.e. with an
aspect ratio L/W from ~1/100 to ~1/1600 (figure 1). The
contact resistance is also minimised by keeping the graphene
free from polymer residue after the transfer to the silicon
substrate, and also by depositing the junction electrodes in the
first EBL process when the graphene surface is the cleanest.
As shown in table S3 in the supplementary data, the average
contact resistivity we obtain between graphene and the Nb
electrode is ~100 €2 ym, which is amongst the lowest repor-
ted in the literature for grapheme/metal contacts [30-35].
Since each superconducting electrode induces a super-
conducting pair potential A(r) in the underlying graphene by
the proximity effect, the resulting weak link is effectively
two-dimensional with its normal region defined by the gra-
phene between the electrodes [2].

3. Results and discussion

We measured the electronic properties of the graphene-based
Josephson junctions using a normal 4-probe configuration, in
a “He cryostat with a base temperature of 320 mK. As shown
in figure 2(a), the junctions exhibit /-V characteristics at the
base temperature without any hysteresis, as predicted by the
resistively and capacitively shunted junction model for over-
damped junctions with a Stewart-McCumber parameter,
B = 2mI.R,*C/®y < 1. For the 250 nm long, 80 um wide
junction shown, the normal state resistance, R, ~ 5 €2, and
we estimate the capacitance of the junction (coupled via the
back-gate) is C ~ 2 x 107'* F so that . ~ 0.02, indicating
that the junctions are non-hysteretic, which is important for
the standard operation and readout of many devices based on
Josephson junctions such as the dc SQUID. As temperature
gradually increases, the critical current I. becomes smaller,
and the transition close to /. becomes slightly rounded, which
is expected for a strongly over-damped junction with
increasing thermal noise. For junctions shorter than 250 nm,
the Josephson effect is still obvious up to a critical temper-
ature 7. around 1.5K, indicating that such junctions can
operate over a usefully wide temperature range. By plotting
the differential resistance dV/dI as a function of bias current
(figure 2(b)), we can see the trend more clearly. The two
peaks in the dV/dI curves, indicating the transition at %I,
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Figure 1. (a) Schematic diagram (not to scale) of a superconductor—graphene—superconductor (SGS) Josephson junction fabricated on a

silicon substrate with an oxide layer. The junction is of length L and width W > L. The connections used for four-probe /~V measurements
with an applied gate voltage V,, are also shown. (b) Optical microscope image showing two 80 xm wide Josephson junctions fabricated using
CVD graphene with Ti/Nb/Au electrodes. (¢c) SEM image of part of one junction, marked by the red box in (b), showing that the junction is

only 50 nm in length.

gradually become weaker in height and closer to each other as
the temperature increases.

To investigate this further, we plot the critical current as a
function of temperature for junctions with lengths from 50 to
450 nm, in figures 2(c)—(f) respectively. For each device, the
critical current I, increases as the temperature 7' decreases.
However, the I.—T curves are not identical in shape. For the
150 nm and 250 nm long junctions, the critical current /. tends
to saturate when T < 7./3 whereas for the 50 nm long
junction, the critical current /. is still increasing at the lowest
temperatures. For the 450 nm long junction, the critical cur-
rent /. also tends to saturate, however, as its 7T is smaller than
that of the other junctions, the saturation is not quite fully
realised at the lowest temperature we can reach. Such a dif-
ference in the I.—T curves can be well explained by the theory
of a weak link in either the ‘dirty’ or ‘clean’ limit developed
by Kulik and Omelyanchuk (the KO-1 and KO-2 theories)
[36, 37]. A weak-link junction is in the dirty limit if the
junction length L is much longer than the mean free path /,
and is in the clean limit if L < /. For a weak-link junction in
the dirty limit, KO-1 theory predicts the supercurrent I is

related to temperature T by
o 27TkBT
eR,
2A 2
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where R, is the normal state resistance of the junction, A = A
(T) is the temperature-dependent energy gap of the super-
conductor, w = kg T (2n + 1) /h is the Matsubara frequency
for integer n, ¢ is the phase difference across the weak link, and
6= \/Az cos?(¢/2) 4+ (Aiw)?. For a weak link in the clean
limit, the /T relationship is described by the KO-2 theory as
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The respective expressions in (1) and (2) have been shown
by Beenakker [38] to agree with his more general analysis of
point contact weak links in the disordered regime (for 7 — 0)
and ballistic regime (for all 7 in the classical limit). For a given
T, (1) and (2) need to be maximised over ¢ to determine 1.(7).
We assume that A(7) follows the usual
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Figure 2. [-V characteristics of the junctions versus temperature. (a) /-V characteristics of a 250 nm long SGS junction measured at
different temperatures. (b) The differential resistance dV/dI versus bias current /, measured on this 250 nm long SGS junction
from 0.32 to 1.50 K. (¢)-(f) The critical current I. versus temperature 7, measured on (c) 50 nm long, (d) 150 nm long, (¢) 250 nm
long, and (f) 450 nm long SGS junctions, respectively. The red curve in (c) is the fitting of /., (from the positive -V branch) by KO-2
theory, while the red curves in (d)—(f) are the fitting of /., by KO-1 theory, as described in the main text. All the junctions are

80 pum wide.
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form of the Bardeen—Cooper—Schrieffer theory [39] in the
weak-coupling limit where A(0) = 1.764kgT, and A(T)/A
(0) is a function of T/T.. Qualitatively the I—~T curves
predicted by the KO-1 and KO-2 theory almost coincide with
each other when the temperature is close to 7., but as
temperature decreases, the I, of a dirty junction tends to
saturate while the 7, of a clean junction is still increasing [40].
As shown by the red curves in figures 2(c)—(f), the measured
I.—T curves of the junctions longer than 150 nm can be well
fitted by the KO-1 theory, while the I.—T curve of the 50 nm
long junction is better fitted by the KO-2 theory. (In the fitting
we add an adjustable pre-factor « to the right-hand side of (1)
and (2) to represent the depression of the I.R, product found
in real devices as discussed below. Detailed fitting results are
given in the supplementary data.) This suggests that junctions
longer than 150 nm are in the dirty regime where the transport
of charge carriers in the graphene is diffusive, while the
50nm long junction is in the clean regime where ballistic
transport takes place in the graphene. According to the
fits, the junction transition temperature 7, is 1.06-1.73 K,
which is smaller than that of the superconducting electrodes
(T, ~ 9K). This is probably because the interface between
the graphene and the superconducting electrode is not highly
transparent, so that the superconducting pairing induced in the
graphene by the proximity effect is weakened. Similar
behaviour has been seen in other SGS junctions [8]. The
critical current also shows reasonable dependence on junction
length. As we can see in figure 2(f), the critical current I. of
the 450 nm long junction is much smaller than others. We
also fabricated and measured an 850 nm long junction which
shows no Josephson effect at all. This allows us to estimate
the normal state coherence length in graphene, {y to be of
several hundred nanometres. For the three shorter junctions,
the critical current I at the base temperature does not show a
strong dependence on the junction length. This is because the
contact resistance between the graphene and the super-
conducting electrode, which has some device-to-device
variation, makes a large contribution to the measured normal
state resistance R,, as will be verified below. This leads to
some device-to-device variation in I. since it is inversely
proportional to R, in both the KO-1 and KO-2 theories, and
masks any dependency on the junction length for the shorter
devices.

We also measured the electronic properties of the junc-
tions in a perpendicular magnetic field. As Josephson junc-
tions with finite area, they are expected to show the effect of
quantum interference, since the perpendicular magnetic field
can induce a phase difference between the supercurrent at
different points across the junction width. In figure 3, we plot
dV/dI as a function of bias current / and magnetic field B in a
2D colour scale plot for a 250 nm long, 80 pm wide junction.
The purple region is where the differential resistance is
zero, and the outline of this region indicates the critical cur-
rent. As can be seen in the plot, the outline of the purple
region can be perfectly fitted by an ideal Fraunhofer-
like pattern, I, < sin(wB/AB)/(B/AB), as indicated by the
black dashed lines, where AB is the field needed to reach the
first minimum. The higher-order peaks, though not as high in

dv/dl (Q)
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Figure 3. I-V characteristics under a perpendicular magnetic field.
The differential resistance dV/dI is plotted as a function of bias
current / and magnetic field B, measured on a 250 nm long, 80 um
wide SGS junction at 320 mK, showing an ideal Fraunhofer-like
interference pattern. The shape of the pattern can be well fitted by
I. < sin(wB/AB)/(B/AB), as indicated by the black dashed lines,

where AB is the field need to reach the first minimum.

contrast as the central ones, are still clearly visible. In a wider
field sweep on the same device, we managed to see peaks
up to £80 T (supplementary figure S3). The observation of
the Fraunhofer pattern indicates that the junction, although
having an aspect ratio of L/W = 1/320, is still quite uniform
in terms of the distribution of its supercurrent density.
Since the first minimum corresponds to one flux quantum $,
in the junction, we can calculate the measured effective
area of the junction as Ay = ®o/AB = 280 um”. This is
much larger than the simple theoretical estimate of Ay, =
(L + 2M)W = 26 um?, corresponding to the area of the nor-
mal region plus the area of each electrode the field penetrates
into over a distance of order the superconducting penetration
depth, A\ (which is approximately 37.5 nm for Nb). However,
this estimate of Ay,, ignores the strong flux focusing in the
junction caused by the Meissner effect in the electrodes. Each
electrode extends 5 ym away from the normal region and thus
has a much larger area. The measured value A.¢ corresponds
to about 35% of the flux applied to each electrode being
forced into the normal region, so this is a reasonable expla-
nation for the discrepancy between A.p and Agpeo.

One of the key advantages of a graphene-based Joseph-
son junction is that the critical current can be easily tuned by
the gate voltage, V,, thanks to the relatively low density of
states in graphene [3-6, 8—15, 18, 20-23, 26]. In figure 4(a)
we show I-V curves measured on a 50 nm long, 10 pm wide
junction under different gate voltages. Unlike the dependence
on temperature, the gate voltage not only affects the critical
current, but also the normal state resistance. The effect is
more clearly demonstrated if we plot dV/dI as a function of
bias current and gate voltage in a 2D colour plot (figure 4(b)).
As the gate voltage increases from —50V to +90V, the
critical current (the boundary of the dark blue region)
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Figure 4. Electronic properties of a 50 nm long, 10 yum wide SGS junction versus gate voltage. (a) I-V characteristics of the junction under
different gate voltages. (b) Colour scale plot of the differential resistance dV/dI as a function of bias current / and gate voltage V,. (c) Normal
state resistance R,, and the product I.R,, versus gate voltage V,. (d) The fitting residue versus either V, or the equivalent Fermi wavenumber kg
(which is proportional to ,/|V; — Vy|), after the R,—kg(V,) curve is fitted by a smooth polynomial. The red points are for kz swept upwards

(V, swept downwards); the blue points are for kg swept downward (V, swept upwards). The two sweep directions show similar periodic

oscillations. All data was measured at 320 mK.

gradually decreases from 1.8 uA, reaches the minimum of
0.14 pA at the Dirac point (where V, = V,; = 63.85V), and
then starts to increase. The critical current can be effectively
tuned by an order of magnitude by the gate voltage, allowing
more flexibility in the operation of Josephson junctions.

The product of critical current I. and normal state
resistance R, is the characteristic switching voltage when the
junction jumps from the superconducting state to the normal
state around the critical current. For a short ideal SGS junc-
tion in either the dirty or the clean limit, the product I.R, is a
figure of particular interest since it is solely determined by the
operating temperature and the energy gap of the super-
conductor, and should be independent of the gate voltage, as
indicated by the form of (1) and (2). In figure 4(c) we plot
both the normal state resistance R, and the product I.R, as a
function of the gate voltage, for a 50 nm long junction. As the
gate voltage draws closer to the Dirac point, the critical cur-
rent decreases while the normal state resistance increases.
Their product I R, remains constant when the gate voltage is

far away from the Dirac point; however, it drops as the gate
voltage approaches the Dirac point. Even in the constant
regime, the measured value of I.R, is only ~1/6 of the
theoretical one determined by (2). Such suppression of I.R,, is
frequently discussed in previous reports on graphene-based
Josephson junctions, and there still remains some controversy
about the exact cause. Many authors believe that the overall
suppression of IR, is a result of the likely imperfect interface
between graphene and the superconductor [13, 15, 18, 26] as
mentioned above. As to the further drop of I.R,, near the Dirac
point, most authors believe that it is caused by a discrepancy
between the intrinsic critical current and the measured critical
current due to premature switching, which is expected to be
more pronounced near the Dirac point [3, 4, 6, 8]. However,
others attribute the suppression of I.R, to specular Andreev
reflection that occurs close to the Dirac point [13].

Small oscillations can be seen over a wide range of gate
voltages in the R,—V, curve in figure 4(c), the physical origin
of which is worth investigating. These may be caused by
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universal conductance fluctuations in the graphene; or they
may instead be due to the phase-coherent interference of
charge carriers in the Fabry—Perot cavity defined by the n—p—n
junction that arises from the different doping levels in the
exposed graphene (in the normal region of the junction) and
the non-exposed graphene (under the electrodes). If the
oscillation is dominated by universal conductance fluctua-
tions, the oscillation will be reproducible but random without
any periodicity. However, for the Fabry—Perot mechanism we
would expect to see a local minimum whenever an integer
multiple of the Fermi wavelength kx(V,) of the charge carriers
is equal to the effective length of the n—p-n junction. To
investigate the mechanism of the oscillation, we plot the
normal state resistance R, versus the Fermi wavenumber
kg = 2mCox|Vy — Vol /e, where C, is the area capacitance
between the gate electrode and graphene, and then fit the
R,~kg(V,) curve by a smooth polynomial. We can see the
oscillation more clearly in the fitting residues, as shown in
figure 4(d). The upper and lower panels of figure 4(d) display
the fitting residues when kg is swept upwards and downwards
respectively, which shows that the oscillation is highly
reproducible. For both curves, beyond the small amplitude
fluctuations, there exist periodic minima with an even spacing
of Akp ~ 75 um™". If such periodic minima result from the
phase-coherent interference of charge carriers in the Fabry—
Perot cavity defined by the n—p—n junction, this implies the
effective length of the junction is 27/ Akg ~ 83 nm, which is
quite reasonable considering the geometric length. Such
periodic oscillation thus provides more compelling evidence
that the junction is in the ballistic regime. Similar oscillations
were observed in a series of 50 nm long junctions with dif-
ferent widths (the narrower the junction, the higher the
oscillation amplitude), but not in any junctions longer than
150 nm. This suggests that the shortest junctions are ballistic
while the longer ones are diffusive, allowing us to estimate
the mean free path in the graphene to be between 50 and
150 nm. The mean free path / in graphene can also be pre-
cisely calculated by fitting the R,—V, curve to a model [41] in
which the normal state resistance is a sum of the contact
resistance and the resistance of graphene between the elec-
trodes. This gives

L/W

eM\/niz +[em-w] ’

Rn - 2Rc + (3)

where R, is the contact resistance between the graphene and
each electrode, p is the mobility of charge carriers in gra-
phene and n; is the area carrier density of graphene caused by
impurities. After fitting the R,—V, curve of the 850 nm long
device, we obtain the conductivity of the graphene,

2 Cox 2
o= e,u\/ni + [T(Vg - Vo)] = 2.2 mS, and the area car-

2
rier density of graphene, n = \/ni2 + [%(Vg — VO)] =

4.9 x 102 cm=2 (see supplementary data for detailed fitting
results). Thus, the mean free path can be calculated as

| = oh/2e*ynm = 72 nm, which is in excellent agreement
with our estimated range above. The validity of these para-
meters was further confirmed by measurements on a separate
Hall bar structure fabricated on the same wafer (see supple-
mentary data). The fitting of the R,~V, curve above also
verifies that the contact resistance between the graphene and
the superconducting electrodes accounts for a large propor-
tion of the normal state resistance.

4. Conclusion

In conclusion, we have developed a reliable method to fab-
ricate Nb/graphene/Nb Josephson junctions based on CVD
graphene, which is important for both fundamental research
and applications. The excellent quality of our junctions has
been demonstrated by a series of measurements. The junc-
tions can work over a wide temperature range from at least
320 mK to 1.50 K without any hysteresis, and exhibit an ideal
Fraunhofer quantum interference pattern in a perpendicular
magnetic field, showing the uniform distribution of the
supercurrent in the junction. By carefully optimising the
fabrication process, we have managed to reduce the junction
length to 50 nm, shorter than the mean free path, so that
evidence of ballistic transport can be observed. As far as we
know, this is the first time that ballistic transport has been
observed in a Josephson junction based on CVD graphene. In
addition, the critical current can be effectively modulated by
the gate voltage, allowing more flexibility for device opera-
tion, such as gate-voltage-based control of flux or phase
qubits incorporating Josephson junctions. The controllability
of the critical current could also be particularly useful in
applications involving arrays of Josephson junctions, such as
dc SQUIDs and single flux quantum devices, where some
junctions should ideally be identical, which cannot be
achieved in practice due to limitations in fabrication. Thanks
to the relatively low cost and high quality of CVD graphene,
our device is compatible with large-scale production whilst
maintaining its excellent properties, and so provides a com-
petitive solution for superconducting electronics.
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