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ABSTRACT

Graphene forms an ideal platform to realize macroscopic hybrid materials by direct physisorption of electronically-active adsorbates on top
of the high-mobility bidimensional (2D) gas of charge carriers. Here, we demonstrate a novel composite multilayer based on a thin polymer
film covered with a monolayer of CVD graphene on top of which a thin layer of tin is evaporated. The metal film shows dewetting and
forms a self-organized network of metal nanodots electronically coupled to the graphene. The resulting macroscopic multilayered structure
is a highly flexible, stable, and processable composite 2D material that exhibits tunable superconductivity at low temperature. The supercon-
ducting properties of the macroscopic composite extend over the full sample size (several square centimeters) and are comparable to the
ones of a mesoscopic array of Josephson junctions prepared with similar materials. It provides an upscaling of the concept that is useful for

flexible electronics.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5121615

I. INTRODUCTION

In bulk materials, combining organic and inorganic com-
pounds has appeared as a productive method to obtain hybrid
composites. The rationale behind such combination is that organic
and inorganic materials usually have complementary properties
that could together lead to multifunctional materials with novel
features. The resulting properties go well beyond a simple combina-
tion of the individual properties of the original phases as a mutual
synergy can occur and can produce new features that are lacking in
the parent-constituent materials. Indeed, they depend on the size
and morphology of the phases and the nature of their interaction.’

Many mechanical deformations, such as crumpling or twist-
ing, are usually considered as threats to mechanical integrity of
traditional materials and structures. Three dimensional (3D) com-
posites have thus been developed and have become indispensable
in engineering, where they offer the advantage of low weight but
high strength and durability.” Examples of such realizations are
numerous. For instance, the polymer industry allowed one to
obtain stable and robust composite materials by incorporating
inorganic building blocks into a polymer matrix.” Extending this
idea of combining different types of materials with sometimes antag-
onist properties (inorganic/organic, soft/hard, conducting/insulating)

down to two-dimensional (2D) materials is interesting as the low
dimensionality reinforces the resilience to mechanical deformations
and brings novel features that are usually absent in three dimensional
composites, such as electronic quantum confinement. In that respect,
graphene is ideal to form thin composite films since its absence of
bulk allows maximal interaction with the other constituents and a
direct virtually barrier-free electrical contact. Graphene-based com-
posites are particularly interesting since they offer a new way to
further exploit graphene exceptional properties, such as mechanical
resilience, surface conductivity, and electric field effect. Theoretical
works predicted the emergence of superconducting correlations in
graphene decorated with arrays of superconducting islands." The
resulting superconducting proximity effect and its gate tunability
have been demonstrated experimentally and have shown to be a
source of gate tunable 2D superconductivity” and a model system to
study the superconducting-to-insulator transition.’ In these previous
works, samples of limited area were studied. We propose here to
extend this concept of tunable superconductivity up to the scale of a
macroscopic material by exploring how flexible graphene-based com-
posite films can be produced.

We propose a macroscopic flexible thin composite film
formed from 3 original compounds stacked together: organic
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(polymer plastic film) and inorganic (metal) materials are linked
together through a CVD-made monolayer (ML) graphene (semimetal)
sandwiched in between them. The organic polymer is composed of a
few micrometer thick parylene layer, also named poly-para-xylylene.
This chlorinated-type C parylene is a soft, stress-resilient material
with bending rigidity’ much lower than commonly used substrates
such as silicon.” Furthermore, it can provide a mechanically stable
substrate with typical thicknesses as thin as a few micrometers.
The inorganic compound is based on an array of nonpercolating
adsorbates made of type-I superconducting, a few nanometers
thick, nanoparticles of tin (Sn). The graphene monolayer supported
by the organic parylene substrate provides a two-dimensional gas
of charge carriers to connect together the tin nanoparticles.
The flexibility of thin parylene C substrate, reinforced by the very
high mechanical strength of the graphene interface” and preserved
by the discontinuity of the layer of tin, ensures the mechanical
cohesion of the composite film. Thus, it is possible to repeatedly
deform the composite film without fracturing unlike rigid materials
(see Fig. 1).

In the low temperature regime, the composite film exhibits long
range superconducting correlations over the whole macroscopic
interface of the tin-decorated graphene. The hybrid mix between the
superconducting properties of the tin-decorated graphene and the
properties of the parylene substrate, including high-flexibility and
thermal insulation, is typical of the plasticlike superconductors
class.”'”"" We will show here that this new hybrid material brings an
additional key characteristic: the possibility of a control with an elec-
tric field. The processability of this macroscopic composite film
paves the way for applications such as flexible hybrid electronics'*"’
for thermal and vibrational insulating of cryogenic wiring and propa-
gation of (microwave) electrical signals with minimal heat load.™*
The fabrication methods and the measurement setup will be
described first. Secondly, the electronic contribution of each com-
pound will be determined using Raman spectroscopy. Thirdly, elec-
tron transport properties will be described in detail. Finally, we will
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FIG. 1. Schematics of the composite
film. (@) and (b) Schematics of the
device showing the parylene-supported
graphene decorated with the metallic
tin dots. Optional back-metallization of
the parylene film enables the imple-
mentation of an electrostatic gate to
study the field effect of the transport
properties. The contacts sketched in
(b) are made using silver paint in the
experiment. Their diameter is of the
order of 1 mm. (c) Atomic force and (d)
scanning electron micrographs of a
typical sample. (e) Macrophotography
of a several square centimeter super-
conducting flexible composite film.

discuss the peculiar properties that appear in a perpendicular mag-
netic field and their potential applications.

Il. TECHNIQUES AND METHODS
A. Material fabrication

The process to combine the three compounds consists in
growing graphene by chemical vapor deposition (CVD) on a
copper substrate'” and depositing a several micrometer thick layer
of parylene on the graphene by vaporization.'” The copper sub-
strate is then back-etched in a following step in order to provide a
stable graphene-on-parylene film. Finally, a tin film is thermally
evaporated under vacuum. Spontaneous dewetting of this metallic
film leads to a random array of graphene-supported tin nanoparti-
cles with reproducible sized gaps approximately 20 nm wide. This
natural phenomenon resulting from the high surface diffusion of
metal on graphene leads to a hybrid system with remarkable homo-
geneity avoiding any use of lithography. Details of the fabrication
are provided in the supplementary material. Using other deposition
conditions, such as a low temperature or the use of a sticking layer
could allow one to deposit a continuous film. While this goes
beyond the scope of this study, we note that it could be used to
realize vertical Josephson junctions in which graphene acts as a
tunnel barrier, similar to the work of Lee ef al.'” The composite is
sketched in Fig. 1. Two samples have been studied: sample 1
(15nm Sn/ML graphene/4um parylene) and sample 2 (20 nm
Sn/ML graphene/10 um parylene). Most of the results presented in
the main text were obtained on sample 1. The initial samples size
was tens of square centimeter. They were cut into pieces of about
1 cm? to fit the size of the sample holders.

B. Measurement setup

In this work, we probed the electronic properties of the
samples by varying different external parameters. The cryogenic
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environment was provided by a dilution refrigerator, which allowed
one to vary the temperature from 100 mK up to 300 K. The direct
bias current (DC) was supplied by a programable DC source
(Yokogawa 7651). A superconducting coil was used to create a
transverse magnetic field. The electric field, source of charge carrier
modulation, was applied with a back gate on the back-metallized
parylene substrate. The electrical contacts on the devices were done
with silver paste. Four probes measurements of the differential
resistance have been performed using standard low frequency
lock-in techniques, probing area of a fraction of square centimeters.

lll. RESULTS
A. Raman analysis

In order to assess the properties (doping and strain, in
particular) of the graphene, both before and after tin deposition,
Raman spectroscopy was performed at 532 nm on sample 1 before
and after tin evaporation on top of graphene. The spectra are
shown in Fig. 2(a). Before tin deposition, the Raman spectrum
[red line in Figs. 2(a), 2(c), and 2(d)] exhibits several peaks corre-
sponding to Raman modes of both graphene and parylene. The
peaks at 691.6 + 1cm™!, 876.1 &+ 1.7cm™!, 9133 + lcm™},
10055 + 1em™, 12089 + lem™, 13368 + lcm™', and
1441.0 + 1cm™! are attributed to parylene C and are observed
on a Parylene reference sample (see the supplementary material).
The last mentioned three peaks have already been observed in pre-
vious studies reported in the literature.'””” The peaks at 1599.6 +
1cm~! and 26959 + 1cm™! correspond to the G and 2D modes
of the graphene, respectively. The overlap of the G mode with a
supplementary parylene C mode near 1610cm™' has been

ARTICLE scitation.org/journalljap

highlighted in the literature.”” The G peak position has been deter-
mined by fitting the corresponding peak with a double lorentzian
profile. One of the two lorentzian has been fixed at 1609.1 cm™ !,
which corresponds to the position of the parylene C peak extracted
from a Raman spectrum measured on C parylene without graphene
(see the supplementary material). Note that this procedure can
induce some uncertainty on the G peak position.

After tin deposition [blue line in Figs. 2(a), 2(c), and 2(d)],
the positions of the parylene C modes are essentially unaffected
although their intensity is attenuated due to the screening effect
induced by the metallic tin nanoparticles. The parylene C mode at
1441.0 + 1cm™! is the only one not observable after tin deposition
[see Fig. 2(c)] because of its low intensity. We do not observe
any signature of the graphene related D-band, which would be a
signature of defect creation during tin deposition. While the pres-
ence of an emission related to parylene in this frequency range
(1350 cm™!) might mask the graphene D-band, previous studies on
different substrates (for instance Si/SiO;) have shown that deposi-
tion of tin does not create any defects in graphene.”!

On the other hand, the G and 2D modes of graphene are shifted.
Figures 2(c) and 2(d) are zoomed views of the G and 2D shifts,
respectively. The wavenumbers of these two modes (wg; wzp) are
(1599.6 + 1ecm™}; 2695.9 + 1 cm™!) before and (1590.3 + 1cm™};
2687.3 + 1cm™!) after tin deposition. The G and 2D Raman modes
(wg; wap) are both sensitive to induced strain®~>° and charge
doping.”>*” The comparison of these two modes before and after
tin deposition allows us to determine to what extent each physical
mechanism is responsible for their shifts.'® The wavenumbers of

the graphene Raman modes are reported in the wg-w,p plane fea-
tured in Fig. 2(b). The analysis presented here follows the ones
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composite film. (b) Correlation between
the G and 2D Raman modes (wg;

T T T T T
1570 1580 1590 1600 1610 1620

wp) before (red point) and after (blue
point) tin deposition. The isostress
lines (magenta) with a slope of 0.7 +
0.05 represent (wg; wyp) for strain-free
graphene doped with varying density of
holes. The isocharge lines with a slope
of 2.2 + 0.2 represent (wg; wop) for
graphene under variable uniaxial
stress.'® The 2D peak positions in (b)
were extrapolated for an excitation at
514 nm.

G wavenumber (cm-1)

2D

a) 400+ — Sn/G/Pary b)
— G/Pa ry 2760
3 T e
g 350 g 2740
2 g 2720
c
2 3009 2 27007
= >
c ©
g 2 26807
5 2501 S
G 2D 2660
1 1 1 1 1 I
500 1000 1500 2000 2500 3000
Wavenumber (cm-1)
C) 4007 d) 360
—~ 380+ —
S S5 340
G 3607 g’
2 340 2 3207
2 2 300
% 320 %
"= 300+ ‘= 280
2 2801 E 260—
2 2601 G 2
ary 240—
I T I 1 I
1300 1400 1500 1600 1700
Wavenumber (cm2)

| | | | |
2600 2650 2700 2750 2800

Wavenumber (cm1)

6€:%5:90 £20Z 1snbny v

J. Appl. Phys. 126, 165301 (2019); doi: 10.1063/1.5121615
Published under license by AIP Publishing.

126, 165301-3


https://doi.org/10.1063/1.5121615#suppl
https://doi.org/10.1063/1.5121615#suppl
https://aip.scitation.org/journal/jap

Journal of

Applied Physics

developed by Lee et al.'® and Das et al.”’ Note that the difference
in laser wavelength in our study compared to Refs. 18 and 27
(532nm vs 514 nm) was taken into account by extrapolating the
2D peak position using the reported energy dispersion for the 2D
peak, ie, 74cm~!/eV.”

The O point in Fig. 2(b) is the expected postition of (G;2D)
peaks for a neutral stress-free graphene.'® Starting from this origin
O, strain and doping induce shifts represented by unit vectors that
are nonorthogonal in the (wg; wyp) basis. The isostress lines
(magenta) represent the effect of p-doping. The isocharge lines
(green) represent a prediction of the wavenumbers (wg; @2p) evolu-
tion under uniaxial stress. The uniaxial strain sensitivity of the G
mode is —23.5cm™!/%.'**’ The red and blue points correspond to
the experimental positions of the two modes before and after tin
deposition, respectively.

From Fig. 2(b), we get an induced p-doping around
7-10"2 cm™? and a strain of 0.35/% before tin deposition. Recent
studies have reported a strong hole doping induced by parylene
C.” The decrease of the position of the 2D mode after tin deposi-
tion is a strong indication of the increase of electron concentration
in graphene” induced by tin, which is consistent with previous
reports.5 To precisely extract the electron concentration, we have
measured the sample conductance as a function of gate voltage. The
position of the neutrality peak translates into a doping of
6 - 10'2 cm~2. Thus, the Raman spectra after tin deposition displayed
in Figs. 2(a), 2(c), and 2(d) (blue lines) (wg = 1590.3 + 1cm™!;
wyp = 2687.3 + 1cm™!) correspond to a Fermi level above the
Dirac point.

B. Temperature dependence of the conductance

Upon cooling, sample 1 exhibits a two-step transition to
the superconducting state. The first resistance drop at 3.7K in the
differential resistance ¥ shown in Fig. 3(a) corresponds to the super-

dr
conducting transition of the individual tin islands. This temperature
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is also the bulk critical temperature T, of tin,” " meaning that the

intrinsic superconducting properties of the tin islands are almost
unaffected. The composite film then reaches a resistanceless state
after another wide drop at 2.4 K which corresponds to the transition
of the whole tin decorated graphene sample to a superconducting
state, which is driven by the superconducting proximity effect.

C. Electric field effect

The Josephson effect in graphene has been previously studied
by measuring superconductor/normal/superconductor (SNS) junc-
tions consisting of a graphene layer contacted by two supercon-
ducting electrodes.””™ In such systems, the superconducting
proximity effect in graphene is locally generated from the contact-
ing electrodes and gives rise to a supercurrent carried either by
electrons in the conduction band or by holes in the valence band
of graphene, depending on the doping. It has been shown that the
proximity induced superconducting correlations can be controlled
by means of a gate electrode. This gate tunable superconducting
proximity effect in graphene was also demonstrated for a meso-
scopic 2D network of superconducting tin clusters.” In these pre-
vious studies on graphene-based Josephson junctions arrays, the
gate voltage was applied through a stiff substrate made of a silicon
oxide dielectric.

As the samples of the composite film studied in this work
have a surface of typically a fraction of square centimeter, 1 - 10° of
Josephson junctions can be probed thanks to the high density of
the dewetted tin islands (about 100 per micrometer square, see the
supplementary material). The high breakdown voltage of the order
of 1 V/nm of the parylene C," its small thickness of a few micro-
meters, and its 20 nm gold back-metallization make it possible to
apply an electric field to tune the density of the charge carriers. At
low temperature, these charge carriers convey the superconducting
current in graphene between the superconducting tin adsorbates.
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r 200
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FIG. 3. Temperature and gate voltage dependence of electron transport (sample 1). (a) Temperature dependence of the differential resistance showing the gradual super-
conducting transition. The log scale used for the inset highlights the decrease of the differential resistance. (b) Relationship between the drain-source voltage (Vqs) and the
bias current (I,) at 200 mK and at two gate voltage values, V; = +50V (red curve) and Vy = —50V (blue curve). The inset displays the variation of the conductance (G)
with the gate voltage (Vy) at 4 K. (c) Evolution of the differential resistance with the gate voltage (V) and the bias current (/) at 200 mK.
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We next focus on the field effect dependence in sample 1.
We measure a variation of the conductance G by about 7% for a
gate voltage (V) span of 100V at 4K, above the superconducting
transition [see the inset in Fig. 3(b)]. As the parylene C substrate
thickness for sample 1 is 4 + 0.5um, its estimated geometric
capacitance C; is about 6.6 - 1071 Fcm™2(see the supplementary
material). Due to residual doping, the material is n-doped in the
whole gate voltage range and the neutrality point is not accessible
in the inset in Fig. 3(b). The extension by proximity effect of the
superconducting correlations from the vicinity of the tin islands
to the whole decorated graphene interface depends on the electro-
static doping.” The CVD graphene charge carrier mobility of
about 1600 + 200cm? V~'s7! [deduced at an electronic density
of 6- 10> cm™? from the inset in Fig. 3(b), see the supplementary
material for more details] makes the graphene interface a suitable
mediator to couple tin islands.

The evolution of the drain-source voltage (V) was probed by
varying the bias current (I;) for different gate voltages (V) at tem-
perature T = 200 mK, well below the critical temperature of tin
(3.7K)*" [see Fig. 3(b)]. For a fixed gate voltage (V,), the Iy(Vy)
curve in Fig. 3(b) features a superconducting vertical branch at zero
drain-source voltage (Vy,). In that region, the charge carriers can
flow through the whole sample without dissipation, giving rise to a
supercurrent. When the bias current (I) is increased until the
switching current (), a sudden change to a resistive branch can be
seen: this is the superconducting to normal state transition. This
behavior is characteristic of the regime in which the energy scale
for the superconducting coupling between islands that permits
transport of Cooper pairs, named Josephson coupling energy Ej,
is much larger than the energy scale that tends to localize charge
carriers, the charging energy Ec.”® In the superconducting state,
the switching current I; is electrically tunable as illustrated in
Figs. 3(b) and 3(c). It is modulated by 100 nA/V. This modulation
may be enhanced in future by reducing the thickness of the pary-
lene substrate.

D. Hysteretic behavior

Figure 3(b) highlights the hysteretic behavior of the super-
conducting transition. When the bias current (I) is decreased
from the normal resistive state to reach the superconducting state,
the return to zero for the drain-source voltage (V) only occurs
at a retrapping current (I,), which is significantly smaller than the
switching current (I;). Like the switching, the retrapping appears
as a discontinuity of the I;(Vy) curve in Fig. 3(b). In other words,
once the decorated graphene has switched to the resistive branch,
it does not recover the superconducting state until the bias
current is decreased to a significantly smaller retrapping current
(I,). For instance, at a gate voltage V, = +50V [red curve in
Fig. 3(b)], the switching current I; is 172 uA, whereas the retrap-
ping current I, is 95uA. Hence, the curve in Fig. 3(b) is
hysteretic.

The Joule power dissipation may largely contribute to that
hysteretic phenomenon, as already suggested by previous studies of
the self-heating of various types of superconducting weak links.””**
Experimental works have demonstrated that the hysteresis in a SNS
junction results from the increase of the normal-metal electron
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temperature (T,) once the junction switches to the resistive state by
measuring an electron temperature up to more than ten times the
thermal bath temperature.”” Hysteresis is increased when the
switching current (I;) is large. As the composite film is made of an
array of graphene-based junctions and exhibits a large switching
current (I), Joule dissipation inside graphene could be one of the
mechanisms responsible for the observed hysteresis. Indeed, the
Joule power Rn - I, where R, ~ 650Q and I, = 170 A are, respec-
tively, the normal state resistance and the switching current at 4 K
and zero gate voltage, is estimated of the order of 20uW. This
value is around 2-10° times more than the one estimated by
Courtois ef al.”’ In addition, the low thermal conductivity of the
parylene C substrate (0.084 W m~! K~! at 25°C)*’ does not allow
an efficient evacuation of the resulted heat and maintains the hys-
teretic phenomena. The hysteresis proves that the composite film
has an ultralow thermal conductivity. It may be an advantage in a
cryogenic context.

E. Magnetic field dependence

Sample 1 thickness allows a high sensitivity to a magnetic field
perpendicular to its plane and makes thus possible to magnetically
tune the superconducting transition. As one can see in Fig. 4(c),
when no bias current is applied (I, = 0nA), the magnetic field for
which the SNS junction array undergoes a transition between its
superconducting state and its normal state is about 100 mT. This
value is the critical magnetic field H, for sample 1. Whenever the
perpendicular magnetic field is above (H,), the SNS junctions array
differential resistance (‘fi—‘{) never falls to zero for any bias current
value. The evolution of the differential resistance (%’) with the bias
current (I,) for a perpendicular magnetic field just above H, is repre-
sented by the black line in Fig. 4(b). While the critical temperature
of tin islands in our device is unchanged compared to the bulk value
as discussed in Sec. III B, the critical magnetic field H, is much
larger than the bulk critical magnetic field of Sn, which has been
measured to be of the order of 30 mT."" Previous studies of tin
superconductivity at the nanoscale were carried out on Sn nano-
structures. These studies found no departure from the bulk critical
temperature T. = 3.7K in nanostructures but in all cases found
an overall increase of the critical field (H.) with the decrease of
the particle size."”

When no perpendicular magnetic field is applied, the density
of supercurrent (J;) can be estimated by normalizing the switch-
ing current (I;) with the diameter of our probes of 1mm.
Since, when there is no applied perpendicular magnetic field, the
switching current (I;) is 147uA, the density of supercurrent
Jo = 1.47 - 102 nAum™!. This value corresponds to the density of
supercurrent measured for single Josephson junctions” and
shows that the critical behavior of the macroscopic composite
film corresponds to the one of a single Josephson junction (see
the supplementary material).

IV. DISCUSSION
A. Sensitivity to magnetic field: effect of vortices motion

As shown in Fig. 4(b), for nonzero magnetic field below the
critical field H,, the composite film presents a broad transition as a
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FIG. 4. Perpendicular magnetic field
dependence for sample 1. (a) and (b)
SNS junctions array differential resis-
tance %(Ib) as a function of transverse

magnetic field (H.) and bias current

(Ip)- (c) SNS junctions array differential

resistance % (l) as a function of the

+ transverse magnetic field (H,) in the

absence of bias current (I, = 0nA).

+ (d) SNS junctions array differential

resistance 2(l,) at the switching

+ current s, i.e., at the onset of a sharp
transition toward the normal state.
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function of the bias current. The broadening of this transition has
been attributed in previous studies to the dynamics of the vortices
inducing a progressive dissipation until reaching the normal
state.”>*> Focusing on the transition from the superconducting to
the normal state in the presence of magnetic field in the positive
bias current quadrant, we can notice four regions, as delimited in
Fig. 5(a). In the low bias current regime, i.e., region 1 in Fig. 5(a),
the vortices are pinned and the composite film has zero differential
resistance. Numerical simulations have studied the impact of
defects in this context.'>"” The enhancement of the superconduct-
ing current near the tip of the defects gives rise to the formation of
vortices that remain pinned to each end of the defects. In our case,
the defects could be regions with weaker superconducting state.
When the bias current (I;) reaches the depinning current (I;), the
Lorentz force perpendicular to the bias current (I) is high enough
to unpin and thus governs the vortices motion.”” Their creeping
produces a voltage across the sample, which begins to present a
nonzero differential resitance that increases with the bias current
(Ip). We attribute the hill-shaped beginning of the transition in
region 2 to this creeping regime. The macroscopic switching current
(I;) is identified as the inflection point ending regions 2, i.e., when a
sharp transition toward the normal state begins. In region 2, the hill-
shaped curve does not end with a plateau as it has been observed
experimentally in other types of Josephson junctions arrays.”*
It means that the motion of the vortices does not reach a constant
speed before entering region 3. In region 4, the curve converges pro-
gressively toward the normal state differential resistance value. There
is no peak in the resistance close to the switching current (I;) as
often observed in Josephson junctions. This is likely caused by the
importance of thermal effects, and such behavior has already been
observed in tin-decorated graphene hybrids.”

When the applied magnetic field is increased, the differential
resistance (‘fi—‘ll) at the macroscopic switching current () featured
in Fig. 4(d) is larger and the transition displayed in Fig. 4(b)
broadens. As each vortex carries a quantum of flux,"” the increase
of the applied magnetic field induces the proliferation of the
number of vortices. Therefore, the magnetic field dependency of
the superconducting transition as seen in Fig. 5(a) provides
strong evidence for vortex-dominated electrical properties of the

tin-decorated graphene.
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B. Comparison of samples

Figure 5(d) shows the response to a perpendicular magnetic
field for two samples, sample 1 and sample 2. For weak magnetic
fields, the normalized depinning current (I;) of sample 2 decreases
more abruptly when the absolute value of the perpendicular mag-
netic field is increased. This enhanced sensitivity can be attributed
to the arrangement of the tin islands. Indeed, the larger the pan-
cakelike tin islands are, the closer they are. The magnetic field
expelled by the Meissner effect in the tin islands is more confined
in the interstitial area in graphene at the core of each Josephson
junction. Since more tin was deposited on sample 2, the interstitial
areas are narrower than for sample 1. It results in a strong magnetic
field focusing effect in the weak link regions. This strong sensitivity
of the depinning current (I;) to small magnetic fields applied per-
pendicular to the film is typical for weak links.”* Nevertheless, out
of the weak magnetic field regime, the normalized depinning
current (I;) for sample 2 is higher than for sample 1. Thus, for
higher values of the magnetic field, the greater surface covering of
graphene by the tin islands for sample 2 compensates the effect of
magnetic field confinement. The critical magnetic field (H,) is
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FIG. 5. Vortices motion effect and dependence with metal thickness. (a) Vortices motion dependent superconducting transition in sample 1. (b) Hysteretic behavior of the
superconducting transition for sample 1 (red curve) and sample 2 (orange curve) (H, = 48.5mT). (c) Superconducting transition for sample 1 (red curve) and sample 2
(orange curve) at weak magnetic field (H, = 1.1 mT). (d) Evolution of depinning current (ly) with the perpendicular magnetic field.

more than twice higher for sample 2 compared to sample 1.
Although the surfaces and aspect ratios of the two samples are of
the same order, the switching current (I;) measured at weak per-
pendicular magnetic field (H; = 1.1mT) for sample 2 was also
about more than twice larger than the one of sample 1 as can be
seen in Fig. 5(c). These observations are consistent with the fact
that the Josephson junctions are shorter in sample 2 for which
more tin has been evaporated than in sample 1.

The emergence of a large plateau in the superconducting tran-
sition of the sample 2 shown in Fig. 5(c) corresponds to a regime
where the vortices reach a constant speed of motion giving rise to a
constant value for the probed differential resistance. This plateau is
absent for the same value of perpendicular magnetic field for the
superconducting transition of the sample 1 in Fig. 5(c) because the
smaller value of the switching current I; induces a sharp transition
toward the resistive normal state before the vortices reach their
constant motion speed regime.

The transition from the resistive normal state to the supercon-
ducting state has not exactly the same shape as the transition from
the superconducting state to the resistive normal state as one can
see in Fig. 5(b). This hysteretic behavior is stronger for sample 2
because of the larger thickness of both the superconducting tin

islands and the parylene substrate that prevent the heat from being
efficiently evacuated.

V. CONCLUSIONS

In conclusion, we built a mechanically-flexible graphene-based
metal coated thin film exhibiting tunable superconducting proper-
ties at low temperature. The noncovalent coupling of the graphene
two interfaces with the top and bottom components allows the gra-
phene to keep its exceptional electronic properties, while gaining
other properties like superconductivity. This original architecture
provides complementary properties such as high electrical conduc-
tivity combined with low thermal conductivity. The sensitivity to
the external environment is enhanced thanks to the hybrid 2D
behavior of the film. In particular, the superconducting correlations
in the graphene interface are highly sensitive to a perpendicular
magnetic field and electrically tunable thanks to the preserved
semimetallic properties and the 2D character of the graphene. This
work highlights the potential of graphene as a versatile building-
block for the realization of macroscopic plasticlike superconductors
with high supercurrent density comparable to single Josephson
junctions. The very low volumic mass of parylene C (1.289 gcm™3)
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allows us to get superconducting films with very low area density
(about 5gm™2) compared to a pure tin thin film of the same thick-
ness whose weight would be six times higher. Flexible superconduct-
ing thin composite films could provide a physically-compact flexible
flat cable, easily processable by plasma etching into multiwires.
Flexibility and superconductivity, respectively, provide vibrational and
thermal insulation useful for a multistage cryostat.”* Nevertheless, at
this point, the relatively low superconducting critical temperature
obtained using tin (around 2.4K) is relatively limited compared to
standard materials used in superconducting wires (18 K for Nb;Sn)
and should motivate the exploration of other materials.

On a more fundamental side, this material offers a novel
playground to study the collective proximity effect at the macroscopic
scale. In future, to unveil the full potential of this hybrid material as a
flexible superconductor,” one should explore the possibility of main-
taining the superconducting character when applying mechanical
stress to the film. Parylene might not be the ideal candidate to handle
a large stretch, compared to, for instance, polydimethylsiloxane, but
for limited strains it has recently been shown that graphene/parylene
C composites present very resilient electrical properties.'®

SUPPLEMENTARY MATERIAL

See the supplementary material for details about fabrication
methods and additional data on sample 1 and sample 2.
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