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Gate-tunable two-dimensional superconductivity
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Superconducting devices such as superconducting quantum interference devices, superconductor
nanowire single photon detectors, and superconducting quantum chips have unique performances not
available in conventional semiconductor devices. However, most of the superconducting devices are
fabricated on rigid substrates consequently limiting applications requiring mechanical flexibility. Herein,
wafer-scale flexible superconducting devices are designed and constructed based on a two-dimensional
(2D) superconducting system consisting of superconducting discrete Pb nano-islands and single-
crystalline graphene on a stretchable parylene C substrate. Owing to the perfect two-dimensional
electron gas (2DEG) provided by single-crystalline graphene, the discrete Pb nano-islands are coupled
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to form a global zero-resistance superconducting state in the hybrid system. Since the discrete island
structure is integrated with flexible graphene and parylene C, the superconducting device works steadily
even in the bent state. In addition, the Berezinskii—Kosterlitz—Thouless (BKT) type phase transition, the
hallmark of two-dimensional superconductivity, can be tuned by the back-gate bias. Our results suggest
a convenient and effective strategy to design and prepare large-scale and flexible superconducting systems.
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Superconductors can transmit electrical energy with no dissi-
pation and possess unique quantum effects which can be
utilized to fabricate superconducting devices such as super-
conducting quantum interference devices,"* superconducting
nanowire single photon detectors,>* superconducting quan-
tum chips,” and so on. At present, most superconducting
devices are built on rigid substrates consequently impeding
potential applications requiring mechanical flexibility. As nat-
ural flexible superconductors, superconducting nanowire
yarns® and organic superconductors’ have been utilized to
build functional superconducting devices, but it is challenging
to improve the reliability and productivity on the wafer
scale due to the complex fabrication process. Large-scale
two-dimensional superconductors (2DSC) with mechanical
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flexibility can constitute the platform to fabricate a large
number of flexible superconducting devices with good unifor-
mity. However, current 2DSCs are often mechanically exfoliated
from rigid bulk single crystals and so the dimension of exfo-
liated 2DSC fragment is typically limited to about 100 pm.*™*
Recent studies show that 2D superconductivity can be obtained
from artificial superconducting islands/graphene hybrids,">™*
thus suggesting a feasible approach to prepare flexible
wafer-scale superconductors if the hybrids can be synthesized
on stretchable substrates. Nonetheless, direct experimental
demonstration of producing a large number of flexible super-
conducting devices on wafer-scale 2DSC has not been reported.

In this work, flexible superconducting device arrays are
fabricated on the wafer-scale 2D Pb nano-islands/graphene/
parylene hybrid. The coupling effect between the discrete Pb
nano-islands via 2DEG provided by single-crystalline graphene
gives rise to global 2D superconductivity as evidenced by the
BKT phase transition. Moreover, the BKT temperature can be
tuned by the gate voltage. This novel structure consisting of the
discrete superconducting islands/graphene/parylene hybrid
reveals a viable strategy to design and produce flexible 2D
superconducting devices with good uniformity.

Fig. 1 shows the schematic illustration of the fabrication
process of the wafer-scale flexible 2DSC device arrays. The
single-crystalline monolayer graphene is synthesized on the
intrinsic Ge(110) substrate'>'® by chemical vapor deposition
(CVD) (A and B) and the 1 pm thick parylene C layer is
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Fig. 1 Schematic illustration of the fabrication process of the wafer-scale flexible 2DSC device arrays: (A) and (B) synthesis of single-crystalline
monolayer graphene on intrinsic Ge(110) substrate by CVD; (B) and (C) 1 um thick insulating parylene C is coated on graphene; (C) and (D) flexible
graphene/parylene structure obtained after removal of the intrinsic Ge(110) substrate; (D) and (E) Ti/Au (10 nm/100 nm) Hall bar electrodes deposited on
the flexible graphene/parylene substrate; (E) and (F) graphene channel of the Hall bar formed by oxygen plasma etching; (F) and (G) 20 nm thick discrete
Pb nano-islands deposited onto the graphene channel; (H) flexible wafer-scale 2D superconducting device arrays are produced.

deposited on graphene (B and C) by vaporization.'” Parylene C
is a green polymer with excellent flexibility, good insulating
properties, and chemical stability."””'® After removal of the
Ge(110) substrate by etching, the flexible graphene/parylene
structure is obtained (C and D). With the aid of a Hall bar
stencil mask, the 10 nm Ti/100 nm Au electrodes are deposited
on the graphene/parylene substrate (D and E). By means of
oxygen plasma etching, the graphene channel of the Hall bar is
formed (E and F). Finally, a 20 nm thick Pb layer is deposited on
the channel region of the Hall bar. Owing to the low melting
point of Pb'>*® and poor wettability of Pb on graphene,'**'
the deposited Pb layer is dispersed randomly forming discrete
nano-islands with an irregular shape (F and G). The hybrid
structure composed of discrete Pb nano-islands/graphene/parylene
can be easily expanded to cover an entire flexible wafer (H).

The synthesized 100 mm wafer-scale flexible 2DSC device
arrays in the rolled and flat states are displayed in Fig. 2a
and b, respectively. The 2DSC device arrays are ultra-flexible as
demonstrated by that they can be rolled into a pencil shape.
Raman scattering reveals that the crystalline quality of
graphene is preserved after the transfer process®*® even in
the rolled state (Fig. S1-S3, ESIt). Fig. 2c shows the zoomed
image of the 2DSC device arrays. The transition from the
deposited Pb layer to discrete Pb nano-islands is evidenced by
the corresponding diffuse reflection, where the Hall bar chan-
nel region becomes grey (inset in Fig. 2¢). The discrete feature
of the Pb nano-islands is further confirmed by plane-view
scanning electron microscopy (SEM) and 3D atomic force
microscopy (AFM), as shown in Fig. 2d and e, respectively.
The Pb nano-islands with a diameter of ~200 nm and thick-
ness of ~20 nm are randomly distributed on graphene (inset in
Fig. 2e). Our previous study shows the 2DSC device becomes
insulating after removal of graphene between neighboring
islands by the oxygen plasma confirming the discrete feature
of the nano-islands.™
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The superconducting properties of the flexible 2DSC device
in the flat and bent states are investigated and compared in
Fig. 3 (Fig. S4, ESIY). The flexible 2DSC device is diced from
the 100 mm wafer prior to characterization on the PPMS-9T
(Quantum Design). With respect to the flat 2DSC device, the
sheet resistance Ry(7T) shows a weak temperature dependence in
the normal state above ~ 50 K (the purple dots region) because

Fig. 2 Demonstration of the wafer-scale flexible 2DSC device arrays:
(a) and (b) photograph of the wafer-scale ultra-flexible 2DSC Hall bar
device arrays in (a) rolled state and (b) flat state; (c) zoomed image showing
the 2DSC Hall bar devices and channel area (inset). In the channel area, the
graphene film is invisible and the grey color corresponds to the deposited
Pb nano-islands; (d) SEM image and (e) AFM image of the discrete Pb
nano-islands deposited on the graphene/parylene film in the channel area.
Inset in panel (e): depth profile of the white dashed line in panel (e)
showing that the Pb nano-islands have a uniform thickness of ~20 nm
and diameter of ~200 nm.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Superconductivity of the flexible 2DSC device before and after bending: (a), (c) temperature dependent sheet resistance R4(T) curve of the flexible
2DSC device (a) before bending and (c) after bending measured from 2 K to 300 K. Insets are the schematic diagrams of the devices before and after
bending; (b), (d) detailed Rs(T) curve (red line) showing the superconducting region (2 K to 8 K) of the flexible 2DSC device (b) before bending and (d) after
bending showing a two-step superconducting transition. The purple dots represent the differential of the R(T) curve and the purple lines are the
corresponding fitted lines yielding the critical temperatures of the first (T.;) and the second superconducting transition (T¢,).

the mobility of graphene is almost temperature independent,””
as shown in Fig. 3a. As the temperature is reduced, the Ry(T)
curve exhibits a semiconductor-like behavior (the green dots
region) which can be considered as the weak localization effect
of 2D metals.'**® Finally, it changes from the superconducting
state to the zero-resistance state approaching 72°"° = 2.71 K (the
red dots region). In fact, the transition near the zero-resistance
state undergoes a two-step superconducting transition'**"*° as
analyzed in details in Fig. 3b. According to the differential
analysis, the first superconducting transition appears at T.; =
6.89 K as a result of the superconducting transition of indivi-
dual Pb nano-islands.?* As the temperature is further reduced,
the superconducting Pb nano-islands couple with each other
to form global superconductivity via the 2DEG provided
by the single-crystalline graphene. Consequently, the second
superconducting transition emerges at T., = 4.90 K, which
corresponds to the onset of the global superconducting
phase coherence. Global superconductivity develops as the
temperature decreases further and is fully realized at T2 =
2.71 K.'*714212% pyurthermore, the superconducting properties
of the 2DSC device are retained even in the bent state, as shown
in Fig. 3c and d. For the bent 2DSC device, the first super-
conducting transition emerges at T.; = 6.84 K, which is quite

This journal is © The Royal Society of Chemistry 2020

similar to that of the flat counterpart. However, owing to the
bending-induced increment of distance between neighboring
Pb nano-islands, two critical temperatures (7., = 4.58 K and
Tz = 2.55 K) corresponding to onset and completion of the
global superconductivity become relatively lower as expected. If
the degree of bending state or the curvature can be tuned
automatically under cryogenic condition, the distance between
the neighboring Pb islands can change continuously, which
enables the precise control of two critical temperatures accord-
ingly. It is believed that integration of the flexible components
including discrete Pb nano-islands, single-crystalline graphene,
and parylene C enables the 2DSC device to operate properly
even under bending.

In addition to the flexibility, as an insulating polymer, the
coated parylene C can be utilized as a gate dielectric layer."”
Therefore, the carrier density of the single-crystalline graphene
channel can be tuned when a back-gate bias is applied. Fig. 4a
shows the Ry(T) curves acquired at different gate voltages
between —40 V and 40 V. When the gate voltage is varied,
the sheet resistance changes accordingly and the Ry(T) curve
exhibits a similar trend with temperature. Since a supercon-
ducting islands/graphene system has been reported as a real
2D superconducting system,">** our flexible 2DSC device is

J. Mater. Chem. C
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Fig. 4 Gate-tunable 2D superconductivities in the flexible 2DSC device: (a) temperature dependent Rs(T) curves measured under different gate voltages
from —40 V to 40 V with the step of 10 V; (b) Rs(T) curves in the form of [dln(RS)/dT]’Z’3 versus T and the vortex-unbinding temperature Tgyr is extracted
from the x intercept of the linear fit (colored straight lines); (c) T (red squares), T, (green triangles), Tgyr (blue dots), and sheet resistance Ry (purple
triangles) in the normal state (8 K) as a function of gate voltage with Vp;sc = —32 V corresponding to the situation in which the Dirac point is located at the

Fermi level.

expected to show the Berezinskii-Kosterlitz-Thouless (BKT)
type transition.'**® The BKT transition describes the free
vortex or antivortex at a high temperature forming bounded
vortex-antivortex pairs during cooling. The characteristic
vortex-unbinding temperature Tgpxr can be obtained from the
V-I measurements'**"** at V oc I or the universal form of the

flux flow resistance®'~** expressed as follows:

R(T) ox exp {—b(T - TBKT)_%:|7 1)

where b is a constant. Thus Tggr for each gate voltage can
be derived from the x intercept of the linear fits in the plot
of [dIn(Ry)/dT] > versus T (Fig. 4b).'> When cooling down to
~7 K, all the curves converge and show an obvious transition
corresponding to the first superconducting transition as
discussed above, indicating that the superconducting transi-
tion temperature T, for different gate voltages is similar. As
the temperature is reduced further, the converged curves start
to disperse. When the temperature enters the region close to
the second superconducting transition, the curves are sepa-
rated due to the change in the carrier density in the graphene

J. Mater. Chem. C

channel when a bias is applied. This yields a different BKT
temperature for each gate voltage as indicated by the shift in
the x intercept.

The derived Tgkr is gate voltage dependent and decreases
gradually when the gate voltage diminishes from +40 V to
—30 V, as shown in Fig. 4c. The dependence of Tgkr on the
gate voltage becomes less prominent between —30 Vand —40V,
where the minimum BKT temperature should exist. Meanwhile,
Te; and T, for each gate voltage are deduced (Fig. S5, ESI{) and
plotted in Fig. 4c and T, is independent of the gate voltages. It
can be understood as the first superconducting transition
originates from the individual Pb nano-island whose carrier
density can be barely tuned by the gate voltage. On the other
hand, because the second superconducting transition is related
to the coupling effect via 2DEG provided by the single-
crystalline graphene, the carrier density of the graphene channel
and T, can be tuned effectively by the gate voltage. Thus T,
exhibits a similar variation trend as Tggr, indicating that the
BKT transition is also related to the 2DEG in graphene. In
addition, manipulation of the carrier density of graphene
channel by the gate voltage is evidenced by the variation in

This journal is © The Royal Society of Chemistry 2020
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the sheet resistance Ry obtained in the normal state at 8§ K
(purple triangles), which shows the opposite trend compared to
that of Tgkr. The maximum Ry at —32 V is reminiscent of the
Dirac point of graphene. The relationship between Tggr and the
normal sheet resistance Ry can be explained by the universal
jump in the superfluid stiffness at the vortex-unbinding transi-
tion as shown by the following:'***

1. {A(TBKT)t h[A(TBKT)}} _ &Ry )
Tgrr | A(0) 2kp Tk Ry’
where A(T) is the superconducting gap and ¢, and R, are
constants. In this measurement range, T.; of each curve is
almost the same and A(0) is also a constant. According to
the relationship, if Tgxr increases, A(Tpkr) decreases and
tanh {A(LBKT)
2kp Tk
Therefore, the Tgxr curve is correlated negatively with the
normal sheet resistance Ry curve based on the theoretical
analysis which is consistent with our experimental results
shown in Fig. 4c. The sheet resistance Ry in fact reflects

} decreases, thus Ry decreases and vice versa.

. . . 1
the carrier density n,p, in graphene as Ry x— at low
np

temperatures,®® which is a direct parameter tuned by the gate
voltage. Therefore, Tsxr shows a positive relationship with n,p.
Since n,p, of graphene is proportional to |V — Vpirae|>”*® and
Tpxr is nearly linear with the gate voltage as indicated by the
black dashed line in Fig. 4¢, Tgxr oC n,p can be obtained. The
relationship of Tgrr o¢ 1,52 has been observed from the MoS,
transistor®® and LaAlO,/SrTiO; interface®” and the exponent 2/3
indicates a clean (or weakly disordered) system®” consistent
with the (2 + 1) D-XY model.*® While in the highly disordered
(dirty boson) system in which Cooper pairs are localized in the
insulating phase,37‘39 for example, NdBa,Cuz0,_;s thin film>°
and atomically Pb films,*® the exponent is 1. The superconduct-
ing islands/graphene hybrid is an artificial dirty boson system"*
and so in the flexible Pb nano-islands/graphene/parylene
hybrid, we observe Tgxr oc n,p as expected. When the gate
voltage approaches the Dirac point, Tgxr diverges from the
linear relationship with n,p. The divergence may arise from the
special round Dirac point as has been observed in the other
superconducting-islands/graphene system,'>'* where the
deposited superconducting islands and graphene form a p/n
junction on the hole side and p/p junction on the electron side
consequently destroying the electron/hole asymmetry of pris-
tine graphene.?

In conclusion, we describe a general strategy to fabricate
wafer-scale flexible 2DSC device arrays by depositing discrete
Pb nano-islands on the ultra-soft graphene/parylene film. The
2DSC devices exhibit robust 2D superconductivity and are
operational even in the bent state. Owing to the dielectric
property of parylene film, the superconductivity of flexible
2DSC device can be tuned by the gate voltage. Integration
of discrete superconducting islands and flexible graphene/
parylene is demonstrated to be a viable approach to design
and fabricate new 2D superconducting devices.

This journal is © The Royal Society of Chemistry 2020
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