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ABSTRACT
Graphene Josephson junctions (JJs) represent an excellent platform for quantum technologies, thanks to the combination of high carrier 
mobility, ballistic transport, and gate-tunable critical currents, preserved even under quantizing magnetic fields. Investigating the spatial dis
tribution of supercurrent flow could be crucial for elucidating transport mechanisms and advancing the engineering of these devices. In this 
work, we employ a scanning gate microscope to investigate supercurrent transport in hexagonal boron nitride-encapsulated graphene JJs. 
We study the supercurrent modulation as a function of tip voltage bias and tip-to-sample distance and provide a complete characterization 
of the tip-induced modulation. Our experimental results are quantitatively consistent with numerical simulations and pave the way toward 
local mapping and manipulation of gate-tunable superconducting phenomena with unprecedented spatial resolution.

VC 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license 
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0354810

The proximity effect induces superconductivity in a normal 
weak link inserted between two superconducting leads, forming a 
Josephson junction (JJ).1 Nowadays, JJs serve as key elements for a 
wide range of quantum technologies and superconducting devices.2–11 

Utilizing field-effect-tunable materials such as graphene as the weak 
link enables gate control of the superconducting properties.12–17 JJs 
based on graphene (GJJs) encapsulated in hexagonal boron nitride 
(hBN) stand out for their large supercurrent densities, high interface 
transparency, and ballistic transport over micrometer-scale.18,19 These 
features enable enticing new capabilities, such as the proximity effect 
in the quantum Hall regime,20–25 a promising path toward the realiza
tion of hardware for topological quantum computation.26–29

Traditionally, the characterization of JJs relies on electrical trans
port measurements. While this approach provides valuable informa
tion on a macroscopic scale, it prevents access to spatially resolved 

information. Scanning gate microscopy (SGM) has emerged as a pow
erful technique for spatial mapping of electrical transport in gate- 
tunable materials. This technique is based on a voltage-biased conduc
tive tip of an atomic force microscope (AFM) that can be employed as 
a movable local gate. By measuring how the tip affects the conduc
tance of the device, one can infer the transport properties on the local 
scale. Pioneering work employing SGM has been performed by 
Topinka et al.30–34 Subsequently, SGM has been employed on semi
conductors,35,36 quantum wells,37 two-dimensional electron gases 
(2DEGs),38–40 quantum dots,41 and graphene.42–45 In combination 
with a magnetic field, SGM enabled imaging of electron trajectories46 

in 2DEGs47 and in graphene.48,49 The technique has also been 
employed in the quantum Hall regime.50–54

Since the critical current of GJJs is gate-tunable,18 SGM appears 
as a powerful tool for the spatial investigation of local transport 
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properties in the superconducting regime. This potential recently 
inspired theoretical efforts to model the effect of an SGM tip on the 
induced superconductivity.55–57 However, on the experimental side, 
only a handful of SGM experiments have been reported on supercon
ducting devices.58–61 Huefner et al. used SGM to characterize super
conducting single electron transistors,58 Heged€us et al. employed 
SGM to study the nature of two-level system defects in qubits,59 and 
Bhandari et al. imaged Andreev reflections at a single graphene– 
superconductor interface.60 Lombardi et al.61 represents the first 
example of application of SGM to JJs. A switching current modulation 
of a few nA was reported in an InSb nanoflag JJ, setting an important 
proof-of-concept for investigating supercurrent modulation in this 
class of devices.

Here, we employ SGM to investigate the supercurrent modula
tion in hBN-encapsulated GJJs. Thanks to large switching currents 
and a geometry that is particularly suitable for SGM investigation, we 
obtain a large tip-induced modulation of hundreds of nA. We study 
the tip-induced supercurrent modulation as a function of tip voltage 
(at fixed tip height) and of tip-to-sample distance. A theoretical model 
supporting our experimental results is also reported. We provide a 
complete characterization of the tip-induced modulation of the criti
cal current. This work thus identifies GJJs as the ideal platform for 

imaging supercurrent transport with unprecedented spatial 
resolution.

SGM measurements were performed at a base temperature of 
300 mK. The sample is mounted on an Attocube AFM head attached 
to the 3He pot of a Janis cryostat. The AFM–SGM tip is mounted on a 
tuning fork and is electrically connected to a voltage source that con
trols the tip voltage bias Vtip. All electrical lines, including the connec
tions to the AFM components, are equipped with cryogenic filters. A 
sketch of the device layout and measurement configuration is shown 
in Fig. 1(a). Graphene is encapsulated in two 30 nm thick hBN flakes, 
resulting in a total stack thickness of 60 nm. The stack is released onto 
a Si/SiO2 wafer (300 nm oxide thickness) that acts as a back-gate. 
Niobium (Nb) edge-contacts are obtained by DC magnetron sputter
ing performed after dry etching of the hBN–graphene–hBN stack. 
The thickness of the Nb contacts was conveniently set to match the 
height of the stack, to avoid height differences on the surface of the 
devices. We employ graphene single crystals grown by chemical vapor 
deposition62 that guarantee electrical transport properties comparable 
to state-of-the-art exfoliation-based samples.63 Further details on the 
sample layout are presented in the supplementary material. The inves
tigated sample comprises two JJs of different length L and width W. 
Junction J1 has L ¼ 600 nm and W ¼ 3 lm, and junction J2 has 

FIG. 1. (a) Schematics of sample geometry and SGM setup. Graphene is encapsulated in hexagonal boron nitride (hBN) and contacted by niobium (Nb) leads. A bias Vtip 
is applied to the tip, which scans above the sample at fixed distance. A bias VBG is applied to the back-gate. A current Ibias is applied to the junction, and the voltage drop V 
is measured. (b) Optical microscopy image of junction J1 (W ¼ 3 lm and L ¼ 600 nm). The black square indicates the scanning area of SGM maps shown in Fig. 2. The 
black dashed lines outline the junction structure. (c) Back-gate sweep measured with a lock-in amplifier by applying a 100 nA AC bias. The temperature is set to T ¼ 2:7 K 
to obtain the normal-state resistance R. The vertical dashed line indicates the working point for the analysis presented in Fig. 2, at VBG ¼ −3 V. (d) Voltage drop as a func
tion of back-gate voltage VBG and DC current bias Ibias. The sweep direction is from 0 to finite current values. The white region of zero voltage drop identifies the supercur
rent branch. The switching current, extracted by setting a threshold of 1:5 lV on the measured voltage drop, is indicated by black dots. The dashed red line is a linear fit to 
Isw across the working point, used to determine the back-gate switching current modulation efficiency, bBG;n ¼ 11863 nA/V. (Inset) Switching current in a 63 V range 
around the working point. The dependence of IswðVBGÞ can be approximated as linear.
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L ¼ 800 nm and W ¼ 4 lm. The two JJs are in the long to intermedi
ate ballistic regime and exhibit comparable transport properties, both 
in the normal state and in the superconducting regime.

An optical microscopy image of junction J1 is shown in Fig. 1(b) 
(to avoid damage to the GJJs that occurred in test experiments, no 
AFM topographic images were acquired during this experiment). The 
normal-state resistance of J1 is modulated by the back-gate voltage 
(VBG) as shown in Fig. 1(c). Maximum resistance is observed at the 
charge neutrality point (CNP), which is shifted toward negative VBG 
as a result of the induced doping by the Nb contacts. In junction J1, 
VCNP

BG ¼ −6:3 V, similar to previous devices fabricated using the same 
protocol.11,23 The resistance approaches its minimum value to the 
right of the CNP, VBG > VCNP

BG , in the electron doping regime. For 
VBG < VCNP

BG , in the hole doping regime, the resistance is always larger 
due to p–n barriers originating from Fermi level pinning at the Nb– 
graphene interfaces.18,19,23 The induced supercurrent is also modu
lated by the back-gate voltage, as illustrated in Fig. 1(d), where we 
report the voltage drop V across J1 as a function of VBG and DC cur
rent bias Ibias. In these measurements, Ibias is swept from 0 to finite 
values. The supercurrent branch corresponds to the white region of 
zero voltage drop, and the switching current Isw, extracted by setting a 
threshold of 1:5 lV on the measured voltage drop V, is indicated by 
the black dots. Isw is maximum for large electron doping, lower on the 
hole doping side, and minimum at CNP. Overall, the switching cur
rent shows a non-linear dependence on VBG. A convenient choice for 
SGM investigation is a working point with a large Isw, combined with 
a linear IswðVBGÞ dependence with a large slope. The working point 
was set to VBG ¼ −3 V, in the electron doping regime, indicated in 
Fig. 1(c) by the black dashed line. At this working point, the number 

of propagating modes (for each spin and valley degree of freedom) is 
equal to N ¼ 75. The corresponding interface transparency is 
Tr ¼ 0:5, calculated following Ref. 19. Performing a linear fit to 
IswðVBGÞ across the working point [red dashed line in Fig. 1(d)], we 
obtain a back-gate modulation efficiency bBG;n ¼ 11863 nA/V. 
IswðVBGÞ is well approximated by this linear dependence [inset to 
Fig. 1(d)].

In Fig. 2, we investigate the switching current modulation vs Vtip 
of junction J1. The tip is scanned in vacuum above the junction at a 
fixed distance of dvac ¼ 70 nm from the top surface. Given the thick
ness of the top hBN flake dhBN ¼ 30 nm, the distance between the tip 
and the graphene channel is d ¼ dvac þ dhBN ¼ 100 nm. In Figs. 
2(a)–2(e), we report SGM maps of Isw as a function of tip position for 
different Vtip values, ranging from −10 to þ10 V. Maps are acquired 
by defining a grid over an area of 3:2� 3:2 lm2 [continuous black 
square in Fig. 1(b)]. A V–Ibias curve is measured at each pixel of the 
grid, by sweeping the DC bias from 0 to finite values, and Isw is 
extracted with the same criterion as in Fig. 1(d), by setting a threshold 
on the measured voltage drop. The obtained values are then plotted as 
a function of x–y position. Black dashed lines outline the junction 
geometry. We observe a reduction of the switching current for nega
tive Vtip, while we observe an enhancement for positive Vtip. This is 
consistent with a positive back-gate modulation coefficient bBG;n > 0: 
in the electron doping regime, supercurrent is enhanced (reduced) as 
the back-gate voltage is increased (reduced). Furthermore, the switch
ing current variation is larger as jVtipj is increased. For Vtip ¼ −10 V, 
we observe the maximum switching current reduction [Fig. 2(a)]. The 
reduction gets weaker for Vtip ¼ −5 V [Fig. 2(b)] and becomes negli
gible at Vtip ¼ 0 V [Fig. 2(c)]. For positive Vtip, the switching current 

FIG. 2. (a)–(e) SGM maps of Isw in the electron doping regime (VBG ¼ −3 V), for different values of Vtip. Black dashed lines outline the junction geometry. (f) Critical current 
modulation as a function of Vtip. Experimental points [extracted from SGM maps as in (a)–(e)] and best fit are shown in blue: btip;n ¼ 18:860:8 nA/V. Results of numerical 
simulations are shown in red and are in excellent agreement with experimental data: bsimul;n ¼ 18:061:4 nA/V. (g) Simulation of the SGM map in (a), for Vtip ¼ −10 V. (h) 
Simulation of the SGM map in (e), for Vtip ¼ 10 V. Same color scale for experimental data and simulations. Junction J1, T ¼ 300 mK, d ¼ 100 nm.
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is enhanced, and a larger increase is reported in Fig. 2(e) 
(Vtip ¼ 10 V) compared to Fig. 2(d) (Vtip ¼ 5 V). In each map, the 
maximum modulation is observed when the tip is located over the 
junction and decreases when the tip is moved away.

In Fig. 2(f), we show the maximum switching current modula
tion extracted from each SGM map as blue dots (data acquired with 
the tip held fixed over the junction center are reported in the supple
mentary material). For the switching current value at Vtip ¼ 0 V, we 
consider the average value over the entire map in Fig. 2(c). We obtain 
the tip modulation efficiency from a linear fit to IswðVtipÞ [blue dashed 
line in Fig. 2(f)] as btip;n ¼ 18:860:8 nA/V, equal to 1661% of the 
modulation induced by the back-gate voltage bBG;n in the electron 
doping regime. In other terms, applying a tip bias Vtip ¼ 610 V has 
the effect of applying a back-gate voltage of 61:6 V relative to the 
working point. In this limited interval, we can consider Isw as directly 
proportional to VBG [see inset to Fig. 1(d)]. The same analysis for the 
hole-doping regime (at VBG ¼ −10:6 V) is presented in the supple
mentary material. Analogous data and analysis from junction J2, 
reported in the supplementary material, give consistent results.

In Fig. 2(f), we also report results from numerical simulations of 
the tip-induced modulation. Simulations are performed with a 
coarse-grained method similar to Ref. 61 that describes the tip poten
tial at the graphene plane with an effective Lorentzian shape.64,65 

Details on the simulations are reported in the supplementary material. 
Simulation results of the maximum critical current modulation as a 
function of Vtip are reported as red squares in Fig. 2(f) (the term criti
cal current refers to simulated results, while switching current refers 
to experimental results). From a linear fit (dashed red line), we obtain 
bsimul;n ¼ 18:061:4 nA/V, in excellent agreement with the experi
mental value. In the experimental data points and the simulation 
in Fig. 2(f), we see a marginal deviation from the linear behavior, 
following an “s-shape.” This feature can be ascribed to the energy- 
dependence of the barrier at the Nb–graphene interface that is renor
malized by the tip potential.61

Figures 2(g) and 2(h) show simulated SGM maps for 
Vtip ¼ −10 V [Fig. 2(g)] and Vtip ¼ 10 V [Fig. 2(h)]. The color scale is 
the same as for the experimental data. Both simulated SGM maps 
quantitatively reproduce the experimental results and capture all rele
vant features. Maximum switching current modulation is observed 
within the junction channel; the modulation decreases toward the 
junction edge, but is not entirely suppressed when the tip is beyond 
the junction and located above the Nb contacts.

Interestingly, we note that in Figs. 2(a) and 2(e) the maximum 
supercurrent modulation is not at the junction center. A stronger 
switching current reduction is observed on the right in Fig. 2(a), for 
Vtip < 0 V [same in Fig. 2(b)], while a stronger enhancement is 
observed on the left part of the junction in Fig. 2(e). This asymmetry 
likely arises from a non-uniform electrostatic potential landscape in 
the junction and highlights the capability of SGM to access informa
tion on spatial variations across a superconducting device.

In Fig. 3, we analyze the supercurrent modulation as a function of 
the distance d for junction J2. An optical microscopy image of J2 is 
shown in Fig. 3(a). The scanning area of SGM maps is represented by 
the black square. We report results relative to the n-type doping regime, 
at VBG ¼ −3 V (for J2, VCNP

BG ¼ −7:6 V) for two different values of Vtip. 
In Fig. 3(b), we report Isw as a function of d for Vtip ¼ −10 V, while in 
Fig. 3(c), we report it for Vtip ¼ 10 V. We present data obtained with 
two methods: (1) we keep the tip position fixed above the junction cen
ter and change only d (red points); (2) we acquire spatial maps, such as 
those in Figs. 2(a) and 2(e), and extract Isw at the junction center (blue 
dots). SGM maps of the switching current at d ¼ 100 and 300 nm are 
shown in the insets to Figs. 3(b) and 3(c). The switching current modu
lation is maximum at minimum distance d ¼ 100 nm and rapidly 
decays when the distance is increased. We observe a reduction of Isw for 
Vtip < 0 V and an enhancement for Vtip > 0 V, as expected from 
bBG;n > 0.

In the following, we illustrate an analytical model that accurately 
reproduces the IswðdÞ relationship (all details are reported in the 

FIG. 3. (a) Optical microscopy image of junction J2. The black square indicates the scanning area for SGM maps. Dashed black lines outline the device geometry. (b) and 
(c) Isw as a function of distance d between tip and graphene channel in the electron doping regime (VBG ¼ −3 V). Vtip ¼ −10 V in (b); Vtip ¼ 10 V in (c). Best fits to red 
dots using Eq. (1) are plotted as dashed black lines. 5� 5 lm2 SGM maps of Isw , for d ¼ 100 and 300 nm, are presented in the insets. Same color scale for all four images. 
Junction J2, T ¼ 300 mK.
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supplementary material). Following Ref. 44, we model the SGM tip as 
a biased point-like conductive tip placed in front of a conductive 
plane (graphene). The tip induces a change in the carrier density 
Dnðx; yÞ. Since at the working point (VBG ¼ −3 V) Isw can be consid
ered as directly proportional to VBG [and to the charge carrier density 
nBG ¼ CgðVBG − VCNP

BG Þ, where Cg is the back-gate lever arm], it is 
reasonable to assume that the same linear relationship holds on the 
local scale as well. This means that the local variation of critical cur
rent density DJcðx; yÞ is proportional to the local tip-induced variation 
in carrier density Dntipðx; yÞ. The total critical current is obtained by 
integrating DJc over the junction area. We obtain the total critical cur
rent as a function of the tip-to-sample distance dvac, 

IcðdvacÞ ¼ A arcsinh
L

2ðdvac þ dÞ

� �

þ Ic;0; (1) 

where A is a proportionality constant, d ¼ dhBN=ehBN takes into 
account the hBN relative dielectric constant er ¼ ehBN=e0 > 1 (e0 is 
the vacuum permittivity), and Ic;0 is the critical current value at large 
distance d (where the tip has negligible effect). Equation (1) is 
obtained in the limit of W � L=2; dvac and for negligible tip curva
ture radius. Dashed black lines in Figs. 3(b) and 3(c) were obtained by 
fitting the red data points to Eq. (1). The fits show a good agreement 
with the experimental data in the entire range of d. Numerical results 
of best-fits and data from junction J1 are reported in the supplemen
tary material. The analytical model remains robust in capturing the 
general IswðdÞ dependence also at large d and offers a practical frame
work for future experiments.

In summary, we performed SGM experiments on GJJs and suc
cessfully showed the possibility to locally tune the switching current 
with the SGM tip. We observed a large switching current modulation 
of several hundred nA. We studied the switching current modulation 
as a function of the tip voltage and performed numerical simulations 
that support our experimental results. In addition, we analyzed how 
the switching current evolves with tip-to-sample distance, by develop
ing an analytical model that successfully describes the experimental 
observations.

The switching current modulation obtained in this work is two 
orders of magnitude larger than in Ref. 61. This was achieved by 
leveraging the favorable properties of GJJs for SGM investigation. 
GJJs support larger switching currents up to several lA. This trans
lates not only into a larger (and ambipolar) back-gate modulation effi
ciency but also into a larger tip-induced switching current tunability. 
In addition, the larger dielectric constant of hBN increases the capaci
tive coupling of the tip, further enhancing its effect on the supercur
rent. In addition, the use of Nb edge-contacts of the same height as 
the hBN–graphene–hBN heterostructure allowed us to decrease the 
working distance from 250 nm (for top contacts)61 to 100 nm, leading 
to a relevant enhancement of the tip action. Thanks to this strong tip- 
induced modulation, we could precisely investigate the effect of the 
tip at varying distances. A further enhancement of the supercurrent 
modulation could be obtained by reducing the working distance. In 
principle, with the optimized geometry of GJJs, it should be possible 
to work with the tip in contact with the top hBN flake (even though 
this procedure is extremely challenging due to the proximity of the 
Nb contacts). This would also result in an increase in the achievable 
lateral resolution, limited by the top hBN flake thickness and the 
sharpness of the tip.61 Our analytical model thoroughly describes the 

experimental data. Thus, we establish graphene-based Josephson 
junctions as the ideal platform for spatial investigation of supercur
rent transport by SGM.

We note that SGM maps in Figs. 2(a) and 2(e) reveal a slightly 
asymmetric modulation of the switching current, likely originating 
from a non-homogeneous electrostatic potential landscape. In Ref. 11, 
we reported supercurrent rectification in graphene Josephson junc
tions arising from an asymmetric scattering potential. SGM could be 
employed not only to spatially investigate the shape of such potential 
but also as an active tool to locally control it.

In conclusion, this work establishes a robust foundation for 
advancing SGM on GJJs for precise local mapping of superconducting 
phenomena, even in combination with magnetic fields, that were pre
viously inaccessible with conventional transport characterization tech
niques and devices.

See the supplementary material for the additional details, includ
ing experimental methods, additional data of the supercurrent modu
lation as a function of tip bias, SGM maps of junction conductance, 
additional data on junction J1 in the n-type and p-type doping 
regimes, additional data on junction J2, details of the numerical simu
lations, additional data on the supercurrent modulation as a function 
of tip-to-sample distance, the analytical model for supercurrent mod
ulation as a function of tip-to-sample distance, the connection with 
the Lorentzian model, and additional data on junction J1 and results 
of best-fits.
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