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Hybrid superconductor/semiconductor devices constitute a powerful platform where intriguing
topological properties can be investigated. Here we present fabrication methods and analysis of
Josephson junctions formed by a high-mobility InAs quantum-well bridging two Nb superconducting
contacts. We demonstrate supercurrent flow with transport measurements, critical temperature of
8.1 K, and critical fields of the order of 3 T. Modulation of supercurrent amplitude can be achieved
by acting on two side gates lithographed close to the two-dimensional electron gas. Low-temperature
measurements reveal also well-developed quantum Hall plateaus, showing clean quantization of Hall
conductance. Here the side gates can be used to manipulate channel width and electron carrier
density in the device. These findings demonstrate the potential of these hybrid devices to investigate
the coexistence of superconductivity and Quantum Hall effect and constitute the first step in the
development of new device architectures hosting topological states of matter.

INTRODUCTION

Recently, notions of electronic-band physics combined
with typical tools of geometry and topology brought to
the prediction of new states of matter [1–4], with potential applications in quantum technologies. First experimental evidence of topological states of matter goes back
to the 1980s with the discovery of the quantum Hall (QH)
effect [5–9]. Here, the ultra-precise degree of conductance
quantization is linked to the topological properties of the
QH state. Indeed, owing to their non-trivial topology,
metallic edge states are robust against disorder and weak
perturbations and lead to the concept of topological protection. Among all applications exploiting this intrinsic
robustness, the possibility to store quantum information
in a stable fashion has recently played a major role [2, 10].
The recent discovery of new bound states with non-trivial
braiding properties, such as Majorana states [11–14], renewed the interest in the study of hybrid superconductor (SC)/semiconductor systems [15–17]. Among all, a
promising candidate for hosting Majorana fermions is a
QH state in proximity to a SC [18–20]. Experimental evidence for the coexistence of superconductivity and QH
is still scarce, however, different SC materials with large
critical field can be envisioned that withstand magnetic
fields sufficiently high to induce the QH regime in new
hybrid devices. Indeed, very recently signatures of superconducting correlations in QH channels were reported in
Josephson junctions (JJ) using graphene and III-V based
2D electron gas (2DEG) [21–24].
Here, we present results on the fabrication methods
and analysis of JJ devices with a III-V high-mobility
2DEG interfaced with Nb superconducting contacts. We
report transport measurements, demonstrate supercurrent flow and a critical temperature of 8.1 K, with critical fields as high as 3 T. Tuning of Josephson current is
achieved by means of additional side gates. Moreover, we
show that the same samples support well-developed QH

plateaus reaching filling factor ν = 2 at B = 3 T. These
findings demonstrate the potential of these hybrid devices to investigate the coexistence of SC and QH. We
believe they can represent the first step in the development of new device architectures hosting topological
states of matter.

EXPERIMENTAL DETAILS

The 2DEG heterostructure was grown by Molecular
Beam Epitaxy (MBE) [25–27]. As illustrated in Fig. 1(b),
it consists of an In0.75 Al0.25 As/ In0.75 Ga0.25 As/InAs heterostructure. The 4 nm-thick InAs quantum well is separated from the InAlAs barriers by 5.5 nm InGaAs layers and placed 55.5 nm underneath the surface. The
n-dopant (Si) layer is 18.5 nm below the well (modulation doping). In order to overcome the problem of lattice mismatch between In0.75 Ga0.25 As (lattice constant
a = 5.96 Å) and GaAs (a = 5.65 Å), an InAlAs graded
buffer layer was grown between the GaAs substrate and
the electrically-active region. In the buffer layer, the In
content is gradually increased from 15% to 75%, substituting Al. The main parameters of the heterostructure
are sheet density n2D = 6.24 × 1011 cm−2 (measured
at 4.2 K using Shubnikov-de Haas oscillations), mobility
µe = 1.6×105 cm2 /(Vs), mean free path lmf p = 2.16 µm,
and effective electron mass m∗ = (0.030 ± 0.001) me [28].
The fabrication of our SNS devices required a sequence
of mutually aligned steps of electron beam lithography
(EBL) as previously reported [28–32]. First, we defined
the ohmic pads by using EBL and a standard positivetone resist (PMMA). Then we evaporated in sequence NiAuGe-Ni-Au with a total thickness ≈ 200 nm of metal.
After the lift-off in acetone we annealed the contacts by
heating the device up to ≈ 350 ◦ C for a few minutes.
Both the AuGe and the Ni layers are essential to obtain a good ohmic contact between the gold pad and the
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TABLE I. Length (L) and width (W ) of the measured devices.
Device
A
B
C
D
E
F

L (µm)
0.90
0.91
1.10
0.80
2.00
0.92

W (µm)
0.73
0.65
0.85
0.90
1.70
0.75

(d)

FIG. 1. (a) False color SEM image of a device. The mesa is
yellow, side gates are green, niobium is blue. (b) Schematic
drawing of the heterostructure: the 2DEG is confined in the
InAs region (blue); the Si-doped region is marked red; below
there is the buffer region in order to match the InGaAs lattice
constant with that of GaAs. Electrical schematics for (c) the
DC current-bias and (d) the AC voltage-bias measurements.
The white color indicates gold pads, the superconductor (niobium) is blue, the normal region (2DEG) is yellow, and the
side gates are green. The black arrows show the direction
of the magnetic field (out of plane). Filters are on each line
connected to the gold pads (not shown for simplicity).

2DEG buried below the surface. With the second lithography we defined the side gates and the mesa region of
the 2DEG, i.e., the rectangular central island of the device that acts as the N region. To this end, a negative
resist bilayer was spin coated on the surface of the sample and served as the mask defining the 2DEG-region and
the side gates. The uncovered surface of the heterostructure was then removed by dipping in a H2 O:H2 SO4 :H2 O2
solution (chemical wet etching). This procedure has also
the advantage of delivering self-aligned N region and side
gate in only one lithographic step. The superconducting
parts of the device were fabricated with the third step of
EBL. Prior to the sputter deposition of the 150 nm-thick
Nb film, the interfaces were cleaned from undesired oxide
layer with a dip into a HF:H2 O solution and a low-energy
Ar+ milling in the sputtering chamber itself.
Figure 1(a) shows a false color scanning electron microscopy (SEM) image of a device. The yellow zone
(mesa of length L and width W ) is the InAs well (2DEG).
Side gates are colored in green and are formed by the
same InAs layer. Blue represents niobium, i.e. the two
superconductive leads, which contact laterally the InAs
quantum well. Note that part of the mesa is covered by
niobium. The grey area represents the etched insulating
substrate. Each niobium lead is connected to two gold
pads. Two additional gold pads were formed to contact

the side gates. Measurements presented here result from
six devices (A – F) that all showed a qualitatively similar behavior: their length L and width W are given in
Table I.
Experiments were performed at T ≈ 300 mK in an
Janis Helium-3 cryostat. Every transport line is filtered with a π-filter stage at room temperature (CMR
RF-filtered breakout box) and with two stages of RCfilters positioned on the cold finger at low temperature
(T = 350 mK), each of them with R = 1 kΩ, C = 47 nF.
All of them are low-pass filters, and together they have
a cut-off frequency of about fc = 2170 Hz. Supercurrent was measured in a 4-probe DC current-bias setup,
see Fig. 1(c). The bias resistor Rbias (several MΩ) maintains the source-drain current ISD constant, while the
source-drain voltage (VSD ) is measured in 4-probe configuration and amplified with a DL preamp. On the other
hand, measurements in the QH regime are performed in
a 4-probe AC voltage-bias configuration, see Fig. 1(d).
VSD is measured directly with a lock-in amplifier, while
the current passing through the junction, IAC = ISD ,
is measured with another lock-in amplifier connected in
series with the voltage source. The resistance of the junction RSD is for both cases RSD = VSD /ISD .

SUPERCONDUCTIVITY

The Niobium critical temperature Tc was measured using a 4-probe AC current-bias setup on a device which
actually had four gold pads connected to a Nb lead. Figure 2(a) shows the temperature dependence of resistance
RN b of the Nb. A sudden jump in resistance is observed
at Tc = (8.14±0.01) K, indicating the Nb transition from
the superconductive to the normal state. With this value,
the Nb bulk gap can be computed using BCS theory [33]:
∆N b = 1.76kTc = 1.235 ± 0.002 meV. The resistance of
the niobium leads at 8.4 K is RN b = (8.76 ± 0.01) Ω.
Critical field of Nb was measured, as shown in Fig. 2(b).
For T = 320 mK, Hc = (2.77 ± 0.02) T.
The JJ devices discussed here are in the clean and ballistic regime. Indeed, using the value of the Nb gap,
the coherence length of Cooper pairs in the superconh̄vF
[33]. The Fermi velocity in the
ductor is ξ0 = π1 ∆
Nb
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for JJ [35] are shown. From this measurement, a critical current Ic = (170 ± 2) nA and a retrapping current
Ir = (136 ± 2) nA are deduced.
The normal resistance Rn and the excess current Iexc
of the junctions are obtained from similar I–V curves,
but at higher injected current, in order to obtain a sourcedrain voltage VSD > 2∆N b /e ≈ 2.5 mV. For device B,
this gives Rn = (0.75 ± 0.01) kΩ and Iexc = (0.57 ±
0.01) µA. Similar values of Rn and Iexc were obtained for
all devices. In the Octavio-Tinkham-Blonder-Klapwijk
(OTBK) model [36, 37], they can be used to compute
the height of the barrier at the normal-superconductor
interface (Z) and the transmission probability through
the junction T , resulting in Z between 0.81 and 0.95,
and T between 52.7% and 60.5%.
The two side gates yield the control of the supercurrent
magnitude (both Ic and Ir ) and of the normal resistance
(Rn ) of the device [34, 38]. The side gates are used to increase/decrease the electron density in the 2DEG by applying positive/negative bias. Since the Josephson coupling between the electrodes and the normal resistance of
the 2DEG are very sensitive to the electron density in the
2DEG (see [34, 38, 39]), the gates are expected to increase
and reduce the supercurrent by increasing and decreasing Vgate , respectively. On the other hand, the normal
resistance should increase (decrease) when depleting (enriching) the electron density (as seen in [34, 38, 39]).

FIG. 2. (a) Change in resistance RN b as a function of temperature T . A sudden jump in the resistance is observed between
T = 8.13 K and T = 8.15 K, indicating the transition from the
superconductive to the normal state. The jump in resistance
is about 8.8 Ω. B = 0 T. (b) Critical field of Nb, measured
at T = 320 mK. For both measurements, Iac = 800 nA and
Vgate = 0 V.

superconductor is vF = (1.37 ± 0.01) × 106 m/s [28, 34],
therefore ξ0 = (232 ± 2) nm, and thus ξ0  lmf p (clean
limit). Moreover, the mean free path lmf p of the heterostructures is larger than the length L of the junctions,
i.e. L  lmf p , and therefore the devices are ballistic.
The JJ devices were characterized by I–V curves,
applying a DC current ISD through the junction and
measuring the source-drain voltage VSD with two additional leads. All measurements were taken at the field
which maximizes the supercurrent, typically a few mT,
to compensate for the residual magnetization of the environment. Fig. 3(a) shows VSD as a function of ISD .
The flat central region with zero VSD represents the
superconductive regime or the Josephson state. Welldeveloped supercurrent and typical hysteretic behavior

Figure 3(b) shows several I–V curves at different gate
voltages Vgate in a 3D plot. The flat central region is
the superconductive regime, and two red lines indicate
the transition between superconductive and dissipative
regime. The extension of this region is reduced by decreasing Vgate (supercurrent reduced), until the supercurrent vanishes below Vgate = −1 V. At the same time,
the slope (i.e. the resistance) in the dissipative region
increases when decreasing Vgate .
These data show that the magnitude of the supercurrent can be controlled by the side gates, forming a socalled Josephson Field Effect Transistor (JoFET) [40–
42]. A similar reduction of supercurrent is expected upon
increase in temperature. Temperature-dependent measurements clearly show that, as temperature is increased,
the superconductive region becomes smaller. For device
D, the supercurrent vanishes above T = 650 mK. At
higher temperatures, a slope different from zero appears
even at the origin, i.e. the resistance is different from zero
(R(ISD ≈ 0 nA) 6= 0 Ω); however, there is still a kink
on both sides of the origin. At temperatures even higher
(4 K for device D), also this kink disappears, and the
I–V becomes completely linear (i.e. Ohmic). A similar
behaviour was found in all devices.
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FIG. 3. (a) I–V curve (source-drain voltage VSD vs. source-drain current ISD ) of device C. The black (red) arrow shows the
direction of the black (red) sweep. T = 400 mK, B = −3.5 mT, Vgate = 0 V. (b) 3D plot shows I–V curves at different gate
voltages. Two red lines indicate the transition between the superconductive and the dissipative regime. The superconductive
regime becomes smaller when decreasing gate voltage; at the same time, the resistance (the slope) in the dissipative region
increases with decreasing gate voltage. At about Vgate = −1 V supercurrent disappears. This measurement has been performed
on device A at B = 0 mT and T = 350 mK.

QUANTUM HALL REGIME

Figure 4(a) reports the conductance of a representative device as a function of magnetic field, clearly showing four quantum Hall plateaus. As the magnetic field
is increased, the degeneracy of Landau levels increases,
therefore less levels are occupied at higher field, i.e. conductance decreases. The quantum Hall regime is established at B = 1.5 T, i.e. this is the smallest field at which
plateaus are well-developed. Notice that at B = 3 T and
Vgate = 3 V, the filling factor is ν = 2.
Next, the magnetic field was fixed at B = 3 T, and the
gate voltage Vgate was swept until the mesa was pinched
off. Figure 4(b) shows conductance as a function of Vgate .
At Vgate = 8 V, ν = 3 is measured. Since more Landau levels are occupied with respect to Vgate = 3 V,
side gates have globally increased electron density in the
2DEG. Therefore, the side gates control both the width
of the constriction and the electron density in the whole
2DEG. As Vgate is decreased, Landau levels are progressively emptied, so ν decreases (in a step-like fashion) until
conductance is zero at Vgate = −2.6 V.
Interestingly, Fig. 4(b) shows that in particular for
ν = 1 and ν = 3, several resonances are well-developed at
the end of plateaus. These features can be explained by
properly modeling the shape of the electrostatic potential
generated by side gates [32]. Physically, an abrupt and
steep profile of the electrostatic potential leads to the interference of edge states thus reducing the transmission
probability of the system for certain energy values of the
barrier in a Fabry-Pérot-like behavior. The observed be-

havior is in good agreement with simulations performed
on similar systems [43].
These data can be used to obtain the carrier density in
the quantum well. Since on the plateaus the longitudinal resistance vanishes, there the source-drain resistance
equals the transverse Hall resistance, RSD = RH = nBs e
and can be used to compute the electron density ns in the
2DEG. For device B, ns = (1.82 ± 0.04) × 1011 cm−2 , indicating a slight reduction in carrier density with respect
to the pristine heterostructure. The same measurement
was also performed on device E, but this time several
magnetic field sweeps were taken at different Vgate in
order to see if (and how) carrier density changed with
gate voltage (see Table II). Data show that carrier density does decrease when decreasing gate voltage. In particular, depletion is highly non-linear and drops below
Vgate = −1 V. This clearly shows that the side gates can
effectively control electron density of the 2DEG inside
the InAs quantum well.

TABLE II. Electron density ns vs. gate voltage Vgate performed on device E at T = 350 mK.
Vgate (V )
+4
0
−1
−1.7

ns (1011 cm−2 )
1.94 ± 0.08
1.57 ± 0.07
1.45 ± 0.07
1.05 ± 0.06
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FIG. 4. (a) Conductance (in units of e2 /h) as a function of magnetic field, performed on device B at Vgate = 3 V. (b)
Conductance as a function of Vgate , performed at B = 3 T. Resonances are highlighted with red arrows. T = 433 mK.

CONCLUSIONS

Fabrication and analysis of JJ devices within a highmobility InAs quantum well and Nb superconducting
contacts have been reported. Transport measurements
demonstrated Josephson current flowing in these structures that also remarkably exhibit a critical temperature
Tc ∼ 8.1 K and field Hc ∼ 3 T. Side gates nearby the JJ
allow for the tuning of superconducting properties, i.e.
modulation of critical current Ic as a function of gate
voltage. We have shown that the same devices present
well-developed QH plateaus, measured at T ∼ 300 mK,
reaching filling factor ν = 2 at B = 3 T. Gate voltage response in the QH regime has also been reported,
demonstrating control of channel width and electronic
density. We believe this study provides a useful platform
for the investigation of hybrid systems where the coexistence of superconductivity and QH features can lead
to the formation of topological states, such as Majorana
bound states. Further material optimization can lead to
the study of the fractional QH regime in proximity to SC
contacts, allowing for the investigation of exotic states
like parafermions [44–46].
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