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Coexistence of induced superconductivity and quantum Hall states in InSb nanosheets
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Hybrid superconducting devices based on high-mobility two-dimensional electron gases with strong spin-orbit
coupling are considered to offer a flexible and scalable platform for topological quantum computation. Here, we
report the realization and electrical characterization of hybrid devices based on high-quality InSb nanosheets and
superconducting niobium (Nb) electrodes. In these hybrid devices, we observe gate-tunable proximity-induced
supercurrent and multiple Andreev reflections, indicating a transparent Nb-InSb nanosheet interface. The high
critical magnetic field of Nb combined with high-mobility InSb nanosheets allows us to exploit the transport
properties in the exotic regime where the superconducting proximity effect coexists with the quantum Hall
effect. Transport spectroscopy measurements in such a regime reveal an enhancement of the conductance at the
quantum Hall plateaus, accompanied by a pronounced zero-bias peak in the differential conductance. We discuss
that these features originate from the formation of Andreev edge states at the superconductor-InSb nanosheet
interface in the quantum Hall regime. In addition to shedding light on the interplay between superconductivity
and quantum Hall effect, our work opens a new possibility to develop hybrid superconducting devices based on
2D semiconductor nanosheets with strong spin-orbit coupling.
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I. INTRODUCTION

In recent years, two-dimensional (2D) III-V compound
semiconductors have attracted great attention due to their
unique charge-transport properties and potential applications
in electronics and optoelectronics [1–3]. Among them, InSb
provides an ideal experimental platform for quantum transport
studies owing to its high mobility, small effective carrier mass,
narrow band gap, and strong spin-orbit interaction [4–7]. In
particular, a prominent feature resulting from the combination
of superconductor and strong spin-orbit interaction in low-
dimensional InSb materials is the formation of topological
superconducting channels, hosting Majorana bound states
(MBSs) in solid-state devices [8,9]. Recent experiments pre-
formed on hybrid devices based on InSb nanowires coupled
to superconductors have shown the zero-bias conductance
peaks as a signature of the zero-energy MBSs [10–13]. More
recently, there is growing interest in hybrid superconducting
devices based on high-mobility two-dimensional electron gas
(2DEG) with strong spin-orbit interaction, which can offer a
flexible platform for topological quantum computation in a
scalable way [14–17].

In the presence of a strong perpendicular magnetic field,
the orbital motion of electrons in 2DEG is quantized with
the formation of Landau levels, giving rise to the quantum
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Hall effect (QHE). Recent theoretical and experimental devel-
opments have explored the hybrid superconducting systems
beyond the traditional low-magnetic-field regime for under-
standing the interplay between superconductivity and QHE
in 2DEG [18–25]. An interesting feature is that the phase-
coherent Andreev reflections and the flow of supercurrent in
chiral edge channels are distinct from that offered by conven-
tional charge transport at normal conductor-superconductor
interfaces under zero field. Many intriguing quantum phenom-
ena arise due to the induced superconducting correlation at the
2DEG-superconductor interface in the quantum Hall regime,
such as Andreev edge states [26–32], non-Abelian zero modes
[21–24], and crossed Andreev conversion [20,33,34]. In prac-
tice, experimental access to such a coexistence of supercon-
ductivity and quantum Hall states requires both a high-quality
2D system with a low-magnetic-field onset of the QHE and
superconducting contacts with high upper critical field. Re-
cently, induced superconducting correlation and supercurrent
in the quantum Hall regime have been demonstrated in high-
mobility graphene-based hybrid devices [18–20]. However, it
still remains a challenging task to achieve the coexistence of
the superconducting proximity effect and quantum Hall effect
in semiconducting 2DEG with strong spin-orbit interaction
and a desired high carrier mobility. Due to the formation
of Schottky barriers at the metal-semiconductor interfaces,
the achievement of transparent superconductor-2DEG inter-
faces is a prime challenge. Very recently, we have succeeded
in growing freestanding high-quality two-dimensional InSb
nanosheet by means of molecular-beam epitaxy (MBE) [35].
Electrical characterization shows that these InSb nanosheets
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exhibit a high electron mobility at low temperature. In contrast
to conventional InSb quantum well heterostructures using
thick buffer layers [36,37], these single-crystalline InSb lay-
ers offer a suitable platform to fabricate high-quality hybrid
devices, enabling efficient gate-voltage tunability and direct
low-resistance contacts without a postdeposition annealing,
which may induce the defect states and surface leakage.

In this work, we report the realization of hybrid super-
conducting devices based on high-quality InSb nanosheets
with superconducting electrodes made of niobium (Nb). We
demonstrate that the hybrid devices show a gate-tunable su-
perconducting proximity effect and multiple Andreev reflec-
tions, indicating transparent superconductor-InSb nanosheet
interfaces. Taking advantage of the high mobility of the InSb
nanosheet and the high critical field of Nb, we access the
regime where the superconducting proximity effect coexists
with the quantum Hall effect. In such a regime, transport mea-
surements reveal an enhancement of conductance at the quan-
tum Hall plateaus, accompanied by a pronounced zero-bias
peak in the differential conductance. We attribute these results
to the formation of Andreev edge states at the superconductor-
InSb nanosheet interfaces in the quantum Hall regime. Our
results may pave the way for developing complex and con-
trollable topological devices based on high-mobility two-
dimensional electron gas with strong spin-orbit coupling.

II. EXPERIMENTAL DETAILS

InSb nanosheets used in this work were grown by MBE
with pure zinc-blende crystal structure. The left panel of
Fig. 1(a) shows a scanning electron microscope (SEM) image
of an as-grown freestanding InAs nanowire/InSb nanosheet
heterostructure on a p-type Si(111) substrate. The right panel
of Fig. 1(a) is a high-resolution transmission electron micro-
scope (TEM) image of the side section of the InSb nanosheet,
exhibiting a high-quality crystal structure. The thicknesses of
the InSb nanosheets range from 10 to 80 nm, with lengths of
2–10 μm and widths of 500 nm to 2 μm. Subsequent to the
growth, the nanosheets were mechanically transferred onto a
degenerately doped, n-type Si substrate (used as a global back
gate) covered with a 200-nm-thick thermal oxide. Electrodes
were patterned with standard electron-beam lithography using
a bilayer of polymethyl methacrylate (PMMA) 950 K A4 and
MMA EL9 resists. Nb (100 nm) was deposited by magnetron
sputtering after a diluted [(NH4)2Sx] solution etching. An
SEM image of a representative Josephson junction based on
an InSb nanosheet is displayed in the insert of Fig. 1(c). The
length L between the source and drain electrodes was varied
from 150 to 250 nm and the junction width W of 3–5 μm. Nb
test strips of 50 μm in length and 300 nm to 1 μm in width
were deposited with the same parameters of the electrodes.
The superconducting critical temperature of the test strips
was determined to be Tc = 7.2 K (see Supplemental Material,
Fig. S1 [38]), a bit below the critical temperature of bulk
niobium (9.25 K). Applying a magnetic field oriented perpen-
dicular to the film plane, the upper critical magnetic field at
2.0 K was determined to be Hc2 = 6 T. The critical magnetic
field increased slightly upon lowering the temperature from
2.0 K down to base temperature and decreased when the
width of the test strip dropped from 1 μm to 300 nm. The

FIG. 1. Characterization of InSb nanosheets. (a) SEM and TEM
images of synthesized InSb nanosheets. The 2D InSb nanosheets
were epitaxially grown on freestanding 1D InAs nanowires on a
p-type Si(111) substrate. (b) Schematic of the Josephson junction
geometry based on InSb nanosheet with global back gate and the
measurement setup. (c) Two-terminal conductance vs gate voltage
Vg. Data taken at Vbias = 1 mV and T = 60 mK. From the transfer
characteristics of the device, we can extract a field-effect electron
mobility of μ � 6000 cm2 V−1 s−1. Inset: false-color SEM image of
a fabricated Nb-InSb nanosheet hybrid device: brown–Nb contact,
green–InSb nanosheet. (d) Low-field Hall coefficients RH (red dots)
and carrier densities n (blue dots) as a function of the back-gate
voltage Vg. The blue line is a linear fit to the n − Vg data.

transport measurements were carried out using four-terminal
dc/ac (standard lock-in techniques) schemes, as shown in
Fig. 1(b).

III. RESULTS AND DISCUSSION

A. InSb nanosheet characteristics

Figure 1(c) shows the two-probe conductance of an InSb
nanosheet device with Ti/Au (5/90 nm) electrodes as a func-
tion of the back-gate voltage Vg taken at T = 60 mK. The
device displays stable and well-reproduced transfer character-
istics at low temperatures, indicating a good surface quality of
the InSb nanosheet (see Supplemental Material, Fig. S2 [38]).
From the transfer characteristic curve, we can estimate that the
field-effect electron mobility μ is about 6000 cm2 V−1 s−1.
Figure 1(d) displays the measurements on an InSb nanosheet
device with Hall-bar configuration taken at T = 60 mK. Car-
rier density n is extracted from gate-dependent Hall coefficient
and increases linearly from ∼2.7 × 1011 to ∼6.7 × 1011 cm−2

with Vg increases from 1 to 3.2 V. With the same fabrica-
tion and measurement process, the electron mobility up to
∼18 000 cm2 V−1 s−1 in InSb nanosheet devices was reported
in our previous work [35]. Such a high electron mobility at
low carrier densities makes it possible to observe the quantum
Hall state of a small filling factor at a relatively low magnetic
field.
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B. Proximity-induced superconductivity
in the two-dimensional InSb nanosheets

Having identified the high quality of the MBE-grown
InSb nanosheets, we can now investigate transport through
Josephson junctions and characterize the transparency of the
Nb-InSb nanosheet interface, which is one of the key param-
eters for hybrid superconducting devices. Figure 2(a) shows
the voltage-current (Vsd − Ibias) characteristics of the Nb-InSb
nanosheet-Nb hybrid device at different gate voltages Vg and
base temperature T = 10 mK. The current flowing with no
voltage drop below the critical current Ic is observed, which
gives a direct evidence of the proximity-induced superconduc-
tivity in the superconductor-InSb nanosheet Josephson junc-
tion. Beyond Ic, a finite source-drain voltage drop abruptly
appears, signifying the switch from the superconducting state
to the dissipative resistive state. To give more details about
the dependence of the supercurrent on Vg, we plot the differ-
ential resistance dVsd/dIbias versus the applied gate voltage
Vg and bias current Ibias, as shown in Fig. 2(b). The central
dark region corresponding to the zero-resistance supercurrent
branch is separated from the red region which contains dis-
sipative quasiparticle tunneling by the bright lines (where Ic

is defined). It can be clearly seen that the magnitude of Ic

is gate-voltage dependent and can be tuned from 0 to 25 nA
while Vg varies from 1.5 to 12 V. Meanwhile, Ic exhibits repro-

FIG. 2. Gate-modulated supercurrent in an InSb nanosheet
Josephson junction. (a) Vsd − Ibias characteristics at T = 10 mK and
various back gate voltages Vg showing the modulation of the critical
current. (b) Color-scale plot of differential resistance dVsd/dIbias vs
Vg and Ibias at T = 10 mK and B = 0 T. (c) Differential conduc-
tance dIsd/dVbias vs Vbias measured at Vg = 1 V and T = 10 mK.
The arrows and vertical dotted lines indicate conductance peaks
at voltage positions eVn = 2�/n(n = 1, 2, 3 . . . ), corresponding to
multiple Andreev reflections. (d) Current-voltage characteristics with
the same condition as in (c). The linear fit of the current-voltage curve
at Vbias > 2�/e extends to a finite value of the current at zero-bias
voltage, i.e., excess current Iexc. The inset shows a typical evolution
of the transmission coefficient as a function of gate voltage.

ducible and time-independent fluctuations which we attribute
to phase-coherent diffusive motion of carriers in a disordered
junction device.

Figure 2(c) shows the differential conductance dIsd/dVbias

as a function of source-drain bias voltage Vbias. The induced
superconductivity manifests itself also in the form of a sub-
harmonic gap structure at finite bias due to multiple An-
dreev reflections. In a multiple-Andreev-reflections process,
an electron (hole) from the N region is reflected at the N-S
interface as a phase-conjugated hole (electron), and between
two reflections, the electron (hole) gains an energy of eVbias.
This happens several times until the energy of the electron
(hole) is above the superconducting energy gap. The subgap
structure consists of a series of conductance peaks at source-
drain voltages Vbias = 2�/en(n = 1, 2 . . .), which enables us
to determine the superconducting gap, �. The conductance
peak corresponding to n = 1 is located at Vbias = 2�/e =
2.4 mV, from which we can evaluate the superconducting
gap, � = 1.2 meV, comparable to previous measurements
on Nb-InSb nanowire hybrid devices [10–13]. Employing
the electron-phonon coupling strength 2� = 3.9kBTc and
adopting � = 1.2 meV as the zero-temperature supercon-
ducting gap, a critical temperature Tc ≈ 7.2 K for the Nb
electrodes is derived, which coincides with the measured
value of Tc (see Supplemental Material, Fig. S1 [38]). The
Andreev reflection at the S-N interface, which can be viewed
as one of the microscopic origins of the proximity effect,
requires a transparent interface.

The transparent N-S interface of our devices can be also
certified by the derived transmission coefficient from the
Isd − Vbias curves. In the Blonder-Tinkham-Klapwijk (BTK)
theory for Andreev reflection [42,43], the strength of the
potential barrier at a N-S interface can be characterized by
a parameter Z . Z is a dimensionless scattering parameter
and is usually extracted from the ratio eIexcRn/� (here Rn

is the normal state resistance and Iexc is the excess current).
Iexc is the nonzero current offset at Vbias = 0 obtained by
the linear extrapolation of the current-voltage characteristics
at Vbias > 2�/e, and Rn can be derived from the linear fit
to the measured current-voltage curve at Vbias > 2�/e. An
Isd − Vbias curve of the junction measured at gate voltage
Vg = 1 V is shown in Fig. 2(d). Using the extracted super-
conducting gap � = 1.2 meV, we obtain Z ∼ 0.88. The inset
in Fig. 2(d) shows a typical evolution of the transmission
coefficient Tr = 1/(1 + Z2) as a function of gate voltage.
Then we can evaluate the average value of the transmission
coefficient Tr ∼ 0.6 (see Supplemental Material, Fig. S3 for
more details [38]). This transmission coefficient means that
about 60 percent of the injected electrons perform Andreev
reflection and insures that the signal originating from Andreev
reflection is not buried in normal scattering. For our Nb-InSb
nanosheet device junction, we also obtain IcRn ≈ 75 μV at
low temperatures (see Supplemental Material, Fig. S3 [38]).
This value is significantly smaller than the BCS superconduct-
ing gap of bulk Nb. Such suppression of the IcRn product has
been commonly observed in superconductor-nanostructure
weak links and has been attributed to the effects of pre-
mature switching and a reduced superconducting gap at the
interface [44,45].
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FIG. 3. The coexistence of superconductivity and quantum Hall states. (a) Right panel: color-scale plot of differential conductance for
Nb-InSb nanosheet hybrid device as a function of gate voltage Vg and magnetic field B, measured at T = 60 mK. The typical Landau fan
diagram with conductance plateaus of filling factor ν = nh/eB = 1, 2, 3 . . . is observed. The dashed black lines track the same quantum Hall
states in 2D InSb nanosheet. Left panel: resistance of the niobium electrodes as a function of magnetic field B at T = 60 mK. The horizontal
dashed line indicates the critical field of niobium (Hc2 ∼ 7 T), below which an increase of conductance for the Nb-InSb nanosheet hybrid
device is observed due to the superconducting proximity effect. (b) Gate-voltage dependence of differential conductance at different magnetic
fields (2.7 T, 3.6 T, 6.3 T, 10.2 T). At B = 10.2 T (blue trace) above Hc2, fully developed conductance plateaus are evident at ν = 1, 3. Below
Hc2, the conductance in the plateau region shows an enhancement, deviating from the expected quantized value.

C. Quantum Hall effect in InSb nanosheets with Nb electrodes

The high upper critical field of Nb contacts (Hc2 ∼ 7 T at
60 mK, see below), together with high electron mobility and
the transparent interface of our hybrid devices, enable us to
access the transport regime where the superconductivity and
the quantum Hall effect in InSb nanosheets coexist. Here we
perform the quantum Hall measurement with a two-terminal
configuration, which has been used in small graphene samples
to get rid of the effect of hot spots [46,47]. In the right
panel of Fig. 3(a), the color-scaled differential conductance
is plotted as a function of back-gate voltage and magnetic
field for a Nb-InSb nanosheet device. As magnetic field B and
the back-gate voltage Vg increase, a characteristic Landau fan
diagram can be clearly discerned, indicating the development
of the quantum Hall state in InSb nanosheets. The regions
indicated by the black dashed lines correspond to plateaus
in conductance, appearing as stripes fanning out from point
B = 0 and Vg = Vth. Landau-level formation is visible above
B ∼ 2 T, demonstrating the high quality of our InSb nanosheet
devices. With increasing B, a clear drop of conductance can be
identified at the magnetic field 7 T, which appears as a sudden
color change in the color map of conductance (more details
can be seen in the Supplemental Material, Fig. S4 [38]). The
left panel of Fig. 3(a) shows the resistance of a niobium
test strip as a function of magnetic field B taken at 60 mK.
The brown dashed line indicates the upper critical field of
the niobium electrodes, where a drop of conductance in the
hybrid device occurs. Below the critical field of Nb where
the superconductivity and the quantum Hall state coexist, the
increase of the conductance can be attributed to the Andreev
reflection in the quantum Hall regime. In a weak disorder
2DEG-S interface, we can use an effective Landauer-Büttiker
picture to depict the scattering at the interface. An electron
edge state injects to the 2DEG-S interface from the quantum
Hall edge and scatters into two Andreev-edge states at the
corner with probabilities t1 and 1 − t1. The electron and hole
mixed Andreev-edge states propagate along the interface until
scattering themselves to either an electron or a hole edge
state at the counter edge with probabilities t2 and 1 − t2

[19,29]. Taking account of the electron-hole mixing in the
edge channels, the total conductance can be expressed as G =
2G0[t1(1 − t2) + t2(1 − t1)], with G0 = 2e2/h [19,29]. For a
transparent 2DEG-S interface, a number of edge channels
participate in Andreev processes along the interface, resulting
in enhanced conductance.

To further demonstrate the superconducting proximity ef-
fect on enhanced conductance at low magnetic fields, we show
traces of G(Vg) at several representative fields in Fig. 3(b).
Conductance traces in Fig. 3(b) show line cuts taken at the
magnetic fields of 2.7, 3.6, 6.3, and 10.2 T, in which three
are under and one is above the critical magnetic field of
niobium contacts. The blue trace at B = 10.2 T shows clear
conductance plateaus that correspond to ν = nh/eB = 1, 3,
accompanied with conductance peaks indicated by black ar-
rows. The other three conductance traces show similar peak
features. This can be understood from the device geometry—
two-terminal measurement of the quantum Hall effect is not
straightforward. The measured conductance is always mixed
with σxx and σxy, and the proportion of σxx in the component
of the two-terminal conductance increases as the aspect ratio
W/L increases [48]. As the aspect ratio W/L of the sample
measured in Fig. 3 is about 30, the quantum Hall plateaus
are mixed up with oscillations of σxx, as shown in Fig. 3(b).
At B = 6.3 T, which is near and below the critical magnetic
field (Hc2) of the niobium electrodes, the conductance in the
plateau region starts to diverge from the expected quantized
value. With decreasing the magnetic field, the vortices in
the niobium film are sufficiently excluded. Therefore the
Andreev-enhanced conductance at the plateau is more pro-
nounced, which can be clearly seen in conductance traces
measured at B = 2.7 and 3.6 T. The increased conductance
for the plateau is below the doubling of conductance relative
to the normal state at 3.6 T, limited by the transparency of
Nb-InSb nanosheet interfaces. Due to the proximity effect
in the superconductor-normal metal-superconductor (SNS)
structure, the increased conductance for the plateau at 2.7 T
exceeds twice that derived from the Landau formula for a
2DEG-S interface discussed above.
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FIG. 4. Bias spectroscopy of Andreev reflection in the quantum
Hall regime. (a), (b) Differential conductance G = dIsd/dVbias in
units of e2/h as a function of bias voltage and back-gate voltage,
taken at 10 and 2.3 T, respectively. At B = 10 T, the niobium contacts
are driven into the normal state. The conductance map shows clear
diamond-shaped structures highlighted by the magenta dashed lines,
demonstrating the energy gap of Landau levels (LLs). At B = 2.3 T,
well below Hc2, the spectroscopy exhibits two symmetric ridges
located around Vbias � ±0.6 mV (white dashed lines), corresponding
to the superconducting gap of the Nb film for B = 2.3 T. (c) Vertical
line cut from (a) at the gate voltage indicated by the red dashed line.
The conductance shows a suppression around zero bias, consistent
with an opening gap between LLs. Inset: Schematic illustration
demonstrating quasiclassical picture of an alternating electron-hole
cyclotron motion due to Andreev reflection along the 2DEG-S
interfaces (left) and coherent Andreev edge-state formation in the
quantum Hall regime (right). (d) Vertical line cut from (b) at the
gate voltage indicated by the green dashed line. It clearly displays
a sharp zero-bias conductance peak when the Nb electrodes are
superconducting.

D. Andreev reflection in the quantum Hall regime

We further investigate transport spectroscopy in the quan-
tum Hall regime by performing the measurement of the dif-
ferential conductance dIsd/dVbias as a function of Vg and the
source-drain bias voltage Vbias. Figure 4(a) shows a 2D color
plot of dIsd/dVbias versus both Vg and Vbias in the relevant
quantum Hall regime, measured with B = 10 T to suppress
superconductivity. We see clearly a series of diamond-shaped
regions indicated by the magenta dashed lines, where the dif-
ferential conductance with Vbias ≈ 0 exhibits well-developed
plateaus at the same gate voltages [Fig. 3(b)]. The light-blue
regions correspond to low differential conductance. At each
conductance plateau, the Fermi level lies between the Landau
levels (LLs), and charge transport is dominated by the edge
states, which are separated by an energy gap between LLs.
As voltage bias is increased and aligned with the subsequent
Landau level, the conductance increases rapidly (more details
can be seen in the Supplemental Material, Fig. S5 [38]). As
shown in Fig. 4(a), bias spectroscopy measurements show
diamond-shaped light-blue regions in which the differential
conductance is suppressed as a result of the energy gap of LLs.
The above spectroscopy behavior is qualitatively very similar
to that of one-dimensional subbands in ballistic quantum

point contacts [15]. From the height of diamond, we can
estimate the energy scale for the Landau-level energy spacing
in InSb nanosheet, which is of the order of 23 meV for the
first filling factor at B = 10 T. We also explore the evolution
of bias spectroscopy on magnetic field (see Fig. S6 in the
Supplemental Material [38]). The size of the diamond-shaped
regions for the same filling factor, providing a measure of the
energy gap of Landau levels, agrees with the expected linear
dependence on magnetic field.

We further examine the bias spectroscopy in the regime
with the coexistence of superconductivity and the quantum
Hall states. In Fig. 4(b), we present a plot of the measured
differential conductance of the same device as a function of Vg

and Vbias, taken at B = 2.3 T, which is well below the critical
field of Nb film. The diamond-shaped structures can be also
resolved in the 2D plot, denoting the formation of LLs. While
taking a further look at a low-bias regime, the spectroscopy
exhibits two symmetric ridges located at Vbias � ±0.6 mV,
being independent of gate voltage. Its position corresponds
approximately to the value of the superconducting gap of
the Nb film for B = 2.3 T, estimated from BCS theory with
the measured zero-field superconducting energy gap. Taken
together, the bias-dependent transport measurement provides
a spectroscopic evidence of the coexistence of the Landau
level and proximity-induced superconductivity in our InSb
nanosheet hybrid devices.

The most noticeable feature is that there are two different
subgap structures appearing around Vbias ≈ 0 V, obtained in
the quantum Hall regime with and without superconductivity.
In Figs. 4(c) and 4(d), we show typical dIsd/dVbias-versus-Vbias

traces taken within the diamond-shaped regions, as indicated
by the dashed lines in Figs. 4(a) and 4(b). At B = 10 T, the
dIsd/dVbias displays a suppression of conductance around zero
bias, consistent with an opening gap between LLs as discussed
above [see Fig. 4(c)]. In contrast, in the low-magnetic-field
coexisting region of quantum Hall states and superconduc-
tivity, we observe that the dI/dV exhibits a pronounced
peak at around zero bias [see Fig. 4(d)]. For a transparent
interface, the Andreev reflection process is manifested by
an enhancement of the subgap conductance, which has been
reported before in various superconductor-normal conductor
hybrid devices [49–53]. The height of zero-bias conductance
peak is dependent on the Andreev reflection probability at
the interface [49,50]. Therefore, the observed zero-bias con-
ductance peak is directly related to the Andreev reflection
occurring at the superconductor-InSb interface in the quantum
Hall regime. In the picture of the conventional phase-coherent
Andreev reflection, the enhanced subgap conductance can be
strongly suppressed by a small magnetic field, inconsistent
with our experimental results.

We now discuss that the observed zero-bias conductance
peak at high fields can be understood in terms of the formation
of Andreev edge states in the quantum Hall regime [26]. At a
2DEG-superconductor (2DEG-S) interface, a strong magnetic
field forces the charge carriers into chiral edge channels,
and the Andreev reflection process is quite different from
that at zero magnetic field. An electron hitting the interface
performs an Andreev reflection, forming a Cooper pair in the
superconductor and retroreflecting a hole into the 2DEG. The
retroreflected hole lives in the same band with the impinging
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FIG. 5. Pronounced magnetoconductance oscillations in Nb-InSb nanosheet hybrid devices. (a) Magnetoconductance at Vbias = 0.1 mV
(subgap) and Vbias = 2.5 mV (above gap). The subgap conductance clearly exhibits a pronounced oscillations under 4 T relative to above-gap
conductance. (b) Conductance oscillation �Gs as a function of inverse magnetic field 1/B. Vertical dashed line indicates equal periods of
oscillations. The inset shows the Fourier transform of the oscillations, which exhibits a single peak.

electron. In a quasiclassical picture, it forms an alternating
electron-hole cyclotron motion along the 2DEG-S interface
since electron-hole conversion changes the sign of the effec-
tive mass and Lorenz force under applied magnetic fields,
as shown in the inset of Fig. 4(c). Theoretical studies have
suggested that a novel kind of Andreev bound state can be
formed at the 2DEG-S interface. This bound state is a co-
herent superposition of electrons and holes propagating in the
same direction along the 2DEG-S interface [Fig. 4(c), inset],
forming the so-called Andreev edge states [26,54–56]. Such
a process gives rise to a high cumulative Andreev reflection
probability, resulting in a pronounced peak around zero bias
in the quantum Hall regime.

To further investigate the impact of Andreev reflection on
transport in high magnetic fields, we preform magnetoconduc-
tance measurements on hybrid devices at fixed gate voltage. In
Fig. 5(a), we show the measured subgap conductance (black
line) and above-gap conductance (red line) traces of device D2
as a function of magnetic field for Vg = 3.8 V, respectively.
The above-gap differential conductance Gn is taken at high
bias voltage (Vbias = 2.5 mV) above the superconducting gap
of Nb, corresponding to the normal state conductance. The
subgap conductance Gs is taken at Vbias = 0.1 mV within
the superconducting gap. Below the critical field of Nb, the
above-gap conductance is significantly suppressed compared
to the subgap conductance due to the proximity effect. A more
interesting phenomenon is that the subgap conductance ex-
hibits a pronounced magnetoconductance oscillations before
the destruction of superconductivity in Nb electrode. With
further increasing magnetic field, the conductance oscilla-
tion disappears with further developing into quantum Hall
plateaus. For further analyzing the oscillatory part of subgap
conductance, we plot �Gs as a function of inverse magnetic
field after subtracting the smooth polynomial background. As
shown in Fig. 5(b), the �Gs exhibits periodic oscillation in
1/B, which is the characteristic behavior of the Shubnikov–de
Haas (SdH) oscillation. By taking the Fourier transform of the
oscillations, a single frequency can be clearly identified, as
shown in the inset of Fig. 5(b). A similar behavior of enhanced
SdH oscillations has been observed in previous experiments
on InAs-based hybrid devices with niobium stripe arrays
[57]. For an interface with weak disorder and a small Fermi
wavelength mismatch, enhanced conductance oscillations as

a function of magnetic field have been theoretically predicted
to originate from the transmission resonance through Andreev
edge states [26,54–56]. An interference between normal and
Andreev reflections gives rise to 1/B-periodic SdH-like oscil-
lations [26,54,57]. It is therefore suggested that the observed
enhancement of SdH oscillations in our hybrid devices is a
manifestation of Andreev edge states propagating along the
superconductor-InSb nanosheet interface in the quantum Hall
regime.

IV. CONCLUSION

In conclusion, we have presented the realization and trans-
port characterization of hybrid superconducting devices based
on two-dimensional single-crystalline InSb nanosheets. The
hybrid devices exhibit gate-tunable superconducting proxim-
ity effect and multiple Andreev reflections, indicating that
transparent interfaces between superconducting electrodes
and nanosheets are obtained. Below the critical field of super-
conducting Nb electrodes, we demonstrate the coexistence of
proximity-induced superconductivity and quantum Hall states
in hybrid InSb nanosheet devices, as evidenced by the Landau
fan diagram and transport spectroscopy measurements. In
these coexisting regions, we observed an enhancement of
conductance at the quantum Hall plateaus, accompanied by
a pronounced zero-bias peak in differential conductance. The
observed behavior is consistent with the formation of An-
dreev edge states propagating along the superconductor-InSb
nanosheet interface in the quantum Hall regime. These results
are an important advance toward building scalable topolog-
ical superconducting devices based on 2D semiconducting
nanosheets with strong spin-orbit coupling.
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