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We investigate the interplay between the quantum Hall (QH) effect and superconductivity in InAs surface
quantum well (SQW)/NbTiN heterostructures using a quantum point contact (QPC). We use QPC to control the
proximity of the edge states to the superconductor. By measuring the upstream and downstream resistances of the
device, we investigate the efficiency of Andreev conversion at the InAs/NbTiN interface. Our experimental data
is analyzed using the Landauer-Biittiker formalism, generalized to allow for Andreev reflection processes. We
show that by varying the voltage of the QPC, Vippc, the average Andreev reflection, A, at the QH-SC interface can
be tuned from 50% to ~10%. The evolution of A with Vgpc extracted from the measurements exhibits plateaus
separated by regions for which A varies continuously with Vgpc. The presence of plateaus suggests that for some
ranges of Vopc the QPC might be pinching off almost completely from the QH-SC interface some of the edge
modes. Our work shows an experimental setup to control and advance the understanding of the complex interplay
between superconductivity and QH effect in two-dimensional gas systems.
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I. INTRODUCTION

In recent years the realization of topological phases of
matter has been a focus of intense research in the field of
condensed matter physics [1-3]. This is partly motivated
by the potential of such systems to host exotic quasipar-
ticles with non-Abelian statistics, which could be used for
fault-tolerant quantum computation through braiding opera-
tions [3-5]. While InAs surface quantum wells (SQWs) in
proximity to superconductors have emerged as a promising
platform for the realization of topological superconductivity
[6-8], it is proposed that combining rich quantum Hall physics
with superconductivity can allow access to higher topological
states [9,10].

Recent studies [8,11-15] have demonstrated the potential
of proximitizing quantum Hall edge states and superconduc-
tivity. While these studies are performed on various platforms,
the signature of Andreev reflection is observed through
negative downstream resistance and a reduction in Hall (up-
stream) resistance in the quantum Hall regime. Specifically,
in Ref. [11] we showed that InAs/NbTiN systems can ex-
hibit up to 60% Andreev conversion. This is attributed to
the high efficiency of Andreev conversion at the InAs/NbTiN
interface, resulting from the strong hybridization of the quan-
tum Hall edge modes with the states in the superconductor.
While cleanliness of the interface is crucial in achieving high
Andreev conversion, the underlying microscopic understand-
ing of this negative resistance is still not well understood.
These recent experimental works have galvanized theoretical
efforts to study Andreev processes in quantum Hall edge-state
transport involving superconductivity [16-26]. In addition to
the studies mentioned above, a recent study [27] has shown
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evidence for chiral supercurrent in quantum Hall Joseph-
son junctions, and Ref. [28] has reported the observation of
crossed Andreev reflection (CAR) across a narrow super-
conducting Nb electrode contacting the chiral edge state of
a quantum anomalous Hall insulator (QAHI). These studies
provide concrete demonstrations of the hybridization of su-
perconductivity and quantum Hall effects.

In this work we introduce a tool frequently utilized
in studying mesoscopic features of quantum Hall physics
[4,29-34]: a voltage-controlled constriction known as a quan-
tum point contact (QPC), precisely positioned on the interface
between InAs and NbTiN. This placement allows us to mod-
ulate the interplay between the QH edge modes and the
superconductor without altering the magnetic field or bulk
filling factor of the sample. The incorporation of a QPC
in our investigation serves dual purposes. Firstly, it offers
precise manipulation of the interaction between edge states
and the superconducting lead, facilitating control over their
interaction dynamics. This unique control offers a distinct
advantage by enabling a focused examination of edge-state
transport while preserving intrinsic bulk properties—a feature
notably absent in prior studies. Secondly, the QPC facilitates
the manipulation and displacement of edge states, enabling
electrical tuning towards an edge-state transport regime where
the length scale of the superconducting lead (L;.) becomes
smaller than the edge-state length (/). This manipulation
opens avenues for a mesoscopic-scale exploration of the inter-
face, offering invaluable insights into the underlying transport
phenomena.

II. SAMPLE GROWTH AND PREPARATION

The semiconductor in our study is a molecular beam
epitaxy (MBE) heterostructure grown on a semi-insulating

©2024 American Physical Society
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FIG. 1. (a) Schematic of the grown and fabricated layers of the sample [the region of the device specified by the red rectangle in panel (c)].
(b) Schematic diagram of the device showing the InAs/NbTiN interface with a QPC in the integer quantum Hall regime. The solid and dashed
lines represent electrons and holes, respectively. When the QPC is activated, edge states allowed to pass through the QPC can be Andreev
reflected off the NbTiN interface. (c) An optical photo of the finished device, highlighting the different materials labeled by color and the
contacts used for current source (contact 1) and drain (contact 4”). (d) Downstream resistance (Rp) as a function of perpendicular magnetic
field and QPC voltages. Rp is measured between contacts 5 and 4. (e) The 2DEG magnetotransport data of the fabricated device, where R,,
and R,, are measured between contacts 6-5 and 5-3, respectively. The plateaus are labeled by their corresponding filling factors. Additionally,
we show R) (between contacts 5 and 4) and Ry (between 3 and 4') plots with blue and red color, respectively.

InP(100) wafer. To form a two-dimensional electron gas
(2DEG), a quantum well (QW) was grown on an In,Al;_,As
buffer with a graded indium content. The QW was formed
by growing a 4-nm layer of Ingg;Gag9As, a 4-nm layer
of InAs, and a 10-nm layer of Ingg;Gag 9As. A S-doped
Si layer was placed below the QW at a depth of 6 nm,
with a doping concentration of n~ 1x 10> cm™2. A
schematic of the stack layers is shown in Fig. 1(a). These
InAs quantum wells have been extensively studied in the
context of mesoscopic superconductivity and topological
superconducting states. Previous studies have mainly inves-
tigated the InAs/Al interface for developing tunable qubits
and detecting topological superconductivity [7,35-38]. Re-
cently the work was extended to NbTIN [11], in which
the focus was the InAs/NbTiN interface in the context
of semiconductor-superconductor heterostructures. In this
study we aim to further explore this interface using QPCs
to investigate the interplay between the integer quantum
Hall effect (IQHE) and superconductivity with even greater
precision.

III. DEVICE FABRICATION AND MEASUREMENT SETUP

We fabricated a Hall bar using electron-beam lithography
and chemical wet etching. We cleaned the surface of the
device using argon plasma etching in the sputtering tool at
25-W power for 15 s followed by deposition of a 90-nm-thick

layer of NbTiN as the superconducting contacts. The interface
between the InAs and NbTiN was 150 um long, and a QPC
was added with a separation of 150 nm between the QPC
arms. A metallic gate for the QPC arms and pads was created
by depositing 20 nm aluminum oxide (Al,O3) as the gate
dielectric followed by 5-nm Cr and 20-nm Au e-beam deposi-
tion as the gate electrodes. Figure 1(b) shows the schematic of
the device zoomed in around the QPC and interface area. The
schematic demonstrates the edge mode reflection mechanism
in the IQH regime and when QPC is activated. Figure 1(c)
shows an optical photo of the finished device, labeling dif-
ferent regions by their corresponding materials. We have
fabricated two samples (A and B) to confirm our observations;
however, we mainly focus on sample A data in the main
text and show all the data for sample B in the Supplemental
Material (SM) [39]. The experiment was performed in a dilu-
tion fridge at a temperature of 7 ~ 30 mK with a maximum
magnetic field of 12 T. The magnetotransport experiment
was carried out using lock-in amplifiers and an AC four-
point measurement technique with a frequency of <20 Hz and
I, = 1 pA AC excitation current.

IV. MEASUREMENT RESULTS

Magnetotransport data

In order to assess the mobility of the quantum well
in our fabricated device, we conducted magnetotransport
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experiments on the 2DEG. As shown in Fig. 1(c), we utilized
contact 1 as the current source and 4” as the current drain,
and measured R,,(6-5) and R,,(5-3) as a function of magnetic
field for mobility and density analysis. Our measurements
revealed that the mobility of the QW for sample A is ap-
proximately p ~ 13700 cm?/V's at an electron density of
n = 1.54 x 10'?> cm~2. This mobility value corresponds to an
electron mean free path of approximately [, ~ 280 nm. The
data for R, and R,, as a function of magnetic field is shown in
Fig. 1(e), which indicates that the sample has a relatively high
density. Several oscillations and plateaus in the longitudinal
and Hall transport data are observed in the 12T window,
respectively corresponding to filling factors v = 6, 8, and 10.
Figure 1(d) displays the downstream resistance Rp (measured
between contacts 5 and 4) as a function of QPC voltage and
perpendicular magnetic field.

To understand the transport properties of mesoscopic
systems, the Landauer-Biittiker (LB) formalism is widely
used [40]. It is important to note that conventional
Blonder-Tinkham-Klapwijk (BTK) analysis is inadequate for
describing semiconductor-superconductor interfaces under
the quantum Hall regime. In this regime, electron modes in
the quantum well become nonlocalized edge modes along the
semiconductor-superconductor interface, deviating from BTK
assumptions. Our analysis diverges from the standard BTK
treatment due to this fundamental difference, as detailed in
Ref. [11] and other works [41-43]. These references offer a
more suitable framework for understanding semiconductor-
superconductor interfaces amidst the QH effect.

When a superconductor is present, Andreev reflection (AR)
processes can occur at the interface between the semiconduc-
tor and the superconductor [44]. To include the possibility
of AR, we have extended the LB formalism describing
edge-state transport in a Hall bar geometry. The effect
of the AR is captured by the average Andreev reflection
A= (1/v)) ,_, ,A:i where v is the total number of edge
modes, and A; is the probability of Andreev reflection, i.e.,
A= TS’ge(i ) is the transmission probability of an electron edge
state in the ith band incident from lead 3 converting to a hole
edge state in lead 5 [Fig. 1(c)].

The values of A; can only be obtained microscopically
as described in Refs. [11,21,26,41]. Details of the interface,
transverse spatial profile of the QH edge modes, edge recon-
struction, distance of edge modes from the semiconductor-
superconductor interface, and spatial profile of the electronic
states in the superconductor affect A; and therefore the av-
erage A. A voltage on the QPC affects these details and so
modifies A. As the voltage on the QPC is tuned to larger
negative values, the distance of the QH edge modes from
the superconductor increases, leading to regimes in which
A decreases gradually, alternated by regimes in which some
of the QH edge modes are completely pinched off from the
semiconductor-superconductor interface and A drops sharply
to a lower value. For this reason the LB treatment is valid
also for values of Vgpc for which A is not constant, and in
particular, also for values of Vgpc smaller than —2 V.

We assume the chirality of edge states is preserved.
This assumption breaks down in the case where bulk
conduction becomes significant. Furthermore, the Landauer-
Biittiker formalism we consider here breaks down when the

superconducting electrode is pinched off from the edge states
by the QPC so that no current is flowing to the superconduct-
ing contact via Andreev reflection. This breakdown is evident
in the divergence of the upstream and downstream resistances
when Vope < =3V, so we will restrict our analysis to QPC
voltages greater than —3 V.

Following our previous work [11], we begin by consid-
ering the six-terminal configuration shown in Fig. 1(b). The
terminals 1, 2, 3, 5, and 6 are considered as ideal metallic
leads, while contact 4 is a superconducting lead. Let /; and V;
denote the currents and voltages, respectively, at the terminals
i =(1,2,...,6). The superconducting contacts 4, 4, and 4”
are at the same potential so that we need only consider the
voltage V4. Without loss of generality, we set V, = 0. The
conservation of charge equation ) ;/; = 0 is employed to
express I, in terms of the currents at the other leads. Using
these considerations, the Landauer-Biittiker equations take the
form

I 10 0 0o -1\ (v
L L=t 0 0o o0 |lw
Ll=-]o0o -1 1 o o |lwl,
s RBrlo o 24a-1 1 o0 ||lw
Is 0 0 o -1 1)\v

ey

where v represents the total number of edge states Ry, the Hall
resistance (h/e*), and A the average probability of Andreev
reflection per edge mode.

By assuming that no current flows into leads 2, 3, 5, and 6,
we can simplify the equation by setting, = 5 =I5 = Is = 0.
We set the voltages at terminals 1, 2, and 3 equal to each
other, V| =V, = V3, and the voltages at terminals 5 and 6
equal to each other, Vs = V. Let I = I} = —I4. With these
assumptions we can solve Eq. (1) to obtain

Vs—Vs Ry 1
Ry=— 2 _"H 2
v I v 24 @
Vs—Vi Ry/(1

Rp = == —1). 3
P i v(2A ) )

The set of equations outlined above provides a theoretical
framework for studying edge-state transport in the IQH/SC
hybrid system.

Starting with the case where the QPC voltage is zero, we
can extract A using Egs. (2) and (3) from Ry and Rp. In
Fig. 2(a) we show the extracted A at different filling factors for
sample A studied in this work. We see that for Vopc = 0 the
value of A falls within the range of 40%—-50% and that the ex-
tracted value of A is found to be consistent between upstream
and downstream resistances. Sample B shows a similar trend
at higher filling factors (v = 12, 14, 16), as shown in the
SM [39].

Figure 3 shows the downstream resistance as a function of
QPC voltage for different fillings (v = 6, 8, 10). In each case
the downstream resistance remains constant for voltages = —
1.5V before increasing. In Fig. 4 we present the upstream
resistance at the same magnetic fields and QPC range as
Fig. 3. There we also observe an increase in the resistance with
decreasing QPC voltage for Vgpc < —1.5V. We can check
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FIG. 2. (a) Extracted Andreev reflection data for three distinct 0.6
filling factors: 6, 8, and 10. This data is derived from both the R, and
Ry datasets, and with a QPC voltage of 0 V. (b) Dependence of the .
difference Ry — Rp on QPC voltage. NQ 0.4r i
=
o
the consistency of Eqs. (2) and (3) with the experimental 0.2} E
measurements by considering the difference (Ry — Rp). Ac-
cording to Eqgs. (2) and (3), (Ry — Rp) = h/(ve?), regardless
of the transmission through the QPC. From Fig. 2(b) we see 0_3 _2‘ 5 _‘2 i 1' 5 _‘1 _0‘ 5
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voltage > —3 V and corresponds to the expected filling. This
suggests that Egs. (2) and (3) consistently model the experi-
mental data between the two edge-state transport regimes for
Vopc > —3 V. We note that our initial assumption of constant
I,. = 1pA is subject to real-world conditions. In reality, the
presence of line imperfections and sample resistivity leads
to a reduced actual current, thereby affecting the measured
values in comparison to the expected quantized values (dashed
lines). When the QPC voltage falls below —3V, Ry and Rp
quickly diverge and the LB model breaks down. From the
experimental measurement of Rp and Ry shown in Figs. 3
and 4, using Egs. (2) and (3), we can obtain the evolution
of A with Vpc for different filling factors v. Figure 5 shows
the obtained average Andreev conversion probability. We see
that regardless of the bulk filling factor, A is suppressed by
the QPC. We also observe that for Vopc < —1V, A first
decreases continuously and then, for some ranges of Vopc,
exhibits plateaus, as can be seen most clearly for the case
v =8 when —2 < Vgpc < —1.7V. The continuous decrease
of A with Vgpc can be interpreted as due to the progressive
reduction of the superconducting pairing correlations induced
by the superconductor into the QH edge modes as the QPC
pushes away the edge modes from the QH-SC interface. As
Vaopc reaches threshold values, some of the edge modes further

FIG. 3. Measured downstream resistance (Rp) as a function of
QPC voltage for different values of v: (a) 6, (b) 8, and (c) 10. The
magnetic field for each filling factor is labeled on top of each panel.

removed from the edge are almost completely pinched off
from the QH-SC interface, resulting in a new, reduced value
of A that approximately is not affected by a further decrease
of Vgpc until Vope is large enough, in absolute value, to
significantly affect the pairing correlations of one more edge
mode. Let the number of edge states remaining be v,. Then for
the ranges of Vgpc for which A is approximately constant, we
can assume that v; < v modes have a value of A # 0, while
v — vy modes have A & (. A discussion of the corresponding
modifications to the LB model is found in the SM [39]. One
of the effects of the QPC is to also reduce the effective length,
L., of the QH-SC interface. When Vgpc = 0, we can assume
L. = L = 150 um. For the largest absolute value of Vopc, L.
can be taken to be equal to the distance between the two gates
forming the QPC: L, = 150 nm.

NbTIN is a type-II superconductor with an upper critical
field H,, of the order of 28 T [11]. As a consequence, the
coherence length £ of NbTiN is quite small (~5nm), and
for the range of magnetic field considered, 0—-12 T, can be
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FIG. 5. The extracted A parameter from both upstream (U) and
downstream (D) resistance for different filling factors v as a function
of QPC voltage.

assumed to be constant given that the largest magnetic field
used is more than a factor of 2 smaller than H.,. The fact
that NbTiN is a type-II superconductor also guarantees that
the superconducting gap is not significantly suppressed for the
range of values of magnetic fields considered. Then, regard-
less of whether the QPC is activated or not, & < Ly, so that
crossed Andreev reflection processes can be neglected [8,12].
However, one would expect that the variation of L. induced
by Vorc would induce oscillations in A. The lack of oscilla-
tions of A with Vgpc suggests that effects due to disorder and
vortices in NbTiN might play an important role, resulting in
an effective averaging of A over Ly, as proposed in Ref. [11],
giving rise to a value of A averaged along the length Ly, that
is independent of L. as long as Ly is much large than the
superconducting coherence length & of the superconductor.

V. CONCLUSION

Our work demonstrates the successful fabrication of a
hybrid device at the InAs/NbTiN interface, incorporating a
quantum point contact. We have shown that by tuning the QPC
voltage, the effective, average, Andreev conversion probabil-
ity A for QH edge modes can be tuned. We find that there
are threshold values of the QPC voltage for which some of
the QH edge modes appear to be completely pinched off
by the QPC from the QH-SC interface, resulting in plateaus
in the scaling of A with Vgpc. The results also show that the
variation induced by the QPC of the effective length L, of
the QH-SC interface does not result in oscillations of A. This
is consistent with the findings of Ref. [11] and suggests that
effects due to disorder and vortices in NbTiN must play an
important role in determining the properties of chiral Andreev
states in InAs/NbTiN QH-SC heterojunctions, resulting on an
effective averaging of A over L that is independent of L. as
long as Ly, is much larger than the superconductor’s coherence
length. These findings advance the understanding of QH-SC
interfaces and should motivate future works to further eluci-
date the details of the interplay of QH and superconducting
states.
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