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ABSTRACT:Topological superconductivity can be engineered in
semiconductors with strong spin� orbit interaction coupled to a
superconductor. Experimental advances in this� eld have often
been triggered by the development of new hybrid material systems.
Among these, two-dimensional electron gases (2DEGs) are of
particular interest due to their inherent design� exibility and
scalability. Here, we discuss results on a 2D platform based on a
ternary 2DEG (InSbAs) coupled to in situ grown aluminum. The
spin� orbit coupling in these 2DEGs can be tuned with the As
concentration, reaching values up to 400 meV Å, thus exceeding
typical values measured in its binary constituents. In addition to a
large Lande�g-factor of� 55 (comparable to that of InSb), we show
that the clean superconductor� semiconductor interface leads to a
hard induced superconducting gap. Using this new platform, we demonstrate the basic operation of phase-controllable Josephson
junctions, superconducting islands, and quasi-1D systems, prototypical device geometries used to study Majorana zero modes.
KEYWORDS:two-dimensional electron gas, spin� orbit interaction, Josephson junctions, tunneling spectroscopy,
topological superconductivity

Topological phases of matter are currently a subject of
intense research. Following early theoretical proposals,1,2

materials with large spin� orbit interaction (such as InAs and
InSb) coupled to superconductors have emerged as a
promising platform to engineer topological superconductivity
in the form of Majorana zero modes (MZMs). In this context,
nanowires have been studied extensively over the years.3� 5

More recently, several e� orts have been focused on engineer-
ing MZMs in two-dimensional electron gases (2DEGs). Not
only do 2DEGs provide a scalable platform for future
development of topological qubits, but their inherent� exibility
allows for the realization of more complex devices. The
versatility of the 2DEG platform can be seen in the variety of
experiments performed on quasi-1D structures,6 superconduct-
ing islands,7 multiterminal Josephson junctions (JJs),8 and
phase-biased JJs,9,10 all of which are promising architectures to
create topological systems. Many of these studies have been
performed on InAs 2DEGs, where it is possible to create a
pristine interface between the superconductor aluminum (Al)
and the 2DEG, allowing for a strong superconducting
proximity e� ect.11,12

The InSb 2DEG is another appealing platform, primarily due
to its signi� cantly larger g-factor and spin� orbit coupling.
Whereas the former allows the hybrid system to enter the

topological regime at a lower magnetic� eld, the latter is crucial
in determining the topological gap that protects the MZMs.
These 2DEGs have recently been proximitized by ex situ
superconductors;13 however, there exist no reports of InSb-
based hybrid systems with in situ grown superconductors. This
could be related to the band o� set at the InSb� Al interface,
which (unlike InAs) prevents an e� cient accumulation of
charge carriers and hence induced superconductivity.14 It
would thus be ideal to have a material system with the
desirable properties of both InAs and InSb.

In this work, we explore such a new hybrid material: ternary
(InSbAs) 2DEGs coupled to in situ grown Al. Using magneto-
transport experiments, we demonstrate a large g-factor (� 55)
and exceptionally strong spin� orbit coupling exceeding the
values of either InAs or InSb. In addition, the pristine
semiconductor� superconductor interface leads to a hard
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induced superconducting gap that is revealed by spectroscopy
measurements. Furthermore, using these ternary 2DEGs, we
demonstrate the stable operation of prototypical devices
studied in the context of MZMs: phase-controllable JJs,
superconducting islands, and quasi-1D structures. Our results
show that InSbAs/Al 2DEGs o� er the combined advantages of

their binary constituents and are therefore a promising
platform to realize topological superconductivity.

InSb1� xAsx 2DEGs with varying As concentration,x, are
grown by molecular beam epitaxy (MBE) on undoped, semi-
insulating GaAs(100) substrates (seeFigure 1a for a schematic
of the layer stack). The growth starts with a 100 nm GaAs
bu� er layer, directly followed by a 1� m thick AlSb nucleation
layer15 and a 4� m thick Al0.1In0.9Sb layer. The latter forms a
closely matched pseudosubstrate for the InSb1� xAsx growth
and the bottom barrier of the quantum well.16 The As
concentration in the InSb1� xAsx is controlled by the growth
temperature and the As� ux. In this study, heterostructures
with x = 0, 0.053, 0.080, 0.130, 0.140, and 0.240 are grown.
The semiconductor growth is terminated by the deposition of
two monolayers (ML) of InAs, serving as a screening layer to
prevent intermixing between the semiconductor structure and
the superconducting Al layer.17 After the semiconductor
growth, the heterostructures are transferred under ultrahigh
vacuum to a second MBE chamber to deposit 7 nm of Al, using
methods described in ref17. Figure 1b displays a bright-� eld
scanning transmission electron micrograph focusing on the Al-
InSb1� xAsx interface forx = 0.130. The interface appears sharp
with a slight change of atomic contrast that is attributed to the
relaxed InAs screening layer.17 Further details about the
growth process can be found in theSupporting Information
(SI).

We characterize the semiconducting properties of the
InSbAs 2DEGs by removing the Al in the active device area
to fabricate Hall bars. After the Al removal, the 2DEG is etched
in unwanted areas, followed by the deposition of a SiNx
dielectric layer. Lastly, a Ti/Au top gate is evaporated and
used to control the electron density in the 2DEG (seeFigure
1c for a schematic). We� nd peak mobilities of 20000� 28000
cm2/Vs (seeSI for mobility� density curves and further details
about the device fabrication).

To study the spin� orbit coupling in these 2DEGs, we
measure the longitudinal conductivity,� xx, in perpendicular
magnetic� elds, B� , at 300 mK using standard lock-in
techniques. The simultaneously measured transversal Hall
resistance allows us to deduce the density,n, in the 2DEG at
every gate voltage,Vg. Figure 2a shows the magneto-
conductivity correction,� � xx(B� ) = � xx(B� ) � � xx(0), at Vg
= 0 V forx = 0, 0.053, 0.130, and 0.240, where the individual
curves are o� set for clarity. We observe clear weak
antilocalization (WAL) peaks that are caused by the

Figure 1.Hybrid Al/InSbAs heterostructures. (a) Layer stack of the
Al/InSb1� xAsx hybrid heterostructures. (b) Bright-� eld scanning
transmission electron micrograph of the Al-InSb0.870As0.130 interface
along the [110] zone axis of the semiconductor. Red lines indicate the
boundaries of the aluminum. (c) Schematic of a Hall bar that is used
to extract the 2DEG properties.

Figure 2.Large and tunable spin� orbit coupling. (a) Magneto-conductivity correction atVg = 0 V for the di� erent InSb1� xAsx 2DEGs. Thex = 0
curve is measured atVg = 0.2V due to a high resistance atVg = 0 V. The gray lines are ILP� ts to the weak antilocalization data. In the inset, the
extracted linear Rashba coe� cient is plotted for the four As concentrations, showing a monotonic increase with increasing As concentration. For
the higher As concentrations,� is 3� 4 times larger than the value for pure InSb (x = 0). (b) Spin� orbit length plotted againstVg. (c) � as a
function ofVg. lso (� ) decreases (increases) with increasing As concentration when compared at a� xed gate voltage.
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suppression of coherent backscattering due to spin� orbit
coupling. Since we expect the linear Rashba term to be the
dominating spin� orbit contribution in these asymmetric
quantum wells, we� t the WAL peaks with the Rashba-
dominated Iordanskii, Lyanda-Geller, and Pikus (ILP)
model18,19 (gray curves inFigure 2a). This allows us to
extract the spin� orbit length, �=l Dso so, whereD = vFle/2 is
the di� usion constant. Here,� so is the spin� orbit scattering
time, vF the Fermi velocity, andle the mean free path. The
linear Rashba parameter is given by� = � so/2kF, where

� �� = �2 /so
2

so e is the spin-split energy,kF the Fermi wave
vector, and� e the elastic scattering time.

As shown inFigure 2a, the ILP model� ts the experimental
data well. The resulting linear Rashba parameter for the four
di� erent As concentrations is plotted in the inset. It is striking
that � increases monotonically with increasing As concen-
tration. Compared to the value for pure InSb (� � 100 meV
Å), it is noteworthy that for the higher As concentrations, the
linear Rashba parameter is 3� 4 times larger (300� 400 meV
Å). We proceed by measuring WAL as a function of gate
voltage (Vg) for the di� erent As concentrations. InFigure 2b,c,
we showlso and� plotted againstVg (seeSI for the same plots

as a function of electron density). The trend of decreasing
(increasing)lso (� ) with increasing As concentration persists
also when compared at other gate voltages. We note, however,
that speci� cally forx = 0.240, the spin� orbit coupling becomes
so large thatlso is smaller thanle. This might lead to
inaccuracies in the extracted� t parameters as the ILP model is
valid whenle is the smallest length scale.

The systematic increase in spin� orbit coupling with As
concentration can arise from a combination of several e� ects.
First, band structure calculations of InSb1� xAsx show that the
Rashba parameter is strongly in� uenced by the As concen-
tration,20,21which has been observed in experiments on ternary
nanowires.22 Second, electric� elds across the 2DEG can also
in� uence the spin� orbit interaction. We note that even atVg =
0 V, � increases monotonically withx, suggesting that the
external electric� eld from the applied gate voltage is not the
primary source of the enhancement. However, the internal
� eld (generated at the 2DEG� gate dielectric interface) could
be a strong function of the As concentration. We indeed
observe that the nominal density in the 2DEG (density atVg =
0 V) increases systematically with As concentration (seeSI),
indicating a stronger downward band bending at the
dielectric� semiconductor interface, resulting in an increased

Figure 3.Hard induced superconducting gap. (a) False-colored SEM of a combined JJ and tunneling spectroscopy device. A cross-sectional
schematic the JJ part is shown in the bottom. All devices have a� xed JJ length ofL � 150 nm. (b) Di� erential resistance as a function of applied
current bias and perpendicular magnetic� eld for thex = 0.053 JJ. The Fraunhofer interference pattern signi� es a uniform current distribution in the
JJ. (c) Di� erential resistance as a function of applied current bias and gate voltage for the same JJ, showing that the switching current,Is, can be fully
suppressed. (d) Di� erential conductance as a function of split-gate voltage and applied voltage bias forx = 0.053 andx = 0.130. The color scale has
been saturated to increase the visibility of the tunneling regime. For both As concentrations, the induced superconducting gap is visible (region of
suppressed conductance), stable over a large range inVg,S. (e) Linecuts at the indicated positions (gray markers) on linear and logarithmic scale.
The size of the induced gap is similar for both As concentrations. The in-gap conductance is suppressed by 2� 3 orders of magnitude as compared
to the out-of-gap conductance, indicating a hard induced gap.
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electric � eld. While from these studies it is di� cult to
disentangle the e� ects of the bulk semiconductor from the
interfaces, similar experiments on deep InSbAs quantum wells
would shed more light on the origins of the enhanced spin�
orbit interaction.

Having established strong spin� orbit coupling in InSb1� xAsx
2DEGs, we proceed by measuring the perpendicular g-factor,
g* . By comparing the temperature dependence of Shubnikov�
de Haas oscillations for an odd� even� lling factor couple, an
expression forg* can be obtained.23 For x = 0, we� nd g* =
47.8± 2.8. The same analysis is done forx = 0.130, where we
obtain g* = 54.6± 3.1 (seeSI for details about the data
analysis, as well as e� ective mass measurements for the two As
concentrations). This shows that, in addition to strong spin�

orbit coupling, InSbAs 2DEGs also possess a large g-factor that
is comparable to the one of pure InSb.

Given that the semiconducting properties of InSbAs 2DEGs
are favorable to realize topological phases, we now
demonstrate that these 2DEGs also have excellent coupling
to Al. To do so, we use devices as shown in the false-colored
scanning electron micrograph (SEM) inFigure 3a. This device
can either be operated as a gate-tunable JJ (gray circuit) or a
spectroscopy device (black circuit) to measure the local
density of states. All devices are measured at a temperature of
30 mK.

It is important to note that we do not see any induced
superconductivity for pure InSb, presumably due to an
unfavorable band alignment at the Al� InSb interface. In

Figure 4.Prototypical Majorana devices. (a) False-colored SEMs of a phase-biased JJ before (left) and after (right) gate deposition. The split gates
at the top and bottom edge of the JJ are used to perform tunneling spectroscopy at both ends of the JJ. This device is fabricated on a 2DEG withx
= 0.080. (b) Di� erential conductance as a function of voltage bias applied to the top contact and perpendicular magnetic� eld while the bottom
contact is� oating (top panel). The bottom panel shows the tunneling spectroscopy map as a function of bottom voltage bias and perpendicular
magnetic� eld (top contact� oating). For both measurements, the split gates are� xed atVg,S1= � 2.36 V,Vg,S2= � 1.36 V, andVg,S3= Vg,S4= � 1.48
V. (c) Linecuts from (b) at the indicated positions. (d) SEMs of a superconducting island before (top) and after (bottom) gate deposition,
fabricated on a 2DEG withx = 0.140. The two tunnel gates are used to tune the transmission between the leads and the island. The central gate
depletes the surrounding 2DEG and changes the charge occupancy of the island. (e) Di� erential conductance at� xed tunnel gate voltages (Vg,T1=
� 2.157 V,Vg,T2= � 2.052 V) as a function of applied voltage bias and central gate voltage. 2e-periodic Coulomb oscillations are visible atV = 0 mV,
and 1e-periodic Coulomb oscillations are visible at high biases. (f) Linecuts from (e) at the indicated positions. (g) SEMs of a quasi-1D grounded
superconducting strip before (top) and after (bottom) gate deposition. The left gate is used to create a tunnel barrier between the bulk Al contact
and the superconducting strip, and the central gate depletes the surrounding 2DEG. This device is fabricated on a 2DEG withx = 0.140. (h)
Di� erential conductance at� xed gate voltages (Vg,T = � 3.96 V,Vg,C= � 4.40 V) as a function of applied voltage bias and parallel magnetic� eld. (i)
Linecuts from (h) at the indicated positions.
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stark contrast, all of the InSbAs 2DEGs (irrespective of As
concentration) have excellent coupling to the superconductor,
where all JJs display supercurrents and pronounced multiple
Andreev re� ections (seeSI). In Figure 3b, we show a
representative Fraunhofer interference pattern for the JJ with
x = 0.053, where the black regions correspond to zero
resistance. The size of the switching current,Is, can be
controlled by the gate voltage, as demonstrated inFigure 3c for
the same As concentration. Upon loweringVg, Is shrinks, and
correspondingly, the normal-state resistance of the JJ increases.

Clean and transparent interfaces are crucial for the
realization of MZMs as they allow the proximitized semi-
conductor to obtain a hard induced superconducting gap with
a vanishing in-gap density of states. It is therefore important to
measure the density of states in the proximitized 2DEG
directly. To this end, we operate the devices shown inFigure
3a as spectroscopy devices. We apply a voltage bias to the left
normal contact and measure the current� owing through the Al
lead, while energizing the split gates with a negative voltage,
Vg,S, to create a barrier. In the tunneling regime, the measured
conductance is proportional to the density of states in the
proximitized 2DEG. InFigure 3d, we present tunneling
spectroscopy maps forx = 0.053 andx = 0.130. In both
measurements, we note the emergence of a region with
suppressed conductance, re� ecting the induced superconduct-
ing gap. The gaps persist over an extended range inVg,Swith a
slight dependence of the gap size on the out-of-gap
conductance. InFigure 3e, we show two representative
linecuts in the tunneling regime. We� nd that the size of the
induced gap is similar for both As concentrations (� * � 220
� eV). Turning to the linecuts on the logarithmic scale and
comparing the out-of-gap conductance with the in-gap
conductance, we see that the in-gap conductance is suppressed
by 2� 3 orders of magnitude for both As concentrations. This
con� rms the excellent Al� 2DEG interface.

Using the InSbAs/Al hybrid platform, we realize three
prototypical device architectures used to study MZMs: phase-
controllable JJs, superconducting islands, and quasi-1D super-
conducting strips.Figure 4a shows false-colored SEMs of a JJ
embedded in a superconducting loop. A perpendicular
magnetic� eld,B� , penetrating through the loop can be used
to tune the phase di� erence across the JJ. Split gates are
positioned at the top and bottom edge of the JJ to perform
tunneling spectroscopy at both ends of the phase-controllable
JJ. InFigure 4b, we show spectroscopy maps at the top (top
panel) and bottom (bottom panel) of the JJ, with
representative linecuts shown inFigure 4c. In both cases, we
observe a clear� ux-dependent modulation of the gap,
consistent with the phase modulation expected for Andreev-
bound states. Such three-terminal devices are important to
check for correlations between the two ends of the JJ when
tuned into the topological regime.

A second approach to create MZMs is based on a� oating
narrow strip of superconductor, a superconducting island (see
Figure 4d). Here, two tunnel gates are used to tune the
transmission between the bulk Al contacts and the island. The
central gate depletes the 2DEG in areas that are not covered
with Al and changes the charge occupancy on the island. In
Figure 4e, we show a di� erential conductance map at� xed
tunnel gate voltages varying the applied voltage bias,V, and the
central gate voltage,Vg,C. At V = 0 mV (see also gray linecut in
Figure 4f), we observe Coulomb peaks that have twice the
spacing compared to the Coulomb peaks at high biases (black

linecut inFigure 4f). The Coulomb peaks atV = 0 mV re� ect
2e-periodic Cooper pair transport through the superconduct-
ing island, while at high biases, quasiparticles with 1e charge
are allowed to tunnel through the island.

Another strategy to study MZMs employs a grounded
narrow strip of superconductor (seeFigure 4g). The narrow
gate is used to de� ne a tunnel barrier between the bulk Al
contact and the quasi-1D strip, and the central gate depletes
the remaining exposed 2DEG. InFigure 4h, we present a
tunneling spectroscopy map at� xed gate voltages as a function
of applied voltage bias,V, and magnetic� eld,B� . B� is oriented
along the superconducting� nger. Two representative linecuts
are shown inFigure 4i. Whereas atB� = 0 T we observe a hard
induced superconducting gap (note that the gap size is
doubled due to the superconducting contact), a zero energy
state emerges aroundB� = 0.7 T. While these results are
promising, further experiments are required to comment on
the origin of these states.

In conclusion, we have shown that InSbAs 2DEGs o� er the
combined advantages of the more commonly studied binary
materials. In addition to a large g-factor, they have excellent
coupling to in situ grown aluminum. Furthermore, the spin�
orbit coupling in these ternary 2DEGs is signi� cantly stronger
than in either InAs or InSb. Using this hybrid system, we
realize distinct device architectures that can be used to study
topological superconductivity.
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