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Understanding the spatial distribution of charge carriers in III-V nanowires proximity coupled to
superconductors is important for the design and interpretation of experiments based on hybrid quan-
tum devices. In this letter, the gate-dependent surface accumulation layer of half-shell InAsSb/Al
nanowires was studied by means of Andreev interference in a parallel magnetic field. Both uniform
hybrid nanowires and devices featuring a short Josephson junction fabricated by shadow lithography,
exhibited periodic modulation of the switching current. The period corresponds to a flux quantum
through the nanowire diameter and is consistent with Andreev bound states occupying a cylindrical
surface accumulation layer. The spatial distribution was tunable by a gate potential as expected
from electrostatic models.

Semiconductor nanowires (NWs) with superconduct-
ing electrodes provide a flexible experimental platform
for studies of mesoscopic superconductivity. Experiments
have demonstrated tunable[1] and reversible[2] super-
currents, Cooper pair splitting[3], electron pumping [4],
gate-tunable superconducting qubits[5], and have pro-
vided a detailed understanding of Andreev bounds states
(ABS)[6] and possible topologically non-trivial zero en-
ergy modes[7–9]. The performance of NW hybrid devices
is strongly affected by crystal defects[10, 11], interface
disorder[12, 13], and surface scattering[14] and the ex-
perimental progress has gone hand-in-hand with devel-
opments of materials and the methods for device fabri-
cation to minimize sources of disorder. High-mobility
semiconductor NWs can now be grown into complex
geometries[15, 16] with a negligible amount of crystal
defects, and the development of in situ growth of epi-
taxial semiconductor/superconductor hybrids[13] enables
reproducible, uniform contacting and improved character
of induced superconductivity[17]. Finally, in situ shadow
patterning methods have been developed to limit post
growth processing[16, 18–21] and reduce random scatter-
ing from surface adsorbents. The minimisation of dis-
order and extrinsic random scattering improves repro-
ducibility and electrostatic stability, and transport can
instead be dominated by intrinsic properties such as the
non-uniform carrier distribution. In low band gap III-
V-compounds such as InAs or InSb the surface Fermi
level is pinned in the conduction band[22] and for the
NW geometry, the expectation is a cylindrical electron
accumulation layer as also found in Schrödinger-Poisson
modeling[23–25]. Early Kelvin probe microscopy[26] and
studies of the scaling of room-temperature resistance
with the diameter[27, 28] is consistent with this scenario,
however, clear confirmation in quantum devices operat-
ing at low temperature is lacking.

Quantum interference in Josephson devices in a
magnetic field provides a sensitive probe of the spatial
electron distribution in nanostructures[29] and has
been used to study the emergence of edge states in
topological insulators[30]. Here we measured the mag-
netoconductance of high mobility InAsSb NWs with in
situ aluminum grown on two facets of the hexagonal
’half-shell’ NW. We consider both devices with a contin-
uous Al and devices where a Josephson junction (JJ) is
realized by in situ shadow lithography[19]. Interference
patterns periodically modulated by the flux through the
NW cross-section are reproducibly found over all devices
and confirm the presence of a proximitized cylindrical
accumulation layer at the NW surface. We show that
this property is not limited to the JJ geometry but
relevant also in uniform hybrid NWs. In both classes of
devices, electrostatic gating tunes the density and spatial
distribution of the carriers and the cylindrical geometry
is lost at large negative gate potentials consistent with
electrostatic modeling[23–25]. The results are important
for the interpretation of NW quantum devices and we
discuss the relation to the Little-Parks effect observed in
full shell hybrid NWs [13, 31].

Experimental details

Devices were fabricated using InAsSb NWs grown
by molecular beam epitaxy (MBE) from (111)B facets
etched into a (100) InAs substrate[16, 19]. The InAsSb
ternary alloy was chosen as a compromise between the
high mobility and low effective mass of InSb and the
higher chemical robustness of InAs[19, 32]. The NWs
have hexagonal cross sections and following semiconduc-
tor growth, ∼ 15 nm of aluminum was grown on two of
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FIG. 1. (a) Scanning electron micrograph of a Josephson junction device. Scale bar is corresponds to 250 nm. (b) dV/dI for
two JJ devices as a function of I and Bz. (c) dV/dI vs. B‖ for Dev. 3 exhibiting periodic modulation of Isw. (d) Switching
current vs. B‖ for fixed values of Bz showing that the modulation pattern is preserved with an amplitude decreasing with Bz.
(e) Switching current vs B‖ for all measured JJ devices confirming reproducibility. Curves are offset for clarity.

the 6 facets without breaking the MBE vacuum.[13, 19]
For JJ devices, ∼ 100 nm wide gaps in the Al were real-
ized in situ by shadowing Al by adjacent NWs[16, 19, 20].
For measurements, individual NWs were transferred to
Si/SiOx substrates where the doped Si acts as back-gate
(VBG) isolated from the NWs by 200 nm of SiO2. Ti/Au
ohmic contacts were defined by standard lithography and
Figs. 1a and 4a show scanning electron micrographs of a
finished device with shadow junctions and continuous Al,
respectively. While transferring NWs to the device sub-
strate, the orientation of the Al facets to with respect to
the substrate plane was not controlled, and devices with
a significantly reduced gate-response were attributed to
hybrids with Al facing the back-gate. Such samples were
not included in further measurements. Measurements
were performed in a dilution refrigerator with a base tem-
perature of 15 mK and equipped with a 3D vector mag-
net. For each device the orientation of the nanowire axis
was determined with an accuracy of . 2◦ by measuring
the anisotropy of the critical magnetic field and this al-
lowed application of magnetic field (B‖) along the axis of
the nanowires. For uniform InAsSb/Al devices the differ-
ential resistance dV/dI was measured in a four-terminal
configuration (Fig. 4a) while JJ segments were measured
in a pseudo four-terminal configuration and contact re-
sistances, identified as the baseline resistance in the su-
perconducting state, were subsequently subtracted. In
total, nine devices were measured; six with JJs (Dev. 1-
6) and three without (Dev. 7-9). In each category all
devices showed qualitatively consistent behavior and in
the following, results from one representative device of
each type is presented; results from remaining devices

are included in the Supporting Information.

Results

We consider first the JJ devices to isolate the contribu-
tion of the semiconductor, and then discuss the situation
in the uniform hybrid nanowires with continuous Al.
Figure 1b shows the differential resistance, dV/dI, of
JJ Devices 1 and 3 as a function of the perpendicular
out-of-plane magnetic field Bz sweeping I from negative
to positive. A zero-resistance superconducting region
is observed at low currents and the switching current
Isw where the device switches to a finite resistance state
decreases monotonously upon increasing Bz towards
Bc

z ∼ 150 mT where the supercurrent is suppressed.
This is consistent with pair-breaking in small JJs[33] and
similar to previous reports of conventional[34] and epi-
taxial nanowires JJs in a perpendicular field [17, 21]. A
strikingly different behavior is observed in Fig. 2c, which
shows the corresponding measurement performed with
the field applied parallel to the NW. The measurement
is dominated by oscillations of the switching current
with a period of ∼ 440 mT. The amplitude decreases
towards higher B‖ as superconductivity is gradually
suppressed. Due to the thin Al, however, Bc

‖ > Bc
z and

although Isw is strongly suppressed at the minima of
the oscillations, it remains finite up to 1 T. In Fig. 1d
the dependence of the switching current on B‖ has been
extracted from measurements similar to Fig. 1c repeated
for various Bz. The oscillation amplitude decreases
with Bz following the envelope in Fig. 1b, however the
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FIG. 2. (a) Differential resistance vs. IDC and VBG for B = 0 T for Dev. 3. Sweep direction from negative to positive. The red
line indicates Isw(B‖ = 220 mT) extracted from (b). (b) As (a) for B‖ = 220 mT, showing the non monotonic VBG-dependence
due to interference. (c) Isw vs. B|| at different VBG showing a monotonous decrease of peak values while minima increase. The
inset shows the VBG-dependence of the oscillation period (see text).

period and qualitative shape of the Isw modulation is
independent of Bz. The experiment was repeated for
all 6 devices and Fig. 1e shows the switching current
Isw(B‖) extracted from full maps like Fig. 1c (see SI Fig.
S4). All devices exhibit qualitatively similar periodic
modulation with small variations in the periods between
the different devices as discussed below.

Gate dependence of interference pattern. We now
consider the effect of changing the overall carrier den-
sity in the junction using the back-gate. Figure 2a shows
dV/dI vs. VBG and ISD for B = 0 mT. The switching cur-
rent appears as the first contour with a non-zero dV/dI
and decreases from ∼ 200 nA to zero upon lowering VBG

from 10 V to −50 V as expected for an n-type semicon-
ductor. In Fig. 2b, the dependence of Isw on B‖ is shown
for different VBG (see SI Fig. S6 for full maps). The peri-
odic Isw-modulations are not affected by VBG, however,
as the junction is depleted the peak amplitude decreases
and the period of the modulation increases slightly. This
is emphasized in the inset, which shows the VBG depen-
dence of the difference ∆B‖ between the two first min-
ima as indicated on Fig. 2b (SI Fig. S11). Only close to
pinch-off does the modulation disappear.

At the minima of the oscillations, the switching cur-
rent increases with decreasing VBG despite the increasing
NW resistance. This unusual behavior is emphasized in

Fig. 2c which shows a measurement similar to Fig. 2a,
however, measured with constant B‖ = 220 mT close to
the first minimum. At VBG = 10 V a highly suppressed
ISW ∼ 10 nA is observed. Upon decreasing VBG, Isw
remains constant until VBG ∼ −15 V from where on ISW

first increases as the interference pattern is gradually
lost (Fig. 2b), to a maximum of ∼ 40 nA at VBG ∼ −25 V
after which it re-traces the decrease observed for B‖ = 0.
For comparison, this unconventional ISW(VBG) for
B‖ = 220 mT is extracted and shown in Fig. 2a (red
trace).

Fraunhofer interference of supercurrents is a typical
source of Isw-modulations in JJs due to field induced
spatial dependence of the superconducting phase in the
leads. Therefore, two different measurements were per-
formed to investigate whether the observed effect is spe-
cific to the JJ geometry. First, by operating the JJ-
devices with VBG close to pinch-off, measurements at fi-
nite voltage bias VSD effectively performs spectroscopy
of the density of states in the leads. Secondly, direct
measurements of the effect of B‖ on uniformly coated
nanowires without a JJ were performed.

Spectroscopy at finite bias. Figure 3a shows dI/dV
as a function of the DC bias voltage VSD and VBG. The
sweeping direction is from positive to negative. Heavy fil-
tering of the DC lines makes the measurement effectively
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FIG. 3. (a) dI/dV vs. VSD and VBG of Dev. 2 for at B|| =
0. Arrows indicate peaks due to multiple Andreev reflection
appearing independent of VBG . (b) Line cut of (a) at VBG =
−30V . (c) The evolution of the line-cut in b) while varying
B|| = 0 showing a periodic modulated spectrum of states (e.g.
black arrow), and a slowly modulated envelope (dashed lines)
due to the gradual suppression of the gap by the field. In
(a,c) no data exists in the grey region as VSD abruptly jumps
from 0 to a finite value at the switching current (see text).

current-biased at low VSD and a smooth re-trapping tran-
sition compared to the abrupt switching-current results
in the asymmetry of the low-bias part of the figure. Upon
sweeping the current negatively from zero the measured
voltage VSD remains zero until the current reaches Isw
where VSD abruptly jumps to a finite value; below this
value there are thus no data and this region is grey in
the figure. A series of symmetric features are observed
(arrows) at voltages which do not depend on the junc-
tion transparency (which decreases with VBG) and are
therefore associated with properties of the leads. The
features are also emphasized in panel (b) showing a trace
extracted for fixed VBG = −30 V and follow the expected
harmonic sub gap structure due to multiple Andreev re-
flections (MAR) as commonly observed in nanowire JJs
[1, 35–37]. The extracted gap is ∆ = 225µeV consistent
with the expected gap of the Al hybrids [17]. In addition
to the MAR features, spectroscopic measurements also
probe sub-gap states in the leads[21] and Fig. 3c shows
a measurement of the spectrum as a function of B‖ for
a fixed VBG = −30 V. A rich spectrum emerges at fi-
nite B‖ which originate from the 2∆ peak and follows
a modulating pattern similar to the switching current in
Figs. 1-2 (black arrow). This demonstrates that the ob-
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FIG. 4. (a) False colour SEM micrograph of a InAsSb device.
The superconducting Al half-shell (blue) features a shadow
gap in the lower segment (JJ). Scale bar is 250 nm. (b) Color
map of dV/dI vs. I and B‖ at VBG = 10V and T = 20mK
for Dev. 7. Arrows indicate kinks in the otherwise mono-
tonic decrease of critical current with B‖. (c) The Contours
from measurement similar to (b) at different VBG in steps of
10, 12.5, 15, ..., 35, 40, 50, 60, 150Ω. Arrows highlight the oscil-
latory structure which disappears with decreasing gate.

served interference is not exclusively a junction property.
We attribute the fainter features in Fig. 3c which coin-
cide at B‖ = 0 with 2∆/e and ∆/e and smoothly closes
around ±1 T to the sub-gap-structure reflecting the slow
dependence of ∆ on B‖ (white dashed lines).

Continuous shell NWs. As a final confirmation we
consider the measurements of devices with continuous
Al (Fig. 4a). The Al shell dominates transport due to
its high carrier density, however, as the metal shell is
not susceptible to gating, the contribution of the semi-
conductor can be identified by the dependence on VBG.
Figure 4b shows the dependence of four terminal dV/dI
on I and B‖. The switching current appears as a peak in
dV/dI (white contour). The finite resistance observed
for I < Isw is attributed to phase slips and is com-
monly observed in 1D superconductor NWs [38–41]. The
zero field Isw ∼ 1.6µA and the critical magnetic field
Bc
‖ ∼ 1.6 T (extrapolated from Fig. 4b) is similar but

slightly lower than previous studies of epitaxial hybrid
nanowires[13, 42], which might be due to roughness of the
Al. The switching current decreases with B‖ and exhibits
kinks at B‖ ≈ 0.4 T (arrows). These are more clearly
seen in Fig. 4c (arrows) which shows constant-resistance
contours extracted from Fig. 4b, and corresponding mea-
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surements at three different VBG. The zero field switching
current decreases from 1.6µA for VBG = 0 V to 1.2µA for
VBG = −40 V, and the kinks in the contours disappear
upon lowering VBG. The gate dependence is consistent
with a supercurrent carried partly by the Al shell and
partly by the semiconductor. Here, the latter contribu-
tion decreases as the semiconductor is depleted at low
VBG and since the kinks at finite B‖ also disappear, we
relate these to the presence of the semiconductor. The
qualitative resemblance of these results with the JJ mea-
surements serves as an additional indication that the in-
terference is not a JJ effect but a property of the hybrid
nanowire materials.

DISCUSSION

The regular Isw modulation observed here – i.e. fringes
with regular period in B and amplitudes which decrease
monotonically with decreasing VBG – contrasts previ-
ous reports on supercurrent interference in NW devices,
which generally feature aperiodic patterns in field and
gate voltage due to random interference[43–45]. De-
pending on the current distribution, conventional Fraun-
hofer interference can lead to periodic oscillations in
JJs[30, 46], however, such a mechanism is inconsistent
with the observed modulation in the JJ leads (Fig. 3)
and in the junctionless devices (Fig. 4). A key feature of
the observed behaviour is that only the field component
parallel to the NW modulates Isw, suggesting a relation
to states acquiring a phase while encircling the NW sur-
face. This is also consistent with the period of the os-
cillations, which we associate with the field required to
add a flux quantum Φ0 = h/2e through a typical cross-
sectional area. Assuming a cylindrical geometry we get
∆B = 2h/πed2

Φ, where dΦ is the effective diameter, h
is the Planck constant and e the electron charge. The
measured ∆B gives dΦ = 80− 85 nm for devices 1-4 and
dΦ = 60 − 65 nm for devices 5,6. The physical NW di-
ameters, dNW, were independently estimated from SEM
micrographs (Supplementary Fig. S1) as ∼ 120 nm and
∼ 90 nm for devices 1-4 and 5-6, respectively. Modeling
estimates the thickness of the surface accumulation layer
to 15-20 nm [23–25], and the measured ∆B is consistent
with electron interference in the accumulation layer. A
main result of the current work is therefore that trans-
port in the InAsSb NW devices is dominated by carriers
occupying a surface accumulation layer.

We now consider the physical mechanism leading to the
Isw behaviour. In an Aharonov-Bohm (AB) ring between
two superconductors with phase difference ϕ, Andreev
bound states (ABS) form with energy[47]

E = ±∆

√
1− τ(Φ) sin2((ϕ+ θ(Φ))/2) (1)

Here, θ = 2πΦ/Φ0 is the AB phase, Φ is the flux pen-

etrating the ring, and τ(Φ) is the flux-dependent trans-
mission. Extending this concept to the situation in the
JJ leads – which consist of a hybrid NW partially covered
by the Al film – ABS form around the NW circumference
due to Andreev reflection from the single superconduc-
tor, corresponding to ϕ = 0. This situation is similar to
reflectionless tunneling[48], albeit with a fixed area for
phase accumulation here. The result is a periodic modu-
lation of the semiconductor/superconductor coupling, as
previously observed for nanoscale core/shell cylinders[49]
and may be related to the periodic modulation of the
qubit frequency observed in half-shell transmon qubits
in a magnetic field[50]. The ABS energies are modu-
lated by θ(Φ) and are minimal at θ = π. For a diameter
of 80 nm, the first minima would be expected to occur
at B = 210 mT,[51, 52] consistent with the spectroscopic
measurements in Fig. 3. The modulation of the Isw in the
NW with continuous Al (Fig. 4) can thereby be accounted
for by the periodic modulation of the ABS energies, com-
bined with a reduction of the InAsSb/Al coupling.

In the case of the JJ devices, for I < Isw, the phase
difference across the junction, ϕ, varies with I to ensure
a dissipation-less supercurrent ∝ dE/dϕ. Therefore, an
AB-phase θ(Φ) only acts as an offset, which can be com-
pensated by ϕ. Thus, in this case the flux-induced phase
shift θ(Φ) in the sine-term is not necessary and does not
result in Isw modulations. Instead, the observed Isw os-
cillations in the JJs are a consequence of the transmis-
sion τ(Φ), which oscillates due to the conventional AB
effect [53]. We note that resistance oscillations were not
clearly resolved in the normal state for T > Tc which we
attribute to a shorter phase coherence length at elevated
temperature or the dominating contribution of channels
with high transmission in the superconducting state[54].

The number of transverse modes and their degenera-
cies in the hybrid nanowires, as well as the gatability
and coupling to magnetic fields, are important for inter-
preting results and the prospects of realizing theoreti-
cal proposals for topological devices[7, 8, 31]. The gate-
dependence of the interference pattern in Fig. 4 probes
the changes of the density profile. Due to screening by
the grounded Al half-shell, the gate acts more strongly
on the JJ segment than below the superconductor, and
affects most strongly the part of this segment facing the
back gate. At VBG = 0 V the interference pattern and
significant suppression of Isw at Φ = Φ0/2 shows that
electrons occupy the cylindrical accumulation layer near
the surface of the NW. Upon decreasing VBG the resis-
tance increases and Isw(B‖ = 0) decreases as carriers are
depleted from the junction. The interference pattern re-
mains qualitatively the same, showing that a accumula-
tion layer persists. The slight increase of the period ∆B‖
with decreasing VBG seen in Fig. 2(c) was also observed
for the other devices (SI Fig. S7-8) and is attributed to a
gradual shift of the carrier distribution towards the core
of the NW. Reducing the effective area of the carriers in
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this way results in a larger ∆B‖, and ultimately causes
the loss of the cylindrical geometry. At the lowest VBG

the junction acts as a high resistance weak link, with al-
most no Isw oscillation (see Fig. 2c). However, flux mod-
ulation remains in the finite bias spectroscopy in Fig. 3
and Supplementary Figure 9 and 10, showing that the
presence of the cylindrical accumulation in the uniform
half-shell hybrid segments constituting the leads of the
junction remains, even when the junction is completely
depleted.

Finally, we comment on the relevance to recent re-
ports of topological superconductivity in full-shell hybrid
nanowires[31]. For our devices, at a finite B‖ the Andreev
pairs undergo a phase winding upon encircling the NW
similar to superconducting cylinders in the Little-parks
regime of Ref. 31. However, the surface accumulation
layer demonstrated in this work does not host a phase
coherent condensate as in the Little-Parks scenario [55].
Therefore, coupling to states of the NW core[56] is not
expected to produce topological states,[31] which requires
at least 3 different superconducting phases [57]. Indeed,
the Shapiro step measurements in Supplementary Fig.
S11 show no sign of a change in the periodicity of the
current phase relation at finite B‖, which is the predicted
hallmark of a topological phase transition [58].

In conclusion, we have presented a detailed study of the
superconducting properties of low disorder MBE grown
InAsSb/Al hybrid nanowires and Josephson junctions re-
alized by shadow lithography.[16, 18, 19] An interference
pattern of the switching current is observed in both cases
when applying a magnetic field parallel to the nanowire
axis. The results were explained by Andreev bound
states encircling the nanowire, subject to a phase wind-
ing due to applied magnetic flux. The oscillation period
in B‖ matches that expected from a surface accumulation
layer of thickness 15−20 nm [23–25]. Electrostatic gating
facilitated alteration – and ultimate loss – of the cylin-
drical accumulation layer geometry. The results are con-
sistently found in all devices, and we speculate that com-
pared to earlier experiments,[43] the effects of the surface
accumulation layer observed here is related to the high
mobility of the InAsSb [59], combined with the reduction
of impurity scattering and disorder due to epitaxial inter-
faces and shadow lithography. The results are relevant
for the design and interpretation NW based quantum de-
vices, and we expect that the effects discussed here will
be of increasing importance as materials and device qual-
ity continues to improve.
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