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We report on in situ growth of crystalline Al and Nb shells on InAs nanowires. The nanowires
are grown on Si(111) substrates by molecular beam epitaxy (MBE) without foreign catalysts in the
vapor-solid mode. The metal shells are deposited by electron-beam evaporation in a metal MBE.
High quality supercondonductor/semiconductor hybrid structures such as Al/InAs and Nb/InAs
are of interest for ongoing research in the fields of gateable Josephson junctions and quantum
information related research. Systematic investigations of the deposition parameters suitable for
metal shell growth are conducted. In case of Al, the substrate temperature, the growth rate and
the shell thickness are considered. The substrate temperature as well as the angle of the impinging
deposition flux are explored for Nb shells. The core-shell hybrid structures are characterized by
electron microscopy and x-ray spectroscopy. Our results show that the substrate temperature is
a crucial parameter in order to enable the deposition of smooth Al layers. Contrary, Nb films
are less dependent on substrate temperature but strongly affected by the deposition angle. At
a temperature of 200 ◦C Nb reacts with InAs, dissolving the nanowire crystal. Our investigations
result in smooth metal shells exhibiting an impurity and defect free, crystalline superconductor/InAs
interface. Additionally, we find that the superconductor crystal structure is not affected by stacking
faults present in the InAs nanowires.

I. INTRODUCTION

InAs nanowires are promising building blocks for two
major present and future topics in research i.e. appli-
cations in quantum computing1,2 and the realization of
Majorana fermions3,4. Combining application and funda-
mental research, these intersecting subjects can be tack-
led using superconductor/semiconductor (SC/SM) hy-
brid systems. For instance, the coupling of gate-defined
qubits at the nanowire ends via a superconductor has
been proposed2, but also quantum network structures5.
Further, gateable nanowire-based Josephson junctions6–8

are in the focus of ongoing research. SC/InAs systems
have been predicted to provide the optimal environment
for proximity-induced p-wave superconductivity, leading
in presence of an external magnetic field to spinless quasi-
particles in form of triplet state Cooper pairs within the
semiconductor4,9. Moreover, InAs is known to be eas-
ily proximitized if brought into an impurity-free contact
with Nb or Al4,7. This means that a superconducting gap
can be induced within the semiconductor. These two in-
gredients combined with a large g-factor10 and Rashba
spin-orbit coupling11,12 are prerequisites for the appear-
ance of Majorana fermions3. However, a clean SC/SM
interface of high transparency is crucial to circumvent
ambiguous experimental results and in order to provide
an optimized performance for future devices13. Defects
and impurities at the SC/InAs interface lead to parasitic
subgap states which can be detrimental for topological
quantum information14.
MBE grown SC/InAs hybrid nanowire structures exhibit-
ing a distinct superconducting gap have been reported

so far only by Krogstrup et al.13. They used Al as su-
perconductor and phase pure InAs NWs grown by the
Au-catalyzed vapor-liquid-solid method on InAs (111)B
substrates. In the mentioned report, the epitaxy of Al
shells took place at a substrate temperature of about -
30 ◦C and planar (on the substrate) Al growth rates of
0.3 − 0.5 µmh−1. Here, the Al-lattice orientations [111]
and [112̄] have been observed13. In this communication
we seek to extend the range of superconductors feasible
for contacting to niobium. Furthermore, self-catalyzed
InAs NW growth instead of Au-catalyzed growth is ap-
plied, paving the way for a Si compatible technology.
Au-catalyzed growth can lead to the incorporation of
Au impurities15–17 and the creation of deep level defects
which deteriorate the electrical and optical properties
and are thus not compatible with Si technology18. InAs
NWs grown via the vapor-solid (VS) mode circumvent
these obstacles, though they exhibit a strong polytypism.
This manifests itself in a frequent switching between the
zincblende (ZB) and the wurtzite (WZ) crystallographic
phases, resulting in a high number of stacking faults.
In this paper, in-situ growth of the superconductor Al
on VS grown InAs NWs using MBE is investigated.
Our study extends the findings from metal deposition on
phase pure wires13 to NWs with alternating ZB and WZ
phases. We find that the crystal orientation of the de-
posited metals is not affected by the occurrence of stack-
ing faults within the InAs, i.e. the polytypism. Further,
it is observed that the temperature has a major influ-
ence on the morphology of the NW shell. This is ex-
pected as for low temperatures the diffusion length of
the Al adatoms is diminished13. A degassing procedure
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Al adatoms decreases with decreasing substrate temper-
ature Ts. This leads, for low Ts, to the formation of
small islands which cluster while the out-of-plane ori-
entation is dominated by surface energy minimization.
The direction of lowest energy, here the [111] orientation,
grows dominantly at an early growth stage, i.e. for thin-
ner layers. At higher temperatures, the adatom diffusion
length is larger, wherefore the islands exhibiting distinct
lattice orientations grow bigger before they merge com-
pared to the low temperature case. At a later growth
stage, when the islands merge into clusters, the mini-
mization of the grain boundary energy is predominant.
Hence, the distinct grain orientation prevails, leading to
a rougher metal shell morphology13.
Figure 2 a) shows an Al/InAs interface in which the

FIG. 2: a) TEM image of an InAs NW with an AlAs
interlayer and Al shell. Intensity scans along the red

and turquoise colored lines are plotted in b). The yellow
dotted lines between the green lines highlight the edge
dislocations in AlAs. b) Profiles according to the line
cuts of the AlAs and InAs to determine the lattice

mismatch. c) Bragg filtered TEM image of an interface
area to clearly indicate the distance between

dislocations (marked with yellow arrows). The inset
depicts the ZB [1̄1̄1̄] reflex used for the Bragg filtered
TEM image. The blue line cut showing the distance

between three dislocations is plotted in d).

InAs NW has not been treated with the degassing proce-
dure introduced above prior to metal deposition. Thus,
the InAs NW surface was covered with a thin layer of
As. After Al deposition, an interlayer of a few nanome-
ter thickness has formed, which we identified as AlAs.
This assumption is based on estimations of the lattice
mismatch between InAs and AlAs, explained below. The
formation of an AlAs interlayer has been similarly ob-
served by other groups13,22. The AlAs interlayer leads
to the formation of defects close to the interface. As
highlighted in Figure 2 a) by yellow dotted lines, mainly

edge dislocations are observed. Defects are expected to
be detrimental for Majorana bound states14 and might
degrade the induction of a superconducting gap.
The lattice mismatch between the InAs wire and the
AlAs interlayer has been estimated in two ways. The
first estimation of the lattice mismatch is based on
intensity line profiles as exemplarily shown in Figure
2 b), from which the average lattice plane distances
in the growth direction dInAs,[1̄1̄1̄] = 0.339 ± 0.007 nm
and dAlAs,[1̄1̄1̄] = 0.324 ± 0.003 nm were extracted.
The lattice mismatch is then given by mInAs/AlAs =
(dInAs,[1̄1̄1̄] − dAlAs,[1̄1̄1̄])/dAlAs,[1̄1̄1̄] and was determined
to mInAs/AlAs ≈ 4.6%. In the second method, Bragg
filtering was applied to visualize only the (1̄1̄1̄) lattice
planes (Figure 2 c)) from which the average dislocation
distance dDisloc. = 7.197 ± 0.002 nm was determined as
indicated in Figure 2 c), d). The lattice mismatch is
obtained via the relation m′

InAs/AlAs = dInAs,[1̄1̄1̄]/dDisloc.

and was estimated to m′

InAs/AlAs ≈ 4.7%. The extracted

values are smaller than expected for bulk (∼ 7%). This
can be attributed to the occurrence of stacking faults
which cause a diminished lattice plane spacing in com-
parison to phase pure wires. Moreover, the thin AlAs
interlayer (δ ≈ 2 nm) is probably not completely relaxed,
which leads to residual stress23, resulting in a lower mis-
match.
Figure 3 depicts an Al/InAs interface after metal depo-

FIG. 3: a) TEM image of an InAs NW showing the
InAs/Al interface after As evaporation. b) Bragg

filtered TEM image (fast-Fourier transformation (FFT)
followed by an inverse FFT (IFFT)) depicting a section
(blue dotted box) of the TEM image presented in a) to
spotlight the absence of dislocations. The inset shows

the FFT of the TEM image depicted in a). Here the ZB
[1̄1̄1̄] reflexes of InAs are labeled red and the Al reflexes

are labeled green, both are chosen for the IFFT.

sition with prior evaporation of the As layer formed after
wire growth. An abrupt, impurity and defect free inter-
face between the superconductor and the InAs nanowire
is presented in Figure 3 a). The Bragg filtered image
depicted in Figure 3 b) exhibits, in contrast to Figure 2
b), no formation of dislocations, suggesting the absence
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The observation suggests a highly transparent interface
suitable for low temperature investigations. Further,
our findings revealed a chemical reaction between the
InAs wire and Nb at a temperature of 200 ◦C. The InAs
crystal was dissolved, the arsenic reacting with the Nb.
As in the case of Al, the Nb crystal structure seems not
to be influenced by stacking sequence within the NW.
This study is of importance to lay the groundwork for
future quantum information technology devices based on
superconducting hybrid structures. Crystalline SC shells

and highly transparent SC/SM interfaces are crucial
prerequisites within this field. As demonstrated, these
requirements can be fulfilled using MBE growth. The
realization of new material combinations such as Nb/I-
nAs in addition to Al/InAs extends the temperature
range and the critical fields possible for further research.
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