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a b s t r a c t

Topological insulator (Bi0.06Sb0.94)2Te3 thin films grown by molecular beam epitaxy have been capped in-
situ with a 2 nm Al film to conserve the pristine topological surface states. Subsequently, a shadow mask
- structured by means of focus ion beam - was in-situ placed underneath the sample to deposit a thick
layer of Al on well-defined microscopically small areas. The 2 nm thin Al layer fully oxidizes after expo-
sure to air and in this way protects the TI surface from degradation. The thick Al layer remains metallic
underneath a 3–4 nm thick native oxide layer and therefore serves as (super-) conducting contacts.
Superconductor-Topological Insulator-Superconductor junctions with lateral dimensions in the nm range
have then been fabricated via an alternative stencil lithography technique. Despite the in-situ deposition,
transport measurements and transmission electron microscope analysis indicate a low transparency, due
to an intermixed region at the interface between topological insulator thin film and metallic Al.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Three-dimensional (3D) topological insulators (TIs) possess an
insulating bulk and metallic surface states with their spin locked
to the momentum [1,2]. In proximity to an s-wave superconductor
(SC), quasi-particle excitations – so called Majorana zero modes
(MZMs) – are predicted to occur at the surface of TIs [3]. Due to
their non-abelian exchange statistics, such MZMs are expected to
enable fault-tolerant quantum computation [4,5]. While the final
proof for their existence is still elusive, first signatures of Majorana
Modes have been found in 3D and 2D HgTe topological insulator
thin films [6,7]. HgTe is known for its very distinctive surface
transport and low bulk carrier contribution [8]. However, its small
bandgap of about 10 meV makes any application based on the
topological surface states impossible for room temperature
devices. In contrast, (Bi0.06Sb0.94)2Te3 TI thin films have a suffi-
ciently large bandgap of about 200 meV [9]. Unfortunately Bi-Sb
based topological insulator thin films suffer from high bulk carrier
contributions, which make the observation of surface transport in
magnetoelectric measurements challenging [10]. Several attempts
have been made to reduce bulk carrier concentration and increase
surface mobility [11–13].

In 2012 Lang et al. reported for the first time, how an AlOx cap-
ping layer can effectively preserve the pristine surface states from
degradation [14]. Before exposing the sample to air, the authors
deposited 2 nm of Al on top of the TI surface. The Al film immedi-
ately oxidized after taking the sample to ambient conditions, form-
ing a native oxide, which prevents the topological insulator from
oxidation and effectively preserves surface transport. Transferring
this technique from widely separated contacts for magneto-
transport experiments to Josephson junctions (JJs), having contacts
separated only tens to hundreds of nm, lead to first signatures of
4p-periodic Josephson supercurrents in (Bi0.06Sb0.94)2Te3 thin films
[15]. Crucial for this observation is an interface without any barrier
between TI and SC [16]. Therefore, the rather robust AlOx capping
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needs to be removed thoroughly in the contact area. Due to possi-
ble damage or oxygen inclusion in the TI surface during removal of
AlOx, the TI-SC interface transparency is affected. Consequently,
inducing a robust supercurrent in AlOx-capped TIs is challenging
[17].

To solve this problem, we made use of stencil lithography [18].
This technique allows one to cap the topological insulator in-situ,
and also enables one to deposit superconducting contacts
without breaking the vacuum via shadow mask growth. A thin
Si-membrane has been patterned by focused ion beam (FIB). The
obtained shadow mask with lateral dimensions in the lm range
allows one to grow a thick Al film (50 nm) on well-defined
microscopically small areas on top of a previously deposited
macroscopically large thin Al layer (2 nm), leaving two differently
thick Al-layers on top of the TI thin film. After exposure to air, the
thin Al layer completely oxidizes, forming the protective
insulating capping, while the thick layer serves as metallic
contacts.

2. Sample preparation

The topological thin film was grown by molecular beam epitaxy
(MBE) on n-type doped Si:P(111) substrate (>2000 O cm), which
was wet chemically cleaned by a RCA HF-last procedure. The dip
in 1% HF passivates the surface during ex-situ transport to the
MBE growth chamber. After removing the hydrogen passivation
at 700 �C for 10 min under UHV conditions, the substrate temper-
ature was set to 300 �C. Knudsen effusion cell temperatures were
then set to their operating temperatures (Bi = 450 �C, Sb = 450 �C
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Fig. 1. Stencil Lithography. (a) Growth of the 30 nm TI thin film. (b) Deposition of 2 nm A
thin film via a home-build in-situ transfer system. A second layer of Al then grows select
Al forms a native 3–4 nm thick AlOx protection layer, while close to the interface of the
and Te = 330 �C) for evaporation. Bi2Te3, Sb2Te3 as well as ternary
compounds (Bi1-xSbx)2Te3 of those two materials grow on Si
(111) in a rhombohedral structure [19,20]. Five atomic layers
thereby form a so-called quintuple layer (QL). Within these five
layers Bi/Sb and Te bonds are found to be covalent, while in
between two QLs a van-der-Waals (vdW) gap is present. The Sb
and Bi concentrations of the 30 nm thick (Bi1-xSbx)2Te3 thin film
amount to 6% (Bi) and 94% (Sb), respectively (schematically in
Fig. 1a). For this composition, the Fermi level is as close as
2 ± 7 meV with respect to the Dirac point [21]. Detailed growth
parameters, structural analysis and electrical characterization of
such ternary compounds are presented elsewhere [10]. After cool-
ing down the substrate to �30 �C, the Al effusion cell is ramped up
to 1100 �C. At this temperature, the Al deposition rate amounts to
7 nm/h. Thin films of Al grown on top of the (0001) surface of
rhombohedral (Bi0.06Sb0.94)2Te3 are polycrystalline. Grains crystal-
lize in fcc structure, preferably in the (111) orientation. The Al
shutter was opened for 17 min to deposit a layer of 2 nm Al in-
situ on top of the ternary compound to cover the delicate topolog-
ical surface states (Fig. 1b). Subsequently, the shadow mask was
placed around 500 lm beneath the sample in-situ, and another
50 nm of Al was deposited while the substrate rotation was turned
off (Fig. 1c). In this manner, the pattern of the shadow mask was
transferred on top of the heterostructure, comprised of 30 nm TI
and 2 nm metallic Al. The thin Al layer (dark) will oxidize com-
pletely in air, whereas the thick layer (bright areas) remain metal-
lic and only the top 3–4 nm will form a native oxide once the
sample is taken out of the vacuum (Fig. 1d). The contacts pads
are arranged in a way that in between them a Hall bar structure
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TI metallic Al should still be present.
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can be defined via ion beam etching in a next fabrication step. To
align the Hall bar layout to the contact pads by electron beam
lithography (EBL) the grown EBL markers in the corners of the
sample can be used.
3. Shadow mask fabrication

Single crystalline silicon membranes have been purchased
from Norcada Inc. [22]. Photo in Fig. 2a shows an example of such
a membrane. The frame (purple) has the dimensions of
10 � 10 mm2 and a thickness of 500 lm. The membrane (yellow)
itself is 4 � 4 mm2 in size and only 200 nm thick. The surface of
the membrane is in (100) plane. By defining rectangular struc-
tures, the FIB will cut along crystallographic axes. Patterns were
150 µm
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5 mm
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a) Sideview:

Fig. 2. Shadow mask. (a) A commercially available Si membrane from Norcada
company has a 4 � 4 mm2 Si membrane in the center of the chip. The membrane is
only 200 nm thick (yellow) and is surrounded by a stabilizing 500 lm thick frame
(purple). Adapted from Ref. [22]. (b) Structures of different dimensions have been
defined by FIB. Device contacts are seen in the center of the membrane. EBL
markers for further ex-situ fabrication are visible in the corners. (c) Lateral
structures as narrow as 100 nm have been fabricated. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)
fabricated via a FEI Helios NanoLab DualBeam FIB into the silicon
membrane (Figs. 1c and 2b). The smallest structures are separated
by freestanding silicon bridges, which have widths down to
100 nm (Fig. 2c). While large structures (Fig. 1c) are beneficial for
in-situ grown Hall bar devices, the nanometer-wide bridges can
be used for the fabrication of in-situ deposited JJs. As soon as the
contacts are separated by only several tens to hundreds of nm from
each other, a supercurrent may be induced across the junction. For
fabrication of such small structures by stencil lithography one
needs to bring mask and sample in close proximity [18]. Since
we could not place our mask close enough to the surface of the
sample, an alternative stencil lithography technique has been used
to define closely separated contacts for the characterization of the
SC-TI interface.
4. Al - (Bi0.06Sb0.94)2Te3 interface

Superconductor - Topological Insulator - Superconductor (S-TI-
S) junctions were consisted of Al evaporated via shadow mask on
top of an Al-capped (Bi0.06Sb0.94)2Te3 thin film. By making use of
an alternative stencil lithography technique,1 we successfully fabri-
cated grown S-TI-S junctions with a contact separation below
100 nm (Fig. 3a). In a next step, the differential resistance of one
junction was measured for low temperatures within an Oxford
Triton dilution refrigerator. The junction did not enter the supercon-
ducting regime. Instead, the differential resistance across the junc-
tion (RS-TI-S) increased, while cooling down to 25 mK (Fig. 3b). We
carried out magnetic-field-dependent measurements at 25 mK and
1.25 K (Fig 2c). At 25 mK we see a pronounced zero magnetic field
peak, indicating a low interface transparency. As soon as the mag-
netic field increases, the differential resistance decreases rapidly.
We observe a minimum symmetrically at around ±15 mT, indicating
the critical field of the Al. As soon as the magnetic field exceeds the
critical field, the resistance increases again with the Al now in the
normal conducting state. At 1.25 K, the zero magnetic field peak
and its characteristic slope is still visible, but much less pronounced,
due to the lower pairing energy at higher temperatures. This feature
is typical for superconducting contacts on topological insulator thin
films with a low interface transparency [23]. To further investigate
the quality of the interface we carried out transmission electron
microscope (TEM) studies with a JEOL 2100 HR-TEM on a thin film
comprised of 30 nm Al on top of 25 nm (Bi0.06Sb0.94)2Te3. In the
lower part of Fig. 3 d) single QLs and adjacent vdW gaps are visible.
At the interface to the metallic Al film, one can clearly discern an
intermixed region of around 3 nm. This interlayer and the signatures
in magneto transport indicate the formation of a barrier due to inter-
diffusion. The intermixing will also take place at the interface to the
thin Al layer between the thick Al contacts. XPS measurements con-
firmed oxygen incorporation throughout the thin Al-layers after
exposure to air (data not shown). TEM analysis (not shown) and
electronic transport measurements [14] confirmed native AlOx lay-
ers to successfully protect the underlying topological insulator thin
films from oxygen incorporation. The combination of MBE and sten-
cil lithography holds the potential of UHV-fabrication of pristine
topological Josephson junctions in the nm range with a high
throughput. With this method, common problems and limits of
EBL, like residual resist-sidewalls, or oxidation during ex-situ fabri-
cation are circumvented [24,25]. An additional thin layer of W, Pt
or Ti in the contact area between TI and thick Al might reduce inter-
diffusion and improve the SC-TI interface transparency. As soon as
the material issues have been clarified and the interface quality
1 Since this technique is still in the process of being patented, details about it are
confidential and therefore not discussed in this work.
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has been improved, this approach paves the way towards scalable
networks of topological hybrid devices.
5. Conclusion

To conclude, we created different shadow masks in the lm and
nm range via focused ion beam patterning. Stencil lithography
techniques allowed us to grow a protective AlOx capping layer
and spatially resolved metallic contacts on top of topological
insulator thin films in one MBE session. Despite all samples being
processed in-situ, transport measurements on a grown S-TI-S
junction indicate a low transparency, due to a poor interface qual-
ity in between Al contacts and topological insulator thin film. TEM
analysis confirms the existence of an intermixed region at the
interface.
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