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Superconductors in proximity to topological insulators (TIs) have the potential to unlock exotic
quantum phenomena, such as Majorana fermions. Quasi-one-dimensional structures are particu-
larly suited to host these quantum states. Despite the growth of TT nanostructures being relatively
straightforward, the in situ synthesis of superconductor-TI structures has been challenging. Here,
we present a systematic study of the growth of the s-wave superconductor Sn on the TT Bi;Te3 by
physical vapor transport. If Sn does not enter the Bi;Tes lattice as a dopant, two types of structures
are formed: Sn nanoparticles, that cover Bi;Tes plates and belts in a cloud-like shape, and thin
Sn layers on BiyTe; plates, that appear in puddle-like recessions. These heterostructures have

potential applications as novel quantum devices.

Keywords: Topological insulators; chemical vapor deposition; heterostructures; superconductors;

electron microscopy.

1. Introduction

Topological insulators (TIs) are band insulators
with gapless, time-reversal symmetry protected to-
pological surface states, which are not subject to
backscattering by nonmagnetic impurities." Their

*Corresponding author.

bandstructure is characterized by an odd number of
Dirac cones residing in the bulk bandgap.? After the
initial theoretical prediction, and the subsequent
experimental demonstration of a two-dimensional
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TI with chiral edge channels in the HgTe system,’
another class of TIs, the three-dimensional TIs
Bi,Sb;_,,* BisSes”® and Bi,Te; were experimen-
tally confirmed.®” Breaking time-reversal symmetry
in a TT introduces a bandgap at the Dirac point,
opening up a range of exotic quantum phenomena,”
such as the topological magnetoelectric effect,’
magnetic monopoles,'” or the quantum anomalous
Hall effect.!! In another related system, in topolog-
ical superconductors, Majorana fermions were pre-
dicted.'?'” Majorana fermions are particles that
are their own antiparticle. They emerge as bound
states at flux vortices, e.g., in s-wave super-
conductors proximity-coupled to a TI through
a two-dimensional state, resembling a spinless
superconductor that does not break time-reversal
symmetry.'? Anticipated applications of Majorana
pairs include long lifetime quantum bits for quan-
tum information processing.'” Topological Joseph-
son—Witten effects are another class of emergent
phenomena predicted to be observable in super-
conductor-TI-superconductor junctions.'®

So far, a number of materials combinations for
the observation of Majorana fermions involving one-
dimensional semiconductors, such as InAs nano-
wires, and superconductors have been theoretically
proposed,'®?" and successfully experimentally stud-
ied.”’™?* In contrast, the combination of TIs and
superconductors in a heterostructure has been more
challenging. A recent example is the combination of
the two-dimensional TI HfTes; with the structur-
ally compatible superconductor HfTes;.>> Alterna-
tively, superconductors such as elemental Sn
(Tc =~ 3.8K)*® and NbSe, (T¢ =~ 7.2K)*"?® can be
combined with the strong three-dimensional TIs
BiyTes or BisTes, which have been studied in great
detail.”?" The unit cell of these materials consists
of three quintuple layers of composition Se(Te)-Bi-
Se(Te)-Bi-Se(Te). The electronic properties of
these semiconductors are largely dominated by
defect-induced bulk carriers. The relative contri-
bution of the topological surface state to the
overall electronic transport properties can be
greatly enhanced by high surface-to-volume ratios,
inherent to nanobelts, ribbons, and plates.?":?!
Further, nanoribbons proximity-coupled to s-wave
superconductor on both surfaces have been theo-
retically shown to host robust topological insulat-
ing phases, independent of the position of the
chemical potential.>’> Nanostructures can be syn-
thesized employing a number of techniques

including solvothermal growth,*’ molecular beam
epitaxy,* and physical vapor deposition.** 363!
Here, we report the Sn-assisted physical vapor
deposition growth of BiyTe; belts and ribbons on
the nano- and sub-micron scale with the goal of
producing superconductor-TI heterostructures. The
morphology of the grown structures has been ana-
lyzed by scanning electron microscopy (SEM) and
atomic force microscopy (AFM), and their chemical
composition by energy dispersive X-ray (EDX)
spectroscopy and Raman spectroscopy, in combi-
nation with powder X-ray diffraction (XRD). The
structural details have been studied by high-reso-
lution scanning transmission electron microscopy
(STEM). Three types of Sn-BiyTe; interactions,
leading to different structures, can be distinguished:
(i) Sn nanoparticle-Bi;Tes structures, (ii) Sn pud-
dles on BiyTes plates, and (iii) Sn-doped BiyTes. In
particular the Sn-Bi;Te; heterostructures may
be suitable hosts for Majorana fermions. The
direct fabrication of heterostructures has the inherent
advantage of fewer processing steps and well-defined
interfaces, which makes them ideal testbeds for
fundamental studies and future applications alike.

2. Materials and Methods

BisTe; powder and Sn granules were placed in
separate quartz boats at the center of a 1”-diameter
quartz tube furnace (Nabertherm B180). Si(100)
substrates (dimensions 1 x 1cm?) were solvent-
cleaned, coated with the binding agent poly-l-lysine
in DI water (1:10), washed, coated with a TiO,
nanoparticle solution,*” washed again, dried using a
N, blow gun, and placed downstream from the
precursor. The furnace was subsequently heated up
to 585°C at which the precursors vaporize. The
vapor was transported to the substrates at the cold
end (~480°C) by a laminar flow of N,. Sn-doped
Bi,Te; samples were achieved with a long growth
time and relatively low flow rate (8 h at 150 sccm).
The density of structures tends to increase when a
relatively large quantity of Sn is used, while also
supplying the transport gas at a high flow rate (10
granules of 0.6 g each and 700sccm). Samples in
cross-sectional geometry were prepared by fo-
cused ion beam (FIB) for high-angle annular
dark-field STEM (HAADF-STEM) and EDX-
STEM at 200kV on a JEOL ARM200F (JEOL
Co. Ltd), equipped with a cold field-emission gun
and a DCOR probe Cs corrector (CEOS Co.
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Ltd.). EDX data were obtained using a 100 mm?
JEOL Centurio SDD-EDX detector (JEOL Co.
Ltd.) and the Thermo Noran System 7 EDX sys-
tem (Thermo Fisher Scientific Inc.). The TEM
data was analyzed using Digital Micrograph
(Gatan Inc.).

3. Results and Discussions

The Sn-BiyTez structures can be categorized into
three types of systems, as discussed in the following
sections.

Type (i) Sn nanoparticle-Bi;Te3 structures are
characterized by Sn flakes that homogeneously cover
all structures, as can be seen from a comparison of a
Sn-free growth [c.f. Fig. 1(a)] and a Sn-assisted
growth [c.f. Fig. 1(b)]. TiO, catalyst clusters on the
substrate can enhance the growth of Sn flakes.

BisTes plates and the tips of belts support the
growth of larger Sn flakes that form cloud-like
objects [Fig. 1(b), upper inset|. The density of flakes
at the tip of the belt decreases to zero within a few

microns away from the tip, and the base of the belt
is free of Sn flakes. Plates, on the other hand, are
fully covered by large Sn flakes, as can be seen in
Fig. 1(b), lower inset. Sn is contained in clusters,
and neither Bi nor Te react with the Sn flakes on top
of BisTes plates [see Fig. 1(c)]. The SEM image
shows white spots that cover the surface of a plate.
Corresponding EDX elemental maps show homo-
geneous concentrations of Bi and Te, but distin-
guished features of Sn that correspond to the flakes.
The flakes are composed of ~ 20-nm-diameter Sn
nanoparticles [cf. Fig. 1(d)]. If the coverage is lower
the nanoparticles do not form flakes but stay rather
separated as shown in Fig. 1(e).

Type (ii) Sn puddles on Bi,Te; plates appear as
white spots on a metallic surface under an optical
microscope [see Fig. 2(a)]. The part near the base of
the plate is nearly free of puddles, whereas the
coverage at the top is very high, similar to the
coverage of belts by Sn flakes. Most of the puddles
have triangular shapes that are aligned with respect
to each other [Fig. 2(b)]. This is most likely a

Sn flake

Fig. 1. Sn flakes on BiyTe; structures (type (i)). SEM comparison of the growth (a) without and (b) with Sn precursor. Flakes
preferentially grow on BiyTes structures such as plates and the tip of belts (upper inset). Their coverage decreases towards the base
of the ribbons (lower inset). (¢) SEM image of a hexagonal plate covered with flakes (left), and EDX maps showing the elemental
composition for Bi, Te, and Sn (right). Bi and Te are homogeneously distributed, while Sn is concentrated in the flakes (areas of high
concentration are indicated by yellow outlines). (d) TEM micrograph of a Sn flake (above) attached to a belt (below, darker). The
flake consists of Sn nanoparticles. (¢) TEM image of Sn nanoparticles (examples indicated by white arrows) attached to a BisTes belt

(color online).
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Sn 86 at-%

Fig. 2. Sn puddles on BiyTe; plates (type (ii)). (a) Optical
microscope image of a pistol-shaped BiyTes plate. Sn puddles
appear as shiny spots. A white rectangle highlights the area in
which the SEM micrograph in (c) was taken. (b) SEM image of
triangular Sn puddles on BiyTes. (c) Tip of another Bi,Te;
ribbon. Puddles (cf. green outline) are aligned with the growth
front (left) and the edge of the ribbon (top). (d) AFM image
from the bottom right corner of the area marked in (c). The line
profile (white) shows that a hillock is located on the bottom of
the puddle. Other puddles show similar hillocks (see black
arrows). (e) Cross-sectional STEM image of the plate shown in
(b). The sample is covered by a protective Pt layer. (f) The high
magnification image taken from the Sn-rich layer (indicated by
a red rectangle) shows that the layer is composed of a periodic
arrangement of Sn grains (bright). (g) Illustration of a Sn puddle
(red) on a BiyTes plate (grey). The atomic composition of the Sn
layer is indicated as measured by STEM EDX (color online).

consequence of the underlying hexagonal crystal
structure of Bi;Tez. Two lines of puddles in Fig. 2(c)
form a parallelogram with the outline of the plate.
This could be due to a growth mechanism that is
related to the formation of Sn droplets at step edges
of BiyTe;. Indeed, we find a 20nm hillock at the
bottom of a puddle by AFM [cf. Fig. 2(d)]. This
could be an initial droplet of Sn at a step edge around
which further BiyTesz layers have grown. The puddle
has a width of 1 um and a depth of 50 nm.

An example of a puddle without a hillock is
shown in Fig. 2(e) in cross-section prepared by FIB.
Sn appears as a flat thin layer on top of the rela-
tively thicker BisTes plate. The layer consists of
~15 x 20 nm sized Sn granules and is recessed be-
neath the top surface of the BiyTes; plate by 40 nm.
The edges of the layer above connect smoothly
into the recession. Smaller granules fill up the space
between the large Sn granules, as shown in Fig. 2(f) in
a STEM micrograph. There is a residual concentration
of Bi and Te found in this layer, as measured by
STEM EDX and illustrated in Fig. 2(g).

Type (iii) Sn-doped Bi,Tesz structures typically
have a Sn concentration of ~5at.% as detected by
EDX [Fig. 3(a)]. As compared to undoped Bi,Te;
(40at.% Bi and 60at.% Te), the doped structures
have 36at.% Bi and 59at.% Te, which indicates
that the Sn concentration comes at the expense of Bi
if no additional phases such as SnTe are formed. We
estimate the instrumental error for the SEM-EDX
experiments to be +1% of the stated concentra-
tions. In order to exclude the possibility of second-
ary phase formation, we transferred an ensemble of
nanostructures from the as-grown substrate to a

gi IS Bi 36 at-% i
Te 59 at-% |
IEl Sn 5at-%
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Energy (keV) 20 (deg)
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Fig. 3. Sn-doped BiyTe; nanostructures (type (iii)). (a) EDX spectrum of a plate. The inset shows an SEM image with the scan
area marked by a white rectangle. The white scale bar corresponds to 1 ym. The Sn doping concentration is 5 at.%. (b) Integrated
powder XRD pattern taken by using a Mo X-ray source. The Bi;Tes diffraction peaks are indexed. (¢) Raman spectra of Sn-doped
(dark filled dots, red fit) and undoped (empty dots, green fit) Bi;Tes. The data points are fitted using Lorentzian line shapes. The A,
mode is shifted by 2cm~! between the doped and the undoped sample (color online).

Raman shift (cm™)
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micro-loop suitable for X-ray transmission experi-
ments. The diffraction pattern resembles pure
Bi;Tes since BiyTes; peaks can be indexed based
on standard diffraction data,’” as can be seen in
Fig. 3(b). In particular, there are no extra peaks,
i.e., additional phases. Sn causes a small lattice
distortion as (hkl)-peaks with h being nonzero are
shifted by up to 0.2° towards higher angles. Other
peak positions can be matched with +0.1° accura-
cy. These observations are consistent with mainly
substitutional doping of Sn atoms on Bi lattice sites
and a compression of the lattice. Interstitial doping
at random places of the crystal lattice cannot be
completely excluded because it would not affect the
diffraction pattern.

In Fig. 3(c), we compare the Raman spectrum of
pure BiyTes (modes at 61.7cm ™!, 100.8 cm !, and
132.8cm~!) with a Sn-doped sample.” The Ay,
mode is slightly shifted. This is similar to Raman
measurements on ternary (Bi;_,Sb,)>Te; com-
pounds where the A;, mode is most sensitive to
changes in the concentration of Sb for small z.%® It
moves by 1.3% towards higher frequencies (from
132.8cm ™! to 134.6 cm 1), since Sn is lighter than
Bi. The two lower modes are shifted by less than 1%
to lower frequencies which is within the instru-
mental error of the Raman system. Sn and Sb are
next to each other in the periodic table with a rel-
ative mass difference of 2.5%, so the energy of the
lattice vibrations is nearly the same. Therefore, we
used the literature data for (Bi;_,Sb,),Tes and the
procedure described in Ref. 34 to estimate the con-
centration of Sn causing the shift of the Raman
line.*® We obtain a Sn concentration of 2% which is
lower than the value from EDX measurements. In
summary, Sn substitutes Bi in Bi;Te; and reduces
the n-type bulk carrier concentration of the material
since it has one valence electron less than Bi.*’

Electronic transport measurements were carried
out on type (i) Sn-Bi;Tez hybrid structures. A long
structure was selected and four silver paint contacts
were applied, as shown in the inset to Fig. 4. The
temperature-dependent resistance of the sample
below 5 K is shown in Fig. 4. During cool-down, the
resistance of the structure initially decreased as
expected from the undecorated structures.®' At the
superconducting critical temperature of Sn, how-
ever, a sudden increase in resistance of ~1 2 is ob-
served. Note that the density of Sn nanoparticles is
below the percolation threshold, so the transport
can be assumed to be through the ribbon. Further

T T T T T T T T T
122 hoee g
120 F ¢ g
S
g 118 g
£ T, (Sn)
216 | g
(0]
04
114 | ¢ ]
112 | [ ] 0000 [ ) |
1 " 1 " 1 " 1 " 1 " 1 " 1 " 1

36 38 40 42 44 46 48 50

Temperature (K)

Fig. 4. Resistance of a type (i) structure as a function of
temperature. The four-point contact measurement on a Sn-
BiyTez hybrid structure (cf. inset) shows a jump in resistance at
the superconducting transition temperature (7¢) of Sn of
~3.72 K (color online).

studies are needed to understand this phenomenon
in the framework of TI-superconductor proximity
coupling.

4. Conclusions

We have performed a systematic growth study of
the Sn-assisted synthesis of Bi;Te; nano- and
microstructures using physical vapor transport.
Three different growth scenarios were observed
depending on the growth conditions: cloud-like Sn-
decorated BisTes, the local formation of Sn-rich
areas on BiyTes plates (puddles), and Sn-doped
BiyTe3. While the cloud-like Sn growth is related to
tips and catalyst sites, the formation of Sn puddles
is based on the spontaneous resublimation of Sn
droplets on the surface of BiyTes. The different
growth regimes are controlled by the Sn precursor
quantity, carrier gas flux, and growth time. Each type
has its specific application potentials. The high aspect
ratio of nanoparticles — in combination with the
controllable structure of a belt-like backbone as in the
Sn-decorated structures — is desirable, e.g., for sen-
sors.***? Superconductor-TI layered hybrid struc-
tures in the form of Sn puddles on BiyTes; are
promising candidates for the observation and study of
Majorana fermions, and ultimately topological quan-
tum computation.”” First transport measurements
show an interesting jump in resistance at
the superconducting transition temperature of Sn.
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Finally, Sn-doped BisTe; is suitable for making use
of the topological surface state in spintronic devices
due to the alignment of the chemical potential
within the band gap of BiyTe3. Therefore, Sn and
Bi,Te; for nanostructure growth is a very promising
combination for future research and application.
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