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Catalyst-free vapour—solid technique for
deposition of Bi>Tes and Bi>Sesz nanowires/
nanobelts with topological insulator properties

J. Andzane,® G. Kunakova,®® S. Charpentier,” V. Hrkac, L. Kienle,® M. Baitimirova,®
T. Bauch,” F. Lombardi® and D. Erts*®

We present a simple two-stage vapour—solid synthesis method for the growth of bismuth chalcogenide
(Bi>Tes, BirSes) topological insulator nanowires/nanobelts by using Bi,Ses or BiTes powders as source
materials. During the first stage of the synthesis process nanoplateteles, serving as “catalysts” for further
nanowire/nanobelt growth, are formed. At a second stage of the synthesis, the introduction of a N flow
at 35 Torr pressure in the chamber induces the formation of free standing nanowires/nanobelts. The syn-
thesised nanostructures demonstrate a layered single-crystalline structure and Bi:Se and Bi: Te ratios
40:60 at% for both Bi,Ses and Bi,Tes nanowires/nanobelts. The presence of Shubnikov de Haas oscil-
lations in the longitudinal magneto-resistance of the nanowires/nanobelts and their specific angular
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Introduction

3D Topological Insulators (TIs) are unconventional bulk insu-
lators that have recently demonstrated remarkable properties,
connected to the presence of non-trivial surface metallic
states. The surface states exhibit Dirac-like dispersion, where
the electron spin is locked perpendicular to the momentum,
resulting in the suppression of electron backscattering from
nonmagnetic impurities. The unique properties of the topo-
logical surface states offer exciting possibilities for use in
spintronics'™® and quantum information applications,®™ as
well as for observing exotic phenomena such as Majorana fer-
mions, when brought in proximity with superconductors.®'°
Among the known 3D TIs, bismuth-based compounds, in par-
ticular Bi,Se; and Bi,Te;, have been widely investigated. They
share the same layered rhombohedral crystal structure in the
space group D3q (R3m). In this structure, each charge-neutral-
ized layer is formed by five covalently bonded atomic sheets
(for example, Se-Bi-Se-Bi-Se in Bi,Se;), defined as a quintuple
layer (QL).'®'” These layers are bonded together by weak
(compared to covalent bonds) van der Waals forces to form
the crystal. Bi-based TIs have been extensively investigated
by angle-resolved photoemission spectroscopy measurements
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dependence confirms the existence of 2D topological surface states in the synthesised nanostructures.

both in single crystals'®'®° and in thin films.>** These

measurements have shown the two-dimensionality of the surface
states with a Fermi surface always shifted of about 300 meV
from the Dirac point, anticipating the crucial role of the residual
bulk carrier density in the transport properties. Indeed bulk
transport can mask the peculiar properties of the surface states,
even in samples with low bulk carrier densities.®> As a conse-
quence, electrical transport experiments aimed at isolating the
surface from the bulk contributions remain challenging.*

A possible route to detect merely surface effects in 3D topo-
logical insulators is to reduce the sample size to the nanoscale,
significantly enhancing the surface-to-volume ratio. In fact, 3D
TI nanowires are ideal systems to study surface related meso-
scopic effects like Aharonov-Bohm interferences, associated
with the coherent surface conduction, already observed
in Bi,Se; and Bi,Te; nanoribbons®*** and nanowires.?®*” Low
dimensional 3D TIs represent also an ideal platform to reveal
the Josephson physics of the Majorana modes requiring a
reduced number of transport channels.>*>°

Nanosized bismuth based structures can be synthesized by
several methods. For instance, a usual way to fabricate nano-
crystalline Bi,Te; is a solution-based chemical process using
organic precursors. The drawback of this method is that the
residual conduction properties of the synthesized nanocrystal-
line material are not different from the properties of bulk
samples due to the presence of organic residues.**** Regard-
ing nanobelt-like structures, highly crystalline bismuth based
nanobelts were fabricated by lithographically patterned galva-
nic displacement (LPGD) method or by Au-catalysed vapour-
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liquid-solid (VLS) synthesis,**” in some cases followed by
AFM-exfoliation to produce ultra-thin topological insulator
nanoribbons.*®

In this work, a method for the synthesis of catalyst-free
vapour-solid (VS) highly-crystalline nanoplate-seeded stoichio-
metric Bi,Te; and Bi,Se; nanowires/nanobelts is described.
The nanowires/nanobelts are free standing above the substrate
and exhibiting TI properties which have been studied by
a complete magneto-electrical characterisation of the syn-
thesised nanowires. The absence of a catalyst insures that the
nanostructures are free of contaminants. A thorough analysis
of the Shubnikov-de Haas oscillations as a function of the
angle between the current and the applied magnetic field and
of the temperature enabled us to isolate the signature of the
topological surface of the nanowires.

Synthesis process

Catalyst-free vapour-solid (VS) synthesis processes were
previously reported for the growth of bismuth selenide and
bismuth telluride nanoplates.'”*”*® However these reports
showed that the subsequent growth of the nanobelts on the
nanoplate seeds was only possible as a result of catalyst-acti-
vated vapour-liquid-solid (VLS) process where Au nanoparticles
were used as catalyst. A truly catalyst-free growth of Bi,Se; and
Bi,Te; nanostructures includes (i) nanoribbons 1-3 mm long
and few hundreds nanometers thick, which were formed
during 72 hours in an Ar-filled sealed quartz furnace tube;*°
(if) Bi,Se; nanostructures (nanowires, nanoribbons, nano-
platelets and nanoflakes) grown using constant Ar/H, gas
flow;"! and finally, BiTe/Bi,Te; polycrystalline nanowires."

In these reports*™** the use of H, as carrying gas for the
synthesis of Bi,Se; nanostructures has been shown to be
of high importance because it binds with Se to form H,Se,
possibly increasing the amount of material transported down-
stream to the substrate;*' however, also in H, assisted growth
the formation of the nanowires and nanoribbons remained a
low yield process.

In the case of catalyst-free synthesis of Bi,Te; nanowires*?
chemically synthesised BiTe particles were used as precursors.
This method requires complex preliminary synthesis of nano-
particles, followed by their transfer onto the growth substrates.
The growth of nanowires from the BiTe nanoparticles seeds
resulted in nonstoichiometric Bi,Te;. Further annealing of
these nanowires in Te rich atmosphere and at high tempera-
ture is required to induce phase transformation from BiTe to
Bi,Te;.*” It should be mentioned that the annealing of BiTe
nanowires in Te rich atmosphere may result in nonhomo-
geneous transfer of single-crystalline structure of the nanowire
to polycrystalline®” or even to amorphous phase.*?

Here we present a VS catalyst-free synthesis method for
Bi,Se; and Bi,Te; nanowires/nanobelts which is simple
and easy to implement. It eliminates the complications of
previously reported methods®**7*°*3 such as contamination
with catalyst or organic residues, the use of dangerous gases,
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Fig. 1 Time variation of the temperature/pressure/gas flow regime
related to the bismuth chalcogenide nanostructures synthesis process.

complex preliminary preparation of precursor nanoparticles
and post-annealing in Te atmosphere to name a few.

Before the synthesis, the furnace tube was initially flushed
with pure nitrogen for 5 min to remove oxygen residues,
pumped down to a base pressure of about 0.1 Torr and sealed.
The source material (99.999% Bi,Te; or Bi,Se; powder, Sigma-
Aldrich) was placed in the hot centre (so-called “hot zone”) of
the quartz furnace tube. Microscope glass slides used as sub-
strates for nanostructure deposition were placed 16-20 cm
away from the tube centre. The furnace heating and cooling
rates were 13 °C min~" and 7-10 °C min™" respectively. During
the synthesis, the temperature of the substrate varied between
430 °C at its “hot end” to 230 °C at its “cold end”.

The bismuth based nanowires/nanobelts synthesis process
consisted of two consequent stages. The 1st stage of the
process was aimed at forming bismuth selenide or bismuth
telluride nanoplates onto the surface of the substrate. These
nanoplates were serving as “catalyst” for the further formation
of bismuth selenide or bismuth telluride nanowires/nanobelts.
During the 2nd stage of the process, the free-standing nano-
wires/nanobelts formation on the nanoplates was induced
by the inert (N,) gas flow through the furnace tube. The temp-
erature/pressure/gas flow regime of the synthesis process is
illustrated in Fig. 1.

First stage of the synthesis process

During this stage of the growth the centre of the furnace tube
was heated up to the temperature of 585 °C at a rate of 13 °C
min~" and then held at this temperature for another 15 min
and finally cooled down by 50 °C at an average cooling rate of
8 °C min~". No gas flow was involved during the first synthesis
stage. During this stage, the source powder vaporisation
occurred, followed by the vapour spread across the whole
furnace tube and by the nucleation, on the glass surface irre-
gularities, of the random vaporised material (Fig. 2a and b).
The further growth of the nanostructures, from the nucleation
centres, occurred during the temperature reduction (Fig. 2c).
After the nucleation, the nanostructure growth continued
much faster in lateral dimension than in the vertical dimen-
sion and resulted in nanoplate-like structures. The much
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Fig. 2 (a) AFM image and (b) height profile of a glass substrate surface;
(c) nanoplate-like bismuth selenide structures (seeds for the following
growth of bismuth selenide nanobelts) formed onto the glass surface
after the 1% stage of the synthesis process. The inset shows a closer view
of the nanoplates.
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Fig. 3 Photograph (left) and SEM images (right) of bismuth selenide (a)
and bismuth telluride (b) nanostructures deposited during the 1% stage
of the synthesis process. The shape, density per area unit and chemical
composition of these structures depend on the temperature gradient
along the substrate.

faster lateral growth of the nanostructures is possibly the
result of the layered crystal structure of bismuth chalcogenides
in combination with their anisotropic bonding nature.?® As the
top surface of a growing nanoplate is terminated with chemi-
cally saturated Te or Se atoms, the atoms further adsorbed
from the gas phase could not form covalent bonds with the
top Te or Se. Therefore they diffuse around to find the edges of
the nuclei where the atoms have dangling bonds ready to form
covalent bonds with incoming atoms.'”?® The temperature
gradient along the substrate caused variations in chemical
composition and density of the deposited bismuth chalco-
genide nanoplates per unit area.

Fig. 3 illustrates the shapes of the deposited bismuth chalco-
genide structures vs. their location on the substrate surface.

As it is seen from the SEM images (right panels of Fig. 3a
and b), the nanostructures deposited closer to the “cold” end
of the substrate differ from those deposited closer to the “hot”
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Table 1 Data summarising the 1 stage synthesis process, the bismuth
chalcogenide nanoplates chemical composition and the location onto
the substrate surface

Temperature

increase along
Type of the structure  the substrate Bi, % Se, % Te, %
Bismuth selenide 30£2% 70+2% —
nanostructures
Bismuth selenide 36+3% 64+3% —
nanoplates
Bismuth selenide 38+2% 62+2% —
nanoplates
Bismuth telluride 0.2% — 99.8%
nanowires/nanowire
networks
Bismuth telluride 40 £ 2% — 60 + 2%
nanoplates
Bismuth telluride 50 +4% — 50 + 4%
nanoplates

end for both bismuth selenide and bismuth telluride. The
reason why nanoplate/nanostructure coverage in the cold end
is better than the hot end might be related to the temperature
of the substrate. The temperature difference between the
cold and the hot ends of the substrate is about 200 °C, so
the thermally activated surface diffusion coefficient and re-
evaporation rates from the substrate are lower in the cold area
compared with the hot end. The data regarding the chemical
composition of bismuth based nanoplates formed during
the 1% stage of the synthesis process are summarised in the
Table 1.

The investigation of chemical composition of the deposited
bismuth selenide nanostructures shows a change of the Bi: Se
ratio from (30 + 2):(70 = 2) at the “cold” areas of the substrate
(Fig. 3a top right image) to (38 + 2): (62 + 2) at its “hot” areas
(Fig. 3a lower right image). The density of the formed nano-
plates per unit area decreases with increasing substrate temp-
erature. For the bismuth telluride, the nanostructures
deposited closer to the “cold” end of the substrate are nano-
wire-networks like (Fig. 3b upper right image). The investi-
gation of their chemical composition shows that these
nanowires consist of 99.8% Te with just 0.2% of Bi contami-
nation. The dissociative nature of the evaporation of Bi,Se;
and Bi,Te; compounds could be the reason for Te and Se
excess in the deposited in the “cold” areas nanostructures as
the bond energies of Te-Te and Se-Se are lower than these
of Bi-Te and Bi-Se. The structures deposited on the “hotter”
areas of the substrate (Fig. 3b lower right image) show an
increase of Bi: Te ratio from (40 + 2): (60 + 2) in the middle up
to (50 + 4): (50 + 4) at the “hot” end of substrate in correlation
with the increase of substrate temperature. The density
of formed bismuth telluride nanoplates per surface area unit
is almost constant on both ends of the substrate. Both the
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bismuth selenide and bismuth telluride nanoplates deposited
on the middle and “hot” areas of the substrate exhibit the
characteristic bismuth chalcogenides crystalline shapes.'®!”

Second stage of the synthesis process

The bismuth selenide and bismuth telluride nanowires/nano-
belts are synthesised during the 2nd stage of the synthesis
process. This stage starts when the centre of the furnace tube
is cooled down to 535 °C (see Fig. 1). At that point, the nitro-
gen gas flow at constant pressure of 35 Torr (which we have
found being the optimal pressure for the formation of the
bismuth chalcogenide nanowires/nanobelts) is introduced into
the furnace tube and kept constant while cooling the centre of
the furnace tube in a continuous way down to 475 °C (Fig. 1).
Due to the gas flow, the quantity of the source material vapour
delivered to the substrate rapidly increased inducing the for-
mation of nanoplate-seeded nanowires/nanobelts. The nano-
belts are formed only on those substrate areas where the Bi: Se
and Bi: Te ratios of the nanoplates formed during the 1st stage
of the synthesis process is close to ca. 40 : 60 at%, representing
the stoichiometry of perfect bismuth selenide (Bi,Se;) and
bismuth telluride (BiyTe;). It is not excluded that the nano-
wire/nanobelt like structures would probably grow from the
non-stoichiometric “seeds” under different experimental con-
ditions (temperature and pressure regime). However in this
work we have concentrated on the growth of stoichiometric
Bi2Se3/Bi2Te3 nanostructures. Nanobelts/nanowires formation
always starts on the faces/surface of the pre-formed nano-
plates. Examples of the synthesised bismuth telluride and
bismuth selenide nanobelts are shown in Fig. 4.

The nanowires/nanobelts reach lengths up to 50 pm and
widths between 20 and 800 nm. The amount of the fabricated
nanostructures calculated from the SEM images is approx.

Zhm Tam
Fig. 4 SEM images of bismuth selenide (a) — top view, (b) — side view of
the nanowires/nanobelts which are free-standing above the substrate
surface (d—f) — closer view of the separate nanobelts) and bismuth tell-
uride nanobelts (c) — top view, (g) — closer view of separate nanobelt)
synthesised during the 2" stage of the synthesis process. Nanobelts are
nanoplate-seeded and free-standing above the substrate surface; (g-
inset), (e) closer view of the nanobelt seeds.
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(1-5) x 10° nanobelts/nanowires per mm? for bismuth selenide
(Fig. 4a and b) and (1-5) x 10" nanobelts/nanowires per mm?>
for bismuth telluride (Fig. 4c) which is relatively high in
comparison with other reported catalyst-free synthesis
methods.***? The growth process was terminated and the syn-
thesis process was completed by filling the furnace tube with
gaseous nitrogen until 1 atm pressure was achieved and then
cooling down to room temperature. The synthesised nano-
wires/nanobelts are free standing above the substrate in contra-
diction to the nanoplates, which are strongly bonded to the
substrate. Thus, they can be easily transferred from the growth
substrates onto the pre-patterned substrates (Si/SiO,, Si/46 nm
AlO) for electrical measurements or TEM grids by using
adhesive tape or direct mechanical contact between the growth
and characterisation substrates.

Characterisation of synthesised nanowires/nanobelts

Structural and chemical investigations. The thickness
and smoothness of the surfaces of the synthesised bismuth
selenide and bismuth telluride nanowires/nanobelts were
measured by AFM (Fig. 5).

The thicknesses of the nanowires/nanobelts ranged from
20 up to 100 nm. They often present a step-like structure
(Fig. 5b) with height variations of discreet 1, 2 or 3 nm
(Fig. 5b) corresponding to single, double or triple quintuple
layer difference. The roughness of the top layer of the nanobelt
surface does not exceed +0.2 nm (Fig. 5c, inset).

Structural and chemical investigations of synthesised nano-
belts/nanowires were performed by HRTEM and are presented
in the Fig. 6.

The morphology of bismuth telluride and bismuth selenide
nanostructures is depicted in the bright field images of Fig. 6a
(left and right images respectively). For all the investigated
samples we find stripes of dark contrast propagating through-
out the nanobelt, which appear due to bending of the nano-
structure.*® Further, for some bismuth telluride nanobelts
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Fig. 5 (a) AFM image of a bismuth chalcogenide nanobelt. The inset
shows a closer view of the top layer of the nanobelt surface illustrating
the presence of hole-like irregularities (height variation approx. 0.5 nm);
(b) height profiles illustrating step-like structure of the nanobelt; (c)
height profile illustrating surface roughness of the nanobelt (the height
variations do not exceed +0.2 nm).
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Fig. 6 TEM investigations on bismuth chalcogenide nanobelts. The
arrows mark the growing direction along the [110] direction. (a) Bright
field images of a bismuth telluride (a-i) and bismuth selenide (a-ii)
images. (b) STEM-EDX nanoprobe analyses with corresponding STEM
images (left): (top) bismuth telluride nanobelt, from the marked area in
the STEM image (right). Te and O share the left y-axis, Bi the right y-axis.
The dashed black line marks the boundary between two chemically
different areas (edge, bulk); (bottom) bismuth selenide nanobelt (c)
HRTEM micrograph recorded with an objective lens defocus of
ca. —20 nm. (d) Electron diffraction studies along the [001] zone axis
with the experimental data (left) vs. calculated simulation based on the
R3m symmetry. The data of (c) and (d) are taken from bismuth telluride
and are analogues to the findings of bismuth selenide.

(Fig. 6a (left image)) holes were detected near the longitudinal
edges. Chemical analysis of the bismuth telluride nanobelts
revealed the presence of two distinct regions, separating into
an edge and a bulk area (Fig. 6b (top)). The width of the
respective areas was determined to be ca. 80 nm (edge) and
580 nm (bulk). For the bulk area the median of the Te-Bi ratio
was calculated to be ca. 60:40 at% using STEM-EDX nano-
probe point measurements. Applying the same experimental
methods for the edge area, a higher Bi content along with con-
siderable oxidisation was detected (Fig. 6b (top)). The holes are
always located at the border between these two areas, as visible
in the STEM image of Fig. 6b (right top). As possible interpre-
tation, the oxide layer at the edge of the nanobelt induces
additional strain fields at the interface regions, causing the
formation of the holes.**™*®

The analysis of the bismuth selenide nanobelt did not
show impurities and significant variations in chemical compo-
sition across it (Fig. 6b (bottom)). For the bismuth selenide
nanobelt the calculated median of the Se-Bi ratio was 60 : 40 at
%. The bulk area of the bismuth telluride nanobelt and the
middle area of the bismuth selenide nanobelt demonstrate a
single crystalline behaviour, as depicted by the high resolution
studies in Fig. 6¢c. Assuming the space group R3m the zone
axis can be assigned to [001]. The growing direction is perpen-
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dicular to the (110) planes and, therefore, must be along [110],
as marked in the associated HRTEM micrograph and FFT
pattern of the Fig. 6d. These findings were verified on a larger
scale by applying SAED. The edge area of the bismuth telluride
nanobelt is also crystalline; however, high resolution investi-
gations exhibited a high density of defects. The Moiré patterns
were observed in HR TEM image and in corresponding SAED
image (Fig. 6¢ and d) indicating a superlattice structure that
could be related to the bismuth excess in that region.>®

The nanowire/nanobelt formation and their growth direc-
tion could have this simple explanation. The crystal structure
of stoichiometric Bi,Se; and Bi,Te; has a layered hexagonal
(honeycomb) architecture where Bi planes alternates with Se/Te
planes. For a honeycomb structure, there are six equivalent
vertex directions. When there is no temperature gradient, the
nanostructure grows uniformly in all in plane directions of the
substrate resulting in a [001] growth. This is also favourite by
the lower surface energy of this orientation (compared to
others) with the specific substrate used in this work.*® This
results in the formation of nanoplatelets [001] oriented with
the Bi and Se/Te planes parallel to the surface of the substrate.
As it is mentioned above, the growth of the nanoplatelets con-
tinues much faster in lateral dimension than in the thickness
[001] dimension due to the layered crystal structure of bismuth
selenide/telluride, in combination with anisotropic bonding
nature and high surface diffusion rate of the adsorbed on the
top surface atoms. Without the temperature gradient, such
growth will rather result in formation of nanostructured thin
film, not in formation of the nanowires growing in [001] direc-
tion. In presence of a temperature gradient, which is the result
of the gas flow introduction into the furnace tube along its
axis when the temperature in its centre is 535 °C, the 6-fold
symmetry of the vertex directions can be broken, and the
nanowires/nanobelts can grow along this gradient direction
(Fig. 4d-g). In the case of the nanowires/nanobelts we have
investigated by HRTEM, this direction is the [110] one, which
corresponds to one of the vertex direction of a hexagon and
matches the direction of the temperature gradient. The fact
that the [110] growth happens on top of the nanoplatelets,
instead of the bare substrate, we believe might be due to the
lower surface energy for an homoepitaxial growth (even though
with a different orientation of the nanoplatelets) compared to
the growth on the substrate. As the nanowire/nanobelt grows
along [110] direction, with the (001) facets as top and bottom
surfaces and (110) facets as side surfaces, it has rectangular
cross section.’”

Resistance versus temperature measurements

The resistance versus temperature dependence of the nano-
wire/nanobelt was obtained using a four point measurement
setup in the range 2-300 K. To achieve low contact resistances
the surface of the nanowire/nanobelt was cleaned with
a gentle Ar" ion milling before the deposition of the bilayer
Ti/Au. An AFM image of a single nanowire/nanobelt device for
a 4-point electrical characterisation is shown in Fig. 7a. The

Nanoscale, 2015, 7, 15935-15944 | 15939
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Fig. 7 (a) AFM image of a Bi,Ses nanowire/nanobelt contacted with

4 electrodes (only three are visible) (b) resistance of the bismuth telluride
and bismuth selenide nanowires/nanobelts versus temperature; (c) and
(d) In(R) as a function of the 1/T and T-# with linear fits corresponding
to the activation and variable range hopping conduction.

resistance versus temperature measurements of both Bi,Se;
and Bi,Te; nanowires/nanobelts are shown in Fig. 7b.

For all measured samples a broad hump of the resistance
was observed in the temperature range from 150-250 K. At
lower temperatures 2-15 K the resistance, instead, remained
practically constant. A similar behaviour was previously
reported for both patterned Bi,Se; thin films and individual
nanowires®”*” and it has been attributed to the specifics of the
carriers from the bulk and the surface in TIs. The broad hump
can indeed be explained by the presence of two types of car-
riers originating from the surface and the bulk. By lowering
the temperature, the concentration of the bulk charge carriers
becomes supressed and the surface carriers dominate the con-
duction.? The activation energy E, for the bulk carriers can be
determined by the relation R ~ ¢**T, Plotting the In(R) as a
function of 1/T (Fig. 7c), we have determined the values of the
activation energies, from the linear slope at high temperatures,
as 0.31 and 0.22 eV for Bi,Se; and Bi,Te; respectively. These
values are comparable with the bandgap energies for the
crystals.'®*°

However, the resistance in the high temperature region is
also found to follow the 3D variable hopping range conduction
(VRH) as R ~ e~V where T, is a constant (Fig. 7d).>® The
observation of the VRH conduction is also typical of bulk insu-
lator and it has already been found in doped Bi-based com-
pounds.””' In our nanowires, we cannot discriminate
between the two mechanisms; however whatever scenario is
realised in the nanostructures the resistance vs. temperature at
high temperature is typical of an insulator while at low temp-
erature the transport becomes the parallel of the insulating
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component and a metallic component (resulting in a decreas-
ing resistance with decreasing temperature) that nearly satu-
rates below 20 K (see Fig. 7b). For Bi,Se; nanowires/nanobelts
(Fig. 7b, inset) below 15 K a weak upturn is observed which
might be addressed to electron-electron interactions.?”

Shubnikov de Haas oscillations of the Bi,Se; nanowires/
nanobelts

To prove the existence of the topologically protected surface
states the longitudinal and transversal magnetoresistance
R, and Ry, respectively of the nanowires/nanobelts were measured
in presence of a magnetic field, perpendicular to the nano-
wire/nanobelt, up to 14 T. To achieve low contact resistances
the surface of the nanowire was cleaned with a gentle Ar" ion
milling before the deposition of the bilayer Ti/Au.”* The Hall
effect measurements of the individual TI nanowire/nanobelt
will be discussed in the separate report. Here we will
focus on the observation of pronounced resistance R,, modu-
lation (Fig. 8a) that we demonstrate can be ascribed to the
Shubnikov-de Haas (SdH) oscillations typical of a two dimen-
sional electron gas.>®>*

It is important to point out that for all the nanowires/nano-
belts the measured longitudinal resistance Ry, > R, which
leads to G,, ~ 1/R,. This conditions allows to construct the
Fan diagram by indexing the maxima of R,.>* Fig. 8c shows
the Fan diagram were the Landau level indexes (N), deter-
mined from the maxima of R,,, are plotted as a function of
their position in the inverse field 1/B,,:**

(zzv—1):z(£—1+ﬂ) (1)
h 2

Here B, is the normal component of the field, F is the fre-
quency and f is the phase factor of the SdH oscillations. From
the fitting of the linear slope of the fan diagram we obtain the
frequency of the oscillations, F = 96 T. This value is also in
agreement with the one obtained by considering a fast Fourier
transform (FFT) of the data, as shown in the inset of Fig. 8c.
Using the frequency of the oscillations and the Onsager’s

relation:**
hc nc
F = (E) anFZ = (ﬁ) 21Ny (2)

we have extracted the two dimensional carrier density n,p, = 2.3
x 10'? em™2 and the Fermi wave vector ky = 0.054 A~ at 2 K.
The extracted values, for the various nanowires/nanobelts, are
listed in the Table 2.

The intercept from the Landau level fan diagram, g = 0.56,
is in excellent agreement with the value g = 0.5, expected for
Dirac electrons, which possess a Berry phase ¢y = 218 = n.>?
The occurrence of an intercept close to 0.5 has been verified
for all the nanowires/nanobelts shown in Fig. 8a, which
strongly indicates that the SdH oscillations are coming from
the topological surface states.

A further proof of the origin of the SdH oscillations, can be
provided by a study of the behavior of F as a function of the

This journal is © The Royal Society of Chemistry 2015
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Fig. 8 (a) Magnetoresistance of the Bi,Ses nanowires/nanobelts at T = 2 K: the different curves refer to different nanowires/nanobelts. The data are
normalised to the curve (2) using the value at B = 0 T; (b) Shubnikov-de Haas oscillations of the Bi,Ses nanowire/nanobelt (2) of (a) measured at
different temperatures (2—-35 K). The inset shows the Dingle plot at T = 2 K, the dashed line corresponds to the linear fit; (c) Fan diagram of the oscil-
lations presented in (b), where the Landau level indexes are plotted as a function of 1/B. Inset: FFT analysis of the SdH oscillations at 2 K; (d) ampli-
tude AR, of the SdH oscillations versus temperature, the solid and dashed lines corresponds to the fit of eqn (3) used to determine the cyclotron
frequency. The data are normalised to the curve N = 8 using the value at T = 2 K; (e) the extracted cyclotron mass m. as a function of the magnetic
field. The horizontal line represents the value obtained from the ARPES data for single Bi,Ses crystal [54], 0.13m,; (f) Shubnikov-de Haas oscillations,
after the subtraction of the smooth background, plotted versus 1/BL = 1/(B cos 6), where the 6 is the angle between magnetic field and the plane of
the nanowire/nanobelt. The curves are shifted along the y axis.

Table 2 Calculated parameters of the Bi,Ses nanowires/nanobelts and comparison with literature data. p — resistivity at zero field and T = 2 K, g -
intercept from the Landau level fan diagram, n,p — two dimensional carrier density, m. — cyclotron mass, F — frequency of the SdH oscillations, kg —
Fermi wave vector, vi — Fermi velocity, Ex — position of the Fermi level, z — surface lifetime, us — mobility. * The value of the cyclotron mass indicated
with * has been used to calculate the physical parameters for the nanowires/nanobelts (3) and (4). Ref. 54 indicated with double asterisks ** has
been used to get an estimate of the physical parameters of Bi,Ses single crystal

NR p(Qcm) p n,p (em™)  me (xme) F(T) ke (A™) ve(x10°ms™) Ep(eV) 7(x107%s) pg(em*Vv's™)
1 0.54 2.48x10'  0.139 102.2  0.056 4.85 0.177 2.1 2820

2 0.56 2.31x10'? 0.133* 95.5  0.054 4.69 0.166 4.7 6184

3 5.2 x107* 0.81 222x102 — 91.4  0.053 4.59 0.16 5.5 7311

4 3.8x107* 0.46 1.49x 102 — 61.4 0.043 3.76 0.107 6.2 8225

Ref. 40 2.4%x107* 0.50 3.16 x10' 0.18 131 0.063 3.96 0.176 4 3926

Ref. 53 0.81 1.30x10'? 0.117 1200

Ref. 54**  ~2.3-11x 107" 0.13 (ARPES)

angle 0 between the magnetic field and the surface of the
sample. Specifically, in the case of a 2D transport, F changes
as 1/cos#, while a 3D system shows deviations from this depen-
dence, in particular at high angles."®?*>* Plotting the oscil-
latory part of the longitudinal resistance as a function of
1/(Bcos#) (see Fig. 8f) one can expect the oscillations at
various angles to align if the system is 2D, as shown in Fig. 8f.

This journal is © The Royal Society of Chemistry 2015

This confirms that the oscillations originate from the 2D
surface states. It is worth mentioning that in many recent
reports, on the topological properties of surface states of
TIs, the measurement of the angular dependence of the SdH
oscillations is missing which makes the attribution of the
oscillation to the existence of two dimensional surface states
rather questionable.
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The temperature dependence of the SdH oscillations has
been measured in the range of temperature 2 to 35 K (Fig. 8b).
The decay of the amplitude of the oscillations AR,, by increas-
ing the temperature is shown in Fig. 8d and it can be used to
extract the cyclotron frequency w. and the mass m.. For a given
magnetic field:>

212 kg T/ heo.

AR _——
% Sinh(2nks T har)

(3)
where kg is the Boltzmann constant and 7 is the Planck’s con-
stant. From the fitting of AR,, as a function of T using the
expression (3) to extract w. one obtains the cyclotron mass
using the relation m. = gB/w.. We have extracted the value for
w,. for different peaks at different magnetic fields and we have
consistently obtained values m, = 0.133m,, where m, is the free
electron mass (Fig. 8e). The value for m, corresponds well with
previous ARPES and SdH measurements for Bi,Se; single
crystal and nanoribbons.**>3°*

Using the cyclotron mass, the Fermi velocity v can be
derived from the relation vy = hkg/m.; knowing vy the position
of the Fermi level Er can be obtained from the relation Ep =
Mg

The extracted values for vp = 4.7 x 10° m s and Ey =
166 meV are in agreement with other reports for Bi,Se; nano-
ribbons (Table 2).*

To evaluate the mobility of the surface states we estimate
the quantum lifetime from the slope of the Dingle plot
(Fig. 8b, inset) expressed by the relation:

1

In[ARyB sinh(M(T))] ~ 1/B x [27*Ex/teve?] (4)

where A(T) = 2n*kgTm,/heB> is the thermal factor The extracted
surface lifetime 7 is in order of 4.7 x 107"* s. This allows us to
calculate the mean free path [ = vgr = 219 nm and surface
mobility y, = er/m. = 6184 ecm® V™' s™* at base temperature T =
2 K. This value, as well as the other values we have obtained
for other devices (reported in Table 2) are higher than the ones
previously reported for Bi,Se; ribbons*®>* confirming the very
high quality of our nanowires/nanobelts and the validity of our
approach to growth TI nanostructures beyond the present state
of art.

Table 2 collects the various parameters extracted from the
SdH oscillations related to the different measured devices.

Summary and conclusions

We have presented a synthesis method for -catalyst-free
vapour-solid deposition of bismuth selenide and bismuth tell-
uride nanowires/nanobelts using Bi,Se; and Bi,Te; powders as
source materials.

The synthesis process consists of two stages of growth:
during the 1st stage, which occurs without any gas flow under
low pressure through the furnace tube, the nanoplates (serving
as “catalyst” for the growth of the nanowires/nanobelts) are
formed from the source material; during the 2™® stage, the
nanowires/nanobelts are grown starting from the previously

15942 | Nanoscale, 2015, 7, 15935-15944

Nanoscale

formed nanoplates. The formation of the nanowires/nanobelts
occurs under a lower temperature compared with the 1% stage
temperatures and is initiated by the gas flow introduced into
the furnace tube for a short period of time. The synthesised
nanobelts are free-standing above the substrate surface which
facilitates their transfer to another substrates.

The advantages of the developed method are its simplicity
(no preliminary preparation of precursor nanoparticles is
required), the applicability for both Bi,Te; and Bi,Se; nano-
wire/nanobelt synthesis, rapid growth times, exclusion of H,
gas from the synthesis process, as well as the absence of con-
tamination of deposited structures with catalyst residues. With
our approach we get stoichiometric Bi,Tez;, without the neces-
sity to use a post-annealing of the synthesised nanostructures
in Te rich atmosphere as in other reports.*>** This simplifies
the synthesis process and excludes the risk of phase transform-
ation in the nanowires/nanobelts. The synthesis presented in
this work is highly reproducible and results in single-crystal-
line stoichiometric Bi,Se; and Bi,Te; (confirmed by EDX). The
relative high yield production - approx. (1-5) x 10° nanowires/
nanobelts per mm? for bismuth selenide and (1-5) x 10* nano-
wires/nanobelts per mm” for bismuth telluride and the high
level of reproducibility of the synthesised nanowires/nanobelts
are also of significant relevance.

We have investigated the nanostructures using HRTEM,
SAED and AFM. Both the Bi,Se; and Bi,Te; compositions
demonstrate a layered structure and single-crystalline behav-
iour and are sharing the same R3m space group.

We have presented a complete electrical characterisation of
the topological surface layer of Bi,Se; nanowires/nanobelts.
Our results show a high degree of reproducibility between the
different nanostructures. Through the analysis of the angular
dependence and position of the maxima of the Shubnikov-de
Haas oscillations, we confirmed that they originate from the
presence of the 2D topological surface states characterised by
Dirac electron. Moreover we extract among the highest values
for the mobility of the two dimensional topological surface
states of about 8000 cm* V™' s,

These results are also an important step towards the detec-
tion of Majorana fermions physics. Indeed the decrease of the
number of channels in Josephson devices, by squeezing the
dimensions of 3D topological insulators is a mandatory
requirement for the observation of Marojana fermions
phenomenology.'**

Experimental

The synthesis process was carried out in a horizontal 53 cm
tube of a single-zone quartz tube furnace (GSL-1100X, MTI
Corp.) The morphology and chemical composition of growth
products were analysed using a field emission scanning elec-
tron microscope Hitachi S-4800 equipped with a Bruker
XFlash Detector 5010 for Energy Dispersive X-ray Spectrometry
(EDS) measurements. The thicknesses and surface morphology
of the nanowires/nanobelts were determined by an atomic

This journal is © The Royal Society of Chemistry 2015
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force microscope Asylum Research MFP-D. The structural ana-
lysis was performed by using a FEI Tecnai F30 G* STwin oper-
ated at 300 kv, applied with a field emission gun (FEG). The
spherical aberration coefficient was Cg = 1.2 mm. Selected Area
Electron Diffraction (SAED) patterns were recorded using an
aperture, which limited the diffraction to an area of 250 nm.
All High Resolution (HR) Transmission Electron Microscopy
(TEM) and ED pattern were evaluated with the analysis soft-
ware Digital Micrograph 3.6.1 (Gatan, Inc.) (DM). For the con-
trast enhancement of HRTEM the filter plug-in for DM was
applied.> Simulations of SAED patterns were calculated using
the JEMS program package.’® Metal electrodes (5 nm Ti/95 nm
Au) for current-voltage measurements were fabricated across
the nanowires/nanobelts using Ar ion etching (Oxford Ionfab
300 Ion Beam System) and electron beam lithography tech-
niques (JEOL JBX-300FS). Magnetoresistance and temperature
dependence measurements were performed in a Physical Prop-
erty Measurement System (PPMS Quantum Design).
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