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ARTICLE INFO ABSTRACT

Keywords: Topological crystalline insulators are systems in which a band inversion that is protected by crystalline mirror

Nanoelectronics symmetry gives rise to nontrivial topological surface states. SnTe is a topological crystalline insulator. It exhibits

Nanoribbons p-type conductivity due to Sn vacancies and Te antisites, which leads to high carrier density in the bulk. Thus

gz:zz::iitdiice growth of high quality SnTe is a prerequisite for understanding the topological crystalline insulating behavior.
u

We have grown SnTe nanoribbons using a solution method. The width of the SnTe ribbons varies from 500 nm
to 2 um. They exhibit rock salt crystal structure with a lattice parameter of 6.32 A. The solution method that we
have adapted uses low temperature, so the Sn vacancies can be controlled. The solution grown SnTe
nanoribbons exhibit strong semiconducting behavior with an activation energy of 240 meV. This activation
energy matches with the calculated band gap for SnTe with a lattice parameter of 6.32 A, which is higher than
that reported for bulk SnTe. The higher activation energy makes the thermal excitation of bulk charges very
difficult on the surface. As a result, the topological surfaces will be free from the disturbance caused by the
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thermal excitations

1. Introduction

Tin telluride is a group IV-VI semiconductor which crystallizes in rock
salt crystal structure, and is reported to have a narrow direct band gap of
0.18 eV for bulk samples [1,2]. SnTe is an interesting material for several
applications including infrared detector [3], thermoelectric generator [4],
holographic recording [5], switching device [6], and for solar cell [7].
Recently, it was shown that SnTe can be classified based on topologies
protected by point group symmetries of the crystal lattice. Those
insulators that have nontrivial topology protected by point-group symme-
tries are called topological crystalline insulators (TCIs) [8]. So far concrete
topological invariants are elucidated for systems possessing four-fold or
six-fold rotation symmetry and also for systems with mirror symmetry. In
particular, the latter case gained significant attention after the prediction
that SnTe is a TCI [8]. Tanaka et al. experimentally confirmed the TCI
behavior in SnTe; they observed surface state with the double Dirac cone
structure [9]. SnTe is particularly unique as a platform to study valley-
degenerate topological systems [10,11]. However, the growth of high-
quality SnTe is a prerequisite to study such degeneracy effects and is also
important for future devices based on TCIL. Most of the growth techniques
use high temperature that results in Sn vacancies and Te antisites which
leads to p-type conductivity in SnTe. In case of thin films with small
thicknesses, less than 1 um, tend to be highly granular and rough, which
can significantly reduce the carrier mobility [12—17].

We have grown two dimensional nanoribbons of SnTe having a high
surface area using a solution method. Nanoscale devices were fabri-
cated using e-beam lithography to understand the transport properties
of these nanoribbons. Solution-grown SnTe nanoribbons exhibit a large
bulk bandgap of 240 meV. Jin et al. have used a low temperature
solution method to grow SnTe nanorods for solar cell application [18].
Shen et al. have grown SnTe nanoribbons and nanosheets using vapor-
liquid-solid and vapor-solid mechanisms at a temperature of 873 K
[10]. They have observed that the SnTe nanoribbons/sheets have
higher bulk carrier density similar to that observed in bulk SnTe
crystals.. In our synthesis, the maximum temperature used is 523 K
and the growth is carried out without the use of catalyst, so the
nanoribbons are free of chemical doping.

2. Experimental details

Nanoribbons of SnTe were synthesized using a two-step solution
method. The first step of the synthesis was the growth of Te
nanostructures, and the next step was to inject Sn precursor into the
grown Te nanostructures to form SnTe nanoribbons. In a typical
synthesis, 0.3g of high-purity polyvinylpyrrolidone was mixed with
0.24g of a-TeO, powder, followed by 20 ml of ethylene glycol along
with 0.6 ml of hydrazine, and 0.6¢g of sodium hydroxide. The resulting
solution was transferred to a three-necked flask fitted with a reflux
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Fig. 1. Scanning electron microscopy image of SnTe nanoribbons.

condenser and a thermometer, and de-aerated by N, bubbling at 15cc/
s. The solution in the flask was heated to a temperature of 433 K for
2 h, forming tellurium nanostructures and brought to room tempera-
ture. In the second step, required amount of SnCl, precursor was
injected and then, raised the temperature to 523 K for 3 h. After
cooling down to room temperature, the resultant solution was washed
several times with ethanol, and acetone followed by centrifuge at 3000
revolutions per minute and finally dried at 373 K for 10 h in an argon
environment. High quality SnTe nanoribbons are obtained only when
the synthesis was carried out with TeO, and SnCl, as precursors for Te
and Sn at 523 K. At lower temperatures, we have obtained multiple
phases of Sn and Te nanoribbons and nanoparticles. We have initially
carried out the synthesis with TeO, and SnO, as precursors, but have
obtained both Sn deficient SnTe and Te nanowires, not nanoribbons.
With SnO,as a precursor for Sn, even with varied growth temperatures
(453 — 523 K), SnTe nanoribbons were not formed. This low tempera-
ture synthesis method helps to reduce the Sn vacancies that are
generally observed in high temperature growth techniques. The
morphology of the nanoribbons was analyzed using a scanning electron
microscope (SEM) (JEOL JSM-5410V); the crystal structure was
determined by x-ray diffraction (XRD) (Thermo/ARL X'TRA, Cu-Ka)
and transmission electron microscopy (TEM). Electrical transport
properties were measured from a SnTe single nanoribbon device using
a Quantum Design physical property measurement system.

3. Results and discussion

Fig. 1 shows the scanning electron microscopy image of SnTe
nanoribbons. It clearly indicates the formation of nanoribbons with
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widths from 500 nm to 2 um and lengths up to 50 um. Fig. 2(a) shows
the XRD pattern of SnTe nanoribbons. It exhibits rock salt (cubic,
space group Fm3m) crystal structure with a lattice parameter of 6.32 A.
Energy Dispersive X-ray (EDX) spectroscopy analyses were carried out
on nanoribbons synthesized in three different batches. A typical
spectrum is shown in Fig. 2(b). The EDX analyses show that the
SnTe nanoribbons have Sn and Te at a 1:1 ratio. High-resolution
transmission electron microscopy studies of these ribbons have shown
that they are single crystalline. The lattice planes observed in Fig. 3(a)
are (200) planes. Fig. 3(b) displays the selected area diffraction pattern
of SnTe nanoribbons with the beam oriented along [110] direction. The
diffraction spots are indexed using the rock crystal structure. Based on
transmission electron microscopy analyses, nanoribbons with both <
111> and <100 > growth directions are observed. Nanoscale devices
using ribbons were fabricated using the standard electron beam
lithography technique to understand the electrical transport properties
[19,20]. We have used Si (100) with a 500 nm of SiO, layer as
substrates for device fabrication. Ohmic electrodes of thickness
150 nm [Ti(10 nm)/Au(140 nm)] were deposited using an ultra-high
vacuum (base pressure 1 x10™° torr) deposition. The electrical trans-
port measurements were carried out using two-probe method. Fig. 4(a)
shows the typical current-voltage (I-V) characteristics of a single
nanoribbon device at different temperatures. The I-V characteristics
were measured from room temperature to 150 K. There is a 97%
change in current flowing through the ribbons as the temperature is
lowered from room temperature to 150 K at 1V bias voltage. The
nonlinear decrease in current with the decrease in temperature
demonstrates that the SnTe nanoribbons display strong semiconduct-
ing behavior. The inset in Fig. 4(b) shows the SEM image of the device.
Fig. 4(b) shows the temperature dependence of resistance from room
temperature to 125 K measured with increasing temperature of the
sample. The exponential decrease shown in the curve illustrates the
semiconducting behavior of SnTe ribbons. Resistance of a semicon-
ductor is related to the temperature as In(R) = In(Ry)+E,/kzT, where, R
represents the resistance at temperature T(K),R, represents resistance
at 0 K, and & is the Boltzmann constant [21]. Fig. 4(c) is a plot of In(R)
vs 1000/T, which shows the expected linear behavior of a semiconduc-
tor. Activation energy, E, can be calculated from the well fitted
experimental data in Fig. 4(c) and the calculated activation energy is
240 meV. The observed activation energy matches with the calculated
band gap value for SnTe with a lattice parameter 6.32 A [8]. Hsieh
et al. calculated the bandgap of SnTe as a function of lattice parameter,
the band gap decreases with decrease in lattice parameter [8]. This E,
value observed in our ribbons is much greater than the value observed
in common topological insulators like Bi,Te; and Sn-doped Bi,Te,Se
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Fig. 2. (a) The XRD pattern and (b) the EDX spectrum of SnTe ribbons.
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