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Abstract: We review recently discovered phenomena ob-
served in the MoS, tubular structures, which were synthe-
sized by a lasting chemical transport reaction nearly at
chemical equilibrium. Such MoS, nanotubes are distin-
guished by low density of structural defects, thin walls and a
high aspect ratio, which intrinsically provide a confined,
edge-free geometry. Quantum confinement with single

1. Introduction

MoS, belongs to earth-abundant layered transition metal
dichalcogenide (TMDC) compounds, and has attracted a lot of
attention in last decade due to its semiconducting properties
and indirect-to-direct band gap transition in the monolayer
limit. It is stable in various allotropes.!'! Bulk-MoS, (synthetic
and as mineral molybdenite) is applicable as low-friction
additive due to weak van der Waals interaction between the
layers and as catalysts for desulphurization of petroleum and
hydrogenation of organic compounds. The MoS, is stable also
as thin curved plates, rolls, nanorods, micro- and nanotubes,
ribbons and fullerene-like nano-onions, and in atomically-thin
two-dimensional (2D) structure.”) Different procedures for
their synthesis are collected in recent review by U. Krishan
et al.,”! while electrical and optical properties were reviewed
by H. S. Nalwa4 in 2020. The main building block is a
S—Mo—S molecular layer with hexagonal arrangement of side
S and inner Mo atomic planes. Stacking of these triple layers
differs in various polytypes and determines their stability at
different temperature and pressure conditions as well as it
affects their electronic properties. In contrary with strong
ionic-covalent interactions among intra-plane atoms, relatively
weak interactions between these layers enables easy mutual
gliding, which is important for lubrication properties and also
for preparing ultrathin crystals of MoS, by cleavage technique.
The most stable structure in a flat geometry is the hexagonal
(2H) polytype with two molecular layers in the unit cell and
semiconducting properties with an indirect band gap of
~1.3 eV Another stable structure (found also in minor
quantities in mineral molybdenite) is a rhombohedral (3R)
polytype with three molecular layers in the unit cell and the
space group R3 m, which transforms to 2H under heating. 3R-
MoS, exhibits nonlinear optical properties due to broken
inversion symmetry in thin films with odd number of layers.
Second harmonic generation efficiency by two orders of
magnitude larger than that of 2H bulk MoS, was reported™®
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electron conductance was recorded and a bright exciton
photoluminescence with appearance of whispering gallery
modes was observed. In addition, the field-effect transistors
and field emitters based on single MoS, nanotubes were
demonstrated. These discoveries revitalize research of MoS,
curved structures grown from vapour phase, which were
reported several decades ago.

and applications for valleytronics were proposed.”’ While in
both 2H and 3R polytypes, Mo atoms are trigonally prismatic
coordinated with S atoms, they are octahedrally coordinated in
the metastable 1T-MoS, allotrope, which undergoes an
irreversible phase transition to a disordered 2H-MoS, poly-
morph at 95°C.[®) With decreasing thickness of MoS, crystals,
a progressive confinement-induced shift in the indirect gap
from the bulk value to over 1.90 eV was observed™ with value
for the monolayer MoS, bandgap from 2.8 eV to 1.9 eV being
dependent on dielectric environment."” The absence of
chemical bonds between the molecular layers enables for-
mation of curved structures, where the curvature of the lattice
causes a slight mutual detachment of the molecular layers.!""
Self-terminated layers in forms of tubes and onions are
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stabilized by the elimination of dangling bonds at the edges of
molecular layers.
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Here, we review MoS, curved structures prepared by
chemical transport reaction grown from vapour phase. This
method was overlooked in the review by U. Krishan et al.,"”)
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despite the fact that it allows one to create various MoS,
nanostructures with relatively small number of structural
defects. Recently, interesting phenomena were observed in
these tubular structures such as single electron conductance!'”!
and appearance of whispering gallery modes.!"”! In addition,
the designs of field-effect transistors!" and field emitters!”
based on MoS, tubes were demonstrated. These recent
discoveries revitalize research of MoS, curved structures
grown from vapour phase several decades ago.

2. Some MoS, Curved Allotropes

The first MoS, nanotubes synthesized in R. Tenne’s group in
1993 have been prepared by sulphurization of the MoOx-based
precursor exposed to H,S atmosphere at a temperature above
800°C.I'"'1 A self-sacrificial growth mode was used, where
outer shape of the crystals was determined by morphology of
MoOx rods. The cylindrical geometry was caused by
minimization of the free energy by self-termination of
molecular layers growing in the sulpurization process, while
hollow geometry was caused due to the difference in mass
density of metal oxides and metal sulphides. In contrast to this
precursor transformation process, curved MoS, of various
morphologies can also grow directly from vapour phase
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(Figure 1). The first MoS, tubes synthesized by chemical
transport reaction were reported in 1996.1'" The synthesis took
place in a two-zone furnace, using iodine as a transport agent.
MoS, micro- and nanotubes were always grown together with
thin and strongly undulated MoS, crystal flakes.”) The tubes
grow up to hundreds of micrometres in length with a wall
thickness depending on the diameter, which ranges from
around 20 nm up to above 10 pm. In tubes with diameter
below a few hundred nm, wall thicknesses range between 25—
30% of the tube diameter, while in micrometer diameter tubes,
walls are relatively thin and independent on diameter, and
reach a thickness of up to 100 nm. The nanotubes are hollow
and open ended. They grow in a chiral mode with a similar
angle of chirality, o =16°40.5°"

Nucleation happens in wrinkles or at edges of thin MoS,
flakes where the growth of the next basal MoS, plane cannot
follow the bent substrate. The lost interaction with the
substrate and simultaneous continuation of growth of such a
mechanically unstable two-dimensional film are the proposed
reasons for formation of scrolls, which is a thermally driven
process. The scrolls can transform to tubes if one of the
possible stacking orders (2H, 3R) is satisfied in the walls
structure. Growth of a MoS, tube is very rigid. The diameter
and wall thickness of a particular tube is extremely homoge-
neous over several hundred pm or even at mm range scale.

Figure 1. Some MoS, allotropes synthesized from the vapour phase in a temperature gradient: (a) a scroll of thin flake; (b) a nanotube with
diameter of 520 nm; (c) a ribbon 88 nm wide; (d) a “breathing” nanotube; (e) a nanotube with diameter of 118 nm and wall thickness of

32 nm.
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The MoS, tubes always grow on the top of thin MoS, flakes,
i.e. in the second part of the growth process, when the flakes
were already formed. The conditions for growth of tubes are
of chemical (partial pressures) and physical (temperature,
transport flow, shape of thin flakes as nucleation sites) origin.
Because they grow on a very rough substrate of curved flakes,
there is a high probability that the tubes meet a kind of
obstacle during the longitudinal growth. If a tube comes to a
physical contact with a platelet, a material from the flake is
consumed for the growth of the tube leaving an empty hole in
the flake. Such material translocation evidences energetically
favourable growth of a tubular structure in comparison with
flat geometry in this particular phase of growth process.'®!
Another possible avoidance of an obstacle during the growth
is a partial or complete collapse of cylindrical structure to a
form of a ribbon.""” Such collapsed tubes are usually twisted
along their longitudinal length due to chiral growth mode of a
pristine nanotube, which has been collapsed. The highly
strained lattice of the walls at the ribbon edges is relaxed by
the formation of undulations.'” Ribbons are much softer
against bending and are able to avoid growth obstacles.
Therefore, they continue in longitudinal growth in a shape of a
ribbon. The ribbons represent a new crystal phase of a solid
matter and are still awaiting detailed studies and theoretical
consideration. Besides the cylindrical shape of tubes and
ribbon-like shape of collapsed tubes, some intermediate forms
also exist, where a tube is more or less deformed from ideal
cylindrical shape, but the walls are still separated along its
diameter. The helicity due to chiral growth mode depends on
diameter and wall thickness of such a “breathing” tube.
Stabilization of these structures is caused by the interplay of
curvature energy and the minimization of structural deforma-
tions by preserving of the stacking order among the adjacent
molecular layers. The cross section of the breathing tubes is
typically asymmetric with regard to its geometrical centre and
resembles a pear-like shape, sometimes with an unequal
number of molecular layers in semi-halves.

Polytypic variety is a characteristic also for MoS, in
tubular shape and depends on a tube’s diameter.”™ The 2H
stacking sequence was found in nanotubes less than 200 nm in
diameter, while in tubes with a diameter in the micron range,
the lattice crystallized in the rhombohedral (3R) stacking
order. Stabilization of this polytype, which is otherwise stable
at elevated pressure above 4 GPa, is indirect evidence of the
presence of strain built into the wall of the microtube. The
intensity of the strain increases towards the tube axis, causing
the contraction of interlayer distance and instability of the
inner molecular layers at the place where the incorporated
strain is relaxed with the creation of edge dislocations or
stacking faults. In nanotubes with diameter below 200 nm, the
strain is relaxed, stabilizing the hexagonal (2H) stacking
sequence.
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3. Physical Phenomena and Applicable Properties
in Curved MoS, Structures

3.1 Quantum Confinement in MoS, Nanotubes

Over the past decades carbon nanotubes have attracted
immense scientific attention regarding low-temperature trans-
port  spectroscopy and single electron  quantum
phenomena.”'*>**1 Conversely, barely any experimental low-
temperature transport work exists on one-dimensional MoS,
nanostructures. Reaching quantum confinement in two-dimen-
sional TMDC materials, under intense investigation world-
wide, is a hard technical problem: while classical Coulomb
blockade is routinely observed,***” the large effective electron
mass®? m*~0.7 m, places stringent limits on the confinement
scales for single level transport. A long, low-defect density
nanotube or nanoribbon intrinsically provides a restricted,
edge-free geometry and thus potentially allows easier access to
discrete quantum states.

From a theoretical point of view, multiple types of novel
physics can be expected. MoS, nanotubes are semiconducting
independent on chirality.?” While planar MoS, is as mono-
layer a direct band gap and as multilayer an indirect band gap
semiconductor,” single-wall MoS, nanotubes are expected to
show a dependence on diameter and precise chirality.” Strong
spin-orbit interaction in combination with a broken inversion
symmetry leads to a spin-split band structure, both in the
valence and (less so) in the conduction band. Planar MoS,
exhibits intrinsic superconductivity with a “dome” of critical
temperature as function of charge density,”**!! similar to
cuprate superconductors; the onset of superconductivity may
be associated with a multi-valley Fermi surface.’”

The fabrication of single MoS, nanotube devices"~ is
derived from 2D material “scotch tape” techniques™! similar
to early carbon nanotube devices.®¥ MoS, nanotubes are
picked up from a growth substrate using an adhesive tape and
deposited onto a Si+ +/SiO, wafer with marker patterns
(Figure 2a). The deposited nanotubes are located via optical
microscopy; contact electrodes are then designed and written
using electron beam lithography.

A significant technical challenge is to obtain good
electrical contact with the semiconductor, i.e. producing only
negligible Schottky barriers at the metal-semiconductor inter-
face. Metallic contacts on MoS, lead via a hybridization of the
metal and semiconductor wavefunctions at the material inter-
face to so-called metal-induced gap states. As a result, the
Fermi level in MoS, is pinned near the conduction band
edge, suggesting the preference of contact metals with low
work function. Indeed, with this approach, best results have
been obtained by using titanium and scandium contacts.”® The
data of Figure 2 was obtained using Sc/Au contacts and a
highly doped Si substrate as the back gate.

Figure 2¢ displays a transport spectrum of a MoS, nano-
tube device, with a zoom shown in Figure 2d. As a narrow,
repetitive saw-tooth pattern clear Coulomb oscillations of the

(2]
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Figure 2. (adopted from Ref. 12): (a) Optical microscope image of MoS, nanotubes transferred onto a Si/SiO, wafer; (b) Schematic device,
with Sc/Au contacts to the nanotube and the highly doped Si substrate as back gate. The red ellipses illustrate the formation of electronic
traps below reactive metals, see the text; (c) Overview measurement of the differential conductance of a MoS, nanotube device at T=300 mK;

(d) Detail from (c).

conductance are visible. The total capacitance of the corre-
sponding quantum dot can be estimated from the pattern and is
consistent with a single electronic system occupying the entire
nanotube between the contacts. The transport gap around zero
bias indicates a voltage drop via trap states at the metallic
contacts. Low work function metals are known to be reactive
and to attack the MoS, crystal structure on surface deposition.
In particular Ref. 37 demonstrates this via atomic scale
imaging; the high Ti-S affinity leads there to the penetration of
Ti and to structure degradation up to 5 planar MoS, layers
deep. Such processes provide a likely explanation for the trap
states and thus an intrinsic limitation of the low-work function
metal approach.

Interestingly, the single electron tunnelling regions display
traces of finite bias conductance resonances, marked in the
zoom of Figure 2d. These may be related to discrete quantum
excitations of the trapped electronic system; in the case of 1d
confinement the level spacing becomes proportional to the
number of charges on the quantum dot, as has already been
observed in semiconductor nanowires."?!

Future work will have to focus on improving the
spectroscopic quality. As a specific outlook, the recent
discovery®® that the half-metal bismuth forms excellent
Ohmic contacts to monolayer MoS, due to the suppression of
metal-induced gap states provides a highly promising alter-
native approach.
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3.2 MoS, Nanotubes as Optical Resonators

Brigth exciton photoluminescence (PL) in the TMDC tubular
structures prepared from vapour phase was discovered almost
two decades after their first creation.**” The micro-PL
spectra of the individual MoS, tubes, shown in Figure 3,
exhibit distinct resonances of A and B direct excitons over a
wide temperature of 10-300 K. This observation contradicts
the fact that many constituent monolayers in the tube walls
suggest an electronic structure typical of a bulk material,
which has an indirect band gap of about 1.3 eV™ and should
exhibit rather weak emission of indirect exciton transitions.
Indirect exciton PL in the nanotubes arises at 70-100 K and
increases in intensity with increasing temperature. This
behavior reflects the competition between the two recombina-
tion channels through direct exciton transitions and phonon-
assisted indirect ones.[* The balance between them is mainly
controlled by the oscillator strength of exciton resonances and
the corresponding recombination rate, which is very high in
the case of the direct transitions. In addition, the suppression
of 1.3eV emission at low temperature can indicate the
optically forbidden dark state as the lowest in multilayered
structures.™'!

The MoS, micro- and nanotubes, similarly to other tubular
structures,*! can confine the electromagnetic field inside their
walls. In this case, two waves propagating in opposite
directions form standing waves, called whispering gallery
modes (WGMSs). As a result, the tubes can act as an effective
optical resonator — a microcavity, capable of supporting
WGMs in the spectral ranges of both direct (1.8 eV) and
indirect (1.3 eV) excitons (Figure 3a). It was found experimen-
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Figure 3. (a) Micro-PL spectra measured in a MoS, tube with a diameter of 2 ym in the range 10-250 K (adopted from Ref. 40). The inset

shows the spectra measured at 10 K in a 400-nm nanotube and a fla
different polarization configurations and the calculated PL spectrum

ke grown in the same growth cycle. (b) Micro-PL spectra measured in
, which reproduces sharp WGM peaks possessing different azimuthal

angular numbers, m, marked in plot (adopted from Ref. 13). The inset shows the electric field distribution for the mode with m=20 (the
modeling is described in Ref. 13). (c) Dependencies of the mode angular numbers near direct and indirect excitons, calculated for different
radii, R, and numbers of monolayers, N. (d, e) Emission spectra calculated for Rabi splitting of 2 meV (d) and 20 meV (e), as described in

Ref. 42 (adopted from Ref. 43) The formation of upper (UPs) and lowe
dispersion of optical modes and the energy of direct exciton are shown

tally, that the micro-PL spectra measured in individual nano-
tubes with a diameter of more than 500 nm are modulated by
sharp WGM peaks, while these peaks are absent in tubes with
a smaller diameter. This phenomenon reflects the fact that a
certain number of wavelengths must fit along the tube
diameter in order to form a WGM. Note that these modes were
not observed in the flakes and ribbons which do not possess
cylindrical geometry.

The WGM peaks are strongly polarized along the tube axis
(yx and xx polarization configurations) that corresponds to
TM-polarized optical modes (Figure 3b), while in two other
configurations, xy and yy, the peaks are not pronounced.!"" The
difference arises from the different azimuthal angular numbers,
m, which are about twice higher for the TM modes (the higher
the angular number, the more effective the enhancement
provided by the optical mode). Figure 3¢ shows how this
important parameter spectrally changes in tubes with different

Isr. J. Chem. 2022, 62, €202100100 (6 of 10)

r (LPs) polaritons with increasing the Rabi splitting is shown in (e). The
by dotted and solid lines.

radii and wall thicknesses. Low values of m in the nanotubes
of small diameters and with thin walls cannot support optical
modes with high cavity quality (Q) factor in the range of
exciton transitions. The cavity Q-factor can be defined as E/
AE, where E is the energy and AFE is the half-width of the
resonant narrow lines modulating the emission spectra.

Strong direct exciton resonances, together with the pres-
ence of optical modes with the high Q-factor, are prerequisites
for the realization of light-matter coupling leading to the
formation of exciton-polaritons in individual MoS,
nanotubes.™ Tt was also assumed that some features of
polaritons can be observed in optical spectra measured in
nanotube ensembles.” Theoretically, it was shown that only
about 40 % of the mode electric field intensity is concentrated
inside the tube wall. In this case, the Rabi splitting can reach
400 meV in the high-quality tubular MoS, resonators.*! This
splitting exceeds the typical values for the resonators based on

© 2021 The Authors. Israel Journal of Chemistry published by Wiley-VCH GmbH.
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classical semiconductors, such as GaAs or GaN. In real MoS,
tubes supporting the WGMs, the noticeable inhomogeneous
broadening prevents the realization of the strong coupling
regime.

The weak coupling regime, when it realized, initiates the
separation of optical modes into the upper (UP) and lower
(LP) polariton branches, as well as broadening of the PL line
with an increase in the detection angle relative to the normal
to the tube (see Figure 3d,e). In our experiments with a high-
aperture microobjective (detection angle ~25 degrees), the PL
line is broadened.”” There are no modes that could correspond
to UPs, but they may be suppressed by strong absorption
above exciton resonances. Nevertheless, we are currently
refraining from making statements about observing polaritons
in our individual MoS, tubes. This requires additional experi-
ments with the rotation of a single tube at different angles, as
well as selection of samples of highest quality. We believe that
rapid progress in fundumental research and practical applica-
tion of MoS, nanotubes is possible with thorough control of
their structural and optical properties.

3.3 MoS, Nanotube and Nanoribbon Field-Effect Transistors

MoS, nanotube (NT) and nanoribbons (NR) compared to the
MoS, flakes have the benefit of not having edges and edge
states, and as a result have the potential for ideal subthreshold
swing in field-effect transistors (FET). In the first report on the
fabrication of FET based on MoS, nanotubes and nanoribbons
grown by chemical vapour transport,”” the tubes and ribbons
were placed onto a Si wafer covered with 26 nm AlO;
prepared by atomic layer deposition (Figure 4). Top metallic
contacts were formed using electron beam lithography
followed by deposition of Sc/Ni (40 nm/20 nm). Back gate
metal was deposited on the back of the Si wafer by electron-
beam evaporation of Ti/Au (5 nm/100 nm). All transistors of
such design have shown n-type channel conduction with ON/
OFF current ratio of more than 10°, which far exceeded the
prior value of 60 measured on much more defected MoS,
nanotubes prepared by sulfurization of Mo—S—I nanowires.™"!
The diameter of the tube was 55 nm, and the width of the
nanoribbon was 321 nm. The extracted currents per width at
drain-source voltage (Vpg) of 0.3V and back gate voltage
(Vgg) of 1V was 1.02 pA/pum and 0.79 pA/um, respectively.
From a fit to the experimental data, a nominal charge density
of 1.10" cm™ for the nanotube and ribbon, a mobility of
43.5 cm*/Vs and 36 cm?/Vs, respectively, and flat band voltage
of —0.9 V and —1 V were obtained. The contact resistance of
Sc contacts on MoS, nanotube was 39.6 kQ at zero Vyg. The
minimum sub-threshold swing for the ribbon was 200 mV/
decade, which was much improved with respect to previous
result of 10 V/decade.*”’ Previous report was obtained on
ribbons prepared by reactive ion etching of MoS, exfoliated
flake, which possessed relatively rough edges with dangling
bonds.
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Figure 4. MoS, FETs (adopted from Ref. 46): (a) SEM image of a top-
contacted MoS, nanotube; (b) the corresponding AFM image; (c)
schematic cross-section of the device. d) Common source character-
istics for the MoS, nanotube FET measured in vacuum. e) Common
source characteristics for the MoS, nanoribbon FET measured in
vacuum.

Before using such curved MoS, structures in nanoelec-
tronics, many open questions need to be resolved, including
how to form low-resistance contacts, how to form p-n
junctions in them, and how to grow structures in predictable
shape and at precise locations.

3.4 Field Emission from MoS, Nanotubes

Due to the high aspect ratio of length to diameter and their
small dimensions, metallic and semiconducting nanowires are
very interesting for applications in miniaturized field emission
electron sources. In recent years, the focus of scientific
investigations has been predominantly on carbon-based struc-
tures. However, carbon impurities are not desired in vacuum
chambers, especially not in the semiconductor industry, so the
MoS, materials represent a promising and interesting alter-
native. In order to investigate the field emission properties of
nanotubes, they can be mounted on several micrometres’ high
silicon columns, which can be pre-prepared on highly
conductive n-Si substrates."”! Such a geometry ensured that
the measured field emission was actually from the nanowire
located there and not from other objects located on the
substrate surface, e.g. scratches or particles. The silicon
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column was flattened at the highest point, so that no
significant field emission occurred there even at voltages of
1000 V or higher, and only after the nanotubes were mounted,
a measurable field emission current was recorded. This
arrangement was used to study the field emission properties of
the MoS, structures.'” Two directions of the tubes with
regards to electric field were tested, parallel with emission
from end of the nanotube, and perpendicular with emission
from the lateral surface of another nanotube (Figure 5).''! The
samples were prepared inside the FEI Helios Nanolab 650 FIB
SEM system. Electric contacts were made by Pt deposition.
Diameter of the nanotubes used for these experiments was
about 110 nm for vertically positioned tube and around 90 nm
for lateral one.

Field emission (FE) measurements were performed in a
diode configuration with a 10 MQ resistor in series to the
electrometer (protection against discharges) with a voltage
source (Keithley 6517) in a vacuum chamber at pressures of
about 107’ mbar. A metallized fine-meshed grid with Si
support acted as an anode was separated from the cathode by a
mica spacer of 50 um thickness." A voltage sweep with a
slew rate of 1 V/s from 0 V up to 1000 V and then again down
to zero V was conducted in order to characterize the -V

(@)

(b)
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characteristics of both samples. At maximum applied voltage
of 1000 V (20 MV/m), field emission currents I, of 1.0 pA
for the upright mounted nanotube and 11 pA for the lateral one
were observed. The onset voltage for emission current of 1 nA
was about 550 V for both orientations of the nanotubes. For
voltages higher than 600 V (upright) and 700 V (lateral), a
deviation from the ideal Fowler-Nordheim (FN) behaviour
was noticed. This deviation is explained by Schottky barrier
due to non-optimal transport mechanism between the nanotube
and Si pillar, which is connected via sidewalls, in contrast to
the lateral nanotube, which is connected by the both ends of
the nanotube. A work function ®=4.5 eV was assumed for
the upright nanotube*” and a slightly higher value of 5.2 eV
for the lateral one due to the varying emission areas from
different crystallographic planes. The emission area estimated
from the FN plots for the lateral tube was around 50 times
larger than in the case of un upright tube, while field
enhancement factors were found to be similar, i.e. 400 in case
of the upright tube and 415 for the lateral one. The results
were in good agreement with electrostatic finite element
method simulations using COMSOL.!" As expected from the
geometry, a much larger value S for the emission area is
obtained for the lateral nanowire (S=5.5-10""2 cm?) compared

0
0 50 100 150

voltajge VLim (V)

current | (A)

(c) lateral
EE 10'7 " vertical
& 107
5
(& 10—11 L
[ ]
10-13 b
0 250

500

750 1000

voltage (V)

Figure 5. (adopted from Ref. 15): MoS, nanotubes with diameter around 100 nm mounted on As-doped n-Si columns: (a) vertical orientation
with regard to the substrate; (b) parallel orientation; (c) current-voltage characteristics of the field emission from the vertical (red squares)
and lateral (blue circles) MoS, nanotubes and regression curves using the FN-model for field emission of electrons (solid lines). The
regression curve for the lateral nanotube (blue solid line) perfectly fits the measurement data, whereas in the vertical arrangement, a strong
deviation occurs at higher voltages (red solid line). In the inset the extracted characteristics for a current limiting circuit for the vertical MoS,

nanotube emitter is depicted.
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to the vertical nanowire (S=10-10"" cm?). However, due to
the surface texture, emission is not expected to be uniform
over the entire surface, but rather from individual sharp-edged
structures located at the end (vertical nanowire) or on the
surface (lateral nanowire).

Finally, both samples were operated constantly at a voltage
of 1000 V for one hour and the value of the emission current
over time was measured in each case. The upper and lower
5% of the measured values were neglected for the calculation
of the mean emission current I, and the relative deviation.
For the vertical nanotube, a value of 0.6 pA £46 % was found
for the 1., The lateral MoS, nanotube shows a comparable
deviation value of about +29%, however, for a approx. 10
times higher I, of 5.1 pA. The actual current fluctuations
with constant voltage are too high for most practical
applications. In previous works we presented circuits, which
lead to a stabilization of the emission current (< 0.01 %) by an
n-channel MOSFETP! or by a high voltage power amplifier
driven by a proportional-integral controller."” This method of
stabilizing the emission current may also be used for these
types of emitters. For the vertical MoS, nanotubes, a negative
current drift in the range of tens of nA/h was noticeable which
indicates a continuous degradation of the vertical emitters with
time. While the emission current of the vertical emitter
decreased with time, an increase in the emission current for
the lateral emitter with a value of Aly;; of about 2 pA/h was
observed. Although individual emission centres on the lateral
nanowire surface may degrade with time, the emission from
the lateral surface as a whole actually effectively increases
with increasing operating time. Thus, despite the emission
current being about an order of magnitude higher at the same
voltage, the lateral emitter exhibits less degradation compared
to the vertical emitter. Since the lifetime of the emitter plays a
very important role for practical applications, the lateral
geometry seems to be superior to the vertical arrangement.

4. Future Perspectives

Curved MoS, structures prepared at high temperatures in a
long process for several weeks, which runs nearly at chemical
equilibrium, are distinguished by low density of structural
defects and a high aspect ratio. While a variety of allotropes
were observed and structurally described, only a few of them
were already investigated in details with regard to their
physical properties. As an example, MoS, ribbons were
studied only with respect to their vibration and gate controlled
transport properties. The interface between both collapsed
walls represents a unique 2D mirror plane composed of
mutually rotated crystal blocks and sided by semi-spherical
part-tubes at their edges. Such a structure guarantees a high
anisotropy in transport properties. Theoretical descriptions of
the energy level structure of MoS, microtubes, which
spontaneously crystallize in metastable rhombohedral (3R)
stacking®?"! are still missing. Another unexplored field are
MoS, tubular structures with chiral growth, which due to
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transport anisotropy could under current induction form a
magnetic field in this otherwise diamagnetic compound. The
strong confinement of a MoS, nanotube as a quantum dot
brings the regime of single-level quantum transport at low
temperatures within reach. Strong spin-orbit interaction and
spin splitting in the conduction band may lead to novel
electronic shell structures, e.g., displaying threefold degener-
acy and a spinless triple quantum Kondo effect SU(3).P
Furthermore, the topological properties in particular in
interaction with superconductivity are of high interest. Besides
pure MoS, structures, noble-metals alloyed MoS, tubes also
exist. It was reported that Au and Ag suppress chirality of the
tubes and cause simultaneous growth of zigzag and arm-chair
structures inside a single nanotube.” Physical properties of
such alloyed or doped MoS, curved structures wait to be
explored. The full potential of optical resonators based on
MoS, micro- and nanotubes has not yet been revealed,
although they possess such unique properties as subwave-
length dimension, light polarization, superior optical confine-
ment in the tube walls, and the possibility of polariton
formation. Research in this direction may open up the
possibility of using these MoS, tubes for nanophotonics, for
creating lasers and polarization-sensitive sensors. The same
applies to the prospects for using MoS, tubular structures in
nanoelectronics as miniature transistors and field emitters.
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