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Abstract

Transition-metal dichalcogenides (TMDCs) have recently attracted a huge interna-
tional research focus from the point of two-dimensional (2D) materials. These materials
also exist as nanotubes, however, they have been mostly studied for their lubricant prop-
erties. Despite their interesting electronic properties, that are quite similar to their 2D
counterparts, these TMDC nanotubes remain much less explored. Like in 2D materials,
the electronic properties of nanotubes can be strongly modulated by external means,
such as strain or electric field. Here, we report on the effect of external electric fields
on the electronic properties of MoSy and WSo nanotubes, using density functional the-
ory. We show that the electric field induces a strong polarization in these nanotubes,
what results in a nearly linear decrease of the band gaps with the field strength and
eventually in a semiconductor-metal transition. In particular for large tube diameters,

this transition can occur for field strengths between 1-2 V-nm™!.

This is an order of
magnitude weaker than fields required to close the band gaps in the corresponding 2D
mono- and bilayers of transition-metal dichalcogenides. We also observe splittings of
the degenerate valence and conduction band states due to the Stark effect. Accordingly,
such nanotubes could be used in nanoelectronics as logical switches, even at moderate

field strengths that can be achieved experimentally, for example, by applying a gate

voltage.

Keywords

Transition-metal dichalcogenides, nanotubes, electric field, ab initio calculations

Introduction

Molybdenum and tungsten disulfide (MoS,; and WS,) nanotubes (N'Ts) are one of the first

synthesized and characterized tubular transition-metal dichalcogenides (TMDC)'? in the
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early 1990’s. TMDC-NTs can be thought of as cylindrical forms of their 2D layered counter-
parts. Similar to carbon, TMDC-NTs can be found in different chiralities, the most common
being zigzag and armchair, however, chiralities in between also exist. Such N'Ts are generally
synthesized as multi-wall (MW) nanotubes, but theoretical investigations of their properties
are most commonly performed on single-wall (SW) NT models. Depending on the chiral-
ity, SW TMDC-NTs are semiconductors with direct and indirect band gaps for zigzag and
armchair NTs, respectively.®* The band gap size of TMDC-NTs ranges between those of the
bulk and monolayered forms, increasing with the tube diameter.3*

For more than two decades, these inorganic nanotubes have mainly been investigated

156 and mechanical properties.5'* It has been shown that WS,-NTs are

for their tribologica
resistant to shock waves” and exhibit ultrahigh strength and elasticity under uniaxial tensile
strain, with nearly linear strain-stress relation, up to the rupture point at about 10% strain. '°
We have recently shown that tensile strain modulates the electronic and transport properties
of TMDC-NTs in a similar way as in the case of the corresponding 2D materials.'® However,
the transition from semiconducting to metallic character can be achieved only at very large
strain values, close to the rapture of the material.'*»'* We have also shown that Raman
spectroscopy is suitable for monitoring the strain of individual tubes in the MW NTs.!3
Other applications of TMDC-NTs have also been suggested, for example, as scanning probe
tips,'® catalysts, ¢ reinforcements for composite materials,'” photo-transistors,'® storage or
host materials. %20

Albeit the interesting properties of TMDC-NTs, studies of their applications in the field
of electronics remain insufficient in contrast to their layered 2D counterparts, which have
been intensively explored in the recent years.?' 2" Of particular interest, the effect of ex-
ternal electric field yield significant modifications on the electronic and optical properties
of 2D TMDCs.?% 3% Similar findings are also shown for some nanotubular materials, includ-

ing carbon NTs,3™*2 boron-nitride NTs,*34* and zinc-oxide NTs.*® However, the effect of

the applied electric field on the properties of TMDC-NTs is still a subject to be addressed.
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We believe that only Wang and coworkers“® examined the influence of a transverse electric
field on the structural and electronic properties of MoS,; NTs. They showed that the band
gap of the MoS, linearly decreases with the increase of the electric field strength, resulting
in the semiconductor-metal transition for specific field magnitudes. Moreover, they found
that the effective masses of the charge carriers could be modulated by varying the electric
field strengths.*® Therefore, it is intriguing to further investigate the peculiar properties of
these TMDC-NTs, particularly, for the control and the induced changes in their electronic
properties by means external fields.

In this work, we examine the response of zigzag and armchair MoS; and WSy N'Ts to the
external perpendicular electric field using density functional theory. We show that the band
gaps of these materials drastically reduce, even for weak electric fields, and the transition
from semiconductor to metal is rapidly attained for larger-diameter N'Ts. In the armchair
NTs, the polarization is found to be higher than the zigzag NTs and it increases with tube
diameter, which explains the quicker band-gap closure for these tubes. We also observe the
splitting of the degenerate band states close to the Fermi level due to the Stark effect in both
zigzag and armchair N'Ts. These properties suggest TMD-NTs as promising materials in the

applications of switchable nanoelectronics, even better than their 2D layered counterparts.

Methods

We have investigated single-walled MoS; and WS, nanotubes with the (n,0) zigzag and (n,n)
armchair chiralities for three selected diameter sizes (n = 18, 21, and 24) under external elec-
tric field, perpendicular to the tube axis (see Figure 1). All structures were fully optimized
(atomic positions and lattice vectors) using density functional theory as implemented in the
ADF-BAND software. ™% The maximum gradient threshold for geometry optimization was
set to 107 hartree A~1,

The PBE® exchange-correlation functional was used together with the valence triple-
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Figure 1: Atomic structure of TS, nanotubes (T - Mo, W;) in the perpendicular external
electric field (). Side and top views are shown together with the lattice vectors and the unit
cell (dashed rectangle). The transition-metal atoms are shown in blue and the sulfide atoms
in yellow. This is an example of a zigzag type NT.

zeta polarized (TZP) basis sets composed of Slater-type and numerical orbitals with a small
frozen core. Relativistic effects were taken into account by employing the scalar Zero Order
Regular Approximation (ZORA).5° The k-space integration was done with the 1D variant
of the quadratic Wiesenekker-Baerends scheme,5! its k-space integration being set to 5, to
ensure the convergence of the results.

A perturbation by means of a homogeneous external electric field was applied perpen-
dicularly to the tube axis (of the relaxed geometries). The electric field strength was varied
in the range of 0.0-4.0 V nm~!. Tt is important to mention that we have not observed any
geometry changes, when optimizing the systems in the presence of the electric field, for the
field strengths employed in this work. On the other hand, it has been shown by Wang et
al.® that for larger field strengths the geometry may be altered, resulting in an oval rather
than circular geometries (in the cross-section of the tubes). In our work, we have applied
fields much weaker than Wang et al.*® to keep the geometries fairly unchanged.

Due to very large unit cells and, therefore, very expensive simulations, we have not taken
into account the spin-orbit coupling in the electronic structure simulations. Therefore, the
employed approach shows purely the electric-field-induced Stark effect in the band structures
of TMDC-NTs.
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Results Discussion

We have calculated the influence of the external perpendicular electric field on the band gap
size and character in TMDC-NTs. Figure 2 shows the band gap evolution in (n,0) and (n,n)
MoSs and WS, NTs as function of the field strength. All studied TMDC-NTs are semicon-
ductors with band gaps (A) ranging from about 1 eV for (18,0) MoSy NT to about 2 eV
for (24,24) WS, NT. This is in a good agreement with previous theoretical calculations.?*
The band gap is, however, easily modulated by the electric field: we observe that A scales
nearly linearly with the applied field, for the field strengths used in the present simulations.
The (n,n) armchair NTs are more sensitive to the electric field and their band gaps close

already for the field strength smaller than 2 V nm™!

, even though at the equilibrium, in
the absence of the field, they have the largest As. The corresponding zigzag NTs require
about 1 V nm™! higher fields (about twice as the armchair NTs) to undergo the transition

from semiconductors to metals. Moreover, the larger the diameter, the faster the band gap

closure for both zigzag and armchair N'Ts.

T
MoS2

151 115
% 1.0 141.0
~—~
<

051 105

0.0 ‘ ‘ 0.0

0 1 2 3 4

Figure 2: Band gap (A) evolution in the (n,0) and (n,n) MoSs and WS, NTs as function of
the external perpendicular electric field (g).

It is important to mention that the transition to the metallic state in TMDC-NTs occurs
at the field values one order of magnitude smaller than for the corresponding 2D monolayers®?

and 4-10 times smaller than for the bilayers.*® We can conclude that N'Ts are more promising
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building blocks for applications in switchable nanoelectronics than the corresponding layered
systems.

In this study, we have focused on the single-walled N'Ts, however, inorganic N'Ts are often
synthesized as multi-walled N'Ts. The electronic properties of these materials are expected
to change even more drastically under the external electric field, similar to the correspond-
ing multi-layered 2D TMDCs. Others and us have recently reported that TMDC bilayers
undergo the semiconductor-metal transition for field strengths of 12-15 V nm™!, 3-5 times
(depending on the stoichiometry) significantly smaller than required for the monolayers. 2830
Moreover our unpublished research showed that for more layers (3-5 layers), this critical field
further reduced with the number of layers.

The investigated NTs have large diameters, therefore, it is important to represent the
change of the band gap as a drop of the potential (see Figure 3). The drop of the potential
(U) is calculated as the electric field strength divided by the tube diameter, a value, which
can be directly accessed experimentally. Our results show that potentials of 5.5-8.5 V and
6.0-9.5 V are needed to close the band gaps of MoS; and WS, N'Ts, respectively. Similar to

the trends shown in Figure 2, armchair nanotubes with larger diameters are more sensitive

and require less potential than zigzag nanotubes to undergo the transition to the metallic

character.
T T T
WS
i 2 115
S S 41.0
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Figure 3: Band gap (A) evolution in the (n,0) and (n,n) MoS; and WS, nanotubes as
function of the drop of the potential (U).
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The applied perpendicular electric fields induce dipole moments perpendicular to the
tube axis (see Figure 4). These induced dipole moments (u) increase linearly with the field
strength, similar to the 2D materials,**5? however, in the case of NTs, the values are an
order of magnitude larger. The polarization of the N'Ts is higher for armchair systems and
increases with the tube diameter, what explains the quicker band-gap closure for these tubes.
These results are expected, because the charge separation increases with the tube diameter,
resulting in increased p. Therefore, we can conclude that the band gaps of large-diameter

TMDC-NTs can be tuned more easily using already weak electric fields.

80[ T T T T T T | |] T T T T T T T 80
70 MOSQ o (18,0) ,d=~19A WS 470
44 (210) ,d=22A
60 +—+(24,0) ,d=~25A -60
- e (18,18),d =32 A
1 S0F 44 (21,21),d=37A 150
0O 4oL +—+ (24,24),d ~ 42 A 140
~—~
= 30} 4+ 130
20+ 4 F —20
10} 4k 110
0_ | . | | | | | O
0 1 2 3 4 5 6 7 8 9 10 O 1 2 3 4 5 6 7 8 9 10

U/ Volt

Figure 4: Dipole moments (u) in the (n,0) and (n,n) MoS,; and WS, nanotubes as function
of the external electric field (¢).

The band structures of TMDC-NTs in the presence of external electric fields are shown
in Figure 5 for the largest tube-diameters studied in this work, as examples. As discussed
in earlier works,®* the general trend in the absence of the electric field is that the zigzag
and armchair N'Ts are direct and indirect band-gap semiconductors, respectively. Before any
electric field is applied, the tubes are perfectly symmetric and, therefore, without spin-orbit
coupling, the valence band maximum (VBM) and the conduction band minimum (CBM)
are degenerate and no band splitting is observed. VBM and CBM of the zigzag N'Ts are
situated at the I' point, whereas for the armchair NTs they are situated at the I' and K

points (point at 2/3 between I" and X), respectively. Figure S1 shows the change in the
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band edge positions with respect to the applied electric field. The field shifts the VBM to
higher energies, while CBM lowers in energy, eventually converging to the same values for
both band edges at the critical field strengths, the point of the transition to the metallic
systems.

Under external electric field, the band gap character (direct or indirect) does not change
until the critical point. Moreover, the field induces splitting in both VBM and CBM of
armchair N'Ts. Since we have not taken into account any spin-orbit coupling in the present
study, the splitting is purely due to the so-called Stark effect, as a result of the applied
electric field. The splitting values (Asplit) are proportional to the field strength and the

maximum values at the critical points are shown in Table S1. The values of Ay ;¢ at I' and

spli
K generally decrease with the tube diameter. Similar trend is observed for the valence band

of zigzag N'Ts, with the VBM at I' point.

0.0Vnm" 25V nm’" 0.0V nm’ 12Vnm’

MoS

r Xr X r XTr X
(24,0) (24,24)

Figure 5: Band structures of (24,0) and (24,24) MoS; and WS, nanotubes at selected ex-
ternal electric fields: 0.0 V nm™! corresponding to no applied field, 2.5 and 1.2 V nm~!
corresponding to the critical electric fields, when the band gaps close for the zigzag and
armchair N'Ts, respectively.
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ES
e

The calculated effective masses of electrons (m?) and holes (m}) with respect to the
electric field are shown in Figure 6. In general, m} increase and mj decrease with the field
strength, meaning the electrons become heavier and holes become lighter. However, the
absolute values of both carriers are different by one order of magnitude, ranging between
0.3 and 0.6 mg for electrons and between 3.0 and 11.0 mg for holes. The holes are so heavy,
because the VBMs are flat and almost dispersionless in the vicinity of the I'" point. These
values are much larger than the corresponding numbers found in the TMDC 2D layered
systems. At the same time, owing to the strong dispersion in the conduction bands, the

electrons are very light, smaller than the corresponding values in 2D materials, both mono-

and bilayers.

2 2
055 - — 0.40
o
£ 050 ( 19A ~0.36
- 21, 22 A
¥ o ( 25 A
E o4 2121;3:222 N
,21),d = 37 _
+—+ (24,24), d = 42 A 0.32
0.40 | | | | | | | | |
T T T T T T T T T -3.0
40+ —
(=}
g 60 - F —-4.0
—
*c 80 —
= - +-5.0
-10.0 -
| | | | | | | | | | | | | | | | | | 6.0

01 2 3 45 6 7 8 9100 12 3 456 7 8 9 10
U/ Volt

Figure 6: Electron and hole effective masses in (n,0) and (n,n) MoS; and WS, nanotubes as
function of the external electric field.

At zero electric field, m? of MoS; NTs are by at least 0.1 mg larger than those of WS,
NTs. They change nearly linearly with the applied field for strengths above 0.5 V nm™!.
Because the TMDC-NTs have very heavy holes and very light electrons, they are promising
materials for ultra-short field effect transistors, as this feature would prevent the intra-band

tunneling. 185354
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Conclusions

We have studied the response of MoS, and WSy nanotubes to the external perpendicular
electric field, by means of density functional theory. We have shown that the potential gradi-
ents cause a linear reduction of the band gaps and an increase of the induced dipole moments,
what eventually results in a semiconductor-metal transition, at critical field strengths. The
polarization is found to be stronger for armchair N'Ts and tubes with larger diameters. Com-
pared to the corresponding 2D mono- and bilayer TMDCs, the critical fields necessary to
close the band gaps are by one order of magnitude smaller for the tubular systems, making
them more promising building blocks for applications in switchable nanoelectronics.

The band structure analysis shows that the indirect and direct band gap characters
are preserved under the applied electric fields until the band gap closure. Moreover, the
degeneracy of band edges is altered, a band splitting occurs, resulting in the so-called Stark
effect. This effect results also in the changes of the charge-carrier mobilities. The effective
masses of the electrons (holes) are in general small (large) for the range of field strengths
used in the present work. This leads to a conclusion that TMDC-NTs are very valuable

candidates for logical devices, especially at the ultra-short scale.

Notes
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