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Abstract — The use of new materials with advanced
properties has become mandatory to meet the needs
for higher electronics performance at reduced power.
Topological insulators (TIs) possess highly conductive
topologically protected edge states which are insensitive
to scattering and thus suitable for energy-efficient highspeed devices. Here, we evaluate the subband structure in a
narrow nanoribbon of 1T molybdenum disulphide using an
effective k·p Hamiltonian. Highly conductive topologically
protected edge modes whose energies lie within the bulk
band gap are investigated on equal footing with traditional
electron and hole subbands. Due to the interaction between
the edge modes at opposite sides, a small gap in their
linear spectrum opens up in a narrow nanoribbon. This
gap is shown to sharply increase with the perpendicular
out-of-plane electric field, in contrast to the behavior in a
wide nanoribbon with negligible edge modes’ interaction.
This increase leads to a rapid decrease in the ballistic
nanoribbon conductance and current with the electric field,
which can be used for designing molybdenum disulphide
nanoribbon-based current switches.
Index Terms — Ballistic conductance, k. p Hamiltonian,
nanoribbons, subbands, topological insulators (TIs),
topologically protected edge states.

I. I NTRODUCTION
HE 2-D materials yield the best electrostatic channel
control and are suitable for achieving ultimately scaled
field-effect transistors. However, defect levels are far too
high [1] resulting in a carrier mobility which is too low
for reliable devices. To boost the ON-current, an appropriate
switching mechanism must be devised. Topological insulators
(TIs) belong to a new class of materials characterized by
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highly conductive edge states that lie in the forbidden band
gap of the bulk insulating material. These so-called edge states
are topologically protected by time-reversal symmetry, which
results in electron propagation without backscattering. A plausible option to control the current efficiently in a 2-D TI is to
modulate scattering by moving the Fermi level into and out of
the bulk bandgap [2]. If the Fermi level lies in the gap, the electrons propagate solely through the topologically protected edge
without backscattering (ON-state). In contrast, the electrons
from the edge states can scatter and backscatter strongly
through the bulk states if the Fermi level moves out the
bandgap and lies in the bulk conduction or valence band. The
scattering suppresses the edge states’ current by more than two
orders of magnitude compared with the ON-state, thus paving
the way to build an imperfect 2-D TI field-effect transistor [2].
Applying an electric field, E z , orthogonal to a MoS2 sheet
in the topologically insulating 1T phase offers a knob to
manipulate the bulk spin-orbit gap. With increasing field,
the gap can be reduced, closed, and reopened again [3].
After reopening, the material becomes a normal dielectric,
and topologically protected edge states are forbidden to exist.
The ability to modulate the gap and its nature by applying an
external electric field opens an alternative and complementary
path to control the current flow with the gate voltage by
efficiently eliminating the current carrying topologically
protected states in the gap [4].
To enhance the ON-current carried by the edge states, it is
beneficial to have many edges by stacking several, preferably
narrower nanoribbons to decrease the transistor’s footprint.
However, it is not clear whether the gap between the bulk
bands is going to close with the increasing electric field,
as quantum confinement results in a wider gap. As the gap
between the normal subbands does not close at any electric
field, it is even less clear what is going to happen to the
topologically protected edge modes and whether the electric
current carried by the edge modes can be manipulated by
applying a perpendicular electric field.
In this article, we evaluate the subband structure in a narrow
nanoribbon of 1T -MoS2 TI as a function of the orthogonal
electric field using an effective k·p Hamiltonian [3]. We find
that a small gap in the spectrum of the edge states opens
at k x = 0 and we show that it increases with an applied
electric field. The gap in the edge states is due to an interaction
between the states located at the opposite edges of a narrow
nanoribbon [5]. In contrast to a wide nanoribbon, it leads to
a rapid decrease in the edge states’ ballistic conductance with
increasing electric field, which is promising for switching.
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II. M ETHOD

A. Effective Hamiltonian
The inverted band structure of the 2-D MoS2 in a 1T phase
is well-described by the parabolic dispersion relations
2
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where k = (k x , k y ) is the wave vector, E p (k x , k y ) and
E d (k x , k y ) refer to the valence and conduction bands, respecd( p)
tively, and m y(x) denote the effective masses [3]. The bands
intersect at ky = ±k0 , where


 4δ m dy m yp
k0 =  2 d
.
(3)
 m y + m yp
Without taking the spin–orbit interaction into account,
the material is a semimetal provided that the Fermi level
crosses the intersection points. The spin–orbit interaction
makes the conduction and the valence bands interact with
each other, which opens gaps around the intersection points
at ky = ± k0 . The effective Hamiltonian H is written
as [3] and (4), as shown at the bottom of the page.
Here, v 1(2) are the velocities defining the strength of the
spin–orbit interaction and α E z describes the additional Rashba
splitting between the bands due to the perpendicular electric
field E z [3], [4]. We use the constant values from [3] parameterized to discrete Fourier transform (DFT) calculations.
Hence, the k·p Hamiltonian (4) reproduces the bulk electronic
structure well. It gives a good quantitative agreement in the
band gap and the inverted band gap [3]. The spin–orbit
interaction described by the off-diagonal terms opens a gap at
the intersection of the valence and conduction at ky = ± k0
(Fig. 1, solid lines). The perpendicular electric field Ez reduces
the gap at ky = k0, closes the gap at Ez = E0 = v2 k0 /α
(Fig. 1, dotted lines), and reopens it again for Ez > E0
(Fig. 1, dashed lines) [3].
It is convenient to perform a canonical transformation of
the Hamiltonian (4)
H  (k) = C−1 HC
by means of a unitary matrix C.
⎛
⎞
0 1 0
1
⎜
⎟
− 1⎟
1 ⎜0 1 0
⎟.
C= √ ⎜
0 ⎟
2⎜
⎝1 0 1
⎠
1 0 −1 0

(5)
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Fig. 1. Bulk energy dispersion in 1T z-MoS2 2-D material, kx = 0. The
gaps at ky = k0 in the inverted band structure at Ez = 0 (solid lines)
are visible. Increasing the electric field to Ez = α-1 v2 closes the gap
(dotted lines) and reopens it again as a direct gap (Ez = 2 α-1 v2 , dotteddashed lines).

After the unitary transformation, the Hamiltonian H  is in
the block-diagonal form

H (k)
0
(7)
H =
0
H + (−k)
where (Z + ) stands for a conjugate transpose matrix Z . The
possibility to express the Hamiltonian in the form (7) is a
consequence of the time-reversal symmetry.
The 2 × 2 Hamiltonian reads
⎞
⎛
1
2 m
2 m
ν2 k y − α E z + i ν1 k x ⎟
⎜ 2 − k y m yp − k x m xp
⎟
H (k) = ⎜
m
m ⎠ (8)
1
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2
my
mx
where energy is in units of E 0 = 2 δ, the wave vectors
p
p
k = (k x , k y ) are in units of k0 , m = ((m dy m y )/(m dy + m y )),
and ν1(2) are the dimensionless velocities. The spin-down wave
function ↓ (k x , y) of the lower 2 × 2 block H (−k) of the
Hamiltonian can be easily found from the spin-up solution for
the upper block by the time-reversal transformation ↓ (kx ,
y) = −i σ y ↑ (k x , y) [5], where σ y is the Pauli matrix.
We therefore only focus on the 2 × 2 block Hamiltonian H (k).

B. Subbands and Ballistic Conductance
Let us consider a nanoribbon with a width d along the
OY axis. Only quantized energies E n corresponding to the
1-D subbands are allowed. In addition, it is expected that at
E z = 0, two topologically protected highly conductive edge
states localized at the opposite edges of a nanoribbon exist at
an energy E within the inverted gap opened by the spin–orbit
interaction at ky = ± k0 .
To find the subband energy E n at a fixed momentum k x
along a nanoribbon, we first determine the values of the
momentum k y = k j along the quantization axis OY satisfying



⎞
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E p kx , k y
0
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0
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Fig. 2. Subbands in a nanoribbon of the width d = 40/k0 . Ez = 0.
The subbands with almost linear dispersions corresponding to the
topologically protected edge state are clearly seen.

4689

Fig. 3. Subband energies at αEz = v2 k0 , when the gap at ky = k0 is
closed; see Fig. 1, dotted lines.

the bulk dispersion relation in a E n = E(k x, k j ). It can be
deduced (Fig. 1) that there are four k j „ j = 1, . . ., 4, resolving
the dispersion at any fixed E n . Therefore, a general form of the
subband wave function ψkx (y) in the quantization OY direction
is written [6]

4
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where A j are constants. Because (9) must satisfy an eigenvalue
problem with the Hamiltonian (9)
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The subband energies E n are obtained by setting the wave
function to zero at both the edges. The characteristic equation
det(M) = 0

(11)

where the matrix M = (M1 M2 M3 M4 ) is composed of the
columns M j , j = 1, . . ., 4
⎞
⎛
 1 
⎟
⎜
a kj , E n 
⎟
Mj = ⎜
(12)
⎠
⎝
 exp i k j d

a k j , E n exp i k j d
is solved numerically, in complete analogy to the problem
of finding the eigenenergies and eigenfunctions of a 2-band
k·p Hamiltonian in silicon films [7].
The dispersions of several electron and hole subbands
are shown in Fig. 2. The width d of the nanoribbon along
the OY axis equals d = 40k0−1 = 28.86 nm. The lowest
electron/topmost hole subbands possess a linear dispersion.
This distinguishes the subbands from traditional subbands in
silicon films. The energies of these subbands lie in the bulk
band gap (Fig. 1, solid lines). The subbands correspond to the
topologically protected edge modes as their wave functions
are localized at the edges.
A close inspection reveals that a small gap has opened at
k x = 0 reflecting the fact that the topological states located
at the two opposite edges of the nanoribbon start interacting
at k x ≈ 0 [5]. At larger k x , the coupling between the edge

Fig. 4. Dependence of electron (hole) subband minima (maxima) on the
electric field Ez for the first three subbands. In contrast to the bulk case,
the gap never closes and keeps increasing with Ez .

states becomes insignificant since the edge states located at
the opposite edges propagate in the opposite directions [8].
Fig. 3 shows the subbands’ dispersions at an electric field
of E z ≈ v2 k0 /α. The gap between the bulk bands would be
closed at this field value in an infinitely large system (Fig. 1).
However, in contrast to the bulk dispersion, the splitting
between the lowest electron and topmost hole subbands in
a narrow nanoribbon remains finite and actually increases
compared with the case without electric field. The splitting
becomes even larger at higher electric fields. As the gap
between the lowest electron/topmost hole subbands grows
with the electric field, their dispersion changes from linear
to quadratic behavior across a broader interval of k x .
Let us define the “bulk” gap in a nanoribbon of a finite
width as the gap between the first traditional, nontopological
electron, and hole subbands. Obviously, the gap does not
close at E z = v2 k0 /α (Fig. 3) and keeps increasing for
larger electric fields. Fig. 4 shows the dependence of the
electron (hole) subband minima (maxima) E ne(h) on the electric
field E z . In agreement with the dispersion relations for a
2-D sheet (Fig. 1), the “bulk” gap in a nanoribbon shows
signs of a reduction with E z (Fig. 4) until the field reaches
E z ≈ 0.7v2 k0 /α, after which the trend is inversed and the
“bulk” gap starts increasing. This value is lower than the value
E z < v2 k0 /α corresponding to the bands’ inversion in the
bulk (Fig. 1).
An increase in the gaps between the edge-like and traditional subbands in a nanoribbon as a function of the perpendicular electric field is reflected as a rapid decrease in
the nanoribbon ballistic conductance shown in Fig. 5 (circles)
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Fig. 5. Ballistic conductance (diamonds) of a 1T -MoS2 nanoribbon,
with the contributions from the edge states (squares) and the bulk-like
subbands (circles).

computed as

⎤
⎡
1
2e2 
1
⎦ (13)
⎣


 e

+
G=
E −E
E −E h
h i
exp ik B T F + 1 exp Fk B T i + 1

where T is the temperature and E F is the Fermi energy.
Although the edge-like subbands dominate the conductance
G (Fig. 5), the two lowest (topmost) electron (hole) bulk-like
contribute 30% of the ballistic conductance. However, all the
contributions to the total conductance G rapidly decrease as a
function of E z (Fig. 5).
III. D ISCUSSION : B ENEFITS AND
P OTENTIAL R EALIZATION
The use of topologically protected edge states propagating
without backscattering increases the ON-current when compared with a field-effect transistor with a 2-D channel [2], [3].
An ON - OFF ratio of two hundred is achieved by turning
scattering on, if the Fermi level moves from the TI’s gap
into the conduction band. However, the ballistic conductance
increases, when the Fermi level lies in the conduction ban as
the number of transverse modes at the Fermi level is high.
Turning scattering on is achieved by changing the material
from a TI to a normal dielectric without topological modes
by means of an orthogonal electric field [3]. The Fermi level
remains in the gap which guarantees a smaller OFF-current
when compared with [2], if the bulk conductance is suppressed
by scattering [4]. As the TI gap first decreases with the field,
the conduction and valence bands get closer to the Fermi
level, so the ballistic conductance first increases before it
starts decreasing after the field-induced transition to the normal
dielectric.
As the ON-current is determined by the number of topological modes, using nanoribbon devices allows making the
channel narrower while maintaining the same ON-current.
Alternatively, by placing several nanoribbons next to each
other, one can boost the current and the current density in
the ON-state when compared with a single wide nanoribbon.
In addition, in a nanoribbon the gap between the bulk subbands never closes, which further decreases their contribution
to transport when compared with the 2-D sample. As the
gap between the edge states opens and grows, the ballistic
conductance always decreases with the field, in contrast to [3]
and [4]. After realistic scattering is included, we expect that the
OFF -current becomes even smaller than in a wide nanoribbon.

Therefore, the ON - OFF ratio from several hundred to thousand
sufficient for practical applications can be achieved in a TI
nanoribbon-based transistor after scattering is incorporated.
Concerning device fabrication perspectives, several nanoribbons of MoS2 separated by a (few) monolayer(s) hBN,
a 2-D wide bandgap dielectric can be vertically stacked [3]
using modern assembly techniques of 2-D materials [9]. The
voltage difference is applied to the top and the bottom electrodes [3]. As molecular-beam epitaxy (MBE) growth of the
isolated 1T MoS2 nanocrystals on a Au is now available [10],
such devices could be fabricated in the near future.
IV. C ONCLUSION
The subband structure in a narrow nanoribbon of 1T molybdenum disulphide as a function out-of-plane electric field
was evaluated using the effective four-band k·p Hamiltonian.
It is shown that by an appropriate unitary transformation,
the Hamiltonian can be recast in a convenient block-diagonal
form used to describe TIs. In contrast to the behavior in a wide
nanoribbon where the bulk gap closes at a certain field value
and becomes direct at higher values of the electric field, the
gap between the traditional lowest electron and highest hole
subbands never closes and increases with the perpendicular
electric field. The edge modes’ gap increases rapidly with the
perpendicular electric field resulting in a substantial decrease
in the contribution due to the edge modes in the ballistic
conductance. As the total ballistic conductance decreases substantially, varying the electric field is an attractive option for
designing molybdenum disulphide nanoribbon-based current
switches with an improved ON-current and an enhanced ON OFF ratio.
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