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Direct Band-to-Band Tunneling in Reverse Biased
MoS2 Nanoribbon p-n Junctions
Ram Krishna Ghosh and Santanu Mahapatra, Senior Member, IEEE

Abstract—We investigate the direct band-to-band tunneling
(BTBT) in a reverse biased molybdenum disulfide (MoS2 )
nanoribbon p-n junction by analyzing the complex band structure
obtained from semiempirical extended Hückel method under relaxed and strained conditions. It is demonstrated that the direct
BTBT is improbable in relaxed monolayer nanoribbon; however,
with the application of certain uniaxial tensile strain, the material
becomes favorable for it. On the other hand, the relaxed bilayer
nanoribbon is suitable for direct BTBT but becomes unfavorable
when the applied uniaxial tensile or compressive strain goes beyond a certain limit. Considering the Wentzel–Kramers–Brillouin
approximation, we evaluate the tunneling probability to estimate
the tunneling current for a small applied reverse bias. Reasonably
high tunneling current in the MoS2 nanoribbons shows that it
can take advantage over graphene nanoribbon in future tunnel
field-effect transistor applications.
Index Terms—Bandgap, band-to-band tunneling (BTBT), complex band structure, nanoribbon, strain.

I. I NTRODUCTION

T

HE TUNNEL field-effect transistor (TFET) has emerged
as a strong candidate for next-generation low-standbypower (LSTP) applications due to its sub-60-mV/dec subthreshold slope (SS) [1]–[4]. However, the large indirect energy
bandgap (∼1.12 eV) of silicon results in high value of “least
action integral” [5], and thus, it is difficult to achieve low SS
and high ON current from the conventional silicon TFETs. As a
result, alternative channel materials for TFET are being investigated, which might have lower value of “least action integral”
[3], [6] and do not require phonon assistance that reduces the
transmission rate in the tunneling process. After the discovery
of graphene, atomically thin layered materials have been found
to have great significance as alternate MOSFET channel materials due to their excellent electrostatic integrity, planar structure, and mechanical flexibility. Recent studies show that the
graphene nanoribbon (GNR) TFETs, having sub-10-nm channel width, can achieve much higher ION –IOFF ratio and much
smaller SS than the limit of MOSFET [7]. However, it has been
also observed that the bandgap of GNR decreases as its width
increases and approaches to zero when it goes beyond 5 nm
[8], [9]. Thus, the practical application of GNR as TFET
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Fig. 1. (a) Atomistic structure of relaxed MoS2 ANR (monolayer). The transport direction is along the z-direction. Color code: Green = Mo and yellow =
S. Energy band structure of (b) monolayer MoS2 ANR and (c) bilayer MoS2
ANR having 5-nm width using ATK builder which uses an extended Hückel
approach. (d) Plot of the energy bandgaps in relaxed monolayer and bilayer
MoS2 ANRs as a function of ribbon width.

channel material is questionable as the very small bandgap
might result in an increase of OFF-state leakage, which is a
major concern for LSTP applications.
As an alternative to graphene, recently, layered transitionmetal dichalcogenide materials, particularly MoS2 , has attracted much attention for its application in nanoscale MOSFET
channel material [10]–[12]. Monolayer MoS2 has a direct band
(∼1.8 eV), whereas with the increase of layers, the bandgap
becomes indirect and reduces to 1.23 eV in its bulk crystal form
[13], [14]. The layered MoS2 nanoribbons can be constructed
then by cutting from these MoS2 layers with the desired
width (W ) and edge priority. It is demonstrated that the MoS2
nanoribbons having an armchair edge (MoS2 ANRs) [Fig. 1(a)]
are semiconducting and nonmagnetic in nature, whereas the
zigzag edges (MoS2 ZNRs) exhibit metallic and magnetic
nature [15]–[17]. It is also found that the bandgap (Eg ) of
intrinsic MoS2 ANR is a direct one and much smaller than the
MoS2 sheet due to the presence of strongly localized quasi-1-D
states at the edges [Fig. 1(b) and (c)]. It has been seen that this
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bandgap starts oscillating for very thin ribbons (within 3-nm
width) and it converges to 0.54 eV when W increases to a larger
dimension [Fig. 1(d)]. In multilayer nanoribbons, even a weaker
interlayer interaction plays a crucial role, and the saturated direct bandgap value decreases monotonically with the increasing
number of layers, as can be seen in Fig. 1(d)[17]. Therefore,
to reduce the effective tunneling barrier height by replacing
the Si with a smaller bandgap material, MoS2 ANR can be
more useful as an alternative TFET material than MoS2 layered
sheets.
In this work, we explore the band-to-band tunneling (BTBT)
in monolayer and bilayer MoS2 nanoribbon reverse biased pn junctions by considering the complex dispersion relationship
within the bandgap region. These complex band structure calculations have been evaluated by using the Atomistix ToolKit
(ATK) which uses a semiempirical approach by taking the
extended Hückel method [18]. Furthermore, the elastic uniaxial
strain effect on this BTBT has also been investigated. The
present work can be put forward to analyze the performance
of MoS2 TFET by taking into account the gate electric field
appropriately.
II. T HEORETICAL A PPROACH , R ESULTS AND D ISCUSSIONS
During the BTBT process, when a carrier tunnels through a
bandgap region, physically, it transits in an evanescent mode,
and its wave vector becomes imaginary within this forbidden
gap. Recently, this complex band theory has been successfully
applied in the modeling of tunneling devices [19], [20]. In this
work, the complex band structure calculations of geometrically
optimized MoS2 ANRs have been carried out by using the ATK
simulator. Our computations are based on the semiempirical
extended Hückel method instead of the usual density-functional
theory (DFT) method [21]. This has been used due to two
main reasons: First, it is well known that the DFT calculation
does not provide a good estimation of the energy bandgap, and
second, the extended Hückel approach is computationally more
efficient and provides good convergence. The Hückel basis set
used for the computations included Cerda molybdenum [22]
and Hoffman sulfur having vacuum energy levels of −5.1942
and 0 eV, respectively, with a Wolfsberg weighting scheme. The
tolerance parameter was 10−5 with maximum steps of 200, and
a Pulay mixer algorithm [23] was used as the iteration control
parameter. In addition, the k-point sampling of 1 × 1 × 51 grid
was used with a mesh cutoff energy of 10 Hartree. In all computations, we have strictly maintained the same aforementioned
control parameters. The spin-polarized calculations along with
the spin-unpolarized ones are also carried out on both unstrained and geometrically optimized MoS2 ANRs and MoS2
ZNRs to authenticate for a good agreement with the previous
theoretical investigations for real band structures [15]–[17].
Recently, strain engineering has become a convenient procedure to modulate the transport properties of a material and has
successfully been employed in the semiconductor industry to
improve the carrier mobility in the devices [24], [25]. The strain
has a great influence on the electronic band structure properties
of materials, although it is rare to achieve large elastic strain
for bulk materials because of the fracture issues; on the other

Fig. 2. Complex bands within the forbidden gap (Eg ) of 5-nm-wide monolayer MoS2 ANRs under different elastic uniaxial strains (ε). “+” and “−”
represent the tensile and compressive strains, respectively.

hand, in layered systems like graphene, high strain can also
be achievable, as demonstrated in experiments [26], [27]. In
order to explore the elastic strain effect in our study, the strain
is applied on the optimized structures of MoS2 ANRs along
the axial z-direction while the other two directions are allowed
to be relaxed at that strain. This uniaxial strain is given by
scaling the lattice constant of the MoS2 ANRs by an amount
ε = a − a0 /a0 , where a0 and a are the lattice constants for
the unit cell of the unstrained MoS2 ANR and strained MoS2
ANR, respectively. It should be noted that, due to the fracture
and plasticity issues, we can extend the applied strain up to
ε = ±11% for the monolayers, while for bilayers, it is up to
±9% achievable, where ± represents the uniaxial tensile and
compressive strain, respectively. The band structure calculation
shows that, within these applied strains, the MoS2 ANRs remain always semiconducting and nonmagnetic in nature.
It should be noted that the interband tunneling probability
(TBTBT ) depends on the minimum area that is enclosed by
the complex band which connects the valence band edge to the
conduction band edge [19], [20], [28], [29]. Figs. 2 and 3 show
the complex bands within the bandgap regions of 5-nm-width
monolayer and bilayer MoS2 ANRs, respectively, for different
strain conditions. For the clarity of the band structures, only
few bands are presented here. It should be noted that, in the
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Fig. 4. Variation of energy bandgaps of monolayer and bilayer MoS2 ANRs
under uniaxial tensile and compressive strains.

Fig. 3. Complex bands within the forbidden gap (Eg ) of 5-nm-wide bilayer
MoS2 ANRs under different elastic uniaxial strains (ε). “+” and “−” represent
the tensile and compressive strains, respectively.

case of direct bandgap semiconductors, when the complex band
that starts from the top of the valence band “wraps” itself to
the bottom of the conduction band, constituting one continuous
band, then only the direct BTBT will take place. On the other
hand, when the band that starts from the valence band edge does
not end up at the conduction band edge but rather “crosses”
with the band starting from the conduction band edge, then
in the tunneling process, the electron starts to travel along
this holelike path and then flips over to the electron-like path
after the transition point. This type of feature in the complex
band structure requires the inclusion of phonon exchange to
ensure the momentum conservation [19]. Thus, this phonon
assistance reduces the transmission rate (and, hence, the TFET
performance) quite significantly [19], [30]. It is also observed
that, in the case of small-bandgap materials, if the energy difference between the direct and indirect bandgaps is quite small,
then the transmission probability for direct bandgap transitions
dominates over the probability for indirect bandgap transitions
[29], [31]. However, since MoS2 ANRs have a relatively lesser
direct bandgap, BTBT probability is reasonably higher than the
conventional semiconducting channel materials.
From Fig. 2(b), one can find that, in the case of relaxed monolayer MoS2 ANR, the complex band that starts from the top of
the valence band crosses with the band starting from the con-

duction band edge. Hence, in this situation, the transition will
need a phonon-assisting process. Now, if we provide a tensile
uniaxial strain along the transport direction, then it appears
from Fig. 2(c)–(f) that, at +1% strain, the complex band from
the top of the valence band starts wrapping itself rather than
crossing, and when the tensile strain increases above +1%,
the band becomes continuous and indicates that the tunneling
becomes direct. However, in the compressive strain region, the
bands always cross each other [Fig. 2(a)], and therefore, phonon
always be needed in the tunneling process. This scenario
changes when we move to bilayer MoS2 ANRs. Fig. 3(c) shows
that, in the relaxed condition, the complex band is characterized
by a continuous band that connects the highest valence subband
to the lowest conduction subband. However, under the strained
conditions, when the strain reaches +3% (tensile case) or −2%
(compressive case), then the imaginary bands mix with themselves, and the tunneling no longer remains direct [Fig. 3(d)–(f)
and Fig. 3(a) and (b)]. Therefore, the strain has great importance in the direct or phonon-assisted tunneling in the cases
of both monolayer and bilayer MoS2 ANRs. It also appears in
Fig. 4 that the bandgaps of both monolayer and bilayer MoS2
ANRs change significantly with the increase in the strain. For
monolayer, the bandgap at first decreases slowly up to +2%
strain, and then, when we increase the tensile strain further, the
bandgap decreases more rapidly. In the compressive zone, the
bandgap increases with a faster rate after the −2% strain in a
similar fashion. However, in the case of bilayer, the bandgap
decreases monotonically when we move from high compressive
region to high tensile region. Therefore, for both monolayer and
bilayer MoS2 ANRs, the corresponding tunneling barrier height
also decreases with the application of tensile strain. Hence, we
can say that such strain application on MoS2 ANRs will be an
encouraging technique to increase the BTBT current in TFET
applications.
Now, using the Wentzel–Kramers–Brillouin approximation,
the direct tunneling probability (i.e., without phonon assistance)
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Fig. 5. Schematic band diagram of BTBT in a reverse biased p+ -n+ MoS2 ANR junctions.

for the BTBT process can be approximated as [30], [32]
⎧
⎫
E
⎪
⎪
⎨ 2 g
⎬
ξI
k(E) dE ≡ exp −
TBTBT = exp −
⎪
⎪
eξ
ξ
⎩
⎭

(1)

0

where e is the electronic charge, ξ is the uniform electric field,
E = 0 is the valence band edge, E = Eg is the conduction
band edge, k(E) is the magnitude of the imaginary wave vector
with “least action for tunneling” within the forbidden gap, and
E
ξI = 2/e( 0 g k(E)dE) is basically the “least action integral”
which is an intrinsic property of the ANR. As a result, in any
applied electric field, controlled by a third terminal (the gate) in
TFET applications, TBTBT can be figured out instantly when
it is enumerated. The presence of relatively low bandgap in
bilayer MoS2 ANR shows that the value of ξI is quite less
than the monolayer, and therefore, the tunneling probability
becomes reasonably higher than the monolayer.
Now, we calculate the direct BTBT current (IBTBT ) in fieldinduced p+ -n+ MoS2 -ANR junctions. Here, we consider that,
in an electrostatically well-designed device, the Fermi level
is at the conduction band edge (Ec ) in the n-side and at the
valence band edge (Ev ) on the p-side at thermal equilibrium
(e.g., backward diode). Under this condition, a forward bias
cannot lead to current flow, and when a small reverse bias V
is applied, then it opens an energy window ΔE over which
the current flows, as shown in Fig. 5. We also consider that,
when the applied voltage is much smaller than the bandgap, the
resulting field due to the voltage is a small fraction of the builtin field at the junction of the MoS2 ANR whose length is much
larger than the width (at least ten times so that the longitudinal
momentum of carriers in the ribbon is quasi-continuous). In that
approximation, we can neglect the extra field which is justified
and makes the actual design of devices conceptually simpler.
Under these circumstances, the tunneling current can be then
written in the form [33]
IBTBT

gs gv e
=
h

ΔE
TBTBT {fv (E) − fc (E)} dE

(2)

0

in which h is Planck’s constant; gs and gv are the spin and valley degeneracies, respectively, and fv (E) = (1/(1 + exp(E −

Fig. 6. Tunneling current variation with bias voltages in (a) monolayer MoS2 ANR and (b) bilayer MoS2 -ANR p+ -n+ junctions for various strains and
electric fields at room temperature.

ΔE/kB T ))) and fc (E) = (1/(1 + exp(E/kB T ))) are the
Fermi functions of the valence and conduction band states from
and to which the tunneling occurs, respectively, where kB is the
Boltzmann constant and T is the temperature. Then, the integral
in (2) leads to the form

1
gs gv e
ΔE
kB T ln
IBTBT =
1 + cosh
TBTBT . (3)
h
2
kB T
Fig. 6 shows the variation of the direct BTBT current as
a function of bias voltage for monolayer and bilayer MoS2
ANRs. It appears that, with the increase of the electric field, the
tunneling current increases very significantly in both monolayer
and bilayer MoS2 ANRs. However, in the case of bilayer MoS2
ANR, the current is much higher for a particular electric field
due to the higher value of TBTBT and twofold valley degeneracy like bilayer GNR [34]. Fig. 6 also shows the variation
of tunneling current in MoS2 ANR p-n junctions for different
strain conditions. It is clear that, in a particular electric field,
TBTBT increases significantly as ξI decreases with the increase
of tensile strain, and hence, the corresponding current also increases. It is observed that, due to the +10% uniaxial strain, we
get almost double current than what we achieve in +2% monolayer MoS2 ANR p-n junctions. Therefore, under tensile strain
condition, the IBTBT will increase well for a given external
electric field, a trait beneficial for TFET application. Therefore,
it clearly indicates that higher BTBT current can be expected
for a small reverse bias voltage in MoS2 ANR p-n junctions.
It also appears that, with the increase of temperature from
300 K to 450 K, the bandgaps of monolayer and bilayer MoS2
ANRs decrease to only 8.3 and 3.7 meV, respectively, and
the nature of complex band structures of both monolayer and
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strained (a) monolayer and (b) bilayer MoS2 ANRs at various temperatures.
Tunneling current at ξ = 2 MV/cm in (c) monolayer and (d) bilayer MoS2
ANRs at various temperatures.

bilayer MoS2 ANRs remains almost the same [Fig. 7(a) and
(b)]. Due to these negligible changes in bandgaps, Fig. 7(a)
and (b) shows that ξI remains identical (and so as TBTBT for a
particular ξ and ε) for both monolayer and bilayer MoS2 ANRs.
Thus, for identical TBTBT , from (3), it could be conceived that,
with the decrease of temperature, the tunneling current will
increase [Fig. 7(c) and (d)].
Finally, we wish to state that, keeping the computational
cost in mind, we have presented here the properties of 5-nmwide monolayer and bilayer nanoribbons. The results and the
methodologies as carried out in this work can be tuned further
by modifying the nanoribbon dispersion relation by inclusion
of the spin orbit interaction and band coupling that certainly
increase the accuracy of our results, although the qualitative
features of the complex band structure both in relaxed and
strained cases would not change.
III. C ONCLUSION
Studying the complex band structure carefully, we have
demonstrated that, in relaxed monolayer MoS2 ANRs, the
bands cross each other in the bandgap region, which indicates
that the phonon assistance should require for BTBT. However,
with the application of tensile strain (ε ≥ +2%), the complex
band that starts from the top of the valence band wraps itself
to the bottom of the conduction band and makes the tunneling
as a direct one. However, in the case of bilayer MoS2 ANRs,
the direct tunneling is possible within −2% < ε < +3% strain
range. Using this, we have investigated the direct tunneling
current in the p-n junctions for a small applied reverse bias.
We have found that relatively higher tunneling current can be
achievable in MoS2 nanoribbons, and hence, this may become
a potential channel material for future TFET applications.
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