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Abstract

Atomic layered materials with a semiconducting electronic property have attracted
much attention as a conducting channel in field effect transistors (FETSs). Here, we
investigate the electronic structures of bilayer MoSs in a dual gate FET model by
using first-principles total-energy calculations based on the density functional theory.
Our calculations show that selective electron doping occurs in bilayer MoSs under a
perpendicular electric field owing to a band-offset between the positive and negative
electrode sides of the MoSs layers. Furthermore, we observe a further partial carrier
distribution in bilayer MoSy by decreasing the inter-layer interaction owing to a twisted
stacking arrangement. It is expected that the positive-electrode-side layer works as a
conducting channel, on the other hand, the negative-electrode-side layer works as a

screening layer in bilayer MoS9e-FET.
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Introduction

Transition metal dichalcogenides (TMDCs), such as MoSs, MoSey, WSy, WSes, and MoTe,,
are possible forms of atomic layer materials. These consist of an atomic layer of transition
metals that form a triangular lattice sandwiched by atomic layers of chalcogens arranged
in a prismatic manner, to result in a hexagonal covalent network of these elements with a
thickness of approximately 3 A.'3 Owing to their chemical valence and hexagonal covalent
networks, TMDCs possess chemically inert surfaces above and below their tight covalent
network. Therefore, TMDCs are applicable as stable atomc layered materials and building
blocks of van der Waals (vdW) heterostructures in which TMDCs are stacked on each other
or with other two-dimensional materials, such as h-BN and graphene, through weak vdW
interactions. 4

Most of the monolayer TMDCs are known to be semiconductors with a direct band gap
at the K point, which strongly depends on the constituent elements.’® According to the
semiconducting electronic structure, whose band gap is tunable by selecting an appropriate
combination of transition metal and chalcogen, TMDCs are regarded as a constituent ma-
terial of switching electronic devices, even though the carrier mobility is lower than that of
graphene.® Furthermore, because the versatile electronic structures of TMDCs depend on the
constituent elements, the formation of vdW heterostructures causes exhibit further variation
in their electronic structures that exceeds the simple sum of those of the constituent atom
layer materials. Indeed, the electronic properties of vdW heterostructures of TMDCs are
sensitive to the electronic band structures of the constituent layers and interlayer stacking
arrangement. Most of the vdW heterostructures of TMDCs are Type II semiconductors.
Their band gap is determined by the band edge offset of the constituent TMDCs.” 2 In
contrast, the MoS,/ReS, and MoTe,/WSe, heterostructures are Type I semiconductors, 314
owing to the large band edge offset between constituent layers.

For practical applications of TMDCs and their thin films to functional devices, the control

of their electronic properties, by applying an external electric field that induces electron and



hole doping, is crucial to the operation of such devices.!®1® The complex band edge alignment
and the wave function distribution on such TMDC heterostructures cause an unusual carrier
accumulation and depression in thin films by the gate electric field.!® In particular, precise
control of the carrier density and distribution in TMDC thin films is highly demanded to
endow them with new functionality and improve their device performance. Our previous
first-principles calculations provided the possibility of free electron carriers outside MoS,
thin films!® and the asymmetric carrier accumulation in a MoS, /WS, heterostructure, with
respect to the TMDC arrangement at the electrode.? However, it is still unclear how to
control the accumulated carrier distribution in thin films.

In this work, we aim to theoretically investigate how to control the accumulated carrier
distribution in a bilayer MoS, field effect transistor (FET) by the external electric field, the
doping concentration, and the interlayer stacking arrangement using the density functional
theory (DFT). Our calculation showed that the carrier distribution on the bilayer MoSs
is tunable, whether the injected carrier is localized on one of the two layers or extended
throughout the layers, by controlling the external electric field and electron density, which
correspond to the control of the top and bottom gate voltages of a dual gate transistor. In
addition to the electric field, the stacking misorientaiton of bilayer MoS, enhances the carrier

localization.

Results and discussion

We consider a dual gate FET of bilayer MoS,, in which the gate electrodes were simulated
by a planar effective screening medium (ESM) with an infinite relative permittivity located
above and below the bilayer MoS, with a 0.60 nm vacuum spacing (Figure 1a). We controlled
the electric field between the electrodes and the electron doping concentration in bilayer
MoSs, instead of controlling the top and bottom gate voltages. As for the interlayer stacking

arrangement of bilayer MoS,, we considered the AB and twisted (twisted angle §=38°)



arrangements to investigate the influence of interlayer stacking on the carrier accumulation
and depression (Figure 1b, ¢). Note that the electronic structure of twisted MoS, with the
angle of 38° is qualitatively the same as that with the 28° (Figure S1). Thus, the bilayer
MoS, with the angle of 38° may represent qualitative properties on the carrier accumulation
associated with the inter layer stacking arrangement. The optimal interlayer spacing of

bilayer MoS, was 0.30 and 0.33 nm for the AB and twisted arrangements, respectively.

Bottom gata

Figure 1: (a) Geometric structure of bilayer MoSs in a dual-gate transistor structure. An
electric field is applied along the z direction. Upper and lower rectangles denote the top and
bottom gate electrodes, respectively. Purple and yellow balls denote the Mo and S atoms,
respectively. Bilayer MoS, with (b) AB and (c) twisted stacking structures. Purple and gray
large balls indicate Mo atoms belonging to the top and bottom layers, respectively. Yellow
and white small balls indicate S atoms belonging to the top and bottom layers, respectively.

Figure 2 shows the distribution of the electron accumulation and depression normal to

the bilayer MoS,; with an AB and twisted interlayer arrangement under strong (1.0 V/nm)



and weak (0.1 V/nm) electric fields and high (1x10'/cm?) and low (1x10'3/cm?) electron
doping. The electric field and carrier density considered here were relevant to those realized
in experimental works.2%?? The accumulated carrier distribution was calculated by taking
the difference between the valence charge density of bilayer MoS, under an electric field and
electron doping and that under an electric field without the excess electron. The distribu-
tion strongly depended on the electric field, doping concentration, and interlayer stacking
arrangement. For the AB MoS,; under a low doping concentration, the distribution of the
electron accumulation weakly depended on the electric field. The electrons were extended
throughout the layers under a low electric field (Figure 2a), while the density on the bottom
layer was slightly higher than that on the top layer by 14 % (Figure 2b). With an increase
of the doping concentration, we observed the extended nature of the injected electron for
both low and high electric fields (Figure 2¢, d). For the bilayer MoS, with a twisted ar-
rangement, the asymmetric electron distribution was highly enhanced under the condition
of a low doping concentration and a strong electric field. In this case, 85 % of the electrons
were accommodated in the bottom layer, although the system had structurally symmetric
layers in terms of their constituent elements (Figure 2f). For the other external conditions,
the injected electrons were distributed on both layers (Figure 2e, g, h). Therefore, one of
the two layers of the bilayer TMDC dual gate FET with stacking misorientation acted as a
screening layer against the other foreign materials, such as substrates and high-k dielectrics,
for the electron doping under a strong electric field, even though the system solely consisted
of a MoS, layer. This characteristic feature was ascribed to the band edge misalignment
between the top and bottom MoS; and the weak interlayer coupling of the wavefunction
between the layers in the twisted arrangement.

To confirm the interlayer wavefunction coupling, we investigated the electrostatic po-
tential between the bottom and top gate electrodes for bilayer MoS, with AB and twisted
interlayer arrangements under a strong electric field (Figure 3). The electric field exhibits

symmetric behavior with respect to the MoSs layers: The electric field in the vacuum in
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Figure 2: Plane averaged electron densities as a function of the z axis of the bilayer MoS,
with AB arrangement under (a) a low electric field and low doping concentration, (b) a high
electric field and low doping concentration, (c¢) a low electric field and high doping concen-
tration, and (d) a high electric field and high doping concentration, and those with twisted
arrangement under (e) a low electric field and low doping concentration, (f) a high electric
field and low doping concentration, (g) a low electric field and high doping concentration,
and (h) a high electric field and high doping concentration. Gray circles denote the atomic
position of MoS,. Positive and negative values correspond to the regions where electron
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accumulation and depression occur, respectively.



front of the top and bottom gate electrodes are FT'=F5=1.9 V/nm, respectively. On the
other hand, the field between MoS, layers is obviously weaker than that in the outside vac-
uum region, indicating the interlayer stacking effect. By taking the ratio of the potential
gradient at the interlayer region to the outside MoS,, we can estimate the screening rate
at the interlayer spacing, which reflects the spilled charge associated with the polarization
and interlayer hybridization of wavefunctions. The estimated rate was 0.46 and 0.67 for
the AB and twisted arrangements, respectively, which indicated that the MoSs layers in the
twisted arrangement were electronically separated from each other compared with those in
the AB arrangement. Thus, we can conclude that the band edge misalignment and the weak
interlayer coupling caused highly asymmetric electron doping in a bilayer MoS, dual-gate

FET.
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Figure 3: Electrostatic potential of bilayer MoSs with (a) AB and (b) twisted arrangements
along the z-axis. F'T and F'P indicate the electric field in vacuum region in front of the top
and bottom gate electrodes, respectively. Gray circles correspond to the atomic position of
MOSQ.

Finally, it is worth predicting the strength of the electric field required to control the
electron localization in bilayer MoSs in dual-gate FETs. Figure 4a shows the two-dimensional
map of the electron concentration in the top layer of bilayer MoS, as functions of the external
electric field and the electron concentration. The charge localization occurred under a low

electron doping concentration and at a low electric field. However, the electron localization



was sensitive to the increase of the electron density. The accommodated electron distribution
immediately lost its localized nature with the increase of the doping concentration. The
asymmetric and symmetric electron distribution associated with the field and the doping
concentration was interpreted by the cartoon in Figure 4b. For the low electric field region,
the band edge misalignment between the layer was too small to cause electron localization
on one of the two layers, while the doped carriers were accommodated in both layers. For
a strong electric field, the injected carriers exhibited an asymmetric distribution under a
low doping concentration. In contrast, under a high doping concentration, the carriers were
extended through the layers, because a large number of carriers were accommodated not

only at the lower conduction band edge but also at the higher conduction band edge.

Conclusion

Based on DFT with the ESM method, we investigated the electronic properties of bilayer
MoS; under an external electric field with excess electrons to provide theoretical insight into
the microscopic mechanism of carrier accumulation in a MoS, dual-gate FET. Our calcula-
tions showed an asymmetric carrier distribution in bilayer MoS, with a twisted interlayer
structure under a strong electric field and low doping concentration, because of the band
edge misalignment owing to the electric field and the weak interlayer wavefunction coupling.
The asymmetric electron distribution in bilayer MoS, with a twisted structure is robust
against an external electric field under a low doping concentration, while it is sensitive to
an increase of the doping concentration. Based on these results, we propose that the bilayer
TMDCs with stacking misorientation could be applicable as a stable conducting channel of
a dual gate transistor with high carrier mobility, in which one of the two layers protects the

channel from the external disturbances caused by the substrates and dielectrics.
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Figure 4: (a) Two-dimensional plot of the electron concentration of the top layer of bi-
layer MoSy under an electric field with excess electrons. Unit of the concentration is %.
(b) Schematic views of the band edge alignment of bilayer MoS, under a field with excess
electrons.
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Methods

T2324 a5 implemented in the program package Simulation

All calculations were based on DF
Tool for Atom TEchnology (STATE).?® The exchange-correlation potential energy among
interacting electrons is described using the generalized gradient approximation with the
Perdew-Burke-Ernzerhof functional.?%2” The weak dispersive interaction between MoS, lay-
ers was treated by adopting the vdW-DF2 with the C09 exchange-correlation functional. %2
It should be noted that the dispersion force in chalcogenides with structural disorders are sen-
sitive to the choice of the functional form.3? We used ultrasoft pseudopotential for describing
electrons-nuclei interations.3! Parameters associated with the cutoff energies of valence wave
function and the force criteria are found in elsewhere.?® The external electric field and excess
carriers on bilayer MoS, are treated using the ESM method3?33 (see supporting informa-
tion S2). During the electronic structure calculations under an electric field, the geometric
structures of the bilayer MoS, were fixed to their optimized structures obtained under zero
electric field and neutral condition. The maximum force under the highest electric filed with

the highest carrier concentration is 2.9 x 10~® HR/au which is too small to cause substantial

structural modulation.
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