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ABSTRACT: Recently, synthesized Janus MoSSe monolayers
have attracted tremendous attention in science and technology
due to their novel properties and promising applications. In this
work, we investigate their molecular adsorption-induced structural
and electronic properties and tunable doping effects under biaxial
strain and external electric field by first-principles calculations. We
find an effective n-type or p-type doping in the MoSSe monolayer
caused by noncovalent tetrathiafulvalene (TTF) or tetracyanoqui-
nodimethane (TCNQ) molecular adsorption. Moreover, the
concentration of doping carrier with respect to the S or Se side
also exhibits Janus characteristics because of the electronegativity
difference between S and Se atoms and the intrinsic dipole moment
in the MoSSe monolayer. In particular, this n-type or p-type
molecular doping effect can be flexibly tuned by biaxial strain or under external electric field. By analyzing the valence band
maximum (VBM) and conduction band minimum (CBM) in the band structure of MoSSe/TTF under strain, the strain-tunable
band gap of MoSSe and the n-type molecular doping effect is revealed. Further explanation of charge transfer between TTF or
TCNQ and the MoSSe monolayer by an equivalent capacitor model shows that the superimposition of external electric field and
molecular adsorption-induced internal electric field plays a crucial role in achieving a controllable doping concentration in the
MoSSe monolayer.

1. INTRODUCTION

Two-dimensional (2D) transition-metal dichalcogenides
(TMDs) MX2 (M = Mo, W; X = S, Se, and Te) have
attracted great interest in nanoelectronic and nano-optoelec-
tronic devices due to their excellent physical and chemical
properties, such as superior stability,1 high carrier mobility,2

strong spin−orbit coupling effects,3 and proper band gap
values (1−3 eV) with a visible range of electromagnetic
spectrum.4 In particular, benefiting from their atomic-scale
thicknesses and sizeable band gaps, these materials provide a
possibility to realize the electrostatic control in the field-effect
transistors (FETs), and because of this reason they have been
proposed as potential alternatives for next-generation semi-
conductor devices. For instance, transport with an excellent
Ion/Ioff switching ratio (∼108) and a carrier mobility of up to
200 cm2/(V s) at room temperature has been observed in
MoS2-based transistors.2 Other research efforts also have been
devoted to explore the use of WS2, MoSe2, and WSe2 as active
layers in FETs.5−7

For manufacturing transistors and p−n junctions with
reproducible electrical characteristics or minimizing detrimen-
tal Schottky barriers at metal−semiconductor interfaces, one of
the most important challenges is how to achieve a systematic
control over charge-carrier type and doping level in these
materials. Undoubtedly, conventional doping techniques, such
as ion implantation and dopant diffusion, are unsuitable for

these ultrathin crystals because the doping processes would
greatly and unavoidably damage their structures and electronic
properties. Thus, it is very urgent to look for some alternatives
to realize this one goal. Compared with alloying,8 transition-
metal and chalcogen substitution,9,10 and plasma-assisted
doping,11 noncovalent molecular adsorption12,13 on these 2D
semiconductor surfaces performs better due to its effectiveness
and safety. In fact, many molecular approaches based on
noncovalent interactions between molecules and TMDs have
been reported in the last few years. Experimentally, Kiriya et al.
reported an effective n-type doping in MoS2 by benzyl viologen
(BV) adsorption14 and obtained a high electron sheet density
of ∼1.2 × 1013 e/cm2. By BV doping of MoS2 at the metal
junctions, the contact resistances were shown to be reduced by
a factor of >3. Moreover, de la Rosa et al. demonstrated an
effective doping in MoS2 thin-film field-effect transistors by
oleylamine molecular adsorption.15 The doping of the MoS2
FETs induced an increase of Ion by an average factor of 1.9 in a
set of nine devices by increasing the carrier concentration while
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not changing the mobility of the device. Theoretically, as
typical electron donor and acceptor (EDA) molecules,
tetrathiafulvalene (TTF) and tetracyanoquinodimethane
(TCNQ) are widely used to act as ideal carriers due to their
electrophilic or electrophobic characteristics. For instance, Y.
Jing et al. investigated molecular doping induced by the
adsorption of four organic molecules, including TCNQ,
tetracyanoethylene (TCNE), TTF, and benzyl viologen
(BV), on the basal plane of the MoS2 monolayer.16 Besides
these, TMD sheets were also indicated to be highly sensitive to
a large number of molecules, such as oleylamine, DNA,
octadecyltrichlorosilane, and so on.15,17,18 All of these studies
clearly demonstrate that the use of molecular adsorption on
the TMD monolayer is emerging as a promising non-
destructive method not only for controlling the charge-carrier
doping in these 2D semiconductor materials but also for
tailoring their optical properties and imparting them novel
functionalities.
Recently, a well-organized Janus MoSSe monolayer with 2H

phase was successfully synthesized by fully replacing the S (Se)
layers with Se (S) atoms within MoS2 (MoSe2) at an
appropriate temperature through the chemical vapor deposi-
tion method.19,20 Unlike 2D MX2 such as MoS2 with mirror
symmetry, the Janus MoSSe monolayer reveals an intrinsic out-
of-plane dipole moment due to the mirror asymmetry, leading
to some different electronic properties from MX2, such as large
Rashba band splitting and out-of-plane piezoelectricity.21,22

Motivated by the successful experimental synthesis of MoSSe,
increasingly more research focuses on engineering the
properties of MoSSe by stacking, adsorbing atoms or
molecules, combining with other 2D materials to form
heterostructures, applying external strain or electrical field,
and so on,23−31 aiming to tailor its physical and chemical
properties for practical applications. However, the molecular
adsorption-induced doping effect in MoSSe has yet to be
explored. Due to the two different chalcogenide sides in the

Janus MoSSe monolayer, it is expected that MoSSe would
possess several advantages over MoS2, such as enhanced
sensitivity, higher charge-carrier concentration induced by its
interior dipole moment, and tunable selectivity originating
from its Janus structure, making it more suitable and flexible
for acting as an active layer in nanoelectronic devices.
In this work, we investigate the effects of TTF and TCNQ

molecular adsorption on the structural and electronic proper-
ties of the Janus MoSSe monolayer by first-principles
calculations. We find that the noncovalent molecular
adsorption of TTF or TCNQ on the MoSSe monolayer
could introduce a donor state or an acceptor state into the
band structure of MoSSe, resulting in a typical n-type or p-type
doping effect. Interestingly, the carrier doping concentration
induced by molecular adsorption is greatly dependent on the
side of MoSSe. Moreover, this molecular adsorption-induced
n-type or p-type doping effect can be flexibly tuned using
biaxial strain or applying an external electric field. These
findings could raise promising prospects of developing new
Janus MoSSe-based nanodevices, such as FETs or sensors.

2. RESULTS AND DISCUSSION

2.1. Molecular Adsorption of TTF on Different Sides
of MoSSe. A 6 × 6 × 1 supercell of MoSSe monolayer is
selected for acting as an adsorption substrate because the size
of the 6 × 6 × 1 supercell is large enough to avoid the image
influence due to the boundary conditions. The lattice constants
of its unit cell are a = 3.250 Å and Δ = 3.233 Å, as shown in
Figure S1a. Here, Δ is defined as the difference between S and
Se atoms along the Z direction in the MoSSe monolayer. The
bond lengths of Mo−S and Mo−Se are 2.423 and 2.538 Å,
respectively. The angle of S−Mo−Se is 81.29°. These
parameters are consistent with previous reports.32 The band
gap of 1.545 eV clearly shows the semiconductor character-
istics, as shown in Figure S1b.

Figure 1. (a) Most stable adsorption configuration of TTF on the S side of the MoSSe monolayer. (b) Band structure of TTF/SMoSe. (c)
Differential charge density of TTF/SMoSe. (d) HOMO of TTF/SMoSe. (e) Most stable adsorption configuration of TTF on the Se side of the
MoSSe monolayer. (f) Band structure of TTF/SeMoS. (g) Differential charge density of TTF/SeMoS. (h) HOMO of TTF/SeMoS.
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Due to the asymmetric structure of MoSSe, there are two
adsorption sides for the TTF molecule, named S and Se sides.
Four typical adsorption sites based on the symmetrically
geometrical structure of the TTF molecule are considered in
our calculations for the S side as well as for the Se side, which
are hollow site (molecular center located above the center of a
hexagon in MoSSe), top site (molecular center located above
the S or Se atom), bridge site (molecular center located above
the midpoint of Mo−S or Mo−Se bond), and valley site
(molecular center located above the Mo atom). Moreover,
considering the graphene-liked structure of MoSSe, there are
eight initial adsorption configurations of the TTF molecule on
MoSSe, as shown in Figure S2, which can be denoted H1, H2,
T1, T2, B1, B2, V1, and V2 sites. By comparing the adsorption
energies of TTF under different adsorption sites, the most
stable adsorption configurations of TTF on the S or Se side are
obtained, as shown in Figure 1a,e. Here, the adsorption energy
is defined as the energy difference between the total energy of
reactants and the energy of product, which can be described as
follows

=−[ − − ]+E E E Ead MoSSe TTF MoSSe TTF (1)

where EMoSSe, ETTF, and EMoSSe+TTF are the energies of isolated
MoSSe, isolated molecule TTF, and TTF-adsorbed MoSSe,
respectively.
In Figure 1a,e, one can clearly see that the favorable

adsorption site of TTF on the S side is H site, while it is V site
on the Se side. The adsorption distance (defined as the
difference between the molecular center and the average of the
substrate along the Z direction) of TTF on the S side is 3.00 Å,
and its corresponding adsorption energy is 0.82 eV. In
contrast, the adsorption energy and the adsorption distance
of TTF on the Se side are 0.85 eV and 3.62 Å, respectively.
Due to the considerable adsorption distance of TTF on the S
or Se side, there only exists weakened interaction between the
TTF and substrate MoSSe. Thus, the structural and electronic
properties of MoSSe are slightly influenced by the adsorption
of TTF. For the case of S side-adsorbed TTF, the band
structure of MoSSe/TTF is changed somewhat compared with
its freestanding state except for the decrease in band gap from
1.545 to 1.536 eV. However, it is worthwhile to note that there
exists a flat energy dispersion between valence band maximum
(VBM) and conduction band minimum (CBM) below the
Fermi level, as shown in Figure 1b, resulting in a typical donor
energy state in the band structure of MoSSe. To investigate the
origin of this flat energy dispersion, we calculate the highest
occupied molecular orbital (HOMO) and find that the charge
basically surrounds the TTF molecule, as seen in the graphical
representation of HOMO in Figure 1d. It shows that the flat
energy dispersion below the Fermi level is contributed by the
TTF molecule. To further illustrate this donor energy state
induced by TTF, we plot the differential charge density of

MoSSe/TTF, as shown in Figure 1c. Here, the differential
charge density is defined as follows

ρ ρ ρ ρΔ = − −MoSSe/TTF MoSSe TTF (2)

where ρMoSSe and ρTTF are the isolated charge densities of
MoSSe and TTF, respectively, and ρMoSSe/TTF is the total
charge density of TTF-adsorbed MoSSe. Obviously, the charge
transfers from the TTF molecule to MoSSe, resulting in TTF
losing the charge and MoSSe gaining it. Moreover, a numerical
value of 0.179 electron in Bader analysis also shows the charge
transfer. Therefore, as a typical electron donor, the TTF
molecule transfers the charge from itself to MoSSe and then
provides a filled band with the highest occupied energy, in
favor of forming an n-type doping effect in MoSSe. In addition,
the energy difference between the filled band maximum of the
dopant and the conduction band minimum for electron
excitation (defined as En) is only 0.017 eV. It implies that, even
under room temperature, the electron would easily excite from
the highest occupied state to the conduction band. More
importantly, the charge transfer of 0.179 e from TTF to
MoSSe further indicates that the order of magnitude for carrier
doping induced by TTF in MoSSe is high, up to ∼1013 cm2,
which is similar to the case of benzyl viologen (BV) doping in
MoS2.

14 Such a high concentration of carrier doping and such a
low energy gap for the electron excitation would be very
helpful for designing MoSSe-based sensors or optoelectronic
devices.
Similar to the case of TTF adsorbed on the S side, the

structural and electronic properties of MoSSe-adsorbed TTF
on the Se side are also changed barely. From Figure 1e−h, it
can be seen that the band gap of 1.538 eV is almost unchanged
compared with the case of TTF adsorbed on the S side (1.536
eV). Moreover, the n-type molecular doping induced by
noncovalent molecular adsorption can also be achieved.
Meanwhile, TTF still acts as an electron donor. However,
the En value of 0.635 eV is much higher than that of 0.017 eV
in the S side case, while the charge transfer between MoSSe
and TTF is only 0.06 e. This indicates that the concentration
of carrier doping in MoSSe is highly dependent on the
adsorption side for the TTF molecule, and the molecular
doping effect also exhibits Janus characteristics like its
geometrical structure.
To deeply understand the difference of charge transfer

between TTF and MoSSe under different adsorption sides, we
plot the diagrammatic sketch of charge transfer between
MoSSe and TTF on S and Se sides, which can be seen in
Figure 2a,b. As we know, sulfur and selenium both belong to
the same main group. However, the electronegativity of S is
greater than that of Se due to the difference in atomic radius.
Thus, when TTF adsorbs on the S side, more charge would be
transferred from TTF to the MoSSe surface. Moreover, the

Figure 2. Intrinsic dipole moment in MoSSe and the charge transfer between MoSSe and TTF on the (a) S side and (b) Se side.
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intrinsic dipole moment pointed from the Se to S side in
MoSSe maybe also plays a key role in the process of charge
transfer and redistribution. When the direction of charge
transfer between TTF and MoSSe is opposite to the direction
of intrinsic dipole moment, the total potential difference for
transferred electrons would be increased, which would
promote the charge transfer from TTF to MoSSe, as shown
in Figure 2a. On the contrary, when the direction of charge
transfer between TTF and MoSSe is the same as the direction
of intrinsic dipole moment, the total potential difference for
transferred electrons would be decreased, which would restrain
the charge transfer from TTF to MoSSe, as shown in Figure
2b. Thus, the charge transfer of TTF adsorbed on the S side is
much higher than in the case of TTF adsorbed on the Se side.
Until now, we can confirm that, compared with the

adsorption energy of 0.67 eV, the adsorption distance is 3.04
Å and charge transfer is 0.13 e in the case of TTF adsorbed on
MoS2.

33 MoSSe actually exhibits some advantages over MoS2,
such as higher adsorption energy of 0.82/0.85 eV on the S/Se
side (enhanced sensitivity), higher charge transfer of 0.179 e
on the S side (higher charge-carrier concentration), and
tunable selectivity originated from its Janus structure. Thus, it
may be more suitable and flexible for acting as an active layer
in nanoelectronic devices.
2.2. Strain-Tunable Molecular Doping Induced by

TTF in MoSSe. It is well known that the tunable molecular
doping effects induced by TTF in MoSSe, including the
concentration of carrier doping and the energy difference for
the electron excitation, are very important for its potential
applications. Thus, we expect to find an efficient way to achieve
this goal. In previous reports, we note that the biaxial strain can
flexibly tune the band structure of MoSSe because the
hybridization between electronic states of Mo atoms and S
or Se atoms would be changed along with the biaxial strain.34

Therefore, we attempt to tune this n-type doping effect as well
as the band structure of MoSSe/TTF using biaxial strain.
Considering the stronger doping effect of TTF on the S side
and the actual strain realized in experiment,35 a biaxial strain
ranging from −3 to 1% is applied to investigate the strain-
tunable molecular doping of TTF adsorbed on the S side.
Figure 3 depicts the band structures of MoSSe/TTF under

the biaxial strain ranging from −3 to 1%. It is found that, when
tensile strain of 1% is applied, Eg (the energy difference
between VBM and CBM at the Γ point in the band structure
of MoSSe) is decreased from 1.536 to 1.324 eV. However, the
CBM at the Γ point passes through the Fermi level, resulting in
MoSSe/TTF exhibiting metal characteristics, as shown in
Figure 3e. In contrast, when a compressive strain of 1% is
applied, Eg is increased from 1.536 to 1.657 eV and En is also
increased from 0.017 to 0.161 eV, as shown in Figure 3c. With
a further increase in the compressive strain from 1 to 3% (seen
in Figure 3a−c) Eg is decreased from 1.657 to 1.571 eV
instead. The corresponding En values under different
compressive strains ranging from 1 to 3% are 0.161, 0.188,
and 0.175 eV. Compared with the case of 0.017 eV without
strain (seen in Figure 3d), the En value of 0.188 eV under the
biaxial strain of −2% means that a relatively broad emission
spectrum over the visible wavelengths can be obtained under
biaxial strain, which is useful for designing the organic
electroluminescence based on MoSSe/TTF. Moreover, from
the different values of Eg under biaxial strain ranging from −3
to 1% (seen in Figure 3f), we find that it is similar to the
previous report of freestanding MoSSe under biaxial strain.34

Maybe because there only exists noncovalently weakened
interaction between TTF and MoSSe, the Eg value of MoSSe/
TTF under biaxial strain only changes like its freestanding case.
Besides the strain-tunable Eg and En values, the concentration
of doping carrier can also be tuned by strain. In particular, it

Figure 3. (a−e) Band structures of MoSSe/TTF (S side) under the biaxial strain ranging from −3 to 1%. (f) En, Eg, and concentration of doping
carrier as a function of biaxial strain ranging from −3 to 1%.
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can be changed suddenly under a tensile strain of 1%. The
corresponding concentration of doping carrier can be increased
up to 0.721 × 1013/cm2. This sudden change just corresponds
to the transition of MoSSe/TTF from semiconductor to metal
and it maybe plays a fundamental role for this transition.
What is the underlying mechanism for strain-tunable

electronic properties of MoSSe/TTF? To reveal the intrinsic
essence, we calculate the structural parameters of MoSSe/TTF
under different strains (seen in Table S1) and then we plot

Figure 4 to explain it. Because the largest band gap of MoSSe/
TTF is only increased under the biaxial strain of −1% while the
others are both decreased, we start the analysis from this case.
Figure 4 shows the electronic properties of MoSSe including
PDOS and partial charge densities of VBM and CBM at the Γ
point under biaxial strains of −1, 0, and 1%, respectively.
From Figure 4a, one can clearly see that the VBM in the

band structure of MoSSe is mainly contributed by the in-plane
orbital dx2−y2 of Mo atoms while the CBM is originated from

Figure 4. (a−c) PDOS and partial charge densities of VBM and CBM at the Γ point of MoSSe/TTF under biaxial strains of −1, 0, and 1%,
respectively.

Figure 5. (a−e) Band structures of MoSSe/TTF (on S side) under the external electric field ranging from −0.2 to 0.2 V/Å. (f) En, Eg, and
concentration of doping carrier as a function of external electric field ranging from −0.2 to 0.2 V/Å.
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the hybridization of vertical orbital dz2 and in-plane orbital
dx2−y2 of Mo atoms. When tensile strain is applied, the bond
length of Mo−S is elongated while the distance between S and
Se atoms as well as the angle of S−Mo−Se are reduced. That is
to say, S atoms shift down to the plane of Mo atoms and then
the overlapping of vertical orbitals composed of S pz and Mo
dz2 would be strengthened, resulting in the fact that the
bandwidth of vertical orbitals is widened. Thus, the energy
levels of S pz and Mo dz2 in the valence band both shift up to
the Fermi level, while the energy level of Mo dz2 in the
conduction band drops down to the Fermi level. When the
energies of S pz and Mo dz2 in the valence band exceed the
energy of Mo dx2−y2 ultimately, the VBM is contributed by
vertical orbitals S pz and Mo dz2 instead of the in-plane orbitals
Mo dx2−y2. Simultaneously, the CBM is only contributed by
vertical orbitals Mo dz2 instead of the hybridization of Mo dz2
and Mo dx2−y2, as shown in Figure 4b. Further increasing the
tensile strain to 1%, the CBM even passes through the Fermi
level and the system exhibits metal characteristics, as shown in
Figure 4c. Meanwhile, the interaction between in-plane Mo
atoms becomes more weakened, which would further narrow
the bandwidth of in-plane orbitals Mo dx2−y2. Therefore, the
energy of Mo dx2−y2 orbitals shifts far away from the Fermi
level, only leaving Mo dz2 near the Fermi level. For the case of
compressive strain exceeding 1%, an opposite trend for the
shift of these energy levels can be observed.
2.3. Electric Field-Tunable Molecular Doping Induced

by TTF in MoSSe. Except for using biaxial strain to tune the
electronic properties of MoSSe, applying an external electric
field is another effective way.36 To find the effect of the electric
field on the electronic properties of MoSSe/TTF and
molecular doping, we apply an external electric field ranging
from −0.2 to 0.2 V/Å to MoSSe/TTF. The corresponding
band structures of MoSSe/TTF can be seen in Figure 5. The
band gaps of MoSSe/TTF are 1.549, 1.544, 1.536, and 1.535
eV under an external electric field ranging from −0.2 to 0.1 V/
Å and the corresponding En values are 0.216, 0.064, 0.017, and
0.011 eV, as shown in Figure 5a−d.
When a positive electric field of 0.2 V/Å is applied, the CBM

can pass through the Fermi level, exhibiting metal character-
istics like the case under biaxial strain of 1%, as shown in
Figure 5e. In the whole range from −0.2 to 0.2 V/Å, we can
see that both Eg and En are monotonously decreased with
increasing electric field while the concentration of doping
carrier can be almost linearly tuned by the external electric
field, as shown in Figure 5f. Compared with the fact that Eg is
nonmonotonic under the biaxial strain ranging from −3 to 1%,
the monotonicity of Eg under the external electric field can be
understood by the change of the MoSSe/TTF structure in a
different way. When we use biaxial strain to tune the electronic
properties of MoSSe, the distance between S and Se atoms is
evidently changed. Thus, the CBM and VBM are also changed
accordingly due to the contribution of different orbitals and
the shifts of their energy levels. On the contrary, the distance
between S and Se atoms is almost unchanged under different
electric fields, resulting in that the CBM and VBM are still
retained like the case without the external electric field, which
can be seen from Figure 5a−e. The external electric field only
plays an important role for changing the potential energy and
adjusting the energy levels of MoSSe/TTF with respect to
vacuum level.
To explain the different values of Eg and En under the

external electric field ranging from −0.2 to 0.2 V/Å, we plot

the energies of CBM, VBM, and TTF with respect to Fermi
level under different electric fields, as shown in Figure 6. It can

be seen that, when a positive electric field of 0.1 V/Å is
applied, the corresponding energy of CBM is 0.001 eV, while
that of VBM is −1.534 eV. In contrast, when negative electric
fields of 0.1 and 0.2 V/Å are applied, the corresponding
energies of CBM are 0.030 and 0.172 eV, while those of VBM
are −1.514 and −1.377 eV. Accordingly, the Eg value is
decreased monotonously under the electric field ranging from
−0.2 to 0.2 V/Å. Meanwhile, the amount of charge transferred
from TTF to MoSSe is increased from 0.071e to 0.387 e when
the external electric field ranging from −0.2 to 0.2 V/Å is
applied. Thus, the energy of TTF becomes closer to the Fermi
level.
To further explain the electric field-tunable charge transfer

between TTF and MoSSe, we use an equivalent capacitor
model to illustrate it, as shown in Figure 7. As we know, when
TTF adsorbs on the MoSSe surface, the charge of 0.179 e is
transferred from TTF to MoSSe. It means that TTF loses the
charge while MoSSe gains the charge. In other words, TTF is
tantamount to schlepping positive charge while MoSSe is
tantamount to schlepping negative charge. Thus, the direction
of molecular adsorption-induced internal electric field in
MoSSe/TTF is pointed from TTF to MoSSe. When an
external electric field of −0.2 V/Å that has an opposite
direction to the internal electric field is applied to MoSSe/
TTF, it would restrain the charge transfer, as shown in Figure
7a. Thus, the amount of charge transfer between MoSSe and
TTF would be decreased from 0.179 to 0.071 e compared with
the case without the external electric field. In contrast, when an
external electric field of 0.2 V/Å which has the same direction
as internal electric field is applied to MoSSe/TTF, it would
promote the charge transfer, as shown in Figure 7b.
Accordingly, the amount of charge transfer between MoSSe
and TTF is increased from 0.179 e to 0.387 e and the
corresponding concentration of doping carrier is increased
from 0.542 × 1013 to 1.172 × 1013/cm2, resulting in more
positive and negative electric charges distributing on two polar
plates of the equivalent plate capacitor. In addition, the amount
of charge transfer is proportional to the strength of the
superimposed electric field composed of internal and external
electric fields, and this has been demonstrated in previous
reports.36 Thus, the concentration of doping carrier, which
corresponds to the amount of charge transfer between TTF

Figure 6. Energies of CBM, VBM, and TTF with respect to Fermi
level under the external electric field ranging from −0.2 to 0.2 V/Å.
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and MoSSe, can be almost linearly tuned by the external
electric field.
2.4. Molecular Adsorption of TCNQ on MoSSe. As a

typical electron acceptor, TCNQ can also noncovalently
adsorb on the MoSSe surface like TTF, and it can induce a
p-type doping effect in MoSSe. However, the molecular doping
of TCNQ is in favor of the Se side instead of the S side, which
is different from the case of TTF. The most stable adsorption
site of TCNQ on the Se side is T1 site, which can be seen in
Figure S3. Moreover, the biaxial strain ranging from −2 to 2%
and the external electric field ranging from −0.2 to 0.2 V/Å
can also flexibly tune the electronic properties of MoSSe/
TCNQ. The strain-tunable Ep, Eg, and concentration of doping
carrier are shown in Figure 8. The corresponding band
structures of MoSSe/TCNQ (Se side) under biaxial strain can
be seen in Figure S4.

It is found that the largest band gap of 1.658 eV is also
increased under the biaxial strain of −1%, similar to the case of
TTF. Moreover, if the strain is larger or smaller than −1%, the
band gap of MoSSe/TCNQ would be both decreased. In
addition, like the variation trend of Eg, Ep can be increased
from 0.033 to 0.036 eV under the strain changing from −2 to
0% and then can be decreased from 0.036 to 0.009 eV under
the strain changing from 0 to 2%. The biaxial strain of 0% just
corresponds to the break point over the whole range.
Compared with Eg and Ep, the strain-tunable concentration
of doping carrier looks much more interesting. The fact is that
not only can the compressive strain linearly tune the doping
concentration but also the tensile strain can do it.

With respect to the effects of the electric field on the
electronic properties of MoSSe/TCNQ, one can clearly see
that Eg and the concentration of doping carrier can be linearly
modulated by applying an external electric field ranging from
−0.2 to 0.2 V/Å, as shown in Figure 9. The band structures of

MoSSe/TCNQ (Se side) under the external electric field can
be seen in Figure S5. The intrinsic mechanism of the tunable
electric field can also be explained like the case of TTF under
the electric field. In addition, the concentration of doping
carrier induced by TCNQ can be as high up to 1.13 × 1013/
cm2 under the electric field of 0.2 V/Å.

3. CONCLUSIONS
In this paper, the effects of TTF and TCNQ adsorption on the
electric properties of MoSSe and the strain/electric field-
tunable molecular doping are systematically studied using the
first-principles calculation. The results show that both TTF
and TCNQ molecules could noncovalently interact with
MoSSe and they can induce a typical n-type or p-type doping
in MoSSe. More importantly, the concentration of doping
carrier induced by the same molecular adsorption is greatly
dependent on the side of MoSSe, which also exhibits Janus
characteristics like its structure. In addition, the n-type or p-
type doping effect induced by TTF or TCNQ molecular
adsorption can be flexibly tuned by using a biaxial strain or
applying an external electric field. By analyzing the orbital
contribution of Mo and S atoms, it is found that the in-plane
Mo dx2−y2 orbitals and the vertical S pz and Mo dz2 orbitals play
a crucial role in the band structure of MoSSe/TTF, similar to
the case of freestanding MoSSe under biaxial strain. To further
reveal the intrinsic mechanism of electric field-tunable

Figure 7. (a, b) Mechanism of charge transfer between MoSSe and TTF under a negative or positive external electric field of 0.2 V/Å. An
equivalent capacitor model of TTF/MoSSe and the sketch of charge transfer are inserted into the diagrammatic sketch for explaining the process.
The direction of internal electric field always points from TTF to MoSSe.

Figure 8. Ep, Eg, and concentration of doping carrier as a function of
biaxial strain ranging from −2 to 2%.

Figure 9. Ep, Eg, and concentration of doping carrier as a function of
external electric field ranging from −0.2 to 0.2 V/Å.
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concentration of doping carrier, the equivalent capacitor model
is used for illustrating the process of charge transfer. The fact is
that the superimposed electric field composed of the internal
electric field induced by molecular adsorption and the external
electric field would play a key role in tuning the charge transfer
between the adsorbate and substrate. Such multiple effects of
biaxial strain and external electric field on the electronic
properties of MoSSe/TTF or MoSSe/TCNQ would greatly
facilitate further experimental studies on this intriguing 2D
material for more potential applications in the future.

4. COMPUTATIONAL METHODS
Our first-principles calculations were based on density
functional theory (DFT) as implemented in the Vienna Ab
initio Simulation Package (VASP)37 and with the projector
augmented-wave (PAW) approach.38 The exchange−correla-
tion interaction was treated within the generalized gradient
approximations (GGA) using the Perdew−Burke−Ernzerhof
(PBE) functional.39 The freestanding MoSSe was modeled
with a 6 × 6 × 1 supercell, which was separated with a 20 Å
vacuum layer in the z-axis direction to avoid the interaction
between two adjacent images. A plane-wave basis set with a
cutoff energy of 470 eV was used for the valence electron wave
functions. The entire systems were relaxed by the conjugate
gradient method until the force on each atom was less than
0.02 eV/Å. The corresponding Monkhorst−Pack k point
meshes40 were used with grid sizes of 2 × 2 × 1 for structural
relaxation and 5 × 5 × 1 for electronic structure computations.
The effect of van der Waals (vdW) interaction was included by
using the DFT-D2 correction method proposed by Grimme,41

which was a good description of long-range vdW interactions.
The Bader charge analysis was used to illustrate the charge
transfer between the adsorbate and substrate.42
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