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A progressive metal–semiconductor transition in
two-faced Janus monolayer transition-metal
chalcogenides†

Yan-Dong Guo, ab Hong-Bo Zhang,ab Hong-Li Zeng,*bc Hai-Xia Da,ab

Xiao-Hong Yan,*abd Wen-Yue Liua and Xin-Yi Moua

Breaking the symmetry in the out-of-plane direction in two-dimensional materials to trigger distinctive

electronic properties has long been predicted. Inspired by the recent progress in the experimental

synthesis of a sandwiched S–Mo–Se structure (Janus SMoSe) at the monolayer limit [Zhang et al., ACS

Nano, 2017, 11, 8192–8198], we investigate the transport and electronic structure of two-faced XMoY

monolayers (X, Y = O, S, Se and Te) through first-principles calculations. It is found that all the

monolayers are semiconductors except OMoTe, which is metallic. Interestingly, the ‘‘parents’’ of OMoTe

(MoO2 and MoTe2) are both semiconductors. Further analysis shows that it is the out-of-plane

asymmetry-induced strain that results in the metal–semiconductor transition between Janus OMoTe

and its parents. By increasing the ratio of O atoms in one face of MoTe2, a progressive decreasing trend

of the bandgap, as well as the transition to metallic, is found. In addition, a transition from the direct

band gap semiconductor to the indirect one is also observed in the process. This could be used as an

effective way to precisely control electronic structures, e.g., the bandgap. Different from other methods,

this method uses the intrinsic features of the material, which can persist without the need of additional

equipment. Moreover, such a modulating method is expected to be extended to many other transition-

metal chalcogenides, showing great application potential.

Introduction

In recent years, two-dimensional (2D) materials have attracted
much attention due to their peculiar properties originating
from the reduction of dimensions from the bulk to monolayer.1–10

In geometry, a 2D structure possesses two faces, which are
expected to be utilized to modulate the electronic properties
by creating asymmetry between them. However, in graphene-
like materials, there is only one layer of atoms and it is
impossible to realize such a structure.11,12 Although some
efforts have been made through doping, the low covering
ratio, randomness, and instability make them less practical
for realistic devices.13,14

Different from graphene, monolayer transition-metal dichalco-
genides (TMDs) possess three stacked layers of atoms, showing
the possibility of fabricating two-faced materials.6,15–18 The break
of symmetry in the out-of-plane direction in 2D TMDs might
trigger interesting electronic properties and lead to various
applications, e.g., actuators in the 2D limit and an intrinsic
electric field perpendicular to the in-plane direction. Actually,
such a two-faced structure has long been predicted in theory,
but it has rarely been reported.

Recently, through a controlled sulfurization process, Zhang
et al.7 successfully synthesized a crystal configuration of a
sandwiched S–Mo–Se structure (Janus SMoSe) at the monolayer
limit. There are three layers of atoms in it, i.e., sulfur, molybdenum
and selenium from top to bottom. Such a two-faced structure
possesses an unconventional asymmetry, quite different from
former TMD-based heterojunctions.7,19–21

As is well known, some other transition-metal chalcogenides,
such as transition-metal oxides, can also form a monolayer
structure and share a similar geometry with transition-metal
dichalcogenides. They can be denoted as MX2 structures
(M, transition metal; X, chalcogen atom), and there are at least
44 different MX2 compounds that can form stable 2D monolayer
structures.22 Thus, such a huge database and the synthesis of
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Janus SMoSe open new avenues for the synthesis of various two-
faced XMY structures. There is a need to explore the electronic
and transport properties of monolayer XMY materials, which
may be used in nanoelectronic devices. However, there is still a
lack of such studies.

In the present work, we focus on the Janus XMoY mono-
layers (M is fixed to be Mo; X, Y = O, S, Se and Te) and study
their electronic transport, based on density functional theory
(DFT) combined with nonequilibrium Green’s function (NEGF).
Interestingly, it is found that all the Janus XMoY monolayers
(OMoS, OMoSe, SMoSe, SMoTe and SeMoTe) exhibit semi-
conductor behavior except OMoTe, which is metallic. From
the structural point of view, MoO2 and MoTe2 can be seen as
the ‘‘parents’’ of OMoTe. However, neither of these parents is
metallic, and they are both semiconductors.22 Further analysis
shows that it is the out-of-plane asymmetry-induced strain that
results in the metal–semiconductor transition between Janus
OMoTe and its parents. Moreover, by increasing the ratio of O
atoms in one face of MoTe2, a monotonically decreasing trend
of the band gap and the transition to metal are found. Our
findings suggest a feasible way to precisely modulate the
electronic properties of the Janus XMoY monolayer, and it is
expected to be extended to other transition-metal chalcogenides,
showing great application potential.

Methodology

To investigate the electronic (especially the transport) properties
of the XMoY system, DFT calculations combined with NEGF
were preformed, through the Atomistix Toolkit package.23,24 The
mesh cutoff energy was set to be 150 Ry, with 2 � 1 � 5 (for bulk
calculations) and 2 � 1 � 100 (for transport calculations) k-point
meshes in the Monkhorst–Park scheme.25 The Perdew–Burke–
Eenzerhof (PBE) formulation of the generalized gradient approxi-
mation (GGA) was used as the exchange–correlation function.26

The double-zeta polarized basis set was chosen for the local
numerical orbitals. To prevent the interactions with adjacent
images, supercells with sufficient vacuum space were employed
(more than 10 Å). The geometries were fully optimized until the
residual force on each atom was smaller than 0.02 eV Å�1.

Results and discussion

Among these kinds of transition-metal chalcogenides, we here
confine our attention to XMoY configurations in the H
structure,22 where X, Y = O, S, Se and Te, and the middle layer
atoms are fixed as Mo. Considering the combination of these
elements, there will be in total six configurations, i.e., OMoS,
OMoSe, OMoTe, SMoSe, SMoTe and SeMoTe. In previous
studies, their parent configurations were all proved to be stable
in the H structure and all exhibit semiconducting behavior, i.e.,
MoO2, MoS2, MoSe2 and MoTe2.22 For the OMoY monolayers in
the present work, we calculated the formation energies (ESI†)
and found that they are of the same order of magnitude as that
of the MX2 monolayers, suggesting that they have the same

stability as the MX2 ones.22 For instance, the formation energy
of the OMoTe monolayer is 2.13 eV, just between those
of its parents (6.79 eV for MoO2 and 0.89 eV for MoTe2).22

To explore the electronic transport properties, a two-probe
configuration was constructed, consisting of the scattering
region and left/right lead, as shown in Fig. 1(a). Before
the transport calculations, all the two-faced configurations
(including their cells) were fully optimized. As an example,
Fig. 1 shows the geometry of the OMoTe monolayer. From the
top view in Fig. 1(a), one finds that the hexagonal lattice is
preserved. From the side view, one can clearly see that the
structure is asymmetric in the out-of-plane direction, as
shown in Fig. 1(b). Obviously, the bond length of Mo–S is
larger than that of Mo–O.

Fig. 2 shows the transmission spectra of these Janus mono-
layers along the zigzag direction, which is the transport direc-
tion studied in this work, as shown in Fig. 1(a). One finds that
there are five XMoY configurations exhibiting semiconductor
behavior, i.e., OMoS, OMoSe, SMoSe, SMoTe and SeMoTe.
Around the Fermi level, there is a transmission gap for each
case, whose width varies with the elemental combination.
As their parent materials are all semiconductors, those are
easily understood. However, Janus OMoTe exhibits metallic
behavior, where the transmission is finite at the Fermi energy.

Fig. 1 (a) Top view of the Janus monolayer XMoY (X, Y = O, S, Se and Te).
There are in total six kinds of XMoY structures, i.e., OMoS, OMoSe, OMoTe,
SMoSe, SMoTe and SeMoTe. (b) Side view of Janus OMoTe.

Fig. 2 (a–f) Transmission spectra of the Janus monolayers of OMoS,
OMoSe, OMoTe, SMoSe, SMoTe and SeMoTe, respectively. In particular,
the OMoTe monolayer exhibits metallic behaviour. Others exhibit semi-
conducting behavior. The Fermi energy was set to be zero.

Paper PCCP



This journal is© the Owner Societies 2018 Phys. Chem. Chem. Phys., 2018, 20, 21113--21118 | 21115

This is quite different from the other cases. More interestingly,
its parents (MoO2 and MoTe2) are both semiconductors.

In the present work, the parent and child materials possess
the same geometry, i.e., MX2. Moreover, the M atoms in the
middle layer are the same for the three materials (parents and
the child), i.e., Mo. Particularly, the X and Y atoms from the two
parents that constitute the face layers of the child are in the
same group in the periodic table, i.e., chalcogen. That is to say,
the X and Y atoms share the same electronic configuration in
the outermost orbitals (here, X, Y = O, S, Se and Te). As is well
known, elements in the same group tend to exhibit quite
similar properties due to the same electronic configuration.
Based on these factors, we roughly concluded that the child
tends to possess the same properties as its parents, e.g. semi-
conducting. Such a conclusion is confirmed by almost all the
child materials in the present work except OMoTe. So, for
OMoTe, it is surprising and important that the two semicon-
ducting ‘‘parents’’ produce a metallic ‘‘child’’.

To gain insight into the origin of these transport behaviors,
we calculated the band structures of these monolayers, as
shown in Fig. 3. One finds that in the band structure of OMoTe,
there are two bands across the Fermi level. Apparently, it is
these bands that contribute to the finite transmission for
OMoTe. Moreover, in both G–X and G–Z k-point directions,
there is a band across the EF. So, in both of these two direc-
tions, the Janus OMoTe monolayer exhibits metallic behaviour.
Above the Fermi level, there are another two bands. Although
they do not cross the EF, they intersect with the bands that cross
the EF. As a result, there is no band gap around the EF. And,
they consequently contribute to the continuous transmission in
Fig. 2(c), where there is no transmission gap around the EF.

For the other Janus monolayers, there is a band gap at the
Fermi level for each case, see Fig. 3. Obviously, it is those band
gaps that result in the transmission gaps in Fig. 2. Besides, like
the OMoTe case, the band structures of those configurations
show the same behavior between G–X and G–Z k-point direc-
tions, i.e., they exhibit the semiconductor feature in both of
these two directions. In brief, the metallic/semiconductor
behavior is robust to the direction of the monolayer for both
OMoTe and the other cases. Such robustness would be quite
beneficial in the development of practical devices.

We next investigated the underlying mechanism of the
strange electronic behavior of OMoTe. Previous studies show
that the band gap of MX2 monolayers is very sensitive to
applied strain, which is usually used as a modulating method
for bandgap engineering.27–33 For our OMoTe structure, the
asymmetry between the top and bottom layers could naturally
induce extra strain, which may be responsible for the semi-
conductor–metal transition. To prove this, we started with its
parents and applied strain on them, i.e., MoO2 and MoTe2. The
lateral lattice parameters of the MoO2 and MoTe2 monolayers
are a = 2.78 and 3.46 Å, respectively. And, the optimized lattice
parameter of Janus OMoTe is a = 3.24 Å. Interestingly, when we
force the lattice parameters of MoO2 and MoTe2 to be 3.24 Å,
they both become metallic (ESI†). In other words, both of the
parents become metallic when they share the lattice parameter
of their ‘‘child’’. Note that these transitions occur without
altering the elements; they are solely induced by the strain.
This validates our assumption of the mechanism of the strain-
induced semiconductor–metal transition. Moreover, the trends
of the parameter changes are not the same, where that of MoO2

increases (from 2.78 to 3.24 Å) and that of MoTe2 decreases
(from 3.46 to 3.24 Å). It is actually reasonable that the lattice
parameter of the child is in the middle of that of its parents.

For the two-faced Janus OMoTe monolayer, its top/bottom
layer is full of O/Te atoms. If the strain is the key to trigger the
semiconductor–metal transition, changing the ratio between
O and Te atoms should alter the strain. Here, we argue that the
transition could be progressive if we carefully control the ratio
of O to Te atoms. To demonstrate this, we set up a larger
supercell where there are eight atoms in each layer (top/middle/
bottom), as shown in Fig. 4(j). Starting with MoTe2, we
increased the ratio of O atoms in one layer. The structure can
be denoted as On/8MoTe2�n/8 with n varying from 0 to 8, where
n = 0 stands for MoTe2 and n = 8 stands for Janus OMoTe.
Fig. 4(a)–(i) show the transmission spectra of all these cases
with n = 0 to 8, respectively. In Fig. 4(a), one finds that there is a
transmission gap around EF, suggesting MoTe2 is a semi-
conductor. When we substituted one O atom for one Te atom
in the supercell, the transmission gap remains but its width
decreases, as shown in Fig. 4(b). When there are two sub-
stituted O atoms, the configuration becomes the structure
shown in Fig. 4(j), where n = 2. This time, the transmission
gap becomes much smaller. When the ratio of substituting
O atoms increases further from Fig. 4(c)–(g), one easily finds
that the transmission gap decreases gradually. All of them
(from Fig. 4(c)–(g)) are semiconductors.

Note that the gap in Fig. 4(g) (n = 6) has already become very
small compared with that of Fig. 4(a). However, when there are
seven substituted O atoms in the top layer, the situation changes
quite a lot, see Fig. 4(h). The transmission gap disappears and
there is a finite transmission at (and around) the EF. Now, the
monolayer becomes metallic. So, although there is still Te atoms
in the top layer, the configuration has changed to become
metallic. When the ratio of the O atoms further increases, the
configuration becomes the two-faced Janus OMoTe. Naturally,
the transmission around the EF further increases, see Fig. 4(i).

Fig. 3 (a)–(f) Band structures of the Janus monolayers of OMoS, OMoSe,
OMoTe, SMoSe, SMoTe and SeMoTe, respectively. There are bands across
the Fermi level for OMoTe.

PCCP Paper



21116 | Phys. Chem. Chem. Phys., 2018, 20, 21113--21118 This journal is© the Owner Societies 2018

To trace the origin of the transmission, we also calculated
the band structures of all the On/8MoTe2�n/8 configurations.
They are shown in Fig. 5(a)–(i), corresponding to the trans-
mission spectra in Fig. 4(a)–(i), respectively. As we can see, from
Fig. 5(a)–(i), the conduction band moves down gradually, whereas
the valence band moves up gradually. And in Fig. 5(h), they both
cross the Fermi level. As a result, the band gap decreases
gradually and finally disappears from left to right in Fig. 5. So,
it is those variations in the band structures that result in the
change of the transmission spectra in Fig. 4. The process can be
seen as a ‘‘progressive transition’’.

Limited by calculating resources, in the present work, we
chose the supercell with only eight Mo atoms. According to the
strain mechanism, a more gradual change of the band gap
could be observed in larger supercells, where the ratio of O to
Te atoms could be modulated more gradually (now the changing
step is 1/8). During the change of band gap, there should be a

critical state where the band gap is zero. With a larger supercell,
this critical state will be easier to find. In this work, we confined
our studies to the situation where the O atoms distribute in one
face. In Fig. 4 and 5, the O atoms are adjacent with each other
(all the corresponding structures are presented in the ESI†).
Besides them, we constructed another 23 configurations with the
same supercell and calculated the corresponding band structures
and transmission spectra (ESI†). Considering the symmetry, all the
possible configurations in this supercell have been studied. It was
found that the bandgap (or transmission gap) decreases with an
increase of the O content, and this is the main trend of the
bandgap variation. The distribution of O atoms has only a slight
influence on it. Importantly, the semiconductor–metal transition
occurs at almost the same ratio of O atoms as the adjacent ones.
So, the key factor is the ratio of O atoms, not their distribution (for
the one-face condition). This would be quite beneficial for practical
applications. Note that this conclusion is drawn for this supercell.

Fig. 4 (a–i) Transmission spectra of On/8MoTe2�n/8 with n varying from 0 to 8, where we use an O atom to substitute Te in the top layer of the 2D
structure. (j) Top view of the supercell of O2/8MoTe2�2/8 (shown as an example). The leftmost and rightmost bands correspond to MoTe2 and OMoTe,
respectively. Note that there are 8 pairs of Te atoms in the supercell of MoTe2. From (a) to (i), the ratio of O atoms increases, but the transmission gap
decreases. Each configuration has been optimized.

Fig. 5 (a–i) Band structures of On/8MoTe2�n/8 with n varying from 0 to 8, corresponding to Fig. 4(a–i), respectively.
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Further studies with larger supercells require systematic investiga-
tion and much more calculating resources, which we hope to do in
the future.

It should be noted that in all the On/8MoTe2�n/8 configura-
tions, only MoTe2 is a direct band gap semiconductor, the
others are indirect ones. The Janus OMoTe is also an indirect
one. That is to say, the introduction of O atoms changes MoTe2

from a direct band gap semiconductor to an indirect one.
This can actually be used as a way to modulate the electronic
structure of the MX2 monolayer. Note that not all the two-faced
Janus monolayers are indirect band gap semiconductors.
In Fig. 3, one finds that OMoS, OMoSe, SMoSe and SMoTe are
indirect band gap semiconductors, but SeMoTe is a direct one.

During the geometry optimization, any residual force would
be eliminated. In the present work, the ‘‘strain’’ is introduced
to explain the metal–semiconductor transition. Although O and
Te are in the same group in the periodic table, a substitution
between them in MX2 (without optimization) will no doubt
induce extra strain, as they are in different periods and possess
different atomic radii. If we assume that OMoTe is obtained by
substituting the element in one of the parents, it is this ‘‘strain’’
that triggers the deformation of the new structure and results in
the new properties. Of course, the strain will finally be released
through the variations of the geometries during optimization
(such as lattice parameter and bond length). We compared the
lattice parameter of OMoTe and its parents and observed its
difference and effect. In addition, we also calculated the bond
lengths of OMoTe and its parents (ESI†). It was found that for
the Mn–O or Mo–Te bond, it is different from that of the
parents. According to the above proposed mechanism, this is
caused by the release of strain. So, if we try to describe and
rationalize the ‘‘strain’’, we could use the variations of the
lattice parameter and bond length (or some other geometric
parameters, such as bond angle).

In fact, a transition will happen suddenly, it will not be
progressive. However, in our system, the bandgap (or trans-
mission gap) decreases gradually with the increase of oxygen
concentration and finally disappears, i.e., it triggers the semi-
conductor–metal transition. Although the transition finally
occurs when the ratio of O atoms increases to a specific value,
it tends to occur even when that ratio is very small. So,
‘‘progressive’’ in the present work refers to the trend of the
whole transition process (or the variation of the bandgap).
In some way, the bandgap could be used as an index to
distinguish between the semiconductor and metal. Moreover,
we have found that the O distribution only has a very slight
influence on the bandgap variation and transition, and the key
factor is O ratio (ESI†). So, by modulating the O ratio, it would
be easy to produce the transition in practice.

From the energetic point of view, it was found that the
geometric form of the OMoTe nanotube is preferred, compared
with planar structures (ESI†). Interestingly, the OMoTe nano-
tube becomes semiconducting. The underlying mechanisms
are worth exploring, but they are out of the scope of the present
work and will be studied in the future. Moreover, through
optimization, we find that a nanoribbon cutting from the

monolayer may not be able to roll up to a nanotube sponta-
neously, and it tends to keep the planar structure (ESI†).

Former studies showed that an external strain could effec-
tively modulate the band gap of the MX2 monolayer.27–33

However, the obtained properties are not the intrinsic feature
of the material. So, once the external stain is withdrawn, the
monolayer would exhibit the original electronic properties,
i.e., the modulating effect cannot persist. On the other hand,
for the Janus monolayer, its geometry is stable and the electronic
features are its intrinsic ones, which can persist without the need
of additional equipment. This could be quite beneficial for the
fabrication of realistic devices.

As is well known, there are plenty of MX2 monolayers.22 That
is to say, there are many candidate elements for M and X. So,
the number of possible combinations of Janus XMY would be
quite large. This provides us with a huge database to explore
and select Janus XMY monolayers, which are expected to be
used for building interesting practical nanoelectronic devices.

Conclusions

In summary, we studied the electronic structure and transport
of Janus XMoY monolayers (X, Y = O, S, Se and Te) through first-
principles calculations. It was found that the OMoTe monolayer
exhibits metallic behavior, and the others are semiconductors.
Interestingly, the ‘‘parents’’ of OMoTe (MoO2 and MoTe2)
are both semiconductors. Further analysis shows that it is
the out-of-plane asymmetry-induced strain that results in the
metal–semiconductor transition between Janus OMoTe and its
parents. By increasing the ratio of O atoms in one face of
MoTe2, a progressive decreasing trend of the bandgap, as well
as the transition to metallic, was found. This could be used as
an effective way to precisely control the bandgap. Different
from other methods, it uses the intrinsic feature of the structure,
without the need of additional equipment. Moreover, it is
expected to be extended to many other transition-metal chalco-
genides, showing great application potential.
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