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ABSTRACT: Recent progress in transition-metal dichalcoge-
nides has opened up new possibilities for atomically thin
nanomaterial based electronic device applications. Here we
investigate atomic-scale self-assembled heterojunction modu-
lated by layer-by-layer controlled oxidation in monolayer and
few-layer dichalcogenide systems and their electronic properties
within a first-principles framework. Pristine dichalcogenide
systems exhibit semiconducting behavior. We observe reduc-
tion of the band gap for partial oxidation of the top layer.
However, complete oxidation of the top layer makes the system
metallic, owing to the charge transfer from the pristine to the
oxidized layer, as observed in recent experiments. When the
bottom layer gets partially oxidized with fully oxidized top
layers, the system shows unprecedented semimetallic behavior. The appearance of valence band maximum and conduction band
minimum at different k-points can introduce valley polarization. Therefore, our study shows controlled oxidation induced
varying electronic properties in dichalcogenide based heterojunctions that can be exploited for advanced electronic,
optoelectronic, and valleytronic device applications.

■ INTRODUCTION

Isolation of graphene has revolutionized the research of
atomically thin layered materials and provided an ideal
platform to consolidate the exotic properties in strictly two
dimensions.1−4 However, one major drawback of graphene is
its lack of band gap, which restricts the semiconductor
application of this otherwise amazing material. This fact
motivated the exploration of other two-dimensional materials
with varying functionalities.5−12 Transition-metal dichalcoge-
nides (TMDs) seem to be an ideal material in this conquest.
This class of material not only shows semiconducting behavior,
but also possesses high charge carrier mobility and dielectric
and interesting optical properties with high mechanical
strength, which can be exploited for flexible device
applications.13−19

Although the bulk TMDs have been known for decades, the
recent isolation of single or few-layer systems with controlled
doping has provided precise control over the band gap.20−30

This opens up new horizons for cutting edge device
applications in field-effect transistors,31−34 photodetectors,
and diodes.35−40 Owing to the absence of any dangling

bonds on the surface of pristine layered dichalcogenides, they
are mostly chemically passive. However, the edges or any
defect sites are vulnerable to chemical reactivity.41 Our recent
joint experimental and theoretical study on oxidation of
layered WSe2 material in ozone environment shows that the Se
atoms along the edges are preferentially replaced by O atoms.42

However, the oxidation of the top layer at a certain
temperature creates an amorphous oxide composite that
protects the underlying layers from further oxidation. The
oxidation of the next layer is only possible at elevated
temperature. This procedure clearly shows the temperature
regulated layer-by-layer oxidation of WSe2.

42

Further study shows that the underlying WSe2 layer gets
hole-doped by surface charge transfer to the top oxidized layer,
resulting in large on-current and hole mobility.43 This
procedure of doping the TMDs has been shown to be more
advantageous for field-effect transistor applications due to
enhanced control on doping, as compared to the previous
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proposals based on p-type Ohmic contacts44−47 or low
resistance electrochemically doped graphene contacts.48 In
this paper, we investigate the gradual layer-by-layer oxidation
of layered TMDs, e.g., WSe2 and MoS2, systematically and its
impact on the electronic properties within ab initio
calculations. We present the results of the WSe2 system in
the paper and choose to provide the results of the MoS2 system
in the Supporting Information with reference in the main text,
wherever necessary.

■ COMPUTATIONAL DETAILS
For structural relaxation and for electronic property inves-
tigation, we adopt the first-principles calculations as
implemented in SIESTA.49 We perform the calculations within
generalized gradient approximation (GGA) with Perdew−
Burke−Ernzerhof (PBE) exchange and correlation func-
tional.50 Spin polarized calculations have been performed
with an antiferromagnetic spin orientation guess for the initial
wave function. The double-ζ polarized (DZP) basis set has
been considered with energy cutoff of 400 Ry for the real space
mesh size. All the structures have been relaxed along with the
relaxation of lattice constants until the force on each atom
reaches 0.04 eV/Å and sufficient vacuum has been created
along the nonperiodic direction (z-direction in present case) to
avoid any interactions within adjacent unit cells. We consider
Brillouin zone sampling over a 20 × 20 × 1 Monkhorst−Pack
grid for two-dimensional structures. Note that the pseudopo-
tentials of the atoms have been generated within a Troullier−
Martins scheme with nonrelativistic electrons.

■ RESULTS AND DISCUSSION
In Figure 1a, we show the schematic picture of trilayer WSe2,
where the top layer is “fully oxidized”, the middle layer is

“partially oxidized” with upper surface Se atoms replaced by O
atoms, and the bottom layer is “pristine WSe2”. Although
during the experiment the oxidation seems to result in an
amorphous WOx (x < 3) structure,42 we maintain the
crystallinity for simplicity in computation. As can be seen,
the 2H-WSe2 layers represent a trigonal prismatic geometry.
Note that we replace only the Se atoms by O atoms, keeping
the W atoms intact, since it is energetically more favorable.42

The hexagonal Brillouin zone arising from the honeycomb
lattice is shown Figure 1b.
To start with, we consider the experimental crystal structure

of bulk WSe2 and pick up its two-dimensional mono-, bi-, tri-,
and tetralayer counterparts. Then we optimize their geometries
before and after replacing the Se atoms by O atoms one-by-one
from the top to the bottom layers, as illustrated in Figure 2a,
and calculate their stability. As can be seen from Figure 2b, the
replacement of Se atoms by O atoms leads to higher
stabilization. The stabilization energy is defined as
E E NEi i istabilization total= − ∑ . Here, Etotal is the total energy
of the system. Ni and Ei are the number of ith species and
energy of a single atom of ith species, respectively. Note that
the stabilization energies in Figure 2b are scaled with respect to
the number of layers. As can be seen, the stabilization energies
of the systems before oxidation, i.e., for WSe2 stoichiometry,
and stabilization energies after full oxidation, i.e., for WO2
stoichiometry, are almost independent of the number of layers
with slightly higher stabilization for the increased number of
layers, due to small interlayer interactions. Figure 2b shows
that, after each successive oxidation, the systems gain higher
stability, indicating stable structures of both partially or fully
oxidized systems. Moreover, the increase in the number of O
replacements increases the slope of the stabilization energy,
indicating the fact that the oxidized systems are more prone for
further oxidation, probably subjected to elevated temperature.
However, the temperature controlled layer-by-layer oxida-

tion cannot be accounted for in the present calculations
because we have calculated the ground state energies of all the
systems at zero temperature. Moreover, each oxidation step is
associated with the activation energy that needs to be
overcome by elevating the reaction temperature and that can
be tracked by investigating the transition states. These
calculations are out of scope of the present study. Here we
want to show that, by controlling the oxidation level, one can
regulate a broad spectrum of electronic properties in layered
TMDs, which can be useful for designing advanced electronic
devices.
Note that, within the experimental environment, the top

oxidized layer seems to form an amorphous composite, losing
its crystallinity, as inferred from Raman spectroscopy measure-
ments.42,43 Our structural analysis reveals that the W−O bond
length is considerably lower than the W−Se bond length (see
Figure S1), introducing strain to the total structure. Therefore,
the thermal agitation at higher temperature is expected to
make the oxidized WSe2 layers amorphous as the oxidation
progresses. Due to the presence of this amorphous composite,
the ozone cannot reach the underlying layer. Only at elevated
temperature does the higher diffusion due to enhanced kinetic
energy help the ozone to reach the underlying layers, and the
subsequent oxidation takes place. This scenario explains the
layer-by-layer oxidation of WSe2. However, we are hopeful
that, with increasing experimental sophistication, it will be
possible to minimize the effect of thermal agitation to produce
partially and fully oxidized crystalline TMD layers. Never-
theless, we have performed phonon dispersion calculations for
a monolayer of pristine, partially oxidized, and fully oxidized
systems and found all the structures to be stable (see Figure
S2).
Furthermore, we explore the effect of oxidation over the

electronic properties. We have investigated the electronic
properties of oxidized layered WSe2 systems and compare

Figure 1. (a) Schematic representation of partially oxidized trilayer
2H-WSe2 with trigonal prismatic structure. In the top layer, all the Se
atoms are replaced by O atoms to make it a WO2 layer. In the middle
layer, the Se atoms of the top surface are replaced by O atoms to
make it WSeO stoichiometry. The bottom layer remains intact as
WSe2. (b) The hexagonal Brillouin zone of WSe2 with location of
high-symmetric points.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.8b05857
J. Phys. Chem. C 2018, 122, 17001−17007

17002

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b05857/suppl_file/jp8b05857_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b05857/suppl_file/jp8b05857_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b05857/suppl_file/jp8b05857_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b05857/suppl_file/jp8b05857_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.8b05857


these with those of pristine WSe2. We have considered all
oxidized systems as depicted in Figure 2a along with the fully
oxidized layered WO2 system. It is known that only the
monolayer of transition-metal dichalcogenides is a direct band
gap semiconductor.51−53 The top of the valence bands and the
bottom of the conduction bands originate from 5d orbitals of
W and 4p orbitals of Se, as can be seen from the wave function
contribution in the fat-band plot in Figure 3a. Note that the
larger the size of the circles is, the higher the orbital
contributions are in the fat-band plots.
Replacement of the Se atom from one surface of the

monolayer WSe2 reduces the gap and makes the gap indirect,
as can be seen in Figure 3b. Now the top of the valence bands
originates from the 5d orbitals of W and 2p orbitals of the O.
This makes the dispersion of the top of the valence bands in
the WSeO system distinct as compared to that of the pristine
monolayer. In this case, the valence band maximum appears at
the Γ point. The bottom of the conduction band, however, still
has a major contribution from the 5d orbitals of W and 4p
orbitals of Se, with almost identical dispersion behavior as
observed in pristine monolayer WSe2. As a result, the band gap

becomes indirect. The reduction of the band gap in a partially
oxidized system, WSeO, is due to the intralayer charge transfer
from the 5d orbitals of W to the 2p orbitals of O, as can be
seen from Table S1. The charge transfer happens because of
higher electronegativity of O as compared to Se. Since more
localized d-electrons move to the p orbitals, their mobility
increases, causing the reduction in band gap. After full
oxidation to WO2, the band gap remains semiconducting and
indirect, with both the top of valence bands and bottom of
conduction bands originating from the 5d orbital of W and the
2p orbital of O (see Figure 3c). Note that here the dispersions
of these two bands are completely different than in the
previous two cases. Due to this direct to indirect band gap
transition upon oxidation, the peak in photoluminescence
disappears,42 and this property can be exploited for photo-
detector applications. All these observations are consistent for
monolayer MoS2 and its oxidized counterparts also (see Figure
S3). These observations indicate the distinct nature of oxygen
as compared to the other members of the chalcogen family.
An increase in the number of layers of TMDs beyond the

monolayer, including the bulk TMDs, is known to result in

Figure 2. (a) Tetralayer WSe2 unit cell is shown in the dashed box. The numeric values associated with the O atoms show the gradual order of
replacements of Se atoms by O atoms. (b) Stabilization energies per layer of the mono-, bi-, tri-, and tetralayer WSe2 systems as a function of the
gradual increase in O atoms by replacment of the Se atoms, as shown in part a. The horizontal line indicates the stabilization energy per layer for
the fully oxidized WO2 systems.

Figure 3. Band structures of monolayer (a) WSe2, (b) WSeO (with replacement of Se atoms by O atoms in only one surface), and (c) WO2 (with
complete replacement of all Se atoms by O atoms). The horizontal dashed (vertical) lines show the location of Fermi energy (high-symmetric
points). The arrows show the (a) direct or (b, c) indirect band gaps. The blue, red, and black circles show the contributions from the 5d orbital of
W, 4p orbital of Se, and 2p orbital of O, respectively, for the top of the valence band and bottom of the conduction band. The size of the circles is
directly proportional to the amount of contribution.
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indirect band gap semiconductors.51,52 The bilayer pristine
WSe2 shows an indirect band gap, as expected (see Figure 4a).
The top of the valence bands and the bottom of the
conduction bands originate from the 5d orbital of W and 4p
orbitals of Se atoms. However, unlike the pristine monolayer
system, the valence band maximum moves to the Γ point,
whereas the conduction band minimum moves from the K
point toward the Γ point.
The replacement of the Se atom at the top surface of the top

layer reduces the indirect band gap, and the conduction band
minimum shifts back to the K point (see Figure 4b). Similar to
the monolayer WSeO system, here also the top of the valence
bands are made of 5d orbitals of W and 2p orbitals of O,
resulting in distinct dispersion as compared to the pristine
system. The band gap reduction can be attributed to the
intralayer charge transfer from 5d orbitals of W to 2p orbitals

of O (see Table S1), making the electrons more mobile. Note
that there is no interlayer charge transfer within the bottom
WSe2 and top WSeO layers.
When the top layer becomes fully oxidized to WO2, the

conduction band crosses the Fermi energy, and band mixing
between the valence and conduction band takes place at the K
point (see Figure 4c). Moreover, the top of the valence bands
also crosses the Fermi energy at the Γ point. As a result, the
system shows metallic behavior, which agrees with the
experimental observation.43 Note that both single layer WSe2
and WO2 are semiconducting. However, when they are stacked
over each other, they exhibit metallic behavior. Our charge
density analysis shows interlayer charge transfer from the WSe2
to the WO2 layer (Table S1), owing to higher electronegativity
of O as compared to Se, and consequent higher electro-
negativity of the WO2 layer. Therefore, the bottom WSe2 layer

Figure 4. Band structures of bilayer (a) WSe2−WSe2, (b) WSe2−WSeO, (c) WSe2−WO2, (d) WSe2−WO2 (along with fat-band plot for 5d orbital
of W atoms in WO2 (cyan) and WSe2 (magenta) layer and their projected DOS), (e) WSeO−WO2 (along with the DOS plot), and (f) WO2−WO2
systems. The blue, red, and black circles show the contributions from the 5d orbital of W, 4p orbital of Se, and 2p orbital of O, respectively, for the
top of the valence bands and bottom of the conduction bands. The size of the circles is directly proportional to the amount of the contribution.
Note that the purple color region in the projected DOS plot in part d arises from the overlap of cyan and magenta colors, indicating a contribution
from the 5d orbital of W atoms in both WO2 and WSe2 layers. Parts g and h show the band structure of trilayer oxidized systems, WSe2−WSe2−
WO2 and WSeO−WO2−WO2, respectively. The horizontal dashed (vertical) lines show the location of the Fermi energy (high-symmetric points).
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is expected to become hole-doped and show p-type
conduction, as observed in experiment.43 Notice that the
conducting behavior is appearing from the 5d orbital of W and
2p orbital of O atoms. Although a band originating from the 4p
orbitals of Se atoms appears at the Fermi energy near the M
point, its dispersion-less character indicates localized electrons.
Now the question is the following: Does the metallic behavior
appear from the 5d orbitals of W in the fully oxidized WO2
layer or in the underlying WSe2 layer? For that, we have
calculated the wave function contribution from W atoms in
each layer and their projected density of states (DOS) and
presented them in Figure 4d. As can be seen, the nonzero DOS
at Fermi energy is appearing from the 5d orbitals of W atoms
in the fully oxidized WO2 layer. This does not explain the
experimental observation of p-type conduction in the WSe2
layer. This can be attributed to underestimation of interlayer
charge transfer in our calculation with the crystalline WO2
layer. In an experimental environment, the formation of
amorphous WOx (2 < x < 3) is expected to pull more electrons
from the underlying WSe2, causing higher hole doping due to
its enhanced electronegativity. As a result, the Fermi energy
shifts downward and aligns with the top of the valence bands,
that actually originates from the 5d orbitals of W in pristine
WSe2 layer. The large projected DOS from these orbitals, as
can be seen from the encircled region in the DOS plot along
with the vanishing projected DOS from W atoms in WO2
layer, ensures p-type conduction in the pristine WSe2 layer.
The metallic behavior might restrict its device application.
However, exposure to air can be a viable way to regulate the
charge transfer and consequent doping concentration to tune
the electronic properties, as proposed in recent experimental
studies.43,53−58

Further oxidation of the bottom layer results in a stacked
partially oxidized WSeO and fully oxidized WO2 bilayer
system. Surprisingly, this system does not show any interlayer
charge transfer and no band crossing at the Fermi energy. On
the contrary, it shows zero band gap but zero density of states
at Fermi energy (see Figure 4e), indicating semimetallic
behavior. However, unlike graphene, the valence band
maximum (at Γ point) and the conduction band minimum
(at K point) appear at different k-points. This results in an
unprecedented semimetallic property, which requires elec-
tron−electron or electron−phonon coupling to excite the
electrons from valence to conduction band through inter-k
scattering. This unique behavior provides a new platform for
tuning the electron transport and the on−off current in
electronic devices based on TMDs. Moreover, since the
valence band maximum and conduction band minimum are
well-separated in k-space, it is expected to show valley
polarization and can be exploited for valleytronics applica-
tions.18,59 This exotic behavior exists in neither monolayer
WSeO nor WO2 and therefore can be considered as a new
topological phase of charge carriers originating at the interface.
Note that similar Γ−K valley polarization has recently been
observed in trilayer hole-doped WSe2.

60

After complete oxidation to bilayer WO2, the system
becomes an indirect band gap semiconductor (see Figure 4f)
as its monolayer counterpart. The appearance of nearly
degenerate bands from both the layers indicates very small
interlayer interactions.
Our further investigations of trilayer WSe2 with gradual

oxidation result in similar observations. Whenever one layer
becomes fully oxidized to WO2, it attracts the electrons from

the underlying WSe2 layer making it hole-doped (see Table
S1), and subsequently, the system shows metallic behavior (see
Figure 4g). Note that here the valence band maximum at the K
point, which originates from 5d orbitals of W in the WSe2
layer, appears at the Fermi energy. Hence, the p-type
conduction through pristine WSe2 layers can be observed in
our calculation. Higher hole doping in the experimental
environment shifts the Fermi energy further down to show a
higher p-type current through WSe2 layers. In case of the
bottom WSeO layer with stacked WO2 layers on it, we observe
semimetallic behavior (see Figure 4h) without any net
interlayer charge transfer. All of these observations are
consistent with oxidized layered MoS2 systems as well (see
Figures S4 and S5 and Table S2). This indicates that these
behaviors appear to be universal in the case of TMDs.

■ CONCLUSIONS
In conclusion, we have investigated the stepwise layer-by-layer
oxidation of monolayer to few-layer TMD systems, WSe2 and
MoS2, along with their electronic properties within ab initio
calculations. We observe that the oxidation of monolayer WSe2
transforms the direct band gap semiconductor into an indirect
band gap semiconductor with a reduced band gap. The
reduction of the band gap is attributed to the change of energy
dispersion and intralayer charge transfer from the 5d orbital of
W to the 2p orbital of O. Although the multilayer TMDs
exhibit indirect band gap semiconducting properties, full
oxidation of the top layer into WO2 induces metallic behavior.
This happens due to interlayer electron transfer from an
underlying pristine layer to the top oxidized layer, making the
pristine layer hole-doped. As a result, the system is expected to
show p-type charge conduction. Our results are in complete
agreement with recent experimental findings.43 When the
bottom layer is partially oxidized having stoichiometric WSeO
with fully oxidized WO2 layers on top of it, the system exhibits
semimetallic behavior. Electron conduction in this system is
possible only by introducing inter-k scattering in terms of
electron−electron or electron−phonon coupling. This topo-
logical phase of interface charge carriers with valley polar-
ization will tempt further theoretical explorations. Moreover,
this unprecedented property provides a unique way of tuning
electronic properties in TMDs that can be exploited for
advanced electronic and optoelectronic device applications.
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