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Abstract

In the present work, we consider electronic properties of WXy (X = S, Se) monolayers
under a biaxial strain €, using the first principles study. Our calculations indicate that, at
equilibrium, the WS, and WSes monolayers are semiconductors with a direct band gap of
respectively 1.800 eV and 1.566 eV while their bulk structures are indirect semiconductors.
The electronic properties of the WX monolayers are very sensitive with the biaxial strain,
especially compression strain. The biaxial strain € is the cause of the band gap of the
WX5 monolayers and especially the semiconductor—metal phase transition has occurred in
the WSs monolayer at £, = —10%. In addition, the direct—indirect band gap transition
was observed in both WSy and WSey monolayers at a certain elongation of biaxial strain
€p. The phase transitions in these monolayers can be very useful for their applications in

nanoelectromechanical devices.
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1 Introduction

Success in the synthesis of two-dimensional (2D) graphene [1] has created
a new tendency in the study of layered materials over the past decade. Graphene
has attracted an enormous amount of scientists because of its many extraordinary
properties [2]. However, due to the zero band gap, graphene has certain limitations
in applications in electronic devices [3]]. A variety of graphene-like materials have
been sought and studied [4-10]. Despite its graphene-like hexagonal structure, tran-
sition metal dichalcogenide (TMD) monolayers are a semiconductor material with

quite large natural band gap [11}12]]. With natural band gap, TMDs have overcome
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the limitations of gapless graphene to become a prospective material for applica-
tions in nanoelectronics such as field-effect transistors [|13,/14] or detectors [15]].
The large spin-orbit-coupling (SOC) energies in the monolayer TMDs due to the
contribution of d orbitals of transition metal atoms [[16-18]] can lead to split degen-
erate bands.

Among TMD monolayers, the group-VIB TMDs (MoS,, MoSe,, WSs, and
WSe,) emerged as the material with many outstanding physical properties such as
high mobility at room temperature [[19,20] or controlling their electronic proper-
ties easily by an external field and strain engineering [12,21-24]. Especially, WS,
and WSe, are expected to have many applications in renewable energy technology
and energy conversion, particularly the WS, monolayer with large band gap around
1.9 eV [25,26] could be used in the production technology of hydrogen from wa-
ter [27]. Electronic properties of the monolayers WS, and WSe; has been investi-
gated by density functional theory (DFT) [4,28,/29]]. Using the combination of DFT
and tight-binding calculations, Rold4n and co-workers have considered the effect of
the spin-orbit coupling (SOC) on the electronic properties of the monolayers MoS,
and WS, [30]. Similar to graphene, TMD materials are sensitive to external con-
ditions, for instance, strain engineering [12,31}[32]], pressure [33]] or defect [34].
While bulks WS, and WSe, are semiconductors with an indirect band gap, the
monolayers WS, and WSe, are both direct gap semiconductors [25,28,35]]. The
energy gaps of these materials depend strongly on the thickness (number of layers)
of the compound [12]. Besides, the strain engineering can strongly modulate the
band gap of the monolayers WS, and WSe; and can even lead to semiconductor—
metal phase transition [31]. Effect of strain on electronic properties and phase tran-
sition in monolayer WS, has been also studied experimentally [36,,37]. In addition
to monolayers or multilayers, many scientists have recently focused on heterostruc-

tures based on TMDs and other hexagonal materials [[38-43]] which are many inter-



esting properties that are not found in monolayers [44-47]].

In this work, we investigate the influence of the biaxial strain on electronic
properties of the WX, (X = S, Se) monolayers using the DFT calculations. The
electronic states near the Fermi level and the band gap of the monolayers under the

biaxial strain are thoroughly also studied and discussed.

2 Model and computational details

In this work, first-principles calculations are employed on basic of the density
functional theory to perform the geometric optimization and calculate the elec-
tronic properties of bulk and monolayers WX, (X'= S, Se). All these calculations
are realized through Quantum ESPRESSO simulation package [48]] within the pro-
jector augmented-wave (PAW) pseudopotentials [49,50]. Also, the generalized gra-
dient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) parametriza-
tion [51,52] was used to delineate the exchange—correlation energy. To describe the
van der Waals interactions, which may exist between layers, the DFT-D2 proposed
by Grimme (PBE+D2) [53] was used in this study. The first Brillouin zone is sam-
pled with (15 x 15 x 1) k-mesh Monkhorst-Pack grid. A kinetic energy cut-off of
500 eV was used in our numerical calculations for plane-wave basis. The structures
of the WXy (X =S8, Se) are fully relaxed with convergence criteria for the force act-
ing on each atom and the total energy respectively being 0.01 eV/A and 106 eV. In
calculations for the WX, monolayers, the vacuum space of 20 A was used in order
to avoid any interaction between the neighbor layers. In the presence of the biaxial
strain, we defined the elongation ¢, applying to the monolayer as €, = (§ — dg) /o,
where dy and § are the unstrained and strained lattice constants, respectively. In this
work, the applied biaxial strain ¢ is in the range from —10% to 10%. The minus

sign is for the case of compression strain.
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Fig. 1. (a) Top view and (b) side view of the atomic configuration of WXs (X =S, Se).
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3 Results and discussion

Atomic structure of the WX, (X = S, Se) monolayers at equilibrium is shown
in Fig. [T} At the equilibrium state, the WX, monolayer belongs to the symmetry
group D3, with W and X atoms arranged in a hexagonal lattice. In bulk form, the
WX, monolayers are bonded together by the van der Waals force. Our calculated
lattice parameters of both bulk and monolayer WX, are listed in Tab.[I} Our results
are in good agreement with previous theoretical calculations [28}|54] and experi-
mental measurements [55]. The experimental lattice parameters of the bulk WS,
are aws, = 3.153 A and cys, = 12.323 A, and they are aws., = 3.282 A and
ewse, = 12.960 A in the case of the bulk WSe, [55]]. Our calculated results for
lattice parameters a of the monolayers WS, and WSe, are respectively 3.185 A
and 3.324 A which are larger both computational (in this work) and experimental
value [53]] of the bulk materials.

To investigate the electronic properties, we first calculate the band structure of

the bulk WS, and WSe, at equilibrium as shown in Fig. 2] Our calculations show



Table 1
Structural parameters, total energy, and the band gap of bulk and monolayer WXy (X =S,

Se) at the equilibrium state

a, A c, A Total energy,eV Band gap, eV

Bulk WS, 3.167 12.284 —400.911 0.909
Monolayer WSs  3.185 - —200.342 1.800
Bulk WSes 3.296 12987 —393.954 0.826
Monolayer WSey  3.324 - —196.952 1.566
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Fig. 2. Band strucure and partial density of states of the bulk WS (a) and WSes (b).
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Fig. 3. Phonon dispersion relations of the monolayers WS» (a) and WSes (b) at the equi-

librium state.

that, in the bulk form, both WS, and WSe, are semiconductors with an indirect
band gap. The indirect energy gap formed between the valence band maximum
(VBM) at the I'-point and the conduction band minimum (CBM) locating on the
ST'-path. As a comparison, we find that the energy gap of the bulk WS, (0.909 eV)
is slightly larger than that of the bulk WSe, (0.826 eV). Our calculated results
are in good agreement with the previous DFT calculations [28]. Also, previous
experimental measurement has confirmed that the bulk WSe; is a semiconductor
with an indirect band gap of 1.2 eV [35]]. From the partial density of states (PDOS)
in the right panel of Fig. |2, we can clearly see the contribution from orbitals of
W and X atoms to the energy structure of WX,. In the bulk WS, contribution
form the W-d and S-p orbitals to the conduction and valence bands are dominant
compared to other orbitals. In a more quantitative view, the W-d contribution to the
conduction band was greater than its contribution to the valence band, while the
S-p contribution to the valence band was more dominant than its contribution to
the conduction band. On the other hand, the contributions of S-s, W-5p, and other
orbitals is negligible. Similar to the bulk WS, case, the energy structure of the bulk
WSe, is the main contribution from the W-d and Se-p orbitals.

The main task of this work is to focus on the electronic properties monolay-
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Fig. 4. Dependence of total energy of the monolayers WS» (a) and WSe; (b) on the biaxial

strain &y,

ers WX, (X =S and Se) in presence of biaxial strain. To begin, we first check the
thermodynamic stability of the monolayers. The phonon dispersion relations of the
monolayers WS, and WSe, were calculated and shown in Fig. [3] From Fig. 3| we
can see that, in the phonon spectrum of the monolayers, there are no soft phonon
modes. This implies that the monolayers WS, and WSe, at the equilibrium state is
stable. At the equilibrium state, the total energy of the WS, and WSe; monolay-
ers is respectively —200.342 eV and —196.952 eV. Our calculated results demon-
strate that the effect of biaxial strain €, on the total energy of the monolayers is
quite weak. Dependence of the total energy of the monolayers on the ¢, is shown
in Fig. Eﬂ In contrast to the bulk structure, our DFT calculations indicate that the
monolayers WX, are direct semiconductors at the equilibrium state with a larger
band gap opening at the S-point. At equilibrium, the band gaps of WS, and WSe,
are respectively 1.800 eV and 1.566 eV. These calculated results agree with the
previous theoretical studies [12,26,31,56|]. However, the calculated result of the
band gap depends strongly on the selected functionals [54]. Electronic energy band
structure and PDOS of the WX, monolayer at equilibrium are shown in Fig. [5]
Similar to the bulk case, the conduction and valence bands near the Fermi level are

mainly contribution from the W-d and S-p orbitals. Compared to the bulk case, the
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Fig. 5. Band strucure and partial density of states of the monolayers WS, (a) and WSe, (b).

contribution from S-s, W-5p to the bands of the WS, and WSe, monolayers was
larger but still less significant than the contribution W-d and S-p orbitals. Based on
the contribution of the orbital as above-analyzed, therefore, we can bypass these
orbitals (such as S/Se-s, W-2p, W-5p) as an approximation to reduce calculations
in analytical models, such as tight-binding method, and this neglect does not sig-
nificantly affect the accuracy of the calculated results, especially when we examine
the electronic bands near the Fermi level.

Compared to the bulk case in Fig. 2[b), the conduction band of the WSe,
monolayer has been significantly changed leading to a difference in the type of
band gap (namely, indirect or direct band gap) in these materials. However, focus-
ing on the lowest subband of the conduction band of the monolayer WSe,, inter-

estingly, we can see that the difference in energy between the CBM and the lowest
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Fig. 6. Band strucure of the monolayers WSy (a) and WSesy (b) under biaxial strain &y,

point of subband part location in the SI'-path is very small and these two points
look like degenerate points. From this, we expect external conditions such as strain
engineering or electric field can change these points leading to the direct—indirect
band gap transition in the WSe, monolayer. In fact, our DFT calculations demon-
strate that the band structure of the WX, monolayers is very sensitive to the biaxial
strain, especially compression case. The band structure of the WX, monolayers
under biaxial strain ¢, is shown in Fig. [0| From Fig. [6(a), we can interestingly
see that the effect of the ¢, on the energy band structure of the monolayer WS is
very large. The tensile strain (¢, > 0) has changed the position of the CBM/VBM
leading to the direct—indirect transition as predicted. The monolayer WS, becomes
an indirect semiconductor under the biaxial strain. In particular, our DFT calcula-
tions indicated that the band gap of the monolayer WS, decreases rapidly with the
presence of the compression biaxial strain and it decreases to zero at &, = —10%.

Pressure at biaxial strain of —10% for WSes is 29.43 GPa (and 24.74 GPa for WS,).
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Fig. 7. Dependence of the band gap of the monolayers WS, (a) and WSes (b) on the biaxial

strain &y,

Thus, in addition to the direct—indirect transition, the biaxial strain has resulted in
the semiconductor—metal phase transition in the monolayer WS; at certain elonga-
tion. In the case of the monolayer WSe,, from Fig. [6(b) we can see that while the
tensile biaxial strain does not change the nature of the band gap, the WSe, mono-
layer becomes an indirect semiconductor when the compression biaxial strain is
introduced. However, the change in position of the CBM in the monolayer WSe,
due to the compression biaxial strain leads to the direct—indirect transition, the ef-
fect of the compression biaxial strain on the band gap is quite small. Dependence
of the band gap of the monolayers WS, and WSe, on the biaxial strain ¢ is shown
in Fig.[/| Clearly, the band gap of both monolayer WSe,; and WS is reduced in the
presence of the &;,. It means that the band gap of the monolayers WS, and WSe, is
maximum at the equilibrium. The band gap of monolayer WS, decreases linearly
when the tensile/compression ¢, is applied. In particular, the band gap of the mono-
layer WSe, decreases rapidly when the compression strain is applied and it leads

to semiconductor—metal phase transition as mentioned above.
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4 Conclusion

In conclusion, we considered the electronic properties of the WX, (X = S,
Se) monolayers under the biaxial strain ¢, using the DFT calculations. Our cal-
culations have shown that the band gap of the WX, monolayers is nearly 2 times
the band gap of the bulk WXj,. The electronic properties of the WX, monolayers
are very sensitive to strain, in particular, we can easily control the band gap of the
WX, monolayers through the biaxial strain. The biaxial strain does not only lead to
direct—indirect band gap in the WX, monolayers but also to semiconductor—metal
phase transition in the monolayer WS,. With a wide natural band gap at equilibrium
and phase transitions in the presence of strain, the monolayers WX, can become a
promising material for applications in nanoelectromechanical systems or optoelec-

tronic and photovoltaic devices.
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