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Tungsten diselenide WSe, is a material with an intriguing character that has captivated the attention of
researchers; in this study, an ab initio analysis is presented that focuses on the optical and electronic
properties of WSe,. The study made use of density functional theory (DFT) by employing the Perdew—
Burke—Ernzerhof (PBE) generalized gradient approximation (GGA) density functional and PseudoDojo
pseudopotential. The study looked at the properties of both bulk and monolayer WSe, to determine
how the number of layers affects the properties of the material. To further investigate the properties of
WSe,, four different systems based on vanadium doped-WSe, were analyzed from the optical and elec-
tronic points of view. The systems contained different percentages of V: (i) WSe,:V 1.4%, (i) WSe,:V
2.8%, (iii) WSe,:V 5.6%, and (iv) WSe;:V 11.2%. The introduction of vanadium brought about a reduction
of the bandgap and a global shift of the projected density of states. The valence band maximum (VBM)
also crossed the Fermi level, which is consistent with the p-type nature of vanadium doping. Furthermore,
the absorption spectra changed in terms of the position and the intensity of the optical transition as a
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Introduction

Terahertz (THz) technology has gained significant interest in
recent years due to its unique ability to bridge the gap between
electronics and optics.” In this context, tungsten diselenide
(WSe,) has emerged as a promising material and a good
candidate for the next generation of devices.>?

Tungsten diselenide is a two-dimensional (2D) transition
metal dichalcogenide (TMD) that has attracted significant
attention from the scientific community due to its unique
structural, optical, and electronic properties.*® As a member
of the TMD group of compounds, WSe, exhibits intriguing
characteristics, making it a promising material for a wide range
of applications, including optoelectronics, energy storage,>’
and THz communications.® Tungsten diselenide possesses a
hexagonal crystal structure, belongs to P6;/mmc space group,
and is isotypic with hexagonal MoS,.”'° However, compared to
Mo, W is more abundant as an element in the Earth’s crust and
thus cheaper, and less toxic.® The significantly larger size of
W atoms can substantially tune the TMD properties. The WSe,
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structure consists of a sandwich-like arrangement 2H-WSe,
(where two sheets per unit cell characterize the 2H phase) of
tungsten atoms between two layers of selenium atoms; in
particular, each layer of WSe, is composed of a hexagonal
lattice of atoms, in which each tungsten atom is coordinated
with six selenium atoms and each selenium is bonded to three
tungsten units. The strong covalent bonding within the layers
gives rise to the robust nature of WSe, and the van der Waals
interactions keep together the different layers.®'" In addition to
the typical semiconducting hexagonal structure, another poly-
morph of WSe, is known (1T-WSe,), which is based on a
tetragonal symmetry with one WSe, layer per unit cell, which
results in a less stable configuration compared to 2H-WSe,."”
The 2D nature of WSe, results in its unique mechanical
properties.” It exhibits excellent flexibility and can be easily
exfoliated into single or few-layer sheets. The monolayer WSe,
has a direct bandgap of 1.7 eV, highly suitable for optoelec-
tronic applications.'* WSe, exhibits peculiar optical proper-
ties deriving from its quantum confinement effects in the 2D
regime. The bandgap of WSe, can be tuned by changing the
number of layers, ranging from the visible to the near-infrared
spectrum; moreover, the direct bandgap nature of monolayer
WSe, allows for efficient light emission and absorption.'*'®
Excitonic effects dominate the optical response of WSe,.®
Excitons, bound electron-hole pairs, are strongly confined in
the 2D layer, leading to enhanced light-matter interactions: the
large exciton binding energy in WSe, results in robust exciton

© 2024 The Author(s). Published by the Royal Society of Chemistry
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formation at room temperature, making it ideal for applica-
tions in photonics and solar cells. Moreover, the strong light-
matter interaction and the ability to engineer the bandgap via
strain or doping provide opportunities for tunable optical
properties in devices based on WSe,.">'®

Together with the optical properties, even the electronic
properties of WSe, are significantly influenced by its 2D struc-
ture and quantum confinement effects. WSe, exhibits a direct
bandgap in the monolayer form, enabling efficient charge
carrier generation and transport; additionally, the presence of
a bandgap makes it an attractive material for field-effect
transistors and other electronic devices.®"” WSe, possesses
several characteristics that make it an excellent candidate for
THz applications. Firstly, WSe, exhibits strong light-matter
interactions, allowing for efficient absorption and emission of
THz radiation. Its unique band structure, consisting of a direct
bandgap, enables efficient carrier generation and manipulation
in the THz regime. Moreover, WSe, possesses good carrier
mobility and low effective mass, contributing to its capability
to support high-frequency electronic and optoelectronic
devices.>® WSe, can be utilized for both THz generation and
detection. In terms of THz generation, the optical pump-THz
probe technique can be employed using WSe, as a photocon-
ductive material. By illuminating WSe, with a short-pulsed
laser, ultrafast carrier dynamics are induced, resulting in the
emission of THz radiation.'® The properties of WSe, and WS,
have been evaluated by other authors in the context of hetero-
structures, for hydrogen production from water splitting in the
Z-scheme module as well as for photonics and electronic
applications.’®?* Moreover, the properties of WSe, can be
tuned by the presence of a doping agent; in particular, the
attention of recent research has been focused on vanadium
doping. This is due to the capability of vanadium to replace
tungsten units which results in p-type doping. The incorpora-
tion of V atoms into the crystal structure of WSe, and the p-type
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nature of the V in WSe, is already discussed in the
literature.’®>* In particular, Mallet et al. identified isolated V
atoms substituted on the W sites by using scanning probe
microscopy techniques, and in agreement with other previous
papers.”®** Furthermore, the V atoms are electron-poor if
compared to the tungsten, and the p-type doping effect is
verified by Kozhakhmetov et al. who used the V:WSe, to build
a field effect transistor where the hole conduction is dominant
as the amount of V is increased.'® However, a clear under-
standing of the optical and electronic properties of WSe, that
has undergone V doping has not already been reported. Other
authors investigated the presence of vacancy defects as well as
the effect of different doping agents on tungsten telluride
regarding the properties of the material.>> For this purpose,
here we report a study of the optical and electronic properties of
WSe, as 1 monolayer (ML) and as a bulk material. The same
analysis has been considered also for WSe, doped with differ-
ent percentages of V. In particular, four different systems based
on a ML of WSe, in which V is replacing 1.4%, 2.8%, 5.8%, and
11.6% of the W, are considered. A schematic representation of
the molecular structures of WSe, and V:WSe, is reported in
Fig. 1. The systems have been first geometrically optimized and
then the optical and the electronic properties have been calcu-
lated by using density functional theory (DFT). A Quantum
Atomistic ToolKit (ATK) atomic-scale modeling platform has
been used to model all the WSe, structures and to perform all
calculations.?®*”*® Our work aims to understand how the proper-
ties of such an innovative material can be modified by the
presence of a doping agent such as V, already discussed in the
literature and previously tested experimentally. We aim to
understand how different percentages of V can help to alter
the geometric structure of the material and therefore influence
its optical and electronic properties in order to improve its
applicability in the new generation of devices and for applica-
tions in the field of THz telecommunications.
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Fig. 1 Schematic representation of the molecular structures of WSe, from different perspectives: (A) xy plane, (B) yz plane, (C) xz plane, and (D) 3D view,
and WSe, doped with V (E). Tungsten, selenium, and vanadium are depicted in blue, yellow, and red, respectively.
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Results and discussion

Tungsten diselenide has a hexagonal crystal structure and is part of
the P6;/mmc space group.’ Furthermore, the WSe, structure com-
prises a sandwich-like disposition with two sheets inside each unit
cell (2H-WSe,) of tungsten atoms between two layers of selenium
atoms; thus, every layer of WSe, is composed of a hexagonal lattice
of atoms, with tungsten that coordinates six selenium atoms and
each selenium bonded to three tungsten units. Inside the crystal
structure of WSe, there are strong covalent bonds that hold
together the W and Se atoms in each layer, conferring a robust
in-plane structure, and van der Waals interactions, which keep
together the different layers, presenting a graphene-like property to
be easily exfoliated.>* In fact, the electronic configuration of the Se
atoms is [Ar]3d'°4s’4p* and that of W atoms is [Xe]4f'*5d*6s>
therefore, there is a fairly strong p—d orbital interaction between the
W and the Se positioned in the same layer, while the interaction
between neighboring sandwich layers is only weak and of van der
Waals type.”® The geometrical lattice parameters, obtained after the
geometry optimization, resulted in @ = b = 3.528 A and ¢ = 12.96 A,
in line with the data already reported in the literature and with
the experimental findings.'**° The integration of V atoms into the
crystal structure of WSe, brings a p-type doping effect and it is due
to the substitution of the W atoms by the V ones, as reported by
other authors'®>****! The effect of vanadium incorporation, even
at very small doping percentages, affects the optical and electronic
properties peculiarly. Fig. 2 reports the bond lengths and bond
angles of the undoped and the V-doped WSe,. Both of these
parameters undergo only moderate changes when V replaces W
atoms. Inside the unit cell, the bond between W and Se is 2.54 A
and 2.55 A in the undoped and V-doped samples, respectively;
while the new V-Se bond is 2.49 A, only slightly shorter. Similarly,
the angle Se-W-Se moves from 80.64° to 80.16° in the undoped and
V-doped samples, respectively, while the Se-V-Se bond is 80.34°.

Band structure, bandgap, and density of the electronic states

The electronic properties of WSe, depend on the number of
layers that compose the material as demonstrated by the band
structures reported in Fig. 3; as a matter of fact, the band
structures of WSe, undergo an indirect-to-direct gap when
weakened to a single monolayer. The ML of WSe, is character-
ized by both the valence band maximum (VBM) and conduction
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Fig. 3 Band structures of WSe; as (A) a bulk material and as (B) a single
layer. The Fermi level is depicted as a dashed green line and the band gap
as a red line.

band minimum (CBM) at the K points, thus the single layer of
WSe, has a direct band gap of 1.68 eV (see also Table 1).
The bulk material is characterized by an indirect band gap of
0.94 eV that derives from the transition between the VBM at the
I' point and CBM between I'-K, while the direct bandgap
remains at the K points with a value of 1.58 eV. The results
are in line with the experimental and theoretically predicted
data.>”'>?%3? In Table S1 and Fig. S1 of the ESI, T the band gap
energy values and the band structures found with the metho-
dology based on GGA-PBE and the one obtained with
HybridGGA-HSE06 are compared. Table S1 (ESIt) reports the

Fig. 2 Bond lengths (A) and bond angles (B) of undoped WSe;; bond lengths (C) and bond angles (D) of V-doped WSe,. Tungsten, selenium, and

vanadium are depicted in blue, yellow, and red, respectively.
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Table 1 Bandgap energies

Wse,

Bandgap

Bulk undoped
1 ML undoped
1.4% of V doping

0.94 eV (indirect), 1.58 eV (direct)

1.68 eV (direct)
0.93 eV

2.8% of V doping 0.91 eV
5.6% of V doping 0.85 eV
11.2% of V doping 0.80 eV

band gaps for the undoped WSe, as a bulk system and as 1ML;
we found that the values are a bit overestimated compared to
the experimental®’"*>?3? values. The band gap of the bulk
system with HybridGGA-HSEO06 is found to be 1.62 eV (indirect)
and 2.26 eV (direct), while for the undoped 1ML WSe, the direct
band gap was 2.19 eV.

The projected density of the electronic states (PDOS) shows
how the W and Se atoms contribute to both the bands, and only
minor differences, in terms of relative intensity and peak position,
can be found between the bulk system and the monolayer (Fig. 4).
As already reported, the main contribution to both the valence
band and the conduction band originates from the d-orbital
energy level of W atoms and the p-orbital energy level of Se.?

The PDOS of the four different systems is based on a ML of
WSe, in which V is replacing 1.4%, 2.8%. 5.6% and 11.2% of
the W, showing how even a small percentage of doping affects
the behavior of the materials. From Fig. 4 and Table 1, it is
possible to notice that when the doping percentage increases,
the ML of WSe,:V decreases the bandgap moving from an
energy of around 1.6 eV to 0.93 eV. Moreover, because of the

1ML WSe: C
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introduction of V impurities, the bandgap slightly changed in
all the doped systems.

Atomic-scale characterization techniques and density func-
tional theory calculations already reveal that vanadium atoms
substitutionally replace tungsten atoms in the WSe, lattice and
introduce multiple defect states that are close to the valence
band edge. As it is possible to see from the density of the
electronic state in Fig. 4, as the percentage of vanadium gradu-
ally increases, there is an enhancement and thus a gradual shift
of the valence band close to the Fermi level. When the doping
percentage exceeds 2.8%, such effect becomes predominant and
confirms the p-type nature of the doping. The VBM shift is even
more evident in the higher vanadium inclusion percentage and
thus can be attributed to the d orbitals of vanadium. In a more
general way, the effect of the vanadium doping brings a total
movement of the PDOS, the VBM crosses the Fermi level and
such a trend is also matched with the shift of the CBM edge. The
p-type nature of the vanadium as dopants is also studied by
Kozhakhmetov et al.,'® and confirmed by making use of back-
gated field-effect transistors that exhibit an enhanced p-branch
(hole) current and a positive threshold shift.

Moreover, the addition of states close to the CBM could be a
significant advantage if considering the possibility of the
application of these materials for THz interaction, thanks to
the low energy amount of these intra-band states.’

Optical properties

The optical properties of the WSe, and V doped WSe, are
crucial for the development of a new generation of devices; in

1ML 1.4% YV in WSe:
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Fig. 4 Projected density of the electronic state (PDOS) for WSe; as a bulk material (A) and 1ML (B). PDOS of WSe, doped with different percentages of V:
WSe,:V 1.4% (C), WSe,:V 2.8% (D), WSe,:V 5.6% (E), and WSe,:V 11.2% (F). The Fermi level is depicted as a dashed green line; the Se, W, and V contributions
are reported as blue, green, and red full lines, respectively, while the total DOS is the black line.
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this context, of particular interest are the absorption spectra of
the material in the visible range of the electromagnetic spectra.
Fig. 5 reports the absorption spectra in terms of absorption
coefficient (o) as a function of the wavelength between 250 to
850 nm. The absorption coefficient, also known as the attenua-
tion or extinction coefficient, measures the distributed absorp-
tion in a medium per unit length; in other words, it describes
the intensity attenuation of the light passing through a
material.*® The spectra theoretically predicted show different
behavior depending on the number of layers and 1 ML WSe,
has the major absorption peak in the blue region of the visible
spectrum (between 390 and 500 nm). In contrast, the bulk WSe,
has a higher value of absorption coefficient in the same region
of the electromagnetic spectrum. Still, the peaks are less
resolved and the absorption coefficient falls in a quasi-
exponential way from the UV to the near IR region.

The V doping leads to a huge change in the absorption
spectrum; when the V percentage does not exceed 2.8%, the
optical spectrum shows two major absorption peaks around
590 nm and 750 nm; as a matter of fact, both these transitions
were present in the undoped WSe,, but after the incorporation
of V, they became prevailing. As the concentration of V is
increased, e.g. in the 5.6% WSe,:V, another transition became
preponderant, and this is situated between 400-550 nm; actu-
ally, the same transition was also present in the 1 ML WSe,.
A second band less resolved and less intense is still detected
around 750 nm, similar to the one present in the spectra of
1.4% and 2.8% WSe,:V. The system containing V doping at
11.2% shows a single transition centered around 500 nm

A Bulk B

1 ML WSe; C
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characterized by a broadening and a low resolution of the
other bands.

As reported in the literature, the presence of V brings an
enhancement in Raman defect modes and quenching of WSe,
photoluminescence.'® These authors showed that the photo-
luminescence spectra exhibit a similar dopant concentration
dependence: intrinsic WSe, displays a 1.65 eV optical band gap,
while is redshifted by 40 and 80 meV when there is 0.6%
V:WSe, and 1.1% V:WSe,, respectively, with reduced global
photoluminescence intensity. As the dopant concentration
increases to 1.9%, there is a complete quenching in the photo-
luminescence. These results are in line with the hypothesis
according to which V is expected to be a p-type dopant in WSe,
and donates an extra hole to the system. The dopant impurities
result in non-radiative recombination that alters the photolu-
minescence by quenching the intensity for vanadium doping
concentrations over 1.9%."¢*

To confirm the ability of the DFT methodology proposed
herein to describe the peculiarities of both undoped and V-
doped WSe,, further evaluation has been carried out in terms of
(i) the real part (Re[¢]) of the dielectric function (Fig. 6), which
describes the ability of the matter to interact with an electric
field without absorbing energy, (ii) the imaginary part (Im[¢]) of
the dielectric function (Fig. 6), which describes the ability of the
matter to permanently absorb energy from a time-varying
electric field, (iii) the extinction coefficient (Fig. S2 of the ESIf),
which represents the capability of the matter to absorb light,
and (iv) the refractive index (Fig. S3 of the ESIt), which is useful
to understand the ability of the matter to bend or refract the
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Fig. 5 Absorption spectra of WSe; as a bulk (A) and as 1ML (B). Absorption spectra of WSe, doped with different percentages of V: WSe,:V 1.4% (C),
WSe,:V 2.8% (D), WSe,:V 5.6% (E), and WSe,:V 11.2% (F). The spectra report the absorption coefficient () as a function of the wavelength, between 250 to

850 nm.
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Fig. 6 Real (Rele]) and imaginary (Im[e]) function of the dielectric constant of WSe;, as a bulk material (A) and as 1 ML (B). Dielectric functions of WSe,
doped with different percentages of V: WSe,:V 1.4% (C), WSe,:V 2.8% (D), WSe,:V 5.6% (E), and WSe,:V 11.2% (F). The dielectric values are reported as

functions of the energy between 0 and 3 eV.

light that passes through the material itself; the spectra have
been reported as a function of the energy of the electric field
expressed in eV.

As it is possible to see from the dielectric functions, both the
undoped systems have a similar trend in terms of shapes of the
spectral features, but the values of both the real and imaginary
dielectric functions are higher in the bulk WSe,. The trend of
the spectra of the doped systems differ from the undoped one,
but the systems are very similar in shape between the different
percentages of V doping, with an increased intensity in the ¢
spectra as the percentage of V became bigger.

Method

A quantum ATK atomic-scale modeling platform has been used
to model all the WSe, structures and to perform all
calculations.***® During the optimization of the geometries
and for the calculation of the optical and electronic properties,
the electron basis has been expanded in linear combination
using the atomic orbital (LCAO) method for Se, W, and V
entities resembling the SIESTA formalism.*® All simulations
have been carried out using the Perdew-Burke-Ernzerhof (PBE)
generalized gradient approximation (GGA) density functional
for the electron xc energy.>® The Hybrid HSE06 functional was
used to calculate the band gap energies and the band structures
reported in the ESIt (Table S1 and Fig. S1). For each atom, the
ionic cores have been represented by norm-conserving (NC)
PseudoDojo (PDj) pseudopotentials.’” The corrective Grimme
DFT-D3 term has been added to better consider the van der
Waals interactions, and periodic boundary conditions (PBCs)
have been used along all axes for the bulk system, while PBCs
have been applied only to the a and b axes to estimate the

© 2024 The Author(s). Published by the Royal Society of Chemistry

properties of the layered structures; in this way, it is possible to
avoid problems with boundary effects caused by the finite size
and to reduce the calculation time while maintaining high
accuracy. The energy cut-off has been fixed at 1200 eV and the
Brillouin-zone integration has been performed over a 15 x 15 x
15 k-points grid. These parameters assure the total energy
convergence of 5.0 x 10™° eV per atom, the maximum stress
of 2.0 x 107> GPa, and the maximum displacement of 5.0 x
107 A

The optical properties have been determined by two compo-
nents of the dielectric function gw) = &(w) + ig(w). The
imaginary part g(w) of the dielectric constant can be deter-
mined from eqn (1):*®

4n?

(0) = G

> Welpy[*0 (et — e — hv) (1)
icHOMO, JeLUMO &

where HOMO, LUMO, o, Q, W;, and p;; are the valence band,
conduction band, photon frequency, volume of the lattice,
weight of the k-point, and elements of the dipole transition
matrix, respectively.

The real part of the dielectric constant can be obtained with
the following eqn (2):

bo(@) = 1+ lprd@M 2

T )y @ — w?

Finally, the refractive index (n) and extinction coefficient (k) of

the systems have been calculated as follows (eqn (3)) and
(eqn (4):
e(w) =n* — I

®)
4)

&(w) = 2nk
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from which the absorption coefficient («,) can be expressed in
terms of the extinction coefficient (k) as a function of wave-
length (4) as in eqn (5):

_Axnxk

=T ¢)

Conclusions

Tungsten diselenide WSe, belongs to the 2D TMDs character-
ized by unique structural, optical, and electronic properties. As
a member of the TMD family, WSe, displays interesting
features, making it a promising material for a wide range of
applications, including optoelectronics, energy storage, and
THz communications. In this paper, we presented an ab initio
calculation making use of density functional theory (DFT), by
using PBE-GGA for the xc energy, the PseudoDojo pseudopo-
tential, and the corrective Grimme DFT-D3 term to consider the
van der Waals interactions. The study is based on the proper-
ties of bulk and monolayer WSe,; in particular, the band
structures of WSe, undergo an indirect-to-direct gap when
weakened to a single monolayer, while only minor differences
were found between the bulk and monolayer in terms of PDOS
and absorption spectra.

Then, four different systems based on vanadium doped-
WSe, were investigated from the optical and electronic points
of view. The systems contain different percentages of V:
(i) WSe,:V 1.4%, (ii) WSe,:V 2.8%, (iii) WSey:V 5.6%, and
(iv) WSe,:V 11.2%.

The doping percentage is calculated considering the num-
ber of V atoms (replacing W) and the total number of W atoms
in the unit cell. Vanadium doping brings a reduction of the
bandgap and a global shift of the projected density of states,
the VBM crosses the Fermi level, and such a trend matches with
the p-type nature of the vanadium. Moreover, the presence of
vanadium also affected the absorption spectra of the systems;
the electronic transition led to a band shift and broadening and
changed in terms of relative intensity, as the percentage of
vanadium changes. Moreover, we studied the real and the
imaginary dielectric functions, the extinction coefficient, and
the refractive index, to understand the capability of these
materials to interact with an applied electric field. These
properties showed a similar trend for two undoped systems
that differ from the V-doped ones. Meanwhile, the different
percentages of V affected the optical features mostly in terms of
intensity.
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