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Abstract: Defects are an integral part of the structure of various two-dimensional materials (2D), in-
cluding 2D transition-metal dichalcogenides. These defects usually govern their electronic properties.
In this work, simulations based on the density functional theory are employed for a comprehensive
characterization of typical point defects in the T-VSe, and H-VSe; monolayers. Specifically, Se
and V monovacancy defects are studied. The formation of monovacancies in T-VSe; and H-VSe;
monolayers are found to be less favorable than in other common transition-metal dichalcogenides.
Meanwhile, Se and V monovacancy defects tune the electronic structure of the T-VSe; and H-VSe,
monolayers significantly. The scanning tunneling microscopy simulated images obtained could
facilitate the detection of monovacancies in T-VSe; and H-VSe, monolayers in experiments.
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1. Introduction

Two-dimensional transition metal dichalcogenides (TMDs) are layered materials con-
sisting of one layer of transition metal atoms, such as Mo, V, and W, that are stacked
between two layers of chalcogen atoms (S, Se, or Te) [1]. There are some exceptions, such
as My 3 having 2:3 quintuple layers [2] and MX metal chalcogenides [3]. TMDs are used
in various electronic, optoelectronic and energy devices, such as transistors [4-6], flexible
and transparent displays [7,8], and sensors [9]. There are a large number of TMDs, such as
molybdenum disulfide and tungsten disulfide [10]. They can be obtained through microme-
chanical design or through the chemical vapor deposition and chemical vapor transport
approaches [11]. Two-dimensional TMDs have several stable polymorphs: the trigonal pris-
matic H phase, the octahedral T phase and the distorted octahedral atomic configurations
(T phase or T” phase) [12,13]. For example, 2D MoS, has several polymorphs differing
in the coordination of the Mo atom. The various phases of 2D MoS, possess different
fundamental properties. Two-dimensional MoS, may show semiconducting, metallic or
insulating behavior depending on the stacking of the S/Mo/S atomic planes [12]. It has
been shown that controllable phase transformations in 2D TMDs are possible via electron
beam [14], metal treatment [15] and laser irradiation [16].

Two-dimensional materials in which phase transition is associated with insignificant
atomic structure rearrangement, not leading to a change in the material stoichiometry, have
enhanced physical behavior. The energetics of the phase transitions in various 2D TMDs
have been studied extensively, both experimentally and theoretically [17-20]. In the case
of 2D MoSy,, first-principles calculations have shown that it is unstable in the T phase [18]
and spontaneously rearranges into the metastable T’ phase, while the metastable T” phase
transforms to the stable H phase after annealing, as was experimentally observed [21,22].
On the other hand, it is known that strong electron doping of the system can lead to phase
transformations. It has been shown that strong n-type doping of 2D MoS,, induced by the
alkali metal intercalation or by the electron transfer from the substrate to the MoS,, makes
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the T phase more energetically favorable than the H phase in 2D MoS; [23-28]. In addition,
the phase transition in 2D TMDs also occurs under in situ electron beam irradiation in the
transmission electron microscope [29].

Vanadium diselenide (VSe;) is another member of the TMD family, with a trigonal
T phase atomic configuration in the bulk form. It consists of layers of V atoms trapped
between two layers of Se atoms, and these Se—V —Se layers are stacked in the (001) direc-
tion. Despite having a similar structure to MoS;, VSe; exists only in the T phase, while
MoS; also exists in the H phase, with the Mo atoms in octahedral coordination with S
atoms [30]. The phase transition from the T phase to the H phase in VSe, can be realized via
temperature control or applying strain, and the H phase of VSe; is usually more stable up
to high temperatures [31]. An extensive computation study has shown a comparison of the
structural stability and properties of VSe; in bulk, thin film, nanoribbon, monolayer and
nanotube forms [32]. It has been shown that the VSe; in all these forms is ferromagnetic,
while exhibiting different electronic properties, such as a bulk and few-layer T phase and H
phase. The VSe; and a T phase VSe; monolayer are metallic, while the H phase VSe,; mono-
layer is a semiconductor. Another theoretical study has demonstrated the thermodynamic
stability of the H phase and T phase VSe; monolayers and evaluated the phase transition
temperature of 200 K, at which the phase transition between the H phase and T phase in
the VSe, monolayers occurs [30]. A thin film of VSe, has been successfully synthesized by
various approaches; for instance, an ultrathin VSe, composed of four to eight layers has
been synthesized via liquid exfoliation of a bulk VSe; crystal in a formamide solvent [33].
A one-pot colloidal method has been applied to fabricate a 0.4 nm thick ultrathin VSe,
nanosheet consisting of five layers [34].

Similar to other 2D materials, 2D TMDs have a high surface-to-bulk ratio, and, as
a consequence, there is a strong possibility of defects forming on their surface [35-41].
Native point defects may inevitably form in 2D TMDs under various production and usage
conditions, for example, during the growth of 2D TMDs at relatively high temperatures.
The concentration of defects in 2D materials also depends on the various growth and
usage conditions, such as pressure, temperature, and environmental conditions [42—44].
Obviously, due to the reduced dimensionality of 2D TMDs, defects have a much stronger
impact on their properties than the bulk TMDs [45]. It is well known that defects influence
the optoelectronic and magnetic properties of 2D TMDs [46—-49]. For instance, defects in
2D MoS,, such as vacancies, dislocations, and grain boundaries, reduce its charge carrier
mobility [47]. On the other hand, the presence of a small concentration of defects in
high-quality crystalline TMD samples can be desirable for their application. However,
it is necessary to identify the type and concentration of defects in TMDs before their
properties can be controlled via defect engineering. This is a non-trivial task; for example,
scanning tunneling microscope techniques allow the spatial imaging, measurement, and
manipulation of surfaces at the atomic level [50], while the use of a transmission electron
microscope may damage ultrathin 2D samples [39,47]. Consequently, understanding the
structure of defects is an important step in the understanding of their impact on various
properties of 2D TMDs. Recently, a comprehensive analysis of defects in bilayer MoS, at
the atomic level using aberration-corrected transmission electron microscopy has shown
that an increase in the concentration of the S vacancies leads to their aggregation into larger
defect complexes, which, in turn, impacts the interlayer stacking in MoS, [51]. The electron
beam irradiation is an effective tool to control the spatial location and density of defects
in layered materials [38,52]. For example, Lin et al. have proposed electron energy loss
spectroscopy and scanning transmission electron microscopy techniques to assign types of
impurities/defects in low-dimensional WS, structures with different optical properties [53].

Computational studies play an important role in the study of defects in 2D TMDs.
A systematic density functional theory (DFT)-based study has shown how to control the
magnetic and electronic properties of the MoSe, monolayer via the incorporation of point
defects on its surface [54]. Another systematic investigation on vacancies in the MoSe;
monolayer by the scanning transmission electron microscope imaging and DFT-based
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simulations demonstrated that minimizing the concentration of antisite defects in the MoSe;
monolayer is needed for its application in electric transport devices, as the introduced
antisite defects produce local magnetic moments in the MoSe, monolayer [55]. A number
of DFT-based simulations have also been used to identify the local defect states within the
band gap of 2D TMDs obtained by scanning transmission electron microscopy [37,56-58].
First-principles calculations have demonstrated that the defect formation energy in a novel
2D PdSe; is significantly lower than these in other 2D TMDs, which sheds light on the
reason for the presence of a large number of Se defects in the PdSe, monolayer obtained
via the mechanical exfoliation [59]. DFT-based simulations have been utilized to show the
fundamental role of defects in the fabrication of WSe;-based quantum emitters [60] and to
explain the role of defects in the thermal conductivity of 2D WSe; [61].

Despite the fact that defects in various 2D TMDs have been widely studied, there is
still a niche in a systematic study of defects in a recently emerged VSe, monolayer [62]. A
deeper study for connecting the presence and type of defects in the VSe, monolayer to its
electronic characteristics at a mechanistic level is needed. To fulfil this scientific question,
the most common native defects, chalogene and transition metal single vacancies, in the
VSe, monolayer are studied using DFT-based calculations.

2. Materials and Methods

DFT-based calculations were conducted in the Vienna Ab Initio Simulation Package
(VASP). The valence electron and ionic core interactions were treated with the projector
augmented wave (PAW) method. The generalized gradient approximation (GGA) with
the Perdew —Burke—Ernzerhof (PBE) exchange—correlation density functional [63] was
implemented for geometry optimization and electronic structure calculations. The Van
der Waals interactions were treated with the Becke88 (optB88) optimization functional [64],
as this functional is widely used to study the structure of defects in 2D materials [43,65].
Due to the consideration of systems based on transition metal state, spin-polarized DFT
calculations were performed [66-68]. A cut-off energy of 400 eV was used to expand the
wavefunctions. The 2D Brillouin zone integration was sampled by a 12 x 12 x 1 k-grid
mesh for the unit cell structure optimization, while a 5 x 5 x 1 k-grid mesh was used
for structure optimization and electronic property calculations of supercell systems. The
proper choice of supercell size is essential to avoid possible inter-vacancy interactions in the
replicated cells. In this work, to study defects in the VSe, monolayer, a5 x 5 supercell with a
vacuum layer of a thickness larger than 20 A was selected based on previous studies [69,70]
to avoid inter-vacancy interactions. In the supercell systems optimization calculations, the
atomic positions were freely optimized until the atomic force on each atom was smaller
than 0.001 eV/A. The defect migration energies Ep;gration Were estimated following the
climbing image—nudged elastic band (NEB) method [71].

The formation energy Egom, Of a particular defect was calculated as follows:

Eform= E(supercell with defect) — E(perfec’t supercell) +n “Ll(V) +n H(Se) (1)

where Esypercell with defect) 1S the energy of the supercell with a given defect, Eperfect supercell)
is the energy of the perfect supercell, (V) and u(Se) are the chemical potentials of V and
Se atoms, respectively [72-74], and n = —1 corresponds to the case when the defect is a
single vacancy.

The theory for simulating scanning tunneling microscopy imaging via DFT calcu-
lations is based on the Tersoff-Hamann approach [75,76], where the simulated STM im-
age depends on the scanning distance between the surface of the sample and the tip.
Equation (2) describes tunneling from the occupied states of the sample to the tip.

Ef+€V
I(r, E) %/E dE n(r,E), ()
f
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where the tunneling current I, which depends on the position of the tip r and the voltage
applied V, can be found via the integrated local density of states.

3. Results

The top and side views of the unit cell of the optimized T-VSe; and H-VSe; monolay-
ers are shown in Figure 1a,b, respectively. Both the T-VSe; and H-VSe, monolayers belong
to the D3y, point group symmetry. The optimized lattice constant is 2.90 A for the T-VSe,
monolayer and 3.33 A for the H-VSe, monolayer. The Se—V bonds in the T-VSe; and
H-VSe, monolayers are 2.49 A and 2.50 A, respectively, and the Se—Se bonds in T-VSe;
and H-VSe, monolayers are 3.69 A and 3.33 A, respectively. The thickness of the T-VSe;
monolayer is 3.14 A, while the thickness of the H-VSe, monolayer is 3.20 A. The obtained
geometry and structural parameters of the considered T-VSe; and H-VSe; monolayers are
in good agreement with previous works [32,77,78].

(a)

Figure 1. The optimized unit cell structure of the T-VSe, (a) and H-VSe; (b) monolayers.

The electron localization function (ELF) can be defined as the probability of finding an
electron pair in a space region. The value of the ELF ranges from 0 (a free electronic state)
to 1 (perfect localization), representing the charge localization in real space [79]. The ELF
for the T-VSe; and H-VSe; monolayers is analyzed and plotted in Figure 2a,d, respectively.
The isosurface value of 0.7 is adopted in Figure 2. From Figure 2a,d it is seen that the
electron localization basin is spherical and completely surrounds the respective atomic
cores, suggesting an ionic type of bonding in the T-VSe, and H-VSe; monolayers, as it
is expected in 2D TMDs [80]. The local density of states (LDOS) and band structure of
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the T-VSe; and H-VSe; monolayers are also analyzed and depicted in Figure 2b,c and
e f, respectively. The H (hexagonal symmetry) and T (trigonal symmetry) phases of VSe,
have substantially different electronic structures due to the difference in the structure
symmetry [81]. According to Figure 2c, the T-VSe; monolayer has no band gap, as has
been reported previously [32]. From Figure 2f, it is seen that the H-VSe, monolayer
possesses a moderate direct band gap of ~0.2 eV, which is also consistent with previous
DEFT studies [77,82]. According to the LDOS plots in Figure 2b,e, the states in the vicinity of
the Fermi level, in the case of the T-VSe, monolayer, and valance bands minimum (VBM)
and conduction bands maximum (CBM), in the case of the H-VSe; monolayer, are mainly
in the V d states.
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Figure 2. The 5 x 5 supercell structure combined with the electron localization function (a,d), the local
density of states (b,e) and band structure (c,f) of the T-VSe, and H-VSe, monolayers, respectively.

The stability of the considered monovacancy defects in the T-VSe, and H-VSe;
monolayers is evaluated based on their formation energy Egy, and the energy needed
for the migration of these defects Enigration- The calculated Egy, for the monovacancy
defects in the T-VSe; monolayer and the Egyy and Emigration for the monovacancy defects
in the H-VSe; monolayer are collected in Table 1. According to Table 1, the E¢.,, of the
Vg defect in the T-VSe, and H-VSe; monolayers are 5.31 eV and 5.60 eV, respectively.
In turn, the E¢y, of the Vy defect in the T-VSe, and H-VSe, monolayers are 10.08 eV
and 13.03 eV, respectively. It should be noted that while the Egy.,g of a sulfur vacancy
and molybdenum vacancy in a MoS,; monolayer are 2.12 eV and 6.20 eV [55], respectively,
the selenide and palladium vacancies in a PdSe, monolayer are lower than 1.82 eV and
1.84 eV [59], respectively. Therefore, the formation of the chalcogen vacancy and transition
metal vacancies in VSe, monolayers are less favorable than other common 2D TMDs.
The migration process of the defects, which can tune the properties of 2D materials such
as 2D TMDs, is also important to consider [83,84]. Despite H-VSe; being usually more
stable up to high temperatures, the phase transition between T-VSe, and H-VSe; could be
realized via temperature control or applying strain [31]. Therefore, in this work, only the
migration process of monovacancies in the T-VSe, monolayer is considered. The migration
process of the Vg, and Vy defects in the T-VSe; monolayer, together with the calculated
Emigration, are shown in Figures 3 and 4.

Table 1. E¢ory and Ejpigration for the monovacancy defects in T-VSe; and H-VSes.

Defect Eform, €V Ernigrations €V Eform + Emigrations €V
T-VSe; Vg, 5.31 0.88 6.19
T-VSe, Vy 10.08 1.24 11.32
H-VSe; Vg 5.60 - -

H—V562 VV 13.03 - -
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Figure 3. The illustration of the migration process of the Vg, in the T-VSe, monolayer (a). Energetic
profiles of the reaction pathway obtained from NEB calculations (b).
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Figure 4. The illustration of the migration process of the Vy in the T-VSe, monolayer (a). Energetic
profiles of the reaction pathway obtained from NEB calculations (b).

The detailed pathway, including the initial state (IS), an intermediate transition state
(TS), and the final state (FS) for the migration process of the Vg, in the T-VSe; monolayer,
are presented in Figure 3a. According to Figure 3b and Table 1, the calculated energy barrier
Emigration for the Vg, in the T-VSe; monolayer is 0.88 eV. Similarly, the detailed pathway,
including the IS, an intermediate TS and the FS for the migration process of the Vy in
the T-VSe, monolayer, are presented in Figure 4a. Based on Figure 4b and Table 1, the
calculated Emjgration is found to be 1.24 eV. It is seen that the formation and migration of
the Vy in the T-VSe, monolayer are significantly less favorable than the formation and
migration of the Vge.

It is well known that defects change the local electronic properties of 2D materials
due to the breaking of their lattice periodicity [85]. Furthermore, the electronic structure of
Vge- and Vy-containing T-VSe, and H-VSe, monolayers are studied. Figure 5 shows the
atomic structure (Figure 5a,d), LDOS (Figure 5b,e) and band structure (Figure 5c¢,f) plots
for the T-VSe; monolayer containing Vse and Vy defects. It is found that the Vg, and Vy
point defects tend to enhance the electron localization and, hence create a defect-induced
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localized state, as seen in the LDOS diagram of the T-VSe; monolayer containing Vg, and
Vy defects in Figure 5b.
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Figure 5. The atomic structure of the 5 x 5 supercell structure (a,d), the local density of states
(b,e) and band structure (c,f) of the T-VSe, monolayer containing Vs, and Vy defects, respectively.

Furthermore, significant changes in the local electronic properties of the H-VSe;
monolayer upon the introduction of monovacancies are found. Figure 6 shows the atomic
structure (Figure 6a,d), LDOS (Figure 6b,e) and band structure (Figure 6¢,f) plots for the
H-VSe; monolayer containing Vs, and Vy defects. Specifically, the presence of the Vg,
defect leads to a significant band redistribution and results in a semiconductor-to-metal
transition (Figure 6c), with the defect-induced states appearing in the vicinity of the Fermi
level and the conduction bands crossing the Fermi level. Interestingly, the presence of
the Vy defect leads to a significant downward shift of the VBM by ~0.15 eV and CBM
by ~0.05 eV (Figure 6f). In addition, the conduction bands cross the Fermi level, which
signifies a semiconductor-to-metal transition in the H-VSe; monolayer containing the Vy
defect. These changes can be explained by the presence of dangling bonds in the core of the
defect and the significant hybridization of states of the Se atoms in the core of the defect
and neighboring V and Se atoms. Therefore, the Vs, and Vy defects in the T-VSe; and
H-VSe; monolayers induce remarkable changes in their band diagram and, thus, can be
detected via photoemission spectroscopy techniques [86].
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Figure 6. Atomic structure of the 5 x 5 supercell structure (a,d), the local density of states (b,e) and
band structure (c,f) of the H-VSe, monolayer containing Vg, (marked by the black circle) and Vy
defects, respectively.

Due to their outstanding functionality, 2D materials are widely applied in optoelec-
tronic nanodevices [87-89]. Yet the functionality of 2D materials may be altered by defective
engineering to facilitate their application [90]. In the case of TMDs, however, defect en-
gineering plays an important role in the control of their electronic, optical, and magnetic
properties, as well as surface chemical activity. For instance, the use of 2D TMD-based
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optoelectronic devices may be limited by the presence of chalogene monovacancies, as these
vacancy sites function as non-radiative recombination centers for photoexcited carriers [91].
It is well-known that sulfur vacancies are the most energetically favorable among point
defects in exfoliated TMD monolayers [47]. The results of this work are well in line with
this theory, as the formation of the Se vacancy has been found to be the most energetically
favorable in both the T-VSe, and H-VSe; monolayers. It has been shown earlier that
chalogene monovacancies in 2D TMDs change their electronic structure by the formation
of vacancy-induced localized electronic states [92]. These localized electronic states can
increase the electrical conductivity of 2D TMDs through the hopping mechanism [93]. In
the case of the T-VSe; and H-VSe; monolayers, the observed localized electronic states
created by the Vg, defect may also enhance electron transport and lead to a change of
magnetic moment in them [72,94].

The STM images of perfect monovacancy-containing T-VSe; and H-VSe; monolayers
are obtained to facilitate experimental observation of these point defects. STM images of
the pristine and monovacancy-containing T-VSe, and H-VSe; monolayers are shown in
Figure 7. The constant height tip position at 4 A from the topmost Se atom is recorded in the
image. This method is faster, despite being mainly useful for relatively smooth surfaces [42].
The STM image for the pristine T-VSe, monolayer shows protrusions from the Se atoms and
looks similar to the STM image of the VSe, monolayer obtained previously in experiments
and DFT simulations [72]. Specifically, the STM image of the T-VSe; monolayer (Figure 7a)
is identified as six Se atoms arranged in a hexagon and surrounded by one V atom, with
these atoms Se atoms depicted as bright spots due to their small atomic number and the V
atom as a dark spot due to its large atomic number [95]. The H-VSe; monolayer (Figure 7b)
is represented by three bright spots forming a triangle and one dark spot in the middle of
that triangle [96]. The Vg, defects (Figure 7c) in the T-VSe,; monolayer show STM images
with three bright spots (Se atoms) forming a triangle with a dark area in the middle of that
triangle. The Vg, defects (Figure 7d) in the H-VSe, monolayer are depicted as three blurred
bright spots. The Vy defects in the T-VSe,; monolayer (Figure 7e) are represented by five
bright spots forming a pentagon with a dark area in the middle of that pentagon, while the
Vy defects in the H-VSe; monolayer (Figure 7f) are represented by three bright blurred
spots forming a triangle and located inside of a pentagon forming by another five bright
spots. All the defects considered correlate with their corresponding atomic structures and
are easy to recognize, as can be seen from the comparison of STM images in Figure 7 with
the corresponding structures in Figures 2, 5 and 6.

Importantly, modern X-ray photoelectron and ultraviolet photoemission spectroscopy
methods allow us to measure the density of states of the valence bands of nanostructures,
which can be derived from the measured spectrum of the binding energy of a matter [97].
There are also experimental studies utilizing DFI-based simulations to detect structural
defects in van der Waals crystals observed in STM images and ultraviolet photoemission
spectra. Specifically, a redshift of the valence band maximum, because of the presence of a
single tin defect observed in the ultraviolet photoemission spectra, has been mapped to an
increased electronic state localization related to the defect states deep in the gap, as has been
found in DFT calculated LDOS plots [98]. Very recently, a deep-level transient spectroscopy
technique has been demonstrated for the non-destructive probe of point defects in layered
TMDs. By using experimental STEM imaging and DFT calculations, it has been shown that
it is possible to quantify the energy states of vacancy defects in a single-layer MoS, [99].
Therefore, this study not only provides an atomic-scale characterization of point defects in
terms of their effect on the electronic properties of the VSe, monolayer but also facilitates
their experimental identification.
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Figure 7. STM images of the 5 x 5 supercell structure (a,b) pristine, (¢,d) Vg.-containing, and
(e,f) Vy-containing the T-VSe, and H-VSe; monolayers, respectively.

4. Conclusions

In this work, monovacancy defects, such as the Vg, and Vy defects in the T-VSe;
and H-VSe; monolayers, are studied. Specifically, their Efor and Emigration are calcu-
lated. It is predicted that the Vg, and Vy defects in the T-VSe; monolayers have the
Eform + Emigration Of 6.19 €V and 11.32 eV, while even E¢,py, of the Vg and Vy defects in the
H-VSe; monolayer is higher and is equal to 5.60 eV and 13.03 eV. The results obtained
suggest that the formation of monovacancy defects in the T-VSe; and H-VSe; monolayers
is less favorable than in most other common 2D TMDs. It is also shown that the Vge and
Vy defects modulate the electronic structure of the T-VSe; and H-VSe; monolayers and,
therefore, can be identified using photoemission spectroscopy methods. In addition, STM
images of the Vg, and Vy defects in the T-VSe; and H-VSe, monolayers are presented to
allow their identification in experiments.
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