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ABSTRACT

The chalcogen vacancy defects in various transition metal dichalcogenides (TMDCs) have
been studied using density functional theory (DFT) calculation. Results reveal that (i) the
dissociation energy value depends on both nature of chalcogen and transition metal, (ii) the
work function depends marginally on the single or double vacancies, (iii) the defect
transforms direct band gap to indirect band gap materials (i.e. the pristine materials show
Ky=2>KC¢ transition whereas defective materials show I'v2>Kc) and (iii) the d-orbital of the

transition metal plays a vital role in the formation of impurity band.
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INTRODUCTION
Scrutiny of two-dimensional (2D) electronic materials is an emerging research area. The
importance of high quality 2D materials is well known due to their interesting physics and

potential applications for electronic devices."”’

One of the important class of 2D
semiconductors and semimetals is layered transition-metal dichalcogenides (TMDCs).* "
From the bulk structure, these layered materials could be exfoliated into thin film to explore
their exotic features for practical applications. Various methods, such as mechanical
exfoliation, liquid exfoliation, hydrothermal intercalation/exfoliation, chemical vapor
deposition (CVD), as well as two-step expansion and intercalation have been developed to
synthesize few-layers of various TMDC nanosheets.'> '*'* Tremendous research efforts have
been focused on the TMDCs due to their potential applications in areas such as electronic,
optoelectronic, and photovoltaic devices.” '* * The TMDCs consisting molybdenum and
tungsten as metal constituent are semiconductors exhibiting band gap range from visible to
the near-infrared. Similarly, chalcogenides formed with Ti, Sn, and Zr are also predicted to be
semiconducting materials but little to no experimental evidence exists on their isolation in
monolayer form, stability, or performance in devices.?' > Thus, Mo and W chalcogenides have
been the most heavily investigated among the post graphene two-dimensional materials.
Structure of TMDCs exhibits the metal atoms in a six fold coordination environment are
hexagonally packed between two trigonal atomic layers of chalcogen atoms.*

The defects usually play an important role in modifying the various properties of
different quasi one and two-dimensional materials. Similar to graphene, the TMDCs are also
not found to be defect free.”’** The most commonly, the chalcogen atom missing defects or
chalcogen vacancies defect found in TMDCs.* In this section, recent literature on the defects
in various TMDC has been described. The studies on electronic structures of antisites and

vacancies of m-MoS2 by atomically resolved annular dark-field scanning transmission



electron microscopy (ADF-STEM) imaging and density functional theory (DFT) calculation
have been carried out to understand the electric and magnetic properties induced by these
point defects."” Results have demonstrated that minimizing point defects, especially antisites,
is paramount for electric transport applications, while controllably introduced antisites may
produce atomic size local magnetic moments.” Zhou et al. have carried out a systematic
study of intrinsic structural defects in chemical vapor phase grown monolayer MoS.,
including point defects, dislocations, grain boundaries, and edges, via direct atomic resolution
imaging, and explore their energy landscape and electronic properties using first-principles
calculations.” It can be found from their results that a rich variety of point defects and
dislocation cores, distinct from those present in graphene, were observed in MoS,."® It has
also been reported that carrier mobility in CVD grown MoS, monolayers is much lower than
that of mechanically exfoliated samples of the same due to the growth process imperfections
and the induced structural defects in the material.'®

Furthermore, scrutiny of charge transport of few-layer MoS, revealed that the defect-
induced localized states found to be the responsible factor for the low-carrier-density.* The
performance and properties of semiconductor based nano-electronic devices mainly depend
on the contacts and interfaces of semiconductors.’®” Recent reports on tuning the on-off
current ratio and the field-effect mobility of MoS, devices via Schottky Barrier height control
and device engineering by various contact materials. However, it will be affected by the
nature of defects and their concentration, since the intrinsic or interfacial defect states and

t.*® Recently, Lee and

work functions play a role in determining Schottky Barrier heigh
coworkers have studied the strain-induced magnetism in single-layer various pristine and

defective MoS,. The results highlights when the tensile strain is applied, 1L-MoS, with

vacancy becomes ferromagnetic and metallic. They also stated that the impurity bands inside



the gap play a role of seed to drive novel magnetic and electronic properties as the strain
increases.™
Although, several reports available on the study of MoS, but other TMDCs are scarce.

Therefore, in the present investigation a systematic attempt has been made to understand the
formation of chalcogen vacancies in various TMDCs and its role on the electronic properties
of these material using density functional theory (DFT) calculations. The comparative
analysis has also been carried out with the properties of corresponding native (pristine)
materials.
COMPUTATIONAL DETAILS

The density functional theory (DFT) calculations using the plane-wave basis set
(plane-wave cutoff of 400 eV) with the projector augmented wave (PAW) method were
carried out. Geometry of all pristine monolayer TMDC slab were optimized using density
functional theory (DFT) based Perdew—Burke—Ernzerhof within generalized gradient
approximation (PBE-GGA) method.”**' A Brillouin zone sampling was considered on a
Gamma centered 9x9x1 grid. Geometry optimization was performed, relaxing both ions and
lattices until the total energy variation was less than 107 eV. In the present investigation,
significantly large (~38 A) vacuum considered on each slab for avoiding the interaction
between periodic images and to attain the appropriate approximation for the electrostatic
potential in vacuum. Calculated lattice constant (a,) for pristine MoS,, MoSe,, WS,, and WSe,
are 3.22, 3.37, 3.21 and 3.37 A, respectively. Same values reported by Ding et al. defer only
marginally.* To avoid size effects as much as possible, a 4x4 atom slab was used in the
approximation for defect studies. The same geometries were used in throughout study.

Evidence from the previous studies clearly reveals PBE (GGA) significantly
underestimates the energy gap. Therefore, an ultra-soft pseudo-potential description of the

electron-electron interaction was used within LDA approximation for the calculating the



Kohn-Sham energy bands. An 80 Ry wave function and a 500 Ry charge density cut-off were
taken into account. All calculations were conducted exploiting the both VASP and Quantum-
ESPRESSO programs.**

The chalcogen atom dissociation energy (Ep,) of various TMDSs per chalcogen atom
was calculated using following equations:

Ey, = _(EPrist - (EDef +n *EChal))
Where, Epis, Eper and Ecna represent the energy of pristine, defective TMDCs and energy of
isolated chalcogen atom, respectively. n is number of cahlcogen vacancy in corresponding
defective TMDCs. The energy of isolated chalcogen is calculated in same periodic boundary
conditions with single chalcogen atom.

The work function (WF) was defined as the minimum energy which was necessary to
extract an electron far from Fermi level into the vacuum level.
WEF =V, -E,.
where 17, represents the energy of vacuum level and £, represents the energy of Fermi
level. The vacuum level has been determined by the electrostatic potential in the vacuum
region, and has a sufficient distance from the system in the Z direction.
RESULTS AND DISCUSSION
Geometry

The slab models considered in the present investigation are shown in Figure 1. The

pristine slab represented as P, the slab with single chalcogen vacancy denoted as D1 and slab
with double chalcogen vacancy represented as D2. The calculated average distance between
two consecutive defective sites in D1 for MoS,, MoSe,, WS, and WSe, are 12.87, 13.48,
12.83 and 13.49 A, respectively. Corresponding distances for D2 are 12.87, 13.47, 12.83 and
13.48. Though, the deviation in the average distances of defective site for D1 and D2 is

negligible but the same is significant when compared with corresponding pristine counterpart.



Therefore, it is also interesting to observe the other geometrical parameters. All important
geometrical parameters of active site defined in Scheme 1 and corresponding values are given
in Table 1.1t can be seen that the other geometrical parameters vary significantly from pristine
to vacancy TMDC:s.
Energies

To gain insight into the stability of the various defective materials in the present
investigation energetic analysis has performed. Calculated chalcogen atom dissociation
energy (Ep,) for diferent materials are given in Table 2. It can be noticed that the dissociation
energy value depends on both nature of chalcogen and transition metal. Close analysis of
energetic clearly reveals that the dissociation energy the TMDCs with S atom have
significantly higher energy when compared with TMDCs with Se atom. The variation may be
attributed due to the high electronegativity of S atom. Furthermore, the dissociation energy of
second chalcogen atom is approximately twice to the dissociation energy of first chalcogen
atom.
Work function

Calculated electrostatic potential curves of different MoS, slabs with distance are shown
in Figure 2 (all other are given in supplementary information). As suggested by Bengtsson et
al., dipole corrections have been taken into account during the electrostatic potential
computation.”” The work function has been extracted, computing the potential along the
perpendicular direction to the TMDCs interface and subtracting the Fermi Level of the system
to the vacuum level (as shown in Figure 2). The effect of the defect can be clearly observed
from the electrostatic potential curves. Calculated work functions of different materials are
given in Table 2. The work function values of transition metal sulfides significantly larger
when compare to the same transition metal selenides. Typically, the difference value of work

function for Mo is 414 meV and the same for W found to be 517 meV. Similarly, the effect of



variation of metal in same chalcogen also found from the same table. Further, the same trend
is valid in the defective materials. Therefore, it is worthwhile to mention that the work
function of both pristine and defective TMDCs depend on the nature of both metal and
constituent chalcogen.

Single chalcogen vacancy creates two dissimilar surfaces of TMDCs thus in the present
investigation the work functions of two different surfaces were considered. The work function
of surface without any chalcogen vacancy represented as WF1 whereas the same with
calcogen vacant site denoted as WF2 (as shown in Table 2). The values of both WF1 and
WEF?2 clearly indicate that the chalcogen vacancy significantly influences the surface-electron
binding property of material. In the case of MoS, the difference of work function of P and
same face in D1 is 33 meV. It can also be found from the same table that the work function
difference for two different surfaces of same materials (in the case of D1) is only marginal.
Therefore, the value of work function only marginally depends on the single and double
vacancies.

Electronic structure

The pristine form of monolayer TMDCs considered in the study (MoS,, MoSe,, WS,
and WSe,) are semiconductors with direct band gap at K point in Brillouin zone. The
calculated energy gap (E, = K. -K,) values for pristine monolayer MoS,, MoSe,, WS, and
WSe, are 1.52, 1.26, 1.63 and 1.27 eV, respectively. The same values obtained in Ding et al
are deviates significantly.*” The observed deviation attribute to the different methods used in
present investigation for structural relaxation and electronic structure.

Calculated Kohn-Sham energy band structures of various TMDCs with single chalcogen
vacancy along with E, values are shown in Figure 3. Red bands in figure represent the bands
formed due to the defect in the material. Single chalcogen vacancy converts all direct gap

semiconductors to indirect gap semiconductors. The possible electron transition in defective



materials found between I'y2>Kc instead K,2>Kc as found in their native structure.
Furthermore, it can be seen from the same figure that the energy gap significantly decreases
upon inserting single chalcogen vacancy. Calculated variation in energy gap (AE, =
E,(pristine) — E (defective)) varies from 60 meV to 290 meV.

The Kohn-Sham energy band structures obtained from DFT calculation of various
TMDCs with double chalcogen vacancy along with E, values are depicted in Figure 4.
Similar to single chalcogen vacancy TMDCs, the TMDCs with double chalcogen vacancy
exhibits the indirect band gap. Calculated variation of energy gap for MoS,, MoSe,, WS, and
WSe, are 380, 230, 280 and 160 eV, respectively. The decrease in band gap upon double
chalcogen vacancy is higher when compare with their counter parts with single chalcogen
vacancy. Therefore, it is noteworthy to mention that the trend found in energy gap is as
follow: Eg (Pristine TMDCs) > Eg (TMDCs with single chalcogen vacancy) > Eg (TMDCs
with double chalcogen vacancy). It is also interesting to observe that the band obtained due to
defect is significantly closer to the conduction band. In the case of D2-MoSe, the band formed
due to defect completely over laps the conduction band.

To gain insight in to the close understanding of the defective state formation in this
study the local density of states (LDOS) evaluated for each system. Calculated LDOS of

various pristine and defective MoS2 are given in Figure 5 (other are given in supplementary

information) and couture plot revealing the charge density difference ( © = Pprigiine = Ppetective )
from native system is shown in Figure 6. It can be seen from the figure that the density peak
close to the Fermi level represents the formation of defective band. Close analysis of LDOS
clearly reveals that the band formed due to defect is mainly formed from the metallic d-

orbital.



CONCLUSIONS

The results obtained from the study of chalcogen vacancy defects in various transition
metal dichalcogenides (TMDCs) indicate that the nature of both metal and chalcogen plays
role in the dissociation energy. It can also be found from the DFT analysis that electron
binding property to surface significantly influenced upon the variation of chalcogen but only
have marginal effect of the number of vacancies. The introduction of defect in these TMDCs
converts these materials from direct band gap to indirect band gap. The electronic
transformation in pristine TMDCs favorably takes place between Ky and K¢ whereas same for
the defective materials found to be I'v and K¢. The local density of states calculation clearly
reveals the role of d-orbital in the formation of impurity band.
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Scheme 1: Schematic Presentation of Active Site Geometry of Defective Transition Metal

Dichalcogenide (TMDC) Along with Important Geometrical Parameters Discussed in Text ( D1

And D2 Represents TMDCS with Single Chalcogen And Double Chalcogen Vacancies)

Defectivel (D1)

Defective2 (D2)

Table 1. Calculated Geometrical Parameters of Active Site in P, D1 and D2

. dom  Qoms Aot Qo
MoS, 238(242) 238 238  3.14(322) 3.14 3.14 DI
MoSe;, 2.51(2.55) 2.51 251  3.25(3.37) 325 3.25
WS, 240 (242) 240 239  3.08(3.21) 3.08 3.08
WSe,  2.53(2.56) 3.16 (3.37)

MoS, - - - 2.92 292 292 D2
MoSe, - - - 2.90 2.90 2.90
WS, - - - 2.88 2.88 2.88
WSe, - - - 2.86 2.86 2.86

All the values are in A and the values in parenthesis are for P




Table 2: Calculated Chalcogen Atom Dissociation Energy (E4,) Per Chalcogen Atom for Various
Defective Materials

System Ep (eV) Ep; (eV)

MoS; 4.941 9.926
MoSe, 4.281 8.333
WS, 5.073 9.992

WSe, 4.423 8.367

Table 3: Schematic Representation of the Plane from Which WF Measured and Calculated

Work Functions For Various Defective Materials

-l S 9D s A w7 pR AR b
LU, LUV W,
WF1 WF1 WEZ
P D1 D2
System
WF1 WF2 WF1 WF2 WF1 WF2
MoS; 5.233 5266  5.267 5.273
MoSe; 4.819 4850  4.870 4.879
WS, 5.942 5844 5875 5.873
WSe, 5.425 5.371 5.412 5.438

All the values are in eV




Pristine (P) Defectivel (D1) Defective2 (D2)

Figure 1: Model 4X4 TMDCs.
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Figure 5: Local density of states of pristine, single S vacancy, and double S vacancy MoS, (vertical

black dotted line represents the Fermi level).



Figure 6: Calculated charge density difference of single S vacancy and double S vacancy MoS, with

respect to pristine MoS,.



