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Band-gap engineering of molybdenum disulfide (MoS,) by introducing vacancies is of particular interest owing
to the potential optoelectronic applications. In this work, systematic density functional theory (DFT) calculations
were carried out for few-layered 3R-MoS, with different concentrations of S vacancies. All results revealed that
the defect energy levels introduced on both sides of the Fermi level formed an intermediate band in the band
gap. Both the edges of the intrinsic and intermediate bands of the structures with the same type of vacancies
were generally closer to the Fermi level, and the gaps decreased as the number of layers increased from 2 to 4.
The preferentially formed S vacancies at the top layer and the transition of defect types from point to line led to
similar indirect band gaps for 2- and 4-layered 3R-MoS, with a low bulk concentration (around 5%) of S
vacancies. This is different from most reported results about transition metal dichalcogenide (TMD) materials
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1 Introduction

Since the discovery of graphene, numerous two-dimensional (2D)
materials have been synthesized and investigated. Molybdenum
disulfide (MoS,), a transition metal dichalcogenide (TMD) exist-
ing mainly in 1T (tetragonal, AA stacking), 2H (hexagonal, ABAB
stacking), and 3R (rhombohedral, ABCABC stacking) polymorphs,
is one of the most prominent 2D materials owing to its wide
potential optoelectronic applications, such as phototransistors,*
solar cells,” light-emitting devices® and catalysis.**

Many experiments show that monolayer MoS, is a direct
band gap semiconductor with an optical gap of 1.9 eV® and
strong photoluminescence (PL), while multilayers exhibit much
weaker PL due to their indirect band gap.” The band gap of
MoS, decreases as the number of layers increases.”” The
properties of MoS, are commonly optimized by strain, doping
and defect engineering.’**® For example, both doping and
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vacancies show negligible influence on the band gap value.

defects have been reported as effective ways for the band-gap
engineering of MoS, to significantly strengthen the optical
absorption.'*? It has also been shown that low concentrations
of vacancies may induce shallow and deep energy levels with
negligible influence on the band gap value.****

Theoretically, the direct band gap is calculated to be 1.68 eV
for monolayered MoS,.** It becomes indirect and decreases as
the number of layers increases.”***” The optical direct band gap
(at the K point) stays almost unchanged and is close to the value
of the optical direct band gap of a bulk system.”® Dopants and
defects can not only modulate the band gap and energy level,
but also modify the compositions of the band edges.*** For
example, point and line S vacancies can form deep or shallow
gaps, induce a reduction in the band gap and even alter the
electronic properties from semiconductors to metals.'**:¢

Different from the unit cell of the 1T and 2H phases, the unit
cell of the 3R phase comprises triple-layer (ABC) stacking. In
this way, the periodic symmetry is broken for structures with
incomplete ABC stacking such as AB, ABCA, and ABCAB.*”
Therefore, it is expected that 3R-type few-layered MoS, should
have different properties from the other types of MoS,.**** Here,
considering the different distributions and concentrations of S
vacancies, systemic density functional theory (DFT) calculations
were carried out to study the band structure engineering of few-
layered (2 to 4) 3R MoS,.

2 Computational details

All DFT calculations were performed within the generalized
gradient approximation of the Perdew-Burke-Ernzerhof (PBE)

This journal is © The Royal Society of Chemistry 2020
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functional using the Vienna ab initio simulation package
(VASP).**** van der Waals corrections were considered for all
calculations.”” An energy cut off of 500 eV for the plane-wave
expansion was used and the force on the relaxed atoms was
less than 0.01 eV A~". In the supercell, the vacuum region of 15
A was contained in the z-direction. In the band structure
calculations, the Brillouin zone was sampled using a (18 x 18 x
1) I'-centered mesh for the unit cell,*” which has been proved to
be useful in describing layered structures. The calculated values
of the lattice constants for 3R bulk MoS, were @ = 3.191 A and ¢
=18.530 A, close to the experimental values (3.163 A and 18.370
A, respectively).”® The calculated band gap of pristine bulk 3R
MoS, was 0.80 eV, and those for 1-, 2-; 3- and 4-layered (ABCA)
structures were 1.81, 1.33, 0.97 and 0.91 eV, respectively; these
were in agreement with the reported experimental (1.96 and
1.55 eV for 1- and 2-layered structures, respectively)* and
calculated (1.68, 1.11, 0.93, and 0.88 eV for 1-, 2-, 3- and 4-
layered structures, respectively)**” results. Band structure
calculations with and without spin polarization were carried out
for 3R MoS, with S point vacancies, which revealed that the spin
polarization had a negligible influence on the band structures.
Thus, the spin polarization was not considered in this study.

3 Results and discussion

To analyse the structure of 3R MoS,, the first, second and third
layers of S atoms were denoted with superscripts 1, 2, and 3, and
the row and column of the S atoms were denoted with
subscripts i and j, respectively, as shown in Fig. 1 (e.g., "S;
represents the S atom at i row and j column on the n'™ S layer).
To study the effect of defects on the band structure of 3R MoS,,
the formation energies of neutral and charged S point vacancies
were calculated based on the following functions:

Fig. 1 The (a) side and (b) top views of the 2-layered 3R MoS; (the
number of superscripts represents the layer of S atoms, and the first
and second subscripts represent the row and column of S atoms,
respectively).
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E{S] = EoS] — Eiolpure] — 3 nu (1)
EfSY] = Eo[S?] — Ewolpure] — > nu + glEp + E, + AV] (2)

Here, E{S] represents the formation energy of S vacancies,
E.[S] and E,[pure] represent the energies of the structure with
and without S vacancies, and n and u are the number and
chemical potential of the S atoms in the Sg ring, respectively. Ex
is the Fermi level referenced to the valence band maximum of
pure MoS,. E, is the energy of the valence band maximum of
pure MoS,. AV represents a correction term to align the elec-
trostatic potential in the defect supercell with that in pure
MoS,.*

The formation energy of one S point defect was calculated by
adopting a (6 x 6) supercell, which was large enough to avoid
the influence of adjacent periodicity (ds_s = 19.15 A), and the
result (2.89 eV per S vacancy) was consistent with the reported
value (2.57 eV)." The formation energies of the negatively
charged (—0.3, —1, —2e) S vacancies were calculated for 2-
layered structures by the second formula. The results showed
that the formation energies of the charged vacancies became
larger (by 0.15, 0.64, and 1.61 eV) than that of the neutral ones
and increased with the charge carried by the S vacancies; thus,
they were not considered here. It should be noted that
a constant chemical potential was adopted here,*”** and the
case may be different when the chemical potentials corre-
sponding to the S (or Mo)-rich conditions were changed.*>~*

For simplicity, two S point vacancies with different combi-
nations were considered to understand the influence of the
interval of S point vacancies. All models can be classified into
two groups: (i) two S vacancies at the same S layer (labeled as
'S41/'Sy or ?811/°Sy); (ii) two S vacancies at different S layers
(labeled as 'S;4/°S; or *S41/°Sy). Here, 'Sy, and *S; were at the
same Mo layer, while >S;; and ’S; were within different Mo
layers. Different cases were considered for each group; for
example, for the group (i), the 'S;; atom was combined with
other 'S; atoms in the same layer (see Fig. 1). Also, a smaller (4
x 3) (AB)-layered supercell was built to compare the tendency of
the formation energies of S point vacancies in different
concentrations. The formation energies are shown in Table 1.

It was clear that the formation energy of two S point vacan-
cies at the top layer was smaller than that for the ones with
a similar distance at inner layers (5.78 vs. 5.84 eV; 5.93 vs. 6.00
eV), indicating that the structure with vacancies at the surface
was more stable in energy. This was consistent with the re-
ported results.*** When two vacancies were at the top layer and
interacted with each other, the formation energy increased with
the S-S distance (5.75 and 5.83 eV for 'S;1/’S;, and 'S;1/"Ss3,
respectively), implying that the structure with the second S

Table 1 The formation energies of two S vacancies in (6 x 6) and (4 x 3) (in italics) supercells

'S41/"Sy7 (*S11/°Sy) 1811/%S %811/°S
Distance (A) 3.191 5.527 6.382 8.882 9.573 3.115 4.457 6.343 3.576 4.793 5.578 8.595
Etorm (eV) 5.75 5.80 5.83 5.81 5.81 5.75 5.88 5.82 5.85 5.87 5.87 5.87
5.85 5.91 5.93 (6.00) 5.88 5.94 5.88 5.90 5.91 5.92 5.92
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point vacancy closer to the first S point vacancy was more stable.
When two S point vacancies were located at both sides of the Mo
layer, the formation energy was regulated by their distance and
sites. We noted that the formation of S point vacancies from the
pristine structure inside the layers should be difficult because
the S atoms needed much higher energy to get rid of the other
atoms to reach the surface. However, to investigate the influ-
ence of S vacancies on the band structure of 3R MoS, systemi-
cally, all cases were considered here.

First, the band structures of MoS, with one S point vacancy
were studied. The (3 x 3) supercell models with one S point
vacancy were built for 2-, 3- and 4-layered MoS, by removing one
S atom from the model, and the point vacancies at different
layers were considered. Compared with the band structure of
pristine 2-layered MoS, with an indirect band gap of 1.33 eV, the
S point vacancy has a slight influence on the intrinsic band gap,
while some states are introduced into the forbidden band
region as the S atom is removed (see Fig. 2a). They are located
on both sides of the Fermi level. One shallow occupied state
around VBM and two deep unoccupied states located below CB
led to an intermediate band with a gap (E,) of 0.73 eV in the
band gap. Our tests showed that S point vacancies at different
layers had a slight influence on the results.

To obtain more insights into the influence of vacancies on
the band structure of MoS,, we also calculated the partial
density of states (PDOS) and charge density difference. The
results showed that the states introduced into the forbidden
region of the band structure were mainly contributed from the
d orbitals of its neighboring Mo atoms (Fig. 2a). The charge
density difference (see Fig. 2b and c) showed that charge
redistributed over the whole layer with S vacancies, especially
over the atoms adjacent to the defects. The free electrons
provided by the S vacancies were trapped by the surrounding
Mo atoms, indicating that the defect levels were spatially
localized at the defect sites.

The band structure of 2-layered MoS, with two S point
vacancies was then considered. A (4 x 3) supercell was used to
consider two S vacancies with different distances. The band

.(eV)

mi

20.0
| -0.5 1
BN}

Fig. 2

(a) Band structure, partial density of states (PDOS) and (b and c)
charge-density difference for 2-layered MoS, with one S point defect
at the top S layer (side and top views). The charge density difference
was calculated according to Apgir = p[MQS%] — PIMos,_defect] — Pisl- The

isosurfaces were calculated at 0.005 e A~°. The blue and green iso-
surfaces represent charge depletion and accumulation regions,
respectively.
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structures for some special structures ('S;;/*Sis, 'S11/°Si1,
'S11/%S12, and ?S,,/Sy,) are shown in Fig. 3a and S1.7 The results
were similar to that obtained with one S point vacancy. The
values of the intrinsic band gaps of MoS, showed little distur-
bance after the introduction of two S point vacancies, while an
intermediate band with a smaller intermediate gap was intro-
duced in the band gap.

The gaps of the intermediate band in the band gap for all
structures are shown in Fig. 3b. It was seen that when two S
atoms were removed from the top S layer of 2-layered structures,
E, increased with the S-S distance, ie., 0.52 < 0.60 = 0.60 eV,
corresponding to the distances of 3.191 ('S;y/'S;,), 5.527
(*S11/'S,5) and 6.382 (S;,/S;3) A. It was noted that the distance
from 'Sy; to 'S;; was the same as that inferred from the image of
'Sy, in adjacent periodicity, ie., the defects of 'S;1/'S;; were
equally distributed along one line. In summary, the smaller gap
of the intermediate band in the band gap can be obtained by
introducing defect levels. When the interval of two S vacancies
was larger than 9.489 A (corresponding to the 3 x 3 supercells
with one S vacancy, as mentioned above), the defect levels
introduced by the two S vacancies were almost at the same
position. We proposed that the defect levels could be intro-
duced at special energy positions by adjusting the distribution
of vacancies.

The case becomes complicated when two S atoms are
removed from the first and second S layers. There are the largest
(0.72 eV ('$11/°S1;)) and the smallest (0.32 eV ('S;1/°S1,))
(Fig. S1t) gaps of the intermediate band in 2-layered structures,
corresponding to the model with two adjacent and diagonal S
atoms removed from the same Mo atom. The E, values for the
model with the larger distances of 6.343 A (*S;1/°S,3) and 7.100
A (%S11/%813) were 0.61 and 0.53 eV, respectively. It was noted
that the 'S;,/%S;5 vacancies were evenly distributed along the

4 layers
A

. 0.360.400.39 (36

A///—‘* —
2 0.27 0'34 ().33 0'30
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i i CYPY PV ROV Y VR
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Fig. 3 (a) Band structures for 2-, 3-, and 4-layered MoS, with 15,1/ 15
combinational vacancies as an example and (b) the gaps of the inter-
mediate band in the band gap (Eg) for 2-, 3-, and 4-layered MoS; with
two S vacancies at 4% bulk concentrations.

This journal is © The Royal Society of Chemistry 2020
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a direction. In comparison, E, for the structures with two S
point vacancies at the second and third S layers showed a slight
difference in values.

3- and 4-layered MoS, materials with two S point vacancies at
the same concentration were also considered for comparison by
using (4 x 2) and (3 x 2) supercell models, respectively. The
results (Fig. 3 and S17) were similar to that observed for one S
point defect. The intrinsic band gap of MoS, showed little
disturbance after the introduction of two S vacancies, while
a smaller gap of the intermediate band in the band gap was
introduced. Both gaps of the intrinsic and intermediate bands
became smaller as the number of layers increased from 2 to 4
owing to the downward shift in the unoccupied energy levels
and the upward shift in the occupied energy levels. However,
the difference between the 3- and 4-layered structures was much
smaller than that between the 2- and 3-layered structures due to
the different stacking sequences (AB, ABC, and ABCA), which
was similar to the tendency of pristine structures.®

As mentioned above, the point vacancies preferred to form at
the top S layer and accumulated along one line, which indicated
that in the experiment, the distribution of S vacancies was not
homogeneous, i.e., the surface concentration of the S vacancies
was much higher than that in the inner layer. Since the data
obtained from experiments are generally average densities, the
schematics for 2-layered MoS, with 4S vacancies on average and
at the top layer are shown in Fig. 4a and b, respectively. In this
case, the surface concentration of the S vacancies was much
larger (4 times). Here, we constructed n x n (n = 2, 3, ..., 6)
supercells for 2-layered MoS, with one and two adjacent point
vacancies and line vacancies at the top layer to investigate the
effect of S vacancies on the band structures on increasing the
surface concentration (0 to 50%, corresponding to the concen-
tration from 0 to 12.5%).

a®m G W W W @ o T @ o
O0O0O ® o
@ @ @ o @ @ @ @ W @
—> _
m @ o @ @ Gp @ p Gpn @@
0 00 00
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Fig. 4 (a) Schematic diagram of vacancies on average. (b) Schematic
diagram of vacancies on the top S layer. (c) The gaps of intrinsic and (d)
intermediate bands in the band gaps for n x n (n =2, 3, ..., 6)
supercells with one (black) and two (red) adjacent point vacancies and
line (green) vacancies.
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The black, red and green lines in Fig. 4c and d represent the
gaps of the intrinsic and intermediate bands for the models
with one, two point and line vacancies, respectively. It is clear
that the slopes of black, red and green lines are different,
indicating that the vacancy type has a substantial influence on
the band gap on increasing the vacancy concentrations. This
means that the band gap decreases as the number of layers
increases for few-layered structures and the difference in the
structures with n and n + 1 layers becomes smaller. The
phenomenon observed in our recent experiments supported
this conclusion: the band gap for a 4-layered structure is equal
to the value of a 2-layered structure and larger than that of a 3-
layered structure.*” In addition, these results offer a variety of
benefits for MoS, material design with a tunable band gap in
almost the full range between 0.08 eV and 1.8 eV.

4 Conclusions

As a typical 2D material, MoS, has attracted significant atten-
tion due to its potential applications in electronic and opto-
electronic devices. It is of particular interest that vacancies
usually play an important role in tuning and modifying its
various properties. In this work, we revealed the regulation of
the gaps of the intrinsic and intermediate bands for 3R MoS,
with different concentrations of S point vacancies. All results
showed that the gaps of both intrinsic and intermediate bands
in the band gap of MoS, decreased as the number of layers
increased, while the difference for the 3- and 4-layered struc-
tures was much smaller than that for the 2- and 3-layered
structures due to the different stacking sequences, which was
consistent with the results for the pristine ones. For the struc-
tures with the same type and concentration of S vacancies, the
band gap increased with the distance of S vacancies. As the
concentration of the surface vacancies increased, the type of
vacancy defects changed from point to line accordingly. These
regulations of the gaps of the intrinsic and intermediate bands
by S point vacancies reveal an effective way for the band-gap
engineering of MoS,, opening up a direction for modulating
band gaps for 2D material applications.
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