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ABSTRACT: We analyze the changes in the electronic structures of single-layer
and multilayer MoS, under pressure using first-principles methods including van
der Waals interactions. For single-layer MoS,, the bond angle is found to control
the electronic structure around the band gap under the pressure. For multilayer
and bulk MoS,, the changes in electronic structure under pressure are mainly
controlled by the coupling of layers. Under pressure, the band gap of single-layer
MoS, changes from direct to indirect, while multilayer MoS, becomes a band
metal. Analysis of the real-space distribution of band-decomposed charge density
shows that this behavior can be understood in terms of the different Mo d-
electron orbitals making up the states near band gap including those at the top of
valence band of I" and K points and the bottom of conduction band along A and

at the K point.

1. INTRODUCTION

Graphene, a honeycomb lattice carbon monolayer, has attracted
enormous attention due to its fascinating physical properties
and many potential applications, for example in energy
storage.'~* This has resulted in the intense interest in other
two-dimensional (2D) materials, such as BN and transition-
metal dichalcogenides.s’6 These 2D materials, like graphene,
can be obtained with high crystal quality’ using micro-
mechanical cleavage. MoS, has proven to be particularly
interesting, both as a representative of the class of layered
transition-metal dichalcogenides (TMDs) that is readily
available and well suited for experimental study and due to
properties that suggest potential application in electronic and
optoelectronic devices.”®’

Bulk MoS, is a highly anisotropic compound consisting
covalently bonded layers that are stacked with weak van der
Waals (vdW) interactions analogous to graphite.'® One of the
main uses of MoS, is in dry lubrication, a characteristic that
arises from the weak interlayer bonding. MoS, has also
attracted interest due to catalytic activity of its crystal
edges."" Turning to single layer MoS,, prospective applications
include field effect transistors with a large on—off ratio,">"3
applications of strong photoluminescence,® and controllable
valley and spin polarization,"*"* all of which have attracted both
theoretical and experimental interest. Bulk MoS, is an indirect-
gap semiconductor with a band gap of 1.29 eV,> while going
from bulk to single-layer, there is a transition from indirect to
direct gap.® Single-layer MoS, is found to have a direct band
gap of approximately 1.8 eV.%'® Various studies have addressed
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modification of band gaps and photoluminscence in MoS, and
the related group VI TMDs,"”"® for example, the use of strain-
engineered MoS, monolayer for solar cells' and the changes in
electronic properties of MoS, and related materials induced by
the strain.””~** Mechanical strain modifies the band structure
including both changes in the band gap and the carrier effective
masses. The band gap of single-layer MoS, is even predicted to
change from direct to indirect under large strain.”® Recently,
the photoluminescence of strained single-layer MoS, has been
reported.”* However, the microscopic physical mechanisms
causing the changes in electronic structure and photo-
luminescence of MoS, under strain or pressure still needs
further study, particularly regarding changes with the number of
layers.

Pressure can be used as an effective parameter to analyze
changes in band structures, as it is a clean variable, amenable to
both experimental and first-principles study. In prior research,
most work is focused on bulk MoS,. Webb et al. reported the
high-pressure behavior of bulk MoS, up to 5 GPa.”” Aksoy et al.
performed X-ray diffraction study of bulk MoS, to 38.8 GPa
identifying a possible structural phase transition at about 25
GPa.*® With the pressure up to 51 GPa, a 2H, P63/mmc phase
has been predicted near 26 GPa*** It is interesting that
structural phase transitions can occur in 2D monolayers of
TMDs with mechanical deformations, as recently reported by
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Figure 1. Band structures of single-layer (A), double-layer (B), three-layer (C), and bulk MoS, (D).

Duerloo et al®' The pressure dependence of electronic
properties, elastic constants, and structural properties of bulk
MoS, have been investigated theoretically.>*>* However, while
some experimental work on few layer MoS, has been
reported,”* theoretical predictions are lacking. Interestingly, a
direct K=K to indirect A—K interband transition in bilayer
Mo$S, was optically detected under hydrostatic pressure.>*
Here we present the changes under pressure in the band
structure of MoS, with different numbers of layers based on
first-principles calculations. The states near the band gap are
from Mo d-electron orbitals. The important states near the top
of valence band (TVB, we use this notation instead of “VBM”
to emphasize k-dependence) and the conduction band bottom
(BCB) at different k-points in the Brillouin zone are found to
have very different real-space charge distributions. This is
important for understanding the pressure dependence, as it
leads very k-dependent response, and thus very strong
distortions of the near gap band structure under pressure.

2. COMPUTATIONAL METHOD AND THEORETICAL
MODEL

The present calculations are performed within density func-
tional theory using accurate frozen-core full-potential projector
augmented-wave (PAW) pseudopotentials, as implemented in
the VASP code.**™* We use the generalized gradient
approximation (GGA) with the parametrization of Perdew—
Burke—Ernzerhof (PBE)*® with added van der Waals (vdW)
corrections, which are important for describing the interaction
between MoS, layers. These vdW interactions were included
using the method of Grimme (DFT+D/PBE).> This approach
has been successful in describing graphene-based struc-
tures.***' The k-space integrals and the plane-wave basis sets
are chosen to ensure that the total energy is converged at the 1
meV/atom level. A kinetic energy cutoff of 500 eV for the plane
wave expansion is found to be sufficient.

It is worth mentioning that quasiparticle (QP) methods
including excitonic effects have been used for MoS,.**~* With
many-body perturbation GW theory and a Bethe-Salpeter
equation method, the quasiparticle band structures and optical
properties can be studied, and were reported for monolayer
MoS, by Shi et al.** and Qiu et al.** The effect of spin—orbit
coupling was also discussed for single-layer M0S,.** Our band
gap as obtained with the PBE/GGA is 1.65 eV, which is only
slightly lower than the experimental value approximately 1.8 eV.
The reported monolayer QP gap calculated by GW method is
approximately 2.8 eV and the first excitonic peak in absorption
spectra is about 1.9 eV with strong electron—phonon
broadening in the visible and ultraviolet ranges.*” The strong
excitonic effect is a consequence of the reduced screening and
low effective dielectric constant in the monolayer. Clearly, the
PBE band gap is an underestimate as in common in standard
density functional calculations. Though the band gap is

underestimated by PBE, the band structure near the gap does
not show obvious differences from that obtained by many body
methods. It has d-electron character as the discussion below. It
is expected that the origins of the response of band structure of
MoS, to the pressure can be analyzed using PBE
calculations.*** Tt would also be of interest to construct
tight binding models, as was done previously for monolayer
MoS,.* 7% These are often useful in understanding band
formation. For the pressure dependence, these would require
the bond length dependent hopping and overlap matrix
elements, as well as a pressure dependence of the onsite
parameters.

Our calculated lattice constants a and ¢ of bulk MoS, are
3.191 and 12374 A. They are slightly larger (1%) than the
values of experiments (3.160 and 12.295 A). This small
overestimate of the lattice constants with the PBE functional is
not significant for our analysis about the effects of pressure on
the electronic structure. We note that smaller lattice parameters
could be obtained using the PBESol functional if needed.”"**
For the different layered MoS,, the supercells are constructed
with a vacuum space of 20 A along z direction. The Brillouin
zones are sampled with the I'-centered k-point grid of 18 X 18
X 1. For single-layer MoS,, the structure has the hexagonal
symmetry with space group P6m2. There are six sulfur atoms
near each Mo atom to form a trigonal prismatic structure with
the mirror symmetry in z direction. The resulting crystal field
splitting yields band structures around the gap derived mainly
from Mo d-electron orbitals. The vdW interaction is important
in the adhesion of the layers to form the bulk. The stacking can
be understood in terms of attractive Coulomb interactions
between sulfur atoms and Mo atoms and Coulomb and closed
shell repulsion between sulfur atoms in adjacent layers. The net
result is AB-stacking. This results in the sulfur atoms of second-
layer on the hexagonal center of first-layer and the Mo atoms
on the top of first-layer sulfur atoms.

As mentioned, Mo d states form the band edges. For each
layer, the Mo atoms are located in the center of layer for z
direction. Therefore, direct interactions between orbitals of Mo
atoms from different layers will be very weak. The method for
applying pressure in the present calculations was to add
external stress to stress tensor in VASP code,>* ™" and the
structure of bulk MoS, was then optimized under a specified
hydrostatic pressure. We calculated the structural change of
bulk MoS, under different pressures up to 25 GPa. We then
used these structural parameters from bulk MoS, to construct
single-, double- and three-layer MoS, structures corresponding
to different pressures.

3. RESULTS AND DISCUSSION

3.1. Electronic Structures of MoS, with Different
Number of Layers. The band structures of single-layer,
double-layer, three-layer and bulk MoS, are shown in Figure 1.
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Figure 2. Isosurfaces of band-decomposed charge density at BCB-A (A), BCB-K (B), TVB-I'(C), and TVB-K (D) and partial density of states of
Mo and S atoms (E) of single-layer MoS,. Notice that A point is a k point along the direction I' — K with an energy minimum in conduction band

as shown in Figure 1A.
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Figure 3. Structure (A) and change of lattice constants, bond parameters, and angle parameter under pressure (B and C) of AB-stacked bulk MoS,.

The results are consistent with the previous theoretical
studies.”® The band gap at the K point, which is related to
the direct excitonic transition in the experimental observations
(two exciton absorption peaks at about 1.85 and 1.98 eV due to
the spin—orbital coupling), is barely changed with increasing
numbers of layers. On the other hand, the indirect band gap
between the I" point and K/A point decreases. This results in a
crossover between an indirect gap and a direct gap. There is
generally a very high intraband relaxation rate for electrons or
holes in a semiconductor. Therefore, this crossover and
specifically the change in band ordering between may result
in weakness or nonobservation of the luminescence associated
with these excitons. In addition, it may be seen that the direct
band gap at I' decreases with increasing number of layers due to
the change of energy position of TVB (Figure 1). For
multilayer and bulk MoS,, the direct gap at I' is less than
that at K. This will decrease the absorption efficiency at the K
point due to the competition from I'. Therefore, the
photoluminescence ratio at K for multilayer MoS, will be
depressed as observed in experiments.

The unusual variation of the band structure with number of
layers can be ascribed to the characteristics of the Mo d orbitals
comprising the different states near band gap. In Figure 2, the
isosurfaces of band-decomposed charge densities at BCB of A
point (BCB-A), BCB of K point (BCB-K), TVB of I point
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(TVB-T'), and TVB of K point (TVB-K) with partial density of
states of Mo and S atoms are shown. The state at BCB-A is
mainly of d,, and d,_ character, while that at the K of TVB
has d,>_ character. The states at BCB-K and TVB-I" are mainly
d? derived. In addition, it is seen that there is noticeable charge
on the top of sulfur atoms (p,) for the states at BCB-A and
TVB-I'. This is not the case for the state at TVB-K. Therefore,
the coupling of layers will result in a large splitting of band
states at BCB-A and TVB-I', while the splitting of the energy
states at BCB-K and TVB-K will be small, simply reflecting the
different orbital characters. This explains the change of band
structures with the increasing number of layers.

3.2. Bulk MoS, under Pressure. The structure of bulk
MoS, responds to pressure in an anisotropic way. As shown in
Figure 3, the lattice constant ¢ and the parameter ¢ for the
distance between two layers decreases strongly under pressure,
reflecting the fact that the interlayer bonding is associated with
weak vdW interactions. The in-plane lattice constant a is much
more weakly affected by pressure. It is also found that the
thickness of a single layer of MoS, defined by the S—S distance
increases slightly under pressure while the length of the Mo—S
bonds is decreased. This results in increase of the bond angle 8
under pressure. As mentioned, the charge distributions of the
different states around band gap have the different spatial
distributions, reflecting their orbital characters. The partial
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Figure 4. Calculated relative lattice parameters, volumes, and relative enthalpies of 2H,- and 2H_-MoS, structures as a function of pressure. The
lattice parameters are referenced to their equilibrium values under zero pressure (corresponding to 100%). The lattice constants ay and ¢, of 2H,-

MoS, are 3.193 and 12.271 A, respectively.
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Figure S. Band structures of single-layer (A, B), double-layer (C, D), three-layer (E, F), and bulk MoS, (G, H) under the pressure of 100 and 250

kbar.

density of states (PDOS, Figure 2E) shows that the energy
bands of mixed Mo—S character are located in the occupied
bands below the valence band edge. This is a nominally S*~
configuration, hybridized with the nominally tetravalent Mo.
With this configuration it would not be surprising for the bond
angle to also modulate the band structures under pressure.
We note that under pressure it is possible that there is a
phase transition from the 2H, phase to 2H, phase for bulk
MoS,. For the usual 2H, phase, the two Mo atoms occupy the
sites b (1/3, 2/3, 1/4) and ¢ (2/3, 1/3, 3/4). The relative
movement between two layers in one unit cell in x-y plane will
yield the transition from 2H, to 2H, if the Mo atom on the site
b moves to the site (2/3, 1/3, 1/4) or that on the site ¢ moves
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to the site (1/3, 2/3, 3/4). Recently, the experiment results
reported by Bandaru et al. indicate this isostructural transition
on MoS, may occur at high pressure.’”® We calculated the cell
parameters and relative enthalpies of 2H,- and 2H,-MoS§, under
different pressures, as shown in Figure 4. The volume of 2H, is
larger than that of 2H, under the pressure, but the difference is
small (Figure 4B). The change of volume under pressure is
consistent with the experimental results of Bandaru et al. The
change of lattice parameters of 2H,, is also consistent with the
experimental results. In addition the difference in lattice
parameters of these phases increases pressure, especially the
lattice parameter c. We also calculated the change of lattice
parameter without considering dispersion interactions (Figure

DOI: 10.1021/acs.jpcc.5b00317
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S1 of the Supporting Information), and in this case the
variation of the lattice parameters with pressure is inconsistent
with the results of Bandaru et al. This reflects the fact that vdW
interactions are important for the interlayer interactions, even
at high pressure. On the other hand, zero-point energy and
entropic contributions can be neglected in the relative stability
of the phases, since these two phases are very similar from a
local structural and bonding point of view. The 2H, and 2H,
enthalpies cross near 13 GPa (Figure 4C). This means 2H,
phase is more stable above 13 GPa. The experimental results
indicated the new phase began to emerge from the parent
structure 2H, around 17 GPa. The small difference between
theoretical and experimental results may be due to the
nonhydrostatic experimental pressure and high dynamical
potential barrier or density functional errors in the present
calculation. In any case, this phase is stabilized at high pressure
due to a higher compressibility as indicated by the variation of
the lattice parameters.

The band structures of double-layer and bulk 2H,-MoS, were
calculated (Figure S2 of the Supporting Information), and were
found to be similar to those of 2H.-MoS, (Figure 1). While
MoS, is known to exhibit different polytypes, this does seem to
be unimportant in the main features of the band structure
under pressure. We studied two structures from among the
polymorphs of MoS, and calculated the band structures (Figure
S3 of the Supporting Information), but do not find substantial
differences other than the lifting of degeneracies due to layers
coupling in folded reciprocal lattice cells. Thus, stacking faults
do modify the electronic structure, but only weakly.

3.3. Electronic Properties of MoS, under Pressure. The
band structures of single-layer MoS, at pressures of 100 kbar
and 250 kbar are shown in Figure SA and B. The energy of the
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state at BCB-A relative to that at BCB-K point decreases with
increasing pressure. The energy of the state at TVB-K relative
to that at TVB-I is increased. The state at BCB-A and that at
TVB-K can be considered to be as a pair of bonding and
antibonding states with mainly d,>_ character. The state at
BCB-K and that at TVB-I" are a pair of states with mainly d?
character. With the increase of bond angle under pressure, the
coupling between the states with the d,2_ character and those
from the Mo—S bond will weaken. This results in a decrease of
band energy splitting of the pairs of states at BCB-A and TVB-
K. In contrast, the coupling between the states of d> character
and that from the Mo—S bond will strengthen. The energy
splitting of pair of states at BCB-K and TVB-I" will increase.
Finally, with increase of pressure, the energy position of state at
BCB-A will be lower than that at BCB-K. The band gap of
single layer MoS, will thus change from direct to indirect and
the photoluminescence will weaken.

The situation for multilayer and bulk MoS, is complicated by
the coupling between the layers. As shown in Figure SC—H, the
effect of the layering seems to be more important than the
bond angle effect. This is because the change of the distance
between layers is very strong under pressure. We discuss bilayer
MoS, in detail to illustrate this. The important parameters with
the pressure are shown in Figure 6. The four important states
(at TVB-T', TVB-K, BCB-A, and BCB-K), which are related to
the band gap, are split due to the coupling between the layers.
The widths of band splitting represented by the parameters A,
A, A; and A, have increased under pressure. The splitting
width A, is the largest of the four parameters. This can be
understood in terms of the orbital character, specifically the
hybridization with the S p, states pointing to the next layer. The
change of different band gaps for the MoS, with different
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Figure 8. Charge difference isosurfaces of band-decomposed charge density of double-layer MoS, at TVB-K with respected to that of single-layer
MoS, which is the up-layer of double-layer MoS, under 0 kbar (A) and 200 kbar (B) and that of band-decomposed charge density of double-layer
MoS, at BCB-K with respected to that of single-layer MoS, which is the up-layer of double-layer MoS, under 0 kbar (C) and 200 kbar (D) (yellow

color for charge accumulation, and blue color for charge depletion).

numbers of layers is depicted in detail in Figure 7. The direct
band gap (g;) at K point increases with pressure. This can be
attributed to the shortening of the bond length, similar to the
observed in the most semiconductors. The change of g, is
largest for the single-layer case, and can be attributed to the
increase of band splitting at BCB-K and TVB-K with the
pressure. It is interesting that the g; of bulk MoS, is larger than
that of multilayered MoS, cases studied. This may be due to the
breaking of layers’ stacking period in z direction and the
absence of periodic interaction of layers in multilayer. For the
g, and g; of multilayer and bulk, there is a decrease under
pressure. This is due to the large band splitting at BCB-A and
TVB-I'. Therefore, the change of band structures of multilayer
and bulk MoS, under pressure is controlled mostly by the
coupling of layers.

Insight into the effect of layer coupling, which results in the
band splitting at BCB-A, BCB-K, TVB-I', and TVB-K under
pressure, can be obtained from the changes of charge
distribution of the four states. The results for double-layer are
shown in Figure 8 and Figure 9. It is found that the charge of
the states at TVB and BCB of K point are mostly from the top
layer (second layer) of double layers. In Figure 8, the charge
difference isosurface of band-decomposed charge density is
defined by the formula,

ABDChg(’) = BDCth_layer(r) - BDCthnd—layer(r)

(1)
where BDChg, ., (r) and BDChg,,4_jye(r) are the charge
density of an energy state at a particular k-point of the double-
layer MoS, and the charge density of the corresponding energy
state of the isolated single layer MoS,, respectively. The
coupling of like states of the two layers will lead to charge
redistribution. However, as seen for the states at TVB-K and
BCB-K, the coupling is weak and the splitting of states (A, and
A,) is small. As an example, the charge redistribution of one of
two split states at TVB-K is shown in Figure 8A. With the
pressure (Figure 8B and D), much more charge is transferred
to the first layer for the state at TVB-K and much more charge
is redistributed on the sulfur atoms of the same layer for the
state at BCB-K. This may be used to explain why the change of
A, is larger than that of A; under the pressure.

For the states at TVB-I" and BCB-A, the changes are found
to be mainly from the contributions of both layers. In Figure 9,
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(A) and BCB-A (D), and charge difference isosurfaces of band-
decomposed charge density of double-layer MoS, at TVB-I" with
respected to the half of charge density of both single-layer MoS, under
0 kbar (B) and 200 kbar (C) and that of band-decomposed charge
density of double-layer MoS, at BCB-A with respected to the half of
charge density of both single-layer MoS, under 0 kbar (E) and 200
kbar (F) (yellow color for charge accumulation, and blue color for
charge depletion in B, C, E and F).

the difference isosurface of band-decomposed charge density is
defined by the formula,

1
ABDChg(r) = BDChg, , () — ~BDChg, ()

1
- EBDChglst—layer(r) (2)
where BDCth—layer(r)) BDCthnd—layer(r) and BDChglst—layer(r)
are the charge density of an energy state at a particular k point
for double-layer MoS, and the charge densities of the
corresponding energy states of the second isolated single
layer MoS, and the first isolated single layer MoS,, respectively.
Obviously, the strong coupling of both layers and the charge
redistribution result in the large splitting of states at TVB-I" and
BCB-A. This is the reason that A, and A, are larger than A,
and A;. Under pressure, there are more charges transferred to
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the sulfur atoms of both layers for the state at I" of TVB. This
may be reason that the change of A, under the pressure is the
largest of the four splitting widths.

4. CONCLUSIONS

We used first-principles calculations to study the changes in
electronic structure of single and multilayer MoS, under
pressure. The band gap of the single-layer can be changed from
direct to indirect under pressure. Multilayer MoS, is more
easily changed from semiconductor to metal under pressure.
The metallization of multilayer MoS, under pressure can be
attributed to the increase of band splitting at TVB-I" and BCB-
A due to the strong redistribution of charge for both states. The
change of the relative energies of the four special states (at
BCB-A, BCB-K, TVB-T, and TVB-K) under pressure can be
attributed to the different orbital character of the four states and
bond angle effect for single-layer MoS,. Similarly, the effect of
bond angle is important for the band structure changes under
the tensile strain, which has been studied experimentally.
Finally, the variation of the layer separation modulates the band
structure strongly, perhaps sufficiently strongly to modulate the
luminescence under readily achievable conditions.
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