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ABSTRACT: Layered transition metal dichalcogenides (TMDs)
have been found to exhibit the indirect-to-direct band gap
transition when exfoliated from bulk to a single monolayer.
Through first-principles calculations, we predict that such a
transition can happen at bilayer for 2H-WSe, and at tetralayer
for 2H-WTe,. We find that the transition can be ascribed to the gy L
competition between spin—orbit coupling and interlayer coupling
interactions, the former leading to appreciable splittings at the K
point and the latter to splittings at the I" point of the valence band.
It is shown that stronger spin—orbit coupling tends to favor
transition at a larger number of layers. These results provide insights into the valley degeneracy of the band edges and the valley-
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monolayer few-layers bulk

dependent optical transitions in few-layer TMDs for quantum control in valley-electronics.

emiconducting transition metal dichalcogenides (TMDs),

MX, (M = Mo, W and X = S, Se, Te), have received
intense attention for their unique optoelectronic properties,
such as the large band gap on—off ratio of FET, the high
mobility, and the large exciton binding energy.'™ Most
interestingly, TMDs share a layered structure, whose
optoelectronic properties can be tuned by layer thickness,
strain, and alloying.”®” The atomically thin TMDs can be
readily fabricated by either mechanical exfoliation of bulk
crystals or chemical vapor deposition (CVD).®™® An intriguing
finding is the sudden increase of photoluminescence (PL)
when these materials are exfoliated to a single monolayer,
which has been ascribed to the indirect-to-direct band gap
transition, and also confirmed by first-principles calcula-
tions."°™'* For example, bulk MoS, has an indirect band gap,
while monolayer MoS, is a direct band gap semiconductor and
recombination of excitons results in strong luminescence.

The indirect-to-direct band gap transition in the monolayer
had been believed to be a common property for all of the
semiconducting TMDs; until recently, low-temperature meas-
urements of microreflectance (MR) and PL intensity indicate
that few-layer MoTe, behaves differently from other TMDs
investigated earlier, such as MoS2 and WS,."* Specifically, their
experiment suggests that the indirect-to-direct band gap
crossover occurs in the trilayer MoTe,. Because PL is an
indirect manifestation of the band structure, here we seek to
find from first-principles calculations what makes MoTe,
behave differently and whether such a behavior persists in
other TMDs not thoroughly investigated before. In our work,
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the spin—orbit coupling (SOC) has been included in the self-
consistent field calculation, which is found to be essential to
understanding PL characteristics of TMDs,'*'” especially those
with heavy elements,"® but had been overlooked in some earlier
investigations. 1014

Bulk “2H phase” TMDs (2H-MX,) are characterized by
indirect band gaps between the I" and A points of valence and
conduction bands. Here, the letter “H” stands for hexagonal
and the digit “2” indicates the number of X—M—X units in the
unit cell. When MX, is exfoliated to few-layers and the
interlayer coupling (ILC) effect is weakened, the A energy rises
and the I' energy lowers. If both conduction band minimum
(CBM) and valence band maximum (VBM) switch to the K
point, the indirect-to-direct band gap transition occurs. We find
that such a transition is essentially caused by competition
between the SOC and ILC effects. The SOC effect leads to
appreciable splittings at the K point of valence band, which are
almost independent of the layer thickness. The ILC effect
results in energy splittings at the I" point of valence band as well
as at the A point of conduction band, while the splittings
decrease with the reduction of layer thickness due to the
reduced van der Waals interactions. We predict that the
indirect-to-direct band gap transition takes place in the bilayer
WSe, and the tetralayer WTe,, both of which have heavy
elements and strong SOC effect. Our calculations show that
bilayer MoTe, is an indirect band gap semiconductor, but it can
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be turned into a direct one by applying an isotropic tensile
strain of 1%. The SOC effect in MoS,, MoSe,, and WS, is not
strong enough to compete with the ILC effect, so that the
indirect-to-direct band gap transition only occurs when they are
exfoliated to a monolayer. The unique valley degeneracy of the
band edges and valley-dependent optical selection rules make
tew-layer TMDs potential materials for valleytronics.

The monolayer X—M—X consists of one hexagonal plane of
metal atoms sandwiched between two planes of chalcogens
with trigonal plasmatic coordination. We took the lattice
parameters of bulk 2H-MX,, from experiments,"* and built few-
layer MX, with at least 20 A vacuum in the through-plane
direction. All of the lattice parameters and atomic positions
were optimized by using the PAW method and PBE-D
functional with Grimme’s dispersion correction as implemented
in VASP5.2,”"~*” until the forces were less than 0.005 eV/A per
atom. The plane-wave basis cutoff was 600 eV. The electron
density was converged on the k-mesh of 8 X 8 X 1, and the
band structure along high symmetry directions was calculated.
To better illustrate the band structure evolution, absolute
energy levels in monolayer and few-layer MX, were derived by
the vacuum level calibration approach as detailed in our
previous work. > Among the 2H-MX, investigated, WSe,
exhibits unambiguously the indirect-to-direct band gap cross-
over in the trilayer. We show in Figure 1 its band structure
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Figure 1. Crystal structure of 2H-TMDs, its first Brillouin zone, and
the band structure evolution of WSe, as a function of the layer
thickness.
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evolution as a function of the layer thickness. The typical
structural parameters and band gaps of bulk and few-layer WSe,
have been included in Table 1. There is little change in the W—
Se bond length and the Se—W-—Se bond angle when it is
exfoliated from bulk down to bilayer, but an abrupt increase of

the Se—Se distance and the Se—W—Se angle is observed in the
monolayer. Bulk WSe, is characterized by an indirect band gap
from I' to A; see Figure S1. Trilayer WSe, is an indirect band
gap semiconductor with the K and A valley convergence of
conduction band (K is 49 meV lower), as well as the K and I’
top convergence of valence band (K is 34 meV lower), resulting
in a total of 15 meV difference between the indirect (I'A) and
direct (KK) band gap transitions. Both monolayer and bilayer
WSe, exhibit direct (KK) band gap transitions, but a sharp
increase in the band gap is only seen in the monolayer due to
the abrupt structural change accompanied by vanishing
interlayer interactions.

The competition between K and I' tops for VBM actually
originates from the competition between SOC and ILC effects.
By comparing the band structure of monolayer WSe, with and
without inclusion of the SOC effect (Figure 2), we find that the
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Figure 2. Band structure of monolayer and bilayer WSe, with and
without the inclusion of SOC.
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SOC effect causes an appreciable splitting, 467 meV, at the K
point of valence band. This energy splitting is independent of
the layer thickness and plays a significant role in the indirect-to-
direct band gap crossover in the trilayer WSe,. In bilayer WSe,
calculations without inclusion of SOC, the splitting at K is
negligible so that VBM remains at I'; only after the SOC effect
is taken into account does it turn into a direct band gap
semiconductor (Figure 2). By contrast, the ILC effect causes
appreciable splittings at the I" point of valence band, which are
485, 630, 706, and 875 meV, respectively, in 2L, 3L, 4L, and
bulk WSe,. With the reduction of layer thickness, the splitting
decreases gradually, and the I top energy lowers by 27 meV
when thinned from 4L to 3L, 79 meV from 3L to 2L, and
abruptly 410 meV from 2L to 1L due to the electron
confinement effect.

By analyzing the projected density of states (PDOS) and
charge density distribution at the K and I tops of the valence
band (Figure 3), we find that these frontier orbitals are mainly
constituted by d orbitals of W and p orbitals of Se. The I" state
consists of a d, orbital of W and a p, orbital of Se, so that
electrons are delocalized in the out-of-plane direction where
interlayer van der Waals interactions exist, whereas the K state

Table 1. Structural Parameters and Band Gaps in Monolayer, Few-Layer, and Bulk WSe,”

WSe, a/A L(Se—Se)/A H(W-W)/A h(Se—Se)/A
1L 3.319 3.358 N.A. N.A.

2L 3.352 3.331 6.664 3332
3L 3.352 3.330 6.665 3.333
4L 3.341 3.337 6.677 3342
bulk 3.352 3.328 6.618 3.290

bond(W—Se)/A

angle(Se—W—Se)/deg band gap (K—K, '-A)/eV

2.546 82.39 1.251, 1.818
2.554 81.43 1.134, 1.294
2.554 81.44 1.128, 1.143
2.535 81.73 1.167, 1.099
2.552 81.38 1.123, 0.960

“a is the lattice constant, L(Se—Se) is the height of one layer, and H(W—W) and h(Se—Se) are the vertical distances of two W and two Se atoms in

adjacent layers, respectively.
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W-d,, =31.9%d,,,,=31.9% d,,=13.3%
Se-p,=891% p, =894%

W-d,, =70.9%
Se- p, =18.9% p,=3.21%

Figure 3. Charge density distribution of monolayer WSe, at K and G
tops of the valence band for a contour value of 0.10 and 0.03 e/bohr?,
respectively.

is mainly composed of d,>_, d,, orbitals of W and p,, p, orbitals
of Se, which lack of interlayer couplings. As a result, the I'
energy is sensitive to the ILC effect. With the reduction of layer
number, the K energy is only marginally affected while the I'
energy is lowered slowly when exfoliated from bulk to bilayer
and significantly from bilayer to monolayer where the interlayer
interactions completely disappear. The VBM thus evolves from
I' to K when TMDs are thinned, but at which layer the
crossover occurs is determined by the SOC strength, which
differs significantly in various TMDs.

The CBM switches from A to K in a similar way. The SOC
effect leads to trivial splittings at the K valley of the conduction
band. Moreover, the K state is composed of W-d,,, d,_ in-
plane atomic orbitals, and its energy remains roughly
unchanged when exfoliated from bulk down to bilayer. By
contrast, both SOC and ILC effects lead to large splittings at
the A valley (Figure 2), which is characterized by Se-pz and W-
s antibond orbitals. In bulk WSe, the CBM is at A, but the
energy difference between the K and A valleys is small, only 31
meV as compared to 132 meV between the K and I" tops of the
valence band. When thinned from tetralayer to monolayer, the
A energy of the conduction band rises by 201 meV, which is
much smaller than the lowering of I" energy of the valence band
(516 meV). The CBM switches from A to K in the trilayer
WSe,. The SOC effect in WTe, is even larger as manifested by
a splitting of 486 meV at the K point of the valence band in the
monolayer. The band structure evolution of WTe, has been
included in Figure S2. It shows that WTe, evolves into a direct
band gap semiconductor in the tetralayer.

As compared to WSe, and WTe,, MoS, and MoSe, do not
have a strong enough SOC effect to compete with the ILC
effect. In monolayer MoS, and MoSe,, the energy splitting at
the K point of valence band is 155 and 188 meV, respectively.
These TMDs undergo an indirect-to-direct band gap transition
only when exfoliated to a single monolayer where the ILC
effect completely vanishes. The band structure evolution of
MoSe, is shown in Figure 4, and that of MoS, is supplemented
in Figure S3. It has been demonstrated that tensile strains play
an important role in tuning the electronic Eroperties of mono-
and few-layer MoS,”"*> as well as WSe,. © Because the ILC
strength can be modulated by inducing the tensile strain in the
out-of-plane direction, the indirect-to-direct band gap crossover
is expected to be tuned even in few-layer TMDs without heavy
elements (tungsten or tellurium), such as MoS, and MoSe,. In
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Figure 4. Band structure evolution of MoSe, as a function of the layer
thickness.
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the following, we take MoSe, as an example to illustrate this
idea. Bilayer MoSe, exhibits an indirect band gap transition
from I to K. The energy difference between the K and I tops
of the valence band is 182 meV. The tensile strain in the out-of-
plane z direction is induced by increasing the distance between
the two monolayers, and its magnitude is defined by the ratio of
AH/H,, where H represents the Mo—Mo distance in the
direction of z. After the tensile strain was applied, the atomic
positions other than Mo were fully relaxed. From the band
structure evolution of bilayer MoSe, under the tensile strain
(Figure S), we see that with the strain increasing, the I energy
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Figure S. Band structure evolution of bilayer MoSe, under the tensile
strain in the out-of-plane direction.
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of the valence band lowers gradually, and the I" and K energies
coincide under the strain of 5%. By applying the tensile strain at
above 5%, bilayer MoSe, is turned into a direct band gap
semiconductor, which is desirable for optoelectronic applica-
tions.

Although the K splitting of valence band due to the SOC
effect is large (430 meV) in monolayer WS,, it cannot compete
with the I" splitting caused by the ILC effect in few-layer WS,
(Figure S4). Bilayer WS, is an indirect band gap semiconductor
with VBM at I' and CBM at K, and it can be turned into a
direct band gap semiconductor by applying above 5% of tensile
strain in the out-of-plane direction. Bilayer MoTe, is also an
indirect band gap semiconductor, yet with VBM at K and CBM
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at A. By applying an isotropic tensile strain of 1% in three
dimensions, it can be turned into a direct band gap
semiconductor (Figure 6). Our computational result does not
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Figure 6. Band structure evolution of MoTe, as a function of the layer
thickness. The isotropic tensile strain of 1% has been applied to bilayer
MoTe,.

support the experimental conclusion that bilayer MoTe, is a
direct band gap semiconductor, but we show that the electronic
structure of bilayer MoTe, is susceptible to strain, which could
be induced during the exfoliation of bulk MoTe, and
transferring onto the Si substrate. Otherwise, it is possible
that the exciton binding energy of K valley is larger than A
valley so that the direct (KK) band gap transition has strong
PL.

In conclusion, we have shown that the indirect-to-direct band
gap crossover in few-layer TMDs with heavy elements, such as
WSe, and WTe,, takes place even before exfoliation to a single
monolayer, which is in contrast to MoS, and WS, investigated
earlier. We demonstrate that the indirect-to-direct band gap
transition in these TMDs is essentially a result of competition
between the SOC and ILC effects, which respectively lead to
appreciable splittings at the K and I" points of the valence band.
We find that the I' state consists of a d,> orbital of transition
metals and a p, of chalcogens extending in the out-of-plane
direction, so its energy lowers gradually with the reduction of
layer thickness. When the SOC effect is strong enough, such as
in WSe, and WTe,, the band gap transition takes place at
bilayer and tetralayer. We show that by inducing tensile strains
in the out-of-plane direction to weaken the ILC effect, the
direct band gap transition and enhanced PL quantum yield can
be realized in bilayer TMDs without heavy elements, such as
MoSe,.
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