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The electronic structures of a MoSs monolayer are investigated with the all-electron first principle
calculations based on the density functional theory (DFT) and the spin-orbital couplings (SOCs). Our
results show that the monolayer MoS, is a direct band gap semiconductor with a band gap of 1.8
eV. The SOCs and d-electrons in Mo play a very significant role in deciding its electronic and optical
properties. Moreover, electronic elementary excitations are studied theoretically within the diagram-
matic self-consistent field theory. Under random phase approximation, it shows that two branches
of plasmon modes can be achieved via the conduction-band transitions due to the SOCs, which are
different from the plasmons in a two-dimensional electron gas and graphene owing to the quasi-linear
energy dispersion in single-layer MoS,. Moreover, the strong optical absorption up to 10° cm ™' and
two optical absorption edges I and II can be observed. This study is relevant to the applications of
monolayer MoSy as an advanced photoelectronic device.
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1 Introduction

In 2004, Novoselov and Geim extracted graphene, which
is an allotrope of carbon in the form of a two-dimensional
(2D), atomic-scale, hexagonal lattice. Graphene has
drawn an enormous attention throughout the world ow-
ing to its unusual and exceptional properties. However,
graphene is a zero-gap semiconductor and cannot sup-
port a cut-off current in devices, which greatly limits
its applications as a novel optoelectronic device. In re-
cent years, scientists have achieved and investigated 2D,
graphene-like, electronic materials such as WSy, MoSa,
and black phosphorus [1]. The bulk MoS,, an indirect-
gap semiconductor with a band gap of 1.29 eV, is built
up of van der Waals bonded S-Mo-S units. In contrast to
gapless graphene, a monolayer MoS, is a direct band-gap
semiconductor with a 1.8 eV energy gap, making it an ex-
cellent candidate for the development of field-effect tran-
sistors, photodetectors, and electroluminescent devices.
Single-layer MoS, exhibits a room-temperature high cur-
rent on/off ratio and mobility [2]. It shows that forming

MoS, is an important step towards the realization of
advanced electronics and low-standby-power integrated
circuits. In addition, researchers in Switzerland have de-
veloped a series of electronic devices with excellent per-
formance based on single-layer MoS, [3].

In addition, monolayer MoSs displays distinct opti-
cal properties. Yin et al. fabricated a new phototran-
sistor based on the single-layer MoS,, which displays a
better photo-responsivity and prompts photo-switching
in contrast to the graphene-based optoelectronic device
[4]. It has been shown that the monolayer MoS; can
emit photons strongly, with a luminescence quantum ef-
ficiency of more than 10* compared with the bulk ma-
terial [5]. Single-layer MoSy; with an energy bandgap
of 1.8 eV has been proposed as top-gate phototransis-
tors with green-light detection capability [6]. Through
ab initio numerical simulations and experimental micro-
photoluminescence, Wang and others have demonstrated
that monolayer MoSs reveals near-perfect valley-selective
circular dichroism due to its bulk symmetry and is very
much conducive to optoelectronic valley polarization [7].
It has been demonstrated that the single-layer MoSq
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field-effect transistors can be used as integrated small-
signal analog amplifiers [8]. The two photoluminescence
(PL) peaks are observed at low temperatures [9]. These
important findings indicate that MoS, systems can be
potentially applied as novel nano-optoelectronic devices.
Similar to WSy, WSes, MoSes, and TiSy, MoS, is one of
the typical layered chalcogenides of transition-metals, in
which the electrons in the d-orbitals (d-electrons) play a
very important role. Moreover, the spin-orbit couplings
(SOCs) and the quantum confinement effects (QCE) be-
come even more distinct and significant for electrons in
d-orbitals [10]. New physical phenomena and effects can
be achieved using such 2D layered systems, considering
the QCE and the interactions between the d-electrons.
The electronic and optical properties are determined by
electronic structures. Furthermore, the electronic collec-
tive excitations, called plasmons, reflect the most ba-
sic photoelectronic properties of materials. Motivated by
the important experimental findings, in order to under-
stand the electronic properties of the monolayer MoSq
at a deeper level, we attempted to investigate the elec-
tronic structures, electronic and optical properties of a
MoSs monolayer, and studied the elementary electronic
excitations under random phase approximation in detail.

2 Theoretical approaches

2.1 Electronic structures

In this work, we considered a monolayer MoS, in the
xy-plane on top of a dielectric wafer. In order to inves-
tigate on the electronic properties of such a system, the
energy band structures of monolayer MoSs are obtained
within density functional theory as implemented in the
WIEN2k package [11]. The local-density approximation
(LDA) is adopted to describe the exchange-correlation
potential, and the SOCs is included by the second vari-
ation method [12]. Moreover, the total density of states
(DOS) and partial density of states (PDOS) of mono-
layer MoS, are obtained from the first-principles calcu-
lations in order to study its electronic properties at a
deeper level. Monolayer MoSs is composed of one layer
of molybdenum atoms sandwiched between two layers of
sulfur atoms with a total thickness of 0.65 A. The bulk
unit cell of MoSs with the space group P63/mmc includes
6 atoms, namely 2 Mo and 4 S atoms.

2.2 Energy eigenvalues and wave functions in low
energy region

Based on the first principles calculations, a k - p Hamil-
tonian for monolayer MoS, is

0, —1x
S ()

A
H = at(tky6, + ky6y) + 55—2 + 7
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Here, 6 represent the Pauli matrices and S, is the spin
matrix for the z component. 7 refers to the valley index.
In this work, we only study the electronic and optical
properties of monolayer MoS, at the K-point in low en-
ergy, without spin-valley and trigonal warping effects.
The effective Hamiltonian for a carrier (an electron or
a hole) in the monolayer MoS; at the K-point in low
energy region can then be written as 2 x 2 simplified
Hamiltonian, which is

A/2 at(ky — ik,)

H(k) = —A/2+ sy |’ 2)

| at(ky + iky)
where k represents the wave-vector for a carrier in the
-y plane. s = +1 refer to spin up and spin down, re-
spectively. The lattice parameter is a = 3.193 A and the
nearest-neighbor hopping parameter is t = 1.1 eV. The
spin-orbit coupling parameter equals v = 75 meV and
A is the direct band gap energy with a value 1.8 eV for
MoS,. Earlier, the complete Hamiltonian for the group-
VI dichalcogenides was proposed and developed by Xiao
[10]. The corresponding Schéodinger equations for the sys-
tem can be solved analytically. The eigenvalues are given
by

E(k) = 57/2+ AV/X?K? + (A — 57)/4, 3)

where A = +1 for the conduction bands and A = —1 for
the valence bands in monolayer MoSs and x = at. The
corresponding eigenfunction for carriers near K-point is

P3(r) =

N (K)[xke™?/B5 (k) 1]e"", (4)
where k = /kZ+kZ, r = (v,y), B{(k) = E5(k) —
A/2, and the normalization factor N3(k) = |B5(k)|/
(B3 (K))* + x*k?]'/2.

2.3 DOS and Fermi energy at the K-point in low energy
region

The free-particle Green’s function for a carrier is
Grk(E) = [E — Ex(k) +16] 71, (5)

with E being the carrier energy. Thus, the DOS for
the system is determined by the imaginary part of the
Green’s function, which reads

|2E — 59|
=5

D}(E)=)_8[E — Ex(k)] O(\E).  (6)
k

2mx

With the carrier DOS, the Fermi energy Ep of the sys-
tem can be determined by using the carrier number con-
servation constraint. Using the Fermi—Dirac function as
statistic energy distribution for carriers, we have

wi= | " DB f(E)E, )
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where ny (n_) is the electron (hole) density for differ-
ent spin subbands. Our expression of DOS shows that
SOCs play a key role near Fermi energy in deciding the
electronic properties of monolayer MoSs.

2.4 Plasmons

In this work, we study the elementary electronic exci-
tation induced by electron-electron (e-e) in MoSy sys-
tems. Therefore, we consider n-type MoS; samples with
an electron density n, in conduction bands and with a
hole density nj, = 0 in its fully-occupied valence bands.
In a diagrammatic self-consistent theory, for the e-e scat-
terings, the dynamical dielectric function €(q,w) can be
written as

e(q,w) =1—(vy/2) Z(l + N AAgy)(k, q;w), (8)
k

where g = (¢x, ¢y) is the change of the carrier wavevector
during an e-e scattering event, v, = 2me?/(exq) is the
2D Fourier transform of the e-e Coulomb interactions,
Agq = (k + gcosh)/|k + gq|, and 0 is the angle between k
and q.

o= By (k+a)] — [[E\(K)]
ot @) = B e+ ) — Balk) +10

is the pair bubble or density-density correlation function
in the absence of e-e interactions. Here we assume that
the momentum-distribution function for a carrier can be
described by a Fermi-distribution function f[z].

Due to Landau damping, the plasmon is damped and
decayed into the electron-hole pairs, in which the imagi-
nary part of the dielectric function Ime(g,w) # 0. In gen-
eral, the plasmon modes are strongly damped for large g,
and the plasmons in the valence bands are also damped,
which cannot be observed in experiments [13]. Hence,
the umdamped plasmon excitations can be achieved
via intra-band transitions in the conduction bands. The
modes of plasmons in presence of electric fields are deter-
mined by Rele| — 0. In the long-wavelength (¢ — 0) and
low temperature (T — 0) limit, we have the collective-
mode frequencies under random phase approximation,
which are,

w = X (L v a2 9)
T on \ e [16mx2n4 + (A —7)2]1 /4’

induced by the electron transitions in spin up subbands
(s = 4+1) of the conduction band, and

1/2 1/2
wy = 2 (L= 1 (10)
2h \ Texo [16mx2n_ + (A +7)2|V/4

induced by the electron transitions in spin down sub-
bands (s = —1) of the conduction band. It is noted that
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the plasmon modes we obtained were very different from
the previously reported theoretical results [14]. In this
work, we obtained the analytical expressions of plasmons
for the first time based on the simplified Hamiltonian
with SOCs. In addition, we achieved the same plasmon
modes for the other valley index near K’-point, because
the energy dispersions are very similar for different val-
leys.

2.5 Optical properties

With the help of the complex dielectric function € in-
cluding the real and imaginary parts, we were able to
investigate and discuss the optical properties of electron
systems by DFT. By using € = ¢; — ie2, we can calculate
the optical constants, which can be measured experimen-
tally, as shown below:

1/2
2 2
n_<vel+ez+q> : (11)
2
and
1/2
T 7
"= ( = ) , (12)

where n is the refractive index and « is the coefficient of
light extinction. Furthermore, the optical conductivity
and absorption coefficient are respectively given by

o = wey/(4r), (13)
and
a = 4mwo/(nc), (14)

where c is the speed of light in vacuum.

3 Numerical results and discussion

The electronic structures evaluated using the first-
principles calculations are shown in Fig. 1; the inset
shows the energy bands near Fermi surface in the low
energy region. It is clearly seen that monolayer MoS, is
a direct-gap semiconductor with a band gap of A = 1.8
eV. As is well known, the generalized gradient approxi-
mation (GGA) or LDA can be used to estimate the gaps
of the semiconductors. However, for monolayer MoSs,
the LDA gap of 1.86 eV is very close to the experimental
value of 1.9 eV [15]. The GGA and experimental gaps
of monolayer MoSez (1.44 €V and 1.55 €V) and WSes
(1.56 eV and 1.64 eV) are very close in value in Ref. [16].
The HSE or GW gaps of MoSy, MoSes, and WSe; are
further away from the experimental values than those
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Fig. 1 The electronic structure of monolayer MoS; as eval-
uated from the first-principles calculations. Er is Fermi en-
ergy. Inset shows the energy bands near Fermi surface in the
low energy region.

of GGA or LDA [17]. Therefore, LDA or GGA may be
suitable for these 2D materials for calculating the energy
band gap. It shows that the SOCs plays a very signifi-
cant role in the electronic structures, especially in the
low energy region. As shown in the inset of Fig. 1, the
SOCs leads to the energy band splitting (spin splitting).
Both the subbands of energy bands on the bottom of the
conduction bands and on the top of the valence bands,
respectively, were discovered. The electronic and optical
properties were determined by the four subbands of en-
ergy bands near Fermi surface. It is clear that our results
obtained by using DFT in low energy are in very good
agreement with the electronic structures from the k - p
theory [18]. Figure 2, shows the total DOS and PDOS
of monolayer MoS,, evaluated using DFT calculations;
these were used to understand the electronic structures
of single-layer MoS, at a deeper level. It was found that
all the DOS were mainly due to the contribution of Mo
atom d-orbital electrons near Fermi energy, which result
in obvious SOCs. Therefore, the d-orbital electrons in
Mo played a fundamental role in deciding the electronic
properties of monolayer MoSs. These results are in agree-
ment with the experimental findings [2, 7]. Moreover, our
calculations are consistent with the previously reported
theoretical results [19].

Figure 3 shows plasmon frequency w; via the same
spin subband transition (s = 41) in conduction bands
for different electron densities. It shows that plasmon
mode w; via the same subband transition (s = +1),
wy ~ ¢'/2, is acoustic-like and depends strongly on ¢. The
frequency of the plasmon increases with an increasing
electron densities. It shows that the plasmon frequency
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can be effectively controlled by tuning the electron den-
sity. Figure 4 shows the plasmon dispersion wsy in spin
down (s = —1) subband transitions for different electron
densities. Similar to wy, ws is also acoustic-like and de-
pends strongly on ¢ and electron density. However, the
plasmon modes w; oc (A —~)~Y2 and wy o (A +7)~ /2,
are different because of the SOCs and as is evident,
wi; > wy. With v = 75 meV and v < A, we obtain
5= (w1 —wy) ~y-q"/? -ng®/* which shows that the dif-
ference 6 between both the plasmon modes enlarges with
increasing ¢ or decreasing n.. As a result, we can obtain
two branches or colors of plasmon excitations at the same
time by controlling the electron density in single-layer
MOSQ.

In conventional semiconductors based on 2D elec-
tron gas systems (C2DEG), the plasmon frequency is
wp = (2me?n.q/m?)'/? where m? is the electron effec-
tive mass, while the plasmon frequency in graphene is
wy, = [2e2Erq/(h%es)]Y/? where ey is the high-frequency
dielectric constant [13]. It is obvious that the plasmon
excitations in single-layer MoS, are different from plas-
mon excitations in C2DEG and graphene. The reason
behind it is that the quasi-linear energy dispersions of
single-layer MoSy are different from the parabolic en-

3
—DOS
—Mo
—S
2 —Mo:d
—S:p
0
Q
a
14
0,

Z10 =05 00 05 10 15 20 25
E (eV)

Fig. 2 The total density of states and partial density of
states of monolayer MoS, evaluated from the first-principles
calculations
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Fig. 3 Plasmon frequency w; in spin up (s = +1) subband
transitions for different electron densities.
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Fig. 4 Plasmon frequency w2 in spin down (s = —1) sub-

band transitions for different electron densities.
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Fig. 5 The real and imaginary parts of the dielectric func-
tion € as a function of photon energy E.

ergy dispersion in C2DEG and linear energy dispersion
in graphene. Owing to the distinct SOCs, the plasmon
excitations of a single-layer MoSs not only depend on g
and electron density, but also on the band-gap A and the
strength v of the SOCs. It shows that the SOCs origi-
nating from the d-electrons in Mo has a very significant
effect on the electronic and optical properties of single-
layer MoSs.

The real part, €1, and imaginary part, es, of the com-
plex dielectric function, €, are shown in Fig. 5. The dielec-
tric function € indicates the micro response of materials
to external fields. One can acquire the macroscopic phys-
ical quantities, such as optical absorption coefficient and
refractive index using this function. A broadening that
is used in these calculations, leads to a small number be-
low the band gap. Figure 6 shows the optical absorption
coefficient as a function of photon energy in monolayer
MoS,. A strong optical absorption can be observed with
an optical absorption coefficient o of the order of 10°
cm~!. In addition, two the optical absorption edges I
and II are observed indicating that two optical absorp-
tion channels can be achieved in such systems. The inset
in Fig. 6 shows the two optical absorption channels. Due
to the spin splitting from the SOCs, the valence band
splits into the two subbands. The electrons in both the
subbands absorb photons and transit into the conduction

Hai-Ming Dong, et al., Front. Phys. 13(4), 187307 (2018)

o0
(=]

(=)
(=]
I

53
(=]
I

Absorption coefficient (104/cm)
s

(=]

4 6
E (eV)

oo

=]

10

Fig. 6 The optical absorption coefficient, obtained from
the dielectric function, as a function of photon energy E. Inset
shows the optical absorption channels I and II.

band via the channels I and II. As a result, two optical
absorption edges, I and II, can be found. These theo-
retical results are in line with the experimental results
[5, 8, 9]. Finally, at the time of submission of our work,
we noticed that the similar results had been published in
which the same results by the first principles study have
been reported [20].

4 Conclusion

It was found that monolayer MoS, is a direct-gap semi-
conductor with a band gap A = 1.8 eV. The SOCs plays
a very significant role in forming the electronic struc-
tures, especially in the low energy region. The total DOS
are mainly due to the contribution of the Mo d-orbital
electrons near Fermi energy, which results in obvious
SOCs. These plasmon excitations were found to be dif-
ferent from those in C2DEG and graphene because of
the quasi-linear energy dispersions in MoSs. A strong
optical absorption was observed and the optical absorp-
tion coefficient o was found to be of the order of 10°
cm~!. Moreover, two optical absorption channels were
achieved in the system due to the spin splitting from
the SOCs. Our theoretical findings have demonstrated
that the single-layer MoS, can be used in designing novel
optoelectronic nanodevices.
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