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Abstract. Here, we report a comprehensive study of fundamental optical properties of
two-dimensional materials. These properties have been ascertained using spectroscopic
ellipsometry, optical spectroscopy of Raman scattering, and photoluminescence. We
have focused on optical properties of the chemically exfoliated layered TMDs: MoS,,
MoSe,, WS,, and WSe,. The complex refractive index and optical conductivity within
the region 1 to 4.5 eV were extracted, which lead to identification of many unique
interband transitions at high symmetry points in the electron band structure. The
positions of the so-called A and B excitons in monolayers are found to shift upwards in
energy as compared with those of the bulk form and have smaller separation because of
the decreased interactions between the layers. For monolayer TMDs, the valence-band
spin-orbit splitting at the K point was estimated from the energy difference between the
A and B exciton peaks. Our findings of the spin-orbit coupling of ~0.16, ~0.26, ~0.37,
and ~0.55 eV in monolayers MoS,, MoSe,, WS,, and WSe,, respectively. All these
findings not only extend our understanding the novel electronic structures of mono- and
few-layers TMDs but also provide foundation for future technological applications of
optoelectronic and spintronic device components.
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1. Introduction

Graphene, a single layer of carbon atoms, presents a
range of unusual properties that sparked interest in two-
dimensional (2D) materials. Nowadays, it is probably
fair to say that research on graphene has already started
to shift from studying graphene itself to the use of the
2D materials in applications [1, 2]. Indeed, 2D
monolayers have received a great deal of interest over

the past 10 years, as they show great promise for
revolutionizing many areas of physics. The term
monolayer refers to solid materials with minimal
thickness: occasionally, as with graphene, a monolayer
is only one-atom thick, but in crystals they can comprise
three or more atomic layers. Low-dimensional materials
frequently exhibit unexpected properties that make them
as interesting for research, with the so-called transition
metal dichalcogenides (TMDs) providing particularly
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promising [3-6]. Usually, TMDs consist of a large
family of materials with the general form TX2, where T
is a transition-metal from the 4™ to 6™ group of the
Periodic Table and X is a chalcogen — sulphur, selenium,
or tellurium. In general, TMDs formed by metals from
the 4™ and 6™ groups are usually semiconductors. While
the bulk of the material has an indirect band gap, single
and few layers TMDs are a direct-gap semiconductor [3-
6]. Semiconductors with a direct gap are of special
interest for use in optics and optoelectronics. Layered
semiconductor TMDs have proven to be important
candidates for use as an absorber layer in low cost thin
film solar cells [7-9]. This is due to their relatively small
band gap (~1-2 eV) and the large absorption coefficient
(about 10 % in visible rage). Moreover, TMDs are also
capable to generating light by supplied energy.
Monolayers have two surfaces and no bulk between
them, which presents the extreme case of surface
science. To study the specificity of surface electronic
states, the spectroscopic ellipsometry (SE) is a powerful
non-destructive technique that enables to collect
information about optical properties of low-dimensional
materials. Optical constants extracted from ellipsometric
measurements represent a versatile approach for probing
the surface electronic structure of materials [10, 11]. SE
allows obtaining simultaneously both the real (n) and
imaginary (K) parts of the complex refractive index in
contrast to other optical techniques such as transmission
and reflection spectroscopy. For optoelectronic device
applications of TMDs monolayers to be fully
understand, it is also necessary to know the complex
refractive index and then to determine optical
conductivity. Recently, we have employed the SE to
investigate the optical constants of graphene [12, 13],
however, up to date, SE characterisation of 2D layered
TMDs has rarely been reported [14-16]. Moreover,
additional UV-visible-near-infrared absorption
measurements can promote deepening the understanding
of the optical response of 2D systems for successful
nanooptical device engineering.

Here we report the optical characteristics of layered
materials that are exfoliated in liquids using a
combination controlled ultrasound sonication and
centrifugation. In this process, mono- and few-layers
TMDs nanosheets could be obtained. It was found that
optical and electronic properties of these low-
dimensional structures are determined by the strong
confinement of charge carriers in a 2D plane. As a
consequence, the 2D confinement of electrons upon
chemical exfoliation leads to intriguing optical and
electronical properties. The strong electrostatic
interactions give rise to electron-hole pairs in these
materials, called as exciton. The ellipsometric method
allows studying such excitons in details: to determine
their energy of excitation and intensity. Knowing and
deep understanding the optical properties of mono- and
few-layers TMDs as well as integrating them with light
interaction are an important step in creating a materials
platform for solar energy accumulation.

In our study, we have focused on optical properties
of such layered transition metal dichalcogenides as
MoS,, MoSe,, WS,, and WSe,. It was carried out
independent ellipsometric and transmission measure-
ments to determine the optical constants as well as high
frequency conductivity of mono- and few-layers TMDs
nanosheets. We discuss the energy location and nature of
the main optical peaks appearing in the spectra of
chemically exfoliated monolayers and thick (bulk)
specimens. Our experimental results reveal qualitative
agreement among all four monolayer complex refractive
indexes (N*=n + ik) and their corresponding to the bulk
values. We also manifest the differences in optical
spectra occurred due to blueshifts of the A and B
excitons, resulting in enhancements of the exciton
binding energy, as well as increases of monolayer
bandgaps. It is important to note that investigated mono-
and few-layers TMDs exhibit an indirect-to-direct
bandgap transition, due to this they possess strong
photoluminescence emission at room temperature. In
this work, the valence-band spin-orbit splitting at the K
point of the Brillouin zone was extracted being based on
the energy difference between the A and B exciton
peaks.

2. Samples preparation and experimental methods

Exfoliation of monolayers and few layers of TMDs from
its bulk remains a challenge due to their natural tendency
to form stacked structures. There are a number of
techniques presented in the literature for the synthesis of
monolayers of TMDs, i.e. mechanical exfoliation, wet
chemical approaches, physical vapor deposition,
chemical vapor deposition (CVD), sulfurization of metal
films and liquid exfoliation [17]. Among these methods,
the liquid exfoliation route seems to be -effective,
particularly for sensing and solar cells applications,
where a large quantity of nanosheets with inherent
defects is required. Note that the surface of TMDs that
are exfoliated in high yield solvents, namely: N-Methyl-
2-pyrrolidone (NMP), polymer solutions, or surfactant
solutions, are not pristine. These solvents and co-
solutions are hard to remove as they occupy the surfaces
of the exfoliated nanosheets [18].

In this work, we have exfoliated TMDs via
sonication in a mixture of ethanol and 3% vol. anisole
(analogy of poly(methyl methacrylate) solving). These
solvents have low boiling points, hence the exfoliated
nanosheets are pristine and no extra process steps are
required to remove these solvents. The sonication time
was approximately 20 hours. During long time
sonication process, a transverse component of ultrasonic
waves is able to overcome the van der Walls weak
interlayer interactions. In this process, mono- and few-
layers TMDs nanosheets along with a large fraction of
small TMDs nanocrystals could be obtained. Then, the
exfoliated TMDs solutions are divided into several 10 ml
by centrifuge tubes and centrifuged for 10 min at
10,000 rpm to remove any remaining nanocrystals. The
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high-speed centrifugation process leads to separation of
variable sized nanocrystals. To measure the nanosheets
thickness, we deposited a few drops of TMDs dispersion
onto Si/SiO, (1-2 nm oxide thickness) before drying in
air followed by characterising with scanning electron
microscopy (SEM) and profilometry. The resulting
TMD nanosheets were mostly single and few-layered
(sheet thickness ~1.0 to 4 nm) with lateral dimensions of
200...1000 nm. For optical characterization of the
investigated TMDs monolayers, small volumes of
diluted TMDs suspensions were drop-coated onto
smooth silica substrates and then dried before
measurements. As a bulk samples, we used specimens
obtained directly from dried drop of starting powder
solutions (without sonication and centrifugation). In
order to improve semiconducting properties, the 2D
monolayer films were annealed at T =250 °C for 3 hours
in argon atmosphere. Initial materials MoS,, MoSe,, and
WS,, WSe, (99.8%, Metal basis) micrometer powders
were purchased from Alfa Aesar.

The structural characterization and the sheet size
distribution were measured by SEM. Due to long time
ultrasonication, all the TMDs nanosheets are found to be
smaller than 1.0 um in nominal size. Spectral
ellipsometric measurements were performed with a light
photon energy from 1.0 to 4.5eV applying Beattie
technique [19-21]. The azimuth of the restored
polarization ¥ and the phase shift A between p- and s
components of a polarization vector E were measured at
different values of light incidence angle 0 from 55° to
75° with the step of 5 deg. The spot size on the sample
was approximately 1.0 mm in diameter, which allowed
averaging characteristics of the sample from a large area.
The ellipsometric parameters ¥ and A are defined as
tan(¥ )exp(iA) = rp/rS , where rp, and rg are the

reflection coefficients for the light of p- and s
polarizations [17, 18]. The three-phase ellipsometric
model consisting of the substrate (silica), thin film
(MoS;, MoSe;, and WS,, WSe,), and ambient (air) was
employed to extract the complex refractive index of
corresponding TMDs film. We fitted the experimental
curves of ellipsometric angles ¥ and A to theoretical
ones using the abovementioned model and calculated the
Fresnel reflection coefficient [10, 12, 13, 20]. As a
result, the optical constants and high frequency
conductivity were calculated under assumption of their
isotropy and homogeneity. The mean squared error
(MSE, a measure of the goodness of fit of the model to
the data) was low (below 7-8). It has to be noted that the
values of the TMDs film thickness were used as
parameters on the initial stage of fitting and correspond
to the data of the thickness measured by a Talystep
profilometer. The thickness distribution for TMDs is
obtained by scanning a samples area of 1x1 mm® The
assembly of mono- and few-layers TMDs films, for
which we presented optical data below, had the
thickness about 50...70 nm. More precise values of the
thickness and the complex refractive indexes (n* =

n+ ik) of layered TMDs nanosheets were obtained after
fitting the experimental angle dependent ¥ and A
functions [10-12, 20]. Optical constants of bulk TMDs
layer (with the thickness about 1 mm) were calculated
directly by applying Airy’s formula with the
ellipsometric parameters ¥ and A for different angles of
incidence [13, 20]. The optical conductivity for TMDs
can be found as follows: o(®)= nNkw/21t = &(w)w/dn
(where o is the light frequency, and &;(®) — imaginary
part of the dielectric function). Note that in general the
optical conductivity, 6(®), and the imaginary part of the
dielectric function, &,(®), are tensors. Here, we assume
for simplicity that the medium is isotropic, so that the
conductivity o(®) and the dielectric complex function
&(w) are scalars. We have defined the complex dielectric
function and the real part of optical conductivity as
given in [21-24].

Additionally, UV-visible-near-infrared grating
spectrometer with a xenon lamp source was used for
measuring the absorption spectra of monolayers. In
cases where scattering is negligible, light attenuation is
dominated by absorption, and the transmitted inten-
sity, I(t), is related to the sample absorption coefficient,
Olaps= 4mk/A via the Beer—Lambert law:
[(t) = lsexp(—oapst). Here, |s is the incident light
intensity (normalized to transmission of pure silica
substrate), and t is the thickness of assembly of
monolayers. Note that the thickness of each sample was
measured by using angle-variable SE. Raman and
photoluminescence measurements were performed using
a Renishaw Raman system with 514.5 nm argon laser.
Typically, the samples were measured using (50) 100x
lens, and the laser beam was focused into ~1 um
diameter spot.

3. Results and discussion

Optical properties of MoS, films. MoS, mono- and
few-layers were identified by SEM as well as photolumi-
nescence (PL) and Raman spectroscopy. The SEM
image in Fig. la reveals a layer-by-layer assembly of
corresponding monolayes. The Raman analysis of the
samples allows having an insight on the crystal structure
and dimension of our samples. Raman spectrum of thick
(bulk) MoS, consists of two well-known Raman bands at
~383 and ~408 cm ' that correspond to E'5, and A, vib-
rational modes (Fig. 1b) [25-27]. It is evident that the
E'y and A, peaks shift closer to one another with de-
creasing the film thickness, which is an excellent indica-
tor for the number of layers in MoS, [26, 27] . In the
case of thick film, the Elzg and A, peaks are separated
by ~25cm', whereas for mono- and few-layers, the
same peaks manifest themselves at ~386 and ~405 cm™'
with separation of ~20 cm'. The increase of the fre-
quency difference in bulk MoS, is caused by the in-
fluence of neighbouring layers on the effective restoring
force on atoms as well as the increase of dielectric
screening of long-range Coulomb interactions [25-27].
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Fig. 1. Optical properties of mono- and few-layers MoS, nanosheets. (a) SEM image of mono- and few-layers MoS, nanosheets
(Inset: schematic structure of the TMD monolayers). (b) Raman spectra of low-dimensional MoS, nanosheets and bulk films.
(c) Extracted optical constants from ellipsometric measurements for mono- and few-layers MoS, and bulk films. (d) Optical
conductivity of MoS, nanosheets and bulk films. (e) Changes of absorption spectra ozps, When one moves from mono- and few-
layer MoS, to the bulk state.
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Figs 1c and 1d show the spectra of the complex
refractive index and optical conductivity of the MoS,
mono- and few-layers and bulk samples. Two dominant
peaks are observed at the energies ~1.88 and ~2.04 eV in
the k and o(w) plots in the red region. We can see that,
for smaller wavelengths, the real and imaginary parts of
the refractive index of low-dimension MoS, are both
higher than their bulk counterparts. Two spectral regions
with dominant absorption variations are observed in the
photon energy range of 1.5...3.8 eV, which are related to
A, B excitonic peaks in the range of 1.8...2.5 eV, and
C, D excitonic peaks in the range of 2.7...33 eV,
respectively [28]. The plots of absorption coefficient,
Oqaps (Fig. 1e) shows good agreement with these two
peaks observed at the energies ~2.0 and ~3.0 eV in the
k (c(w)) spectra. We found that mono- and few-layers
MoS, displays an extraordinary large value of the
refractive index about ~6 at ~3 eV. In addition, for
monolayer MoS,, two peaks of the imaginary part of the
refractive index spectrum exhibit a slightly blue shift
compared to their bulk counterparts. The observed blue
shifts of exciton absorption of monolayer MoS, as
compared to their bulk counterparts may be caused by
the difference of A and B excitons energy in bulk and
mono- and few-layers MoS,. There also exists a peak
near ~3 eV for the imaginary part spectrum of
monolayer MoS,, which may be related to the Van Hove
singularities or C and D excitons [29]. It is interesting to
note that our measurements of the optical properties of
MoS, monolayer are consistent with the main feature of
the electronic band structure calculated in [28]. The
appearance of two distinct low-energy peaks in the
absorption spectrum, commonly referred to as the A and
B excitons, are the result of electron transitions between
the valence splitted band and the conduction band [28].
It can be seen that there is a general similarity of exciton
peaks in K, ogs and o(w) spectra (Figs. 1c-le). They
indicate that the energy difference between exciton B
and A peaks is equal 2.04-1.88 = 0.16 eV, which
corresponds to the spin-orbit splitting at the K point of
the Brillouin zone [28]. This value is in good agreement
with previous calculations [28] of ~0.15 eV. Thus, we
see the appearance of two distinct absorption peaks in
monolayer MoS, at 1.88 and 2.04 eV, which correspond
to the strongly bound A and B excitons, respectively.

Optical properties of WS, films. SEM image of
chemically exfoliated mono- and few-layers WS, flakes
with a small thickness is presented in Fig. 2a. The most
powerful method to confirm monolayer’s origin of WS,
is Raman spectroscopy (see Fig. 2b). This plot displays
thickness-dependent evolutions of the E'5, and A,
Raman active modes. For WS, monolayer, the Elzg mode
exhibits slightly red shifts, while the A;, mode — blue
shifts. Our measurements confirm the results of [25, 27]
and show that the difference between frequencies of Aj,
mode and E'zg mode in the case of WS, can also allow
the identification of the thickness of WS, flakes similar

to MoS,. The distinction between WS, and MoS, is that
the frequency difference of Raman modes for WS, is
~63 cm’l, i.e, about three times larger than that for
MoS,, which is related to the larger mass of W than Mo.
It leads to a larger frequency gap between Raman active
modes.

Optical transitions between the split valence band
and the conduction band give rise to distinct low-energy
peaks in the spectra of optical constants n and k (Fig. 2¢)
commonly referred to as A excitons. One can clear see
the appearance of only one pronounced absorption peak
at ~2.05 eV, which correspond to the strongly bound A
excitons [28]. Figs 2d, 2c display the spectral
dependences of o(®) and o for mono- and few-layers
WS, with its associated bulk values. Note that single and
few-layers optical responses qualitatively resemble their
bulk counterparts for MoS, and WS, (Figs. 1c-le and
2c-2e). However, in the case of WS, monolayer, o,
o(w) and K related with A exciton are better defined.
This behaviour is rationalized by exciton binding energy
enhancement caused by the confinement effect in
monolayer TMDs (1.1 eV in the case of monolayer as
compared with 0.1 eV in bulk) [28], which increases
absorption efficiency. From our measurements, we can
conclude that there are two types of electron transitions:
i) between the valence band (top) and conduction-band
minimum at K, which leads to A-type excitons
(~2.05 eV) in the absorption spectrum, and ii) from the
valence band (bottom) and conduction-band minimum at
K, which leads to B-type excitons (~2.43¢eV) less
pronounced in the absorption spectrum.

Optical properties of M0oSe, films. At the first
stage, the monolayer’s nature of MoSe, was identified
by SEM imaging (Fig.3a), as well as Raman
spectroscopy (Fig. 3b). For a mono- and few-layers
MoSe;, only one Raman active out-of-plane mode (A,
see Fig. 3b) appears, since the unit cell contains only one
MoSe, molecule, and no translation symmetry along the
C axis exists. For a bilayer with two MoSe, molecules
per unit cell the situation is similar to bulk material with
only one Raman active out-of-plane mode [30]. More in-
terestingly, the intensity ratio between the A, and Elzg
Raman active modes (la1¢/le2g) changes from ~5...10 for
bulk up to ~20...30 for the monolayer MoSe, while the
ratio remains nearly constant (~1.1) in the MoS, case
(Fig. 1b). However, the mode shifts towards higher
wavenumbers as compared to the monolayer due to the
interlayer interaction. In the case of bulk MoSe,, the A,
mode shifts about 150 cm ™' towards lower wavenumbers
as compared to MoS, (Figs. 1b and 3b), which is also
confirmed by calculations [30]. As concerning MoS,, we
find the characteristic softening of the mode E'y, with
decreasing the thickness of material. It amounts to
~3cm from bulk to monolayer MoSe,. Our measure-
ments are in good agreement with recent studies where
the main Raman peak at 243 cm™' on a mechanically
exfoliated MoSe, monolayer was reported [31].
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Fig. 2. Optical properties of mono- and few-layers WS, nanosheets. (a) SEM image of mono- and few-layers WS, nanosheets.
(b) Raman spectra of low-dimensional WS, nanosheets and bulk films. (c) Extracted optical constants from ellipsometric
measurements for mono- and few-layers WS, and bulk films. (d) Optical conductivity of WS, nanosheets and bulk films.
(e) Changes of absorption spectra olz,s, When moving from mono- and few-layers WS; to the bulk state.
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Fig. 3. Optical properties of mono- and few-layers MoSe, nanosheets. (a) SEM image of mono- and few-layers MoSe, nanosheets.
(b) Raman spectra of low-dimensional MoSe, nanosheets and bulk films. (¢) Extracted optical constants from ellipsometric
measurements for mono- and few-layers MoSe, and bulk films. (d) Optical conductivity of MoSe, nanosheets and bulk films.
(e) Changes of absorption spectra oLq,s, Wwhen moving from mono- and few-layers MoSe, to the bulk state.
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The refractive index, n, extinction coefficient, K,
optical conductivity o(w), and absorption coefficient cans
spectra of mono- and few-layers and bulk MoSe, are
plotted in Figs. 3c-3e, respectively. For low-dimensional
MoSe,, the absorption part of the spectra for k, o(m) and
Ogaps are dominated by two peaks around 1.55 and
1.81 eV, which come from the A and B exciton transi-
tions [28]. A and B excitons are formed at the K point of
the Brillouin zone, where strong spin-orbit coupling in-
duces a splitting in the opposite spin valence bands by
about (1.81-1.55= 0.26 ¢V) from our measurements.
The obtained value of spin-orbit splitting in the mono-
and few-layers MoSe; is in excellent agreement with pre-
vious calculations [28] of ~0.25 eV and is larger than
that for MoS, (~0.16 e¢V). Note that for bulk MoSe, the
corresponding two exciton transition peaks are weaker
and exhibit small red shifts (Figs. 3c-3e). The A, B ex-
citon peaks observed in this energy range occur before
the onset of strong interband transitions near ~3 eV. Mo-
reover, for layered MoSe, several peaks of the real part
of the refractive index, n, locate in high-energy region as
compared to the spectra of bulk (Fig. 3c). Note that the
energy of A and B excitons for single and few-layers
MosSe; is well matched to the solar spectrum, which can
open up a new direction for 2D-materials applications as
extremely thin film for new generation of solar cells.

Optical properties of WSe, films. The SEM
image shown in Fig. 4a demonstrates the uniformity of
WSe, sheet coverage on Si substrate. For bulk WSe,, we
found distinct Raman signals at ~250 and ~260 cm'
(shoulder) and a small feature at 309 cm ™' (Fig. 4b).
These three lines are also in agreement with the recent
calculation [30] predicting both the Elzg and A;, mode to
be close to ~250 cm '. For mono- and few-layers WSe,,
we only detect a single maximum with a broad halfwidth
at ~250 cm .

The measured complex refractive index (Fig. 4c)
and absorption coefficient (Figs. 4d, 4e) of mono- and
few-layers and thick WSe; films indicate that the optical
constants for layered nanostructure vary significantly
with wavelength. Due to the high refractive indexes
Nn=5...6 in the visible frequency range the WS, and
WSe, monolayers (Figs. 2c and 4c) can have many
potential applications, such as good antireflection
coatings for photonics and optoelectronics, and optical
encapsulation for the enhancement of photovoltaic cell
response [32]. The absorption spectra can be divided
into a region at low energies, which are dominated by
excitonic transitions on a relatively low absorption
background and a region of strong absorption at higher
energies. The extinction coefficient, Kk, absorption otaps,
and conductivity, o(w), for WSe, (Figs. 4c-4e) show
peaks at ~1.65¢V and ~2.20 eV, respectively, which
corresponds to the A, B band transitions due to splitting
of the ground and excited states in the WSe, electronic
structure [28].

Common features and differences in optics of
low-dimensional TMDs. The comparison of the comp-
lex refractive indexes (N* =n+ ik) for MoS,, WS,,
MoSe,, and WSe, reveals qualitative agreement between
all four monolayer dielectric functions and their corres-
ponding bulk values. For monolayers, the most promi-
nent features in the spectra are a series of sharp peaks in
the lower energy range (E< 2.5eV), and a series of
broad and low oscillations at higher photon energies
(2.5 <E<4.5¢eV). The derived optical constants n and k
initially show strong dispersion and absorption
associated with the spin-orbit split exciton pair A and B.
The structure is sharper, better resolved and more in-
tense for the sulphide monolayers than for the selenide
ones, as observed in ellipsometry and transmission mea-
surements. The excitonic absorption peaks A and B,
which arise from direct gap transitions at the K point, are
found in agreement with the previous studies of bulk
[33] and monolayer samples [34, 35]. The energy diffe-
rence between the A and B peaks, which is indication of
the strength of spin-orbit interaction, is in reasonable
agreement with the calculations [28, 35]. For monolayer
TMDs, the valence-band spin-orbit splitting at the K
point can be estimated from the energy difference bet-
ween the A and B exciton peaks. Our findings of the
spin-orbit coupling of ~0.16, ~0.26, ~0.37, and ~0.55 eV
in low-dimensional MoS,, MoSe,, WS,, and WSe, are
consistent with the previous theoretical predictions [28]
and differential reflectance spectroscopies for mechani-
cally exfoliated monolayer WS, and WSe, [36]. Note
that, due to the theory, the spin-orbit splitting energy in-
creases as the fourth power of the average atomic
number of the constituent elements, leading to the giant
spin-orbit splitting (~0.55 eV) in monolayer WSe, [28].
The observed blueshifts of the exciton energies with
decreasing the TMDs nanosheet size and their energy
behaviour can be ascertained using the quantum-
confinement approach [26, 37]. Lower energy excitons
(A and B) are originated from electron transitions
between the valence and conductive bands in the vicinity
of the K point (Brillouin zone). The electron densities of
states in the K point are composed primarily from the
transition metal d orbitals [15]. Consequently, the A and
B excitons are spatially localized in the plane of the
metal atoms [15, 38]. Due to this fact, they are stable in
monolayer semiconductors, and their energy do not
change significantly. The high energy (E> 2.5eV)
features are, however, associated with transitions away
from the K point and involves significant contribution
from the chalcogen orbitals (2s and 2p) [27, 28], which
causes larger energy shifts. An additional difference is
that the magnitude of the real part of refractive index, n,
is generally larger than that of the corresponding bulk. It
is most pronounced in the case of WS, (Fig. 2¢), MoSe,
(Fig. 3c) and WSe, (Fig. 4c) likely arises from dielectric
environment differences between bulk and single layer
specimens. The extinction coefficient, K, in the region 3
to 4.5 eV is about ~2.5...3.5, which is comparable with
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Fig. 4. Optical properties of mono- and few-layers WSe, nanosheets. (a) SEM image of mono- and few-layers WSe, nanosheets.
(b) Raman spectra of low-dimensional WSe, nanosheets and bulk films. (c) Extracted optical constants from ellipsometric
measurements for mono- and few-layers WSe, and bulk films. (d) Optical conductivity of WSe, nanosheets and bulk films.
(e) Changes of absorption spectra oLq,s, When one moves from mono- and few-layers WSe; to the bulk state.
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that (~3.2) of Yim etal. [14] for ultrathin CVD MoS,
and with the data of Li et al. [15] for TMDs, but much
lower than that (~5.1) of Shen etal. [39]. The higher
coefficient, k, could be a result of sample structural
quality or the way it was extracted from their four-phase
ellipsometric model [39].

It is well known that the optical conductivity
spectra o(®) reflect the main details of the density of
electron states within energies close to critical points
(CPs) [40]. The CP dimension is classified being based
on the electron energy dispersion at Van Hove
singularities, which can be expanded as a function of the
momentum vector k about CP as E(K) = E(0) + a,k*+
ok% + a3k’ + ..., where the dimension is assigned by
the number of nonzero coefficients a, for 2D represent
two, nonzero o [40]). The optical conductivity c(®)
derived from the imaginary part of the dielectric function
and absorption coefficient o,y extracted from
transmission measurements for mono- and few-layers
and bulk TMDs (Figs. 1-4 (c, d)) demonstrate higher
values for the monolayer. The optical conductivity
reflects main features of the joint density-of-states
function J(E) « Egy(w) = o(w) and are, perhaps, the most
relevant to studies of the band structure of monolayers.
A series of fine resolved peaks in o(®) spectra at a
higher energies than these of A and B excitons are
clearly observed for TMDs, which can be attributed to
optical transitions along the parallel bands between the
M and I" points in the reduced Brillouin zone. In the
ultraviolet region, singularities in o(®) are also observed
and can be associated with a combination of several
critical points as seen for common semiconductors [40].
The structure within the range 2.5...4.5eV is much
stronger in terms of absorption in the sulphide than that
in selenide. The shapes and positions of the gross
features in the J(E) once again show the similarity
between MoS, (WS,) and MoSe, (WSe;). This may be a
direct result of similarity between the band structures for
these materials, which supports the theoretical rigid-
band model by Wilson and Yoffe (Ref. [33]). The

striking difference between the Mo and W compounds
can be qualitively understood for the following reasons:
(i) the effect of chalcogen ligand field on metal “d”
states increases with increasing the metal atomic number
due to changes in the electronegativity and orbital radii;
as a result, wider overlap of the “d” band with the “s-p”
conduction band in these W compounds than in the Mo
compounds has been produced; (ii) overlap between the
outer orbitals of nearest-neighbour metal atoms is
greater for the larger W atoms. Due to this, the widths of
metal “d” and “s-p” conduction bands increase for W-
base monolayers [33].

The extracted dielectric function, &(®), and optical
conductivity, o(w), of chemically exfoliated mono- and
few-layers TMDs can be modelled by fitting with multi-
Lorentzian functions:

N
fi
gw)=1+y ——F—— (D
o1 Ex —E? —iEy,

where fy, Ey, and yx are the oscillator strength, the
spectral resonance energy Ey, and the spectral width yy of
the k-th oscillator, respectively. The real part of the
optical conductivity o(w) is related to the dielectric
permittivity e(w) via the following relation:
6(o) = Re[i (1-&(w)Jo] [24]. The values of the model

parameters for the four investigated TMD monolayers
were determined by fitting Eq. (1) to the experimental
data presented in Figs. 1d-4d. A good agreement
between the extracted experimental dependences of 6(®)
and the analytical formula (1) were obtained for the f,
Ey, and yy parameters presented in Table. Note that the
numerical fitting is less accurate for E> 3.5 eV due to
possible contribution of the film roughness and
additional impurities into the experimental data. The
energy dependence of the real part of the optical
conductivity for four TMD chemically exfoliated mono-
and few-layers materials is depicted in Fig. 5a.

Table. Model parameters for the optical conductivity of the four mono- and few-layers TMD materials parametrized
by the multi-Lorentzian dispersion relation defined by Eq. (1). The oscillator strength fy, the spectral resonance
energy E,, and the spectral width y, of the k-th oscillator are given in eV?, eV, and eV, respectively.

MOSz WSz MoSez WSez

K Ex fic Yk Ex fic Yk Ex fi Yk Ex fi Yk

V) [ @V | (V) | V) | V) | (V) | (V) | V) | (V) | (eV) | (V) | (eV)
1] 1.85 0.25 0.06 2.05 1.2 0.05 1.55 0.4 0.043 1.63 1.75 0.1
21 2.05 1.0 0.1 2.43 0.75 0.08 1.8 0.9 0.097 2.18 4.0 0.27
3| 2.77 35 0.4 2.77 9 0.25 2.33 10 0.5 2.57 15.5 0.525
41 2.27 10 1.2 3.07 6 0.3 2.9 37.5 0.92 3.09 26.5 0.65
51 3.35 80 0.95 49 75 0.9 4.15 61 1.5 3.8 50 1.25
6| 5.1 180 1.3 3.65 100 1.75 5.5 150 2.75
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Fig. 5. (a) Modelling dispersion of the real part of optical conductivity for four low-dimensional TMD materials. (b) Emerging
photoluminescence in mono- and few-layers at room temperature: MoS,, WS,, MoSe,, and WSe,.

Photoluminescence. Strong photoluminescence is
observed in the chemically exfoliated mono- and few-
layers, which indicates that they are close to direct gap
semiconductors in agreement with the recent
experimental findings [25] and calculations [34].
Photoluminescence (PL) emission of mono- and few-
layers MoS,, MoSe,, WS,, and WSe; is investigated and
presented in Fig. 5b. The emission spectra for the MoS,
sheets consist of one major peak and one minor peak
around 1.84 and 1.97 eV, respectively. The observed
emission lines for monolayer MoS, are in good
agreement with the known direct A and B excitons
(Fig. 1) in the corresponding monolayer, suggesting that
they are from the direct band gap photoluminescence
from K point. Fig. 5b shows prominent PL of monolayer
WS, centered at 1.91 eV. The PL spectra for the MoSe,
and WSe, (Fig.5b) monolayers are dominated by
exciton peaks at 1.57 and 1.65 eV, respectively. The
emission from these monolayers exhibits broader
maxima than that for the WS, (Fig.5b). These
observations corroborate recent photoluminescence data
of monolayer MoS,, MoSe,;, WS,, and WSe, [25, 41,
42]. These four materials possess indirect bandgap in
bulk and become the direct bandgap ones in the 2D
limit. From our ellipsometric and PL measurements, we
can conclude that monolayer WS, has the largest direct
band gap of about ~2.2 eV. It decreases down to ~1.9,
~1.8, and ~1.6eV for mono- and few-layers MoS,,
WSe,, and MoSe,, respectively. Our results are close to
the values reported by PL experiments in mechanically
exfoliated monolayer MoS,, [25, 41, 43] MoSe,, WS,,
and WSe, [25, 42].

4, Conclusion

The complex optical constants of chemically exfoliated
mono- and few-layers of two-dimensional materials,
namely: MoS,, MoSe,, and WS,, WSe, transition metal

dichalcogenides, have been measured using variable
angle spectroscopic ellipsometry and transmission
spectroscopy. We have confirmed the monolayer
nanostructure of liquid exfoiliated TDMs materials by
testing them by wusing high-resolution Raman
spectroscopy and revealing strong photoluminescence
emission at room temperature. Complex refractive
indices as well as optical conductivity have been extrac-
ted from angle-variable ellipsometric dependences.
Comparisons to associated bulk responses reveal
differences caused by increased electron-hole
interactions in mono- and few-layers of TMDs. Very
clear excitonic absorption peaks A and B were found in
the red region for all monolayer TMDs. They originate
from the spin-split direct gap transitions at the K point of
the Brillouin zone. In addition to the lower energy
exciton peaks, a series of higher energy (E> 2.5 eV)
sharp peaks are observed in the optical spectra of
confined TMDs nanostructures. We believe that the
optical features reported here will stimulate further
investigations of the electronic structure of transition
metal dichalcogenides monolayers and provide better
understanding the optical responses of TMDs to their
optoelectronic device designs and applications as solar
accumulating nanostructures.
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