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ABSTRACT: Optical conductivity, which originates from the
interband transition due to electron—phonon interaction, is
one of the powerful tools used for studying the electronic
states in layered transition metal dichalcogenides (TMDCs).
Here, we report for the first time the optical conductivity of
WS,, one of the emerging classes of TMDCs, prepared directly
on SiO,/Si substrate using reflection contrast spectroscopy.
The measured optical conductivity at direct excitonic
transition point K of the Brillouin zone for monolayer WS,
shows a value of 0.37 e%/7# in the visible range of the energy
spectrum. Our results reveal that the optical conductivity of
WS, layers is frequency-dependent and show additional
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features in the conductivity spectra for bilayer to bulk counterparts, signifying a transition from direct band gap to indirect
band gap with the evolution of layer numbers as predicted by our calculations.
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1. INTRODUCTION

Layered transition metal dichalcogenides (TMDCs) with
chemical formula MX, (M = W, Mo, and so on; X = S, Se,
or Te) have gained a great deal of attention due to their
fascinating thickness-dependent material and physical proper-
ties."~® Most of the TMDCs possess a sizable band gap in a
technologically interesting range of 1—3 eV,”~'" which paves
the way to consider these materials for new generation field—
effect transistors, sensors, and optoelectronic devices including
valleytronics.">'> WS, is one of the emerging classes of
TMDCs and is formed by stacking atomic layers of S—=W—S in
a sandwich configuration. The crystal structure belongs to
hexagonal P63/mmc space group with lattice parameters a =
3.153 A and ¢ = 12.323 A''* The electronic states of WS,
exhibit a strong interlayer coupling and undergo transitions
from indirect band gap (in bulk) to direct band gap (in a
monolayer)'*™"” when the number of layers decrease, in
analogy to MoS, and some of other TMDCs. For monolayer
WS, a direct gap exists at the K points of the Brillouin zone
between the spin—orbit split valence band and the doubly
degenerate conduction band, whereas for bulk WS,, an indirect
gap forms between a local conduction band minimum at a
midpoint between I" and K and the valence band maximum at
the I point.*°

It is very interesting to investigate its unique optical
responses, including photoluminescence (PL), optical absorp-
tion, and photoconductivity, in order to understand the band
structure of this material for practical device performance.
Although the above optical properties have been intensively
studied for graphene,ls_zo they are unexplored for most of the
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TMDCs. Recently, Gutiérrez et al.>' reported extraordinary
room-temperature PL in triangular WS, monolayers. Indirect-
to-direct gap crossover has been demonstrated by PL and
optical absorption spectra of WS, when scaling down from
multilayer to monolayer.® Optical conductivity, which is defined
as the transport of photons in a material, is one of the powerful
tools for studying the electronic states for TMDCs.” It
originates from the interband transition due to electron—
phonon interaction. When a material absorbs a photon, the
produced electrons and holes propagate with the same but
opposite velocities, called band nesting.”* In two-dimensional
materials, the band nesting results in a divergence of the joint
density of states, leading to very high optical conductivity. So
far, the study of optical conductivity of WS, has been limited to
theoretical prediction only,”> and no experimental demon-
stration has been reported yet.

In the present work, we have synthesized mono- to few-layer
triangular WS, micro platelets via sulfurization of predeposited
ultrathin WO, films on SiO,/Si wafers. We measured the
optical conductivity of WS, platelets in the visible to near-
infrared region determined by reflection contrast spectroscopy.
Our results show that optical conductivity is frequency-
dependent and show additional peaks in conductivity spectra
during transition from direct band gap (monolayer) toward
indirect band gap (two or more layers), consistent with the
theoretical prediction.
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Figure 1. (a) SEM images and (b) Raman characterization of WS, layers directly grown on SiO,/Si substrate using 514.5 nm excitation wavelength.
Eig and Ay, phonon modes along with Si peak positions are labeled. For monolayer WS,, these phonon modes are regarded as E’ and A% (c) The

ratio of Eig

/A, peak intensity as a function of number of layers; (d) the peak positions of Eig and Ay, as a function of film thickness in WS,.
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Figure 2. (a) Normalized PL spectra as a function of photon energy for WS, films including monolayer, bilayer, and multilayer. A and B peaks are
the direct gap transitions from the split valence band edge to the conduction band edge at K points. Luminescence from indirect gap inter band
transitions is labeled 1. Spectra in the zoom windows have been multiplied by a factor as indicated for clarity. (b) The relative PL intensity of peak A
as a function of film thickness. (c) The peak energy of A, B, and I transitions as a function of layer number. The difference in peaks A and B shows a
nearly constant energy of ~300 meV, which corresponds to splitting of the valence band edge.

2. RESULTS AND DISCUSSION

2.1. Surface Morphology. Figure la shows the scanning
electron microscopy (SEM) images of as-grown WS, islands on
Si0O,/Si substrate including monolayer, bilayer, multilayer (3—4
layers), and bulk grains. Other detailed SEM images of the WS,
platelets grown by chemical vapor deposition (CVD) are
provided in Figure S1 (Supporting Information). The
monolayer islands have monoclinic contrast throughout the
grain® and correspond to the earliest stages of growth. The
regions with slightly higher contrast in the island interiors
indicate the nucleation of a second layer. Further increase of
contrasts in the interior of islands corresponds to multilayer or
bulk WS,. The number of layers was confirmed by atomic force
microscopy in a noncontact mode (Figure S2, Supporting
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Information). Once the monolayer triangular island is formed
to a certain size, the second layer starts nucleating from the
center and grows outward. Lateral growth could eventually
result in the coalescence and merge of neighboring islands of
different crystalline orientations and a large variety of island
morphologies like tetragon, hexagon and so on.”*

2.2. Raman Spectroscopy. Raman spectroscopy is a fast,
nondestructive, and unambiguous way to identify the thickness
of layered materials including graphene** and TMDCs.>>™>’
Room-temperature Raman spectra of monolayer to bulk WS,
islands acquired using 514.5 nm excitation are shown in Figure
1b in the range of 300—550 cm™'. Two prominent Raman
peaks observed at ~350 and ~420 cm™" can be assigned to two
optical phonon modes, Eig and A, respectively.”® The Eég
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represents an in-plane optical mode, while A, corresponds to
out-of-plane vibrations of the sulfur atoms as shown in Figure
1b inset. In the case of monolayer WS,, these peaks at 353.2
and 418.0 cm™' are assigned to E’ and A] phonon modes,
respectively, according to Zhang et al,”® where interlayer
interaction is completely absent. The evolution of WS, layer
numbers can be visualized from the ratio of Eég/Alg peak
intensity as shown in Figure lc. The ratio of E%g/Alg is
maximum (~2.2) for monolayer and decreases to a minimum
value of ~0.8 for bulk WS,. Similar variation in peak intensity
has been observed by Gutiérrez et al.>' for WS, and by Lee et
al>® for MoS,, when the number of layers scaled down to
monolayer. The frequency of A;, phonon monotonically
increases with an increase in the number of layers (Figureld)
due to the decreasing interlayer interaction.”>*” The van der
Waals interaction between layers in TMDC:s stiffens the lattice,
resulting in the softening of the A;; mode. On the contrary, the
Eig phonon mode undergoes mostly a red shift with increasin%
number of layers, consistent with previous reports for WS,
and MoS,*® This might be caused by stronger dielectric
screening of the long-range Coulomb interactions between the
effective charges in thicker WS, samples.** Additional peaks in
the Raman spectra correspond to multiphonon combinations of
these primary modes.

2.3. Photoluminescence. It is predicted that WS,
undergoes a transition from an indirect band gap of ~1.2—
1.4 eV in multilayer and bulk forms to a direct band gap of
~1.9-2.01 eV in monolayer form.">'®*' PL, measurements on
our WS, films show clear evidence of this transition as shown in
Figure 2. Monolayer WS, exhibits an intense PL peak at 625
nm (~1.98 eV) corresponding to the direct excitonic transition
at K point,® whereas the emission intensity is red-shifted and
dramatically reduced to almost half and 2 orders of magnitude
lower for bilayer and multilayer, respectively (Figure 2b) due to
an indirect band gap transition. Besides the prominent extitonic
transition peak A, a weak PL peak labeled as B is observed at
higher energy for all thicknesses of WS, films. These two
exitonic peaks A and B are the direct gap transitions from the
split valence band edges v1 and 12 to the conduction band
edge cl at the K point.” The position of peak B is almost
constant at 546 nm (~2.27 eV), but the intensity increases with
thickness. It should be noted that similar peak B appeared in
multilayers of MoS,” is absent in its monolayer form, while it is
present in monolayer WS, reported by Zhao et al,> Zeng et
al,** and the present work. The discrepancy in the results may
be due to the weak excitonic effect that arises from different
laser excitations. As shown in Figure 2c, the energy difference
between the A and B peaks for monolayer WS,, (~300 meV) is
an indication of the spin—orbital interaction strength and
slightly increases for an addition of extra layers due to interlayer
hopping in addition to spin—orbital coupling.*® This energy
difference is slightly less than ~400 meV, as reported by Zhao
et al’ and Zeng et al,** and is presumably due to strong
substrate interaction between SiO, and the first WS, layer.

In addition to excitonic transition peaks A and B, another
peak at a longer wavelength, labeled I, was observed for bilayer.
It shifts toward a lower energy (Figure 2c) when the number of
layers increases, as shown in the middle and upper panel of
Figure 2a. It originates form indirect band gap transition.
Similar behavior has also been observed in the PL measure-
ments of WS, layers on sapphire substrate.>* With an increase
in the number of layers, the indirect transition between the
local minimum of the conduction band between K and I" point

and local maximum of the valence band at the I" point marked,
as indicated by an arrow in Figure S3 (Supporting
Information), decreases in energy. Hence, competition arises
from the indirect transition between these two electronic states
with that of direct transition at the K point, which dramatically
reduces the PL quantum efficiency and gives rise to a novel
feature at longer wavelengths associated with the indirect
transition for bilayer and multilayer WS,.>*!

It should be noted that the indirect gap emission peak is
virtually absent in the monolayer emission spectrum, indicating
that it is a pure direct band gap semiconductor. This
observation, along with the distinctly strong emission of
monolayer, is in good agreement with the calculated results>>>°
and the recent experimental findings.*”

2.4. Optical Conductivity. Optical conductivity, o(w),
provides a deep understanding of the band structure properties
of TMDCs and can be extracted using a simple technique called
reflection contrast spectroscopy.””>® The advantages of
contrast spectroscopy over absorption measurement” is that
this measurement can be performed on any substrates with
better spatial resolution on the micrometer scale*’ and does not
require suspended samples. In principle, it is actually a
quantitative representation of our observation based on the
sensitivity to the contrast and can be given by***'

Co=1—- —
8 0 (1)

Where Cp is the contrast spectra and, R, and Ry, are the
reflection spectra from the SiO,/Si substrate and the WS,
layers, respectively. The light reflectance (Ry;) and trans-
mittance (Ty;) of bare WS, can be deduced using Maxwell’s
equaticztrzls under normal light incidence for two-dimensional
sheets:

1
v =11 + Bl ®)
_ 1
Y+ g 3)

Where f3 = cuyo(w)/2 is the absorption coefficient with typical
value of 188.4 o(w); ¢ and p, are the speed of light and
magnetic permeability in vacuum, respectively. Considering the
incident light from air (n, = 1) onto WS,, SiO,, and Si, as
illustrated in Figure 3, the whole optical transfer process of the
trilayer system can be expressed by the transmission-matrix
formalism™® as follows:

M = MgiMs0,M. 4)

substrate

M, = MgMg;o, MM, (5)

sample

where Mg, Mgo, and M, represent the optical transfer
properties of silicon, silicon oxide, and WS, layers, respectively.
M, represents the complex environmental influence surround-
ing the system. For simplicity, M, = I (unit matrix) considering
the ideal circumstance. On the basis of eqs 2 and 3, the transfer
matrix of WS, can be written as,

M, =
po1+p (6)
The reflected spectrum from the bare substrate can be deduced

on the basis of eqs 4—6 and Fresnel’s equations:*
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Figure 3. Schematic representation of the experimental setup used for
reflection contrast spectroscopy. The white light is allowed to fall on
the beam splitter after passing through an optical window and an
aperture. The light is then reflected from a beam splitter to a 100X
objective with numerical aperture NA = 0:9S. By using an aperture
stop, the illumination spot is reduced to ~1 ym. When the light is
incident on the WS,/Si0,/Si, it gets reflected and passes through
beam splitter to either eye pieces or a CCD camera mounted on the
microscope.
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Here, r, is the reflection coefficient of the air/SiO,/Si
interfaces; ry, and r,; are the individual reflection coeflicients
at the air/SiO, and SiO,/Si interfaces, respectively. The phase
difference when light passes through the SiO, layers is ¢,. The
quantitative expressions for the above parameters are as
follows; roy = (ng = 1y)/(ng + 1), 133 = (my = 13)/(my + n3),
¢, = 2an,d,/A; ng, n,, and ny are the refractive indices of air,
SiO,, and Si, respectively; and d, is the thickness of the SiO,
layer as shown in Figure 3. Similarly, the reflection spectrum of
the WS, on SiO,/Si can be calculated as,

—r(1=p) + B[
b+ (1+p5) (8)

By substituting the values of ny = 1, n, = 1.47, n; = 3.42, and d,
= 300 nm in eq 7, the reflection spectrum Ry is obtained, and
subsequently, R, can be calculated as a function of optical
conductivity 6(w). Because the contrast spectrum R, of WS,
layers can be obtained experimentally, the optical conductivity
spectrum (@) can be deduced by solving eqs 1 and 8.
Figure 4 presents the experimental reflection contrast spectra
of the samples including monolayer, bilayer, multilayer, and
bulk WS, in the visible to near-infrared region using eq 1. One
can clearly see that there are obvious differences in the contrast
peaks among the shown curves. A gradual and distinct red shift
in contrast peaks are found to appear with increasing number of
layers. For monolayer, the magnitude of the contrast is 5.4%,
while that of bilayer, multilayer and bulk is found to be 14.3,
18.5 and 38.3%, respectively, as shown in Figure 4b. The higher
contrast magnitude and peak broadening for bilayer, multilayer,
and bulk flakes are the consequences of thicker WS, film.
The contrast peaks A and B observed at 630 nm (1.96 eV)
and 548 nm (2.26 eV) for monolayer WS, correspond to the
excitonic absorption, which arise from the direct gap transitions
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Figure 4. (a) Experimental reflection contrast spectra of as-prepared
WS, flakes including monolayer to bulk form in the visible to near-
infrared region using eq 1. The contrast peaks A, B, C, and I are
labeled according to the convention proposed by Wilson and Yoffe.”
(b) Maximum contrast % vs film thickness. (c) The positions of A, B,
C, and I transitions as a function of film thickness in WS,.

at the K point of the Brillouin zone. These observed peak
positions match well with the PL peaks described in the
previous section and also close to the values obtained from
differential reflection spectra of layered WS, flakes.’ The energy
difference between the A and B peaks, (~300 meV), is the
measure of spin—orbital coupling strength and is a one-to-one
correspondence with PL analysis. The contrast spectra show an
additional peak at ~2.62 eV for monolayer, labeled as C. Such a
peak arises from one of the optical transitions between the
density of states peaks in the valence and conduction bands.>**
Besides A, B, and C peaks, the contrast peak labeled as I in the
near-infrared region corresponds to the indirect band gap
transition for bilayer to bulk samples. The variation of A, B, C
and I transition peaks as a function of layer number is plotted in
Figure 4c. The I peak is absent in monolayer region, indicating
that monolayer is a direct band gap semiconductor. Although
multiple peaks are found to be present in near-infrared region,
but these are close to noise level due to the low contrast signal.

The real part of the optical conductivity og(w) has been
calculated by solving the eqs 1, 7, and 8 and is plotted in the
energy range from 1.2 to 2.3 eV in Figure S. It should be noted
that ox(®) is frequency dependent and behaves differently with
number of layers. Optical conductivity spectra exhibit peaks at
A, B, and I, and these peaks are shifted toward lower energy
(Figure Sb) with increasing number of layers, which appears to
mimic of contrast spectra. The exitonic transition peaks A and
B observed at 1.96 and 2.25 eV for monolayer WS, with
maximum magnitude of 0.37 e?/z7i reflect the ideal character-
istics of direct band gap semiconductor, and this value is less
than monolayer graphene (1.1 e*/z7)*® in this energy range of
the visible spectrum. A similar exitonic transition peak A in the
photoconductivity spectrum has been observed for monolayer
MoS, at 1.88 eV.” Nevertheless, the op(@) value reduces to
0.26 e%/nh for 2L at peak A. This is obvious with a decrease in
peak A and an increase in peak B with increasing number of
layers. It can be noted that the magnitude of op(@) at the direct
gap transitions A and B, which arises from the spin split valence
bands and the conduction band at the K points, varies due to
interlayer hopping for higher thickness. The large optical

response and the peaks in the optical conductivity spectra as

dx.doi.org/10.1021/am5039483 | ACS Appl. Mater. Interfaces 2014, 6, 16020—16026
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Figure S. (a) Calculated real part of optical conductivity ox(w) using
eqs 1, 7, and 8 in the energy range 1.2-2.4 eV. The direct gap
transitions at peaks A and B along with indirect gap transition at peak I
are labeled. (b) The positions of ox(®) transition peaks as a function
of film thickness. (c) Maximum magnitude of ox(®) vs film thickness
in WS,

mentioned above are the consequences of band nesting in the
large regions of the Brillouin zone for two-dimensional TMDCs
recently reported by Carvalho et al.>* The band nesting in two-
dimensional materials results in a divergence of the joint
density of states leading to high optical conductivity.

The indirect band gap transition peak I in the photo-
conductivity spectra is absent in monolayer WS,. To confirm it,
we have calculated the first-order derivative of the optical
conductance for monolayer WS, (Figure S4, Supporting
Information) and found that the region of 1.2—1.7 €V is
almost flat, where a peak is expected. Fluctuations of the doy/
dE in this region are attributed to noise, and this type of
behavior has also been observed in the photoconductivity
measurement on MoS,.” The amplitude of the optical

conductivity increases as the number of layers increases (Figure
Sc) due to large density of states similar to MoS,.” The above
observations revel that the electronic structure of WS, is
modified with evolution of number of layers, that is, transition
from direct band gap (monolayer) toward indirect band gap
(two or more layers), consistent with the theoretical
prediction.'!

2.5. Electronic Band Structure. The unit cell and first
Brillouin zone of a monolayer WS, is displayed in Figure 6a,b.
The electronic band structure was calculated using density
functional theory (DFT) with details shown in Figure S3
(Supporting Information). The relevant structural parameters
of WS, are taken from Ramasubramanian et al.''

Figure 6¢,d show the electronic band structure of monolayer
and five-layer WS,, respectively, and that for bilayer and trilayer
are provided in the Supporting Information. The direct band
gap originates from the transition between the conduction band
minimum and the valence band maximum at the high
symmetry K point marked by a straight arrow for monolayer
film. As the number of layers increases, the band gap turns to an
indirect one that originates from the transition between the top
of the valence band situated at I' to the bottom of the
conduction band halfway between I'" and K points marked by
bend arrows for bilayer to multilayer samples. At the same time,
the optical direct gap (at the K point) stays almost unchanged
(independent of film thickness). This indirect to direct band
gap transition from bulk or multilayer to monolayer WS, arises
from quantum confinement effects."’

It is observed that the valence band edge at K splits into two,
three, and five for bi-, tri-, and five-layer layer WS,, respectively,
due to interlayer hopping.*> However, when the spin—orbital
interaction is considered, the splitting pattern is completely
changed, as recently reported by Zeng et al.>* The valence band
edge splits into two degenerate manifolds with a splitting
magnitude (~0.4 eV) independent of the film thickness.

@ ®Wos

1 Layer

-

Figure 6. (a) 3D view of the IH—WS, unit cell, containing one WS, layer. (b) First Brillouin zone of the WS, monolayer. Electronic band structures
of (c) monolayer and (d) five-layer WS, using DFT. For five layers, the valence band splits into five degenerate states at K point due to interlayer

hopping.
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3. CONCLUSIONS

In summary, we have investigated the optical conductivity of
WS, platelets in the visible to near-infrared regions of the
energy spectrum using reflection contrast spectroscopy. It is
found that o(w) is frequency-dependent, in contrast to
frequency-independent monolayer graphene in this energy
range. For monolayer WS,, the magnitude of optical
conductivity at direct excitonic transition point K of the
Brillouin zone is found to be 0.37 e%/zf in the visible energy
spectrum. Bilayer to bulk WS, samples show additional features
in their conductivity spectra, signifying transition from direct
band gap in monolayer to indirect band gap in two or more
layers, as predicted by our calculations. This interesting optical
conductivity behavior opens up the possibility to exciting
opportunities of this material for fundamental research as well
as for applications in photonics and optoelectronics. Addition-
ally, the fact that this material can be synthesized directly on
SiO,/Si substrates using a simple method also opens up the
possibility for two-dimensional device fabrications.

4. EXPERIMENTAL METHODS

4.1. Growth of WS,. First, 300 nm SiO,/Si substrates were
cleaned with acetone, isopropyl alcohol, and standard SC-1 in a
cleaning process in an ultrasonic bath for 10 min, and then they were
dried with ultrahigh purity N, gas. These wafers were loaded into a
physical vapor deposition chamber, and WO; was thermally
evaporated and deposited on them with various thicknesses in the
range of 10—25 nm. The thermal evaporation was carried out in a high
vacuum (107°—107® Torr). Subsequently, the films were transferred
into a quartz tube reactor for sulfurization. During the sulphurization
of WO; films, a boat with 0.3 g of S powder (99.9% purity, Alfa Aesar)
was kept upstream inside the quartz tube but outside the furnace. This
zone was wrapped with an independently controlled thermal-coil,
which was heated to a temperature ~220 °C, as shown in Figure S5
(Supporting Information). The WO, films were heated to 850 °C for
30 min under Ar flow of 100 sccm and a slight hydrogen treatment
below 10 sccm at low pressure (30 Torr), and they were reacted with S
vapor to form WS, platelets, where the reactive zone is allowed at the
temperature gradient region around 650—800 °C to synthesize high
quality WS,.

4.2. Characterization. The surface morphology of prepared WS,
films was characterized by field emission scanning electron microscopy
(FE-SEM, JEOL, JSM-700F). Layer thickness was measured by atomic
force microscope using noncontact mode. Raman and PL spectro-
scopic studies were performed with a high-resolution MicroRaman
spectrometer (LabRaman 800, Horiba Jobin Yvon) using a $14.5 nm
(green line) laser source as the excitation wavelength. The spectra
were collected in a backscattering geometry. Prior to taking
measurements, we calibrated the system using $20.6 cm™' phonon
mode with a silicon substrate as reference. During the measurement,
the sample was moved in the x—y direction under normal incidence.

4.3. Reflection Contrast Spectroscopy. The reflection contrast
spectroscopy measurement was performed on WS, films directly
deposited on silicon in the visible to near-infrared region (380—1100
nm) using a halogen lamp (model LE.5210—110, Euromex Iluminator
EK-1, Holland) as a white light source equipped with an optical
microscope (Olympus, model no. BXS1RF). Both scattered light and
reflected light were collected in a backscattering configuration, using
an objective lens with a magnification of 100X and a numerical
aperture (NA) of 0.95. The white light spot size was about 1 ym.

B ASSOCIATED CONTENT
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Additional characterizations, band structure calculation using
DFT, and experimental setup for WS, growth are provided in

the Supporting Information. This material is available free of
charge via the Internet at http://pubs.acs.org.
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