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T
ransitionmetal dichalcogenides (MoS2,
WS2, WSe2, MoSe2, NbS2, NbSe2, etc.)
are layered materials that can exhibit

semiconducting, metallic and even super-
conducting behavior. In the bulk form, the
semiconducting phases (MoS2, WS2, WSe2,
MoSe2) have an indirect band gap. Recently,
these layered systems have attracted a
great deal of attention1�12 mainly due to
their complementary electronic properties
when compared to other two-dimensional
materials, such as graphene (a semimetal)13

and boron nitride (an insulator).14,15 However,

these bulk properties could be significantly
modified when the system becomes mono-
layered; the indirect band gap becomes
direct. Such changes in the band structure
when reducing the thickness of a WS2
film have important implications for the
development of novel applications, such
as valleytronics.16,17

In particular, the layered structure of me-
tal chalcogenides is formed by the stacking
of three atomic layers of sulfur�metal�
sulfur. For WS2, the crystal belongs to the
P63/mmc spacegroup (a=3.155, c=12.36),18

* Address correspondence to
mut11@psu.edu.

Received for review February 25, 2013
and accepted May 6, 2013.

Published online
10.1021/nn400971k

ABSTRACT The isolation of few-layered transition metal dichal-

cogenides has mainly been performed by mechanical and chemical

exfoliation with very low yields. In this account, a controlled thermal

reduction�sulfurization method is used to synthesize large-area

(∼1 cm2) WS2 sheets with thicknesses ranging from monolayers to a

few layers. During synthesis, WOx thin films are first deposited on

Si/SiO2 substrates, which are then sulfurized (under vacuum) at high

temperatures (750�950 �C). An efficient route to transfer the

synthesized WS2 films onto different substrates such as quartz and

transmission electron microscopy (TEM) grids has been satisfactorily developed using concentrated HF. Samples with different thicknesses have been

analyzed by Raman spectroscopy and TEM, and their photoluminescence properties have been evaluated. We demonstrated the presence of single-, bi-, and

few-layered WS2 on as-grown samples. It is well known that the electronic structure of these materials is very sensitive to the number of layers, ranging

from indirect band gap semiconductor in the bulk phase to direct band gap semiconductor in monolayers. This method has also proved successful in the

synthesis of heterogeneous systems of MoS2 and WS2 layers, thus shedding light on the controlled production of heterolayered devices from transition

metal chalcogenides.
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and its planar projection shows a perfect hexagonal
lattice of S atoms, with interleaved W atoms coordi-
nated by S in a trigonal prismatic arrangement. The
structure is similar to that of MoS2 and some of the
other dichalcogenides.
Significant attempts have been made to isolate/

growmonolayers of WS2 and MoS2 by different routes,
these being mainly mechanical and chemical exfolia-
tion.2,3,6,7,10,19 More recently, chemical vapor deposi-
tion (CVD) routes have been used in order to synthesize
few-layered MoS2 sheets.

4,20�22 A microwave-assisted
method has also been developed in order to prepare
few-layered nanoflakes of MoS2 and WS2 and other
metal dichacogenides.23 The isolation of few-layeredWS2
and MoS2 has allowed researchers to better understand
their physicochemical properties including transport,24

photocurrent,25 photoluminescence,1,3,5,6 stiffness,26

magnetism,23 and valley polarization.16,17 In addition,
striking photoluminescence (PL) and PL edge enhance-
ment properties have been measured in triangular
monolayered WS2 clusters.1 Although monolayered
triangular islands of WS2

1 and MoS2
20�22 have been

recently reported using CVD techniques, to the best of
our knowledge, the controlled growth of large-area
monolayered WS2 has not been reported hitherto.
More recently, double-resonance Raman has demon-
strated that it is now possible to clearly identify and
distinguish monolayered WS2 when a 514.5 nm laser
excitation wavelength is used; the Raman spectra
are different when comparing monolayers with few
layered and bulk WS2.

27 Such advances stimulate

further attempts to synthesize and also to characterize
the physical properties of large-area monolayers of
WS2. These monolayers could also be mixed with
graphene and/or hexagonal boron nitride in order to
produce novel heterolayered materials with unprece-
dented properties.
In this work, we report for the first time the con-

trolled synthesis of large-area (∼cm2) single-, bi-, and
few-layer WS2 using a two-step process (see Figure 1
for details). WOx thin films were deposited onto a
Si/SiO2 substrate, and these films were then sulfurized
under vacuum in a second step occurring at high
temperatures (750�950 �C). Furthermore, we have
developed an efficient route to transfer theseWS2 films
onto different substrates, such as quartz and TEMgrids,
using concentrated HF (see Figure 2 for details). WS2
films of different thicknesses have been analyzed by
optical microscopy, Raman spectroscopy, and high-
resolution transmission electron microscopy (HRTEM).
The photoluminescence properties of these films are
also discussed below.

RESULTS AND DISCUSSION

Raman spectroscopy on both as-grown and trans-
ferred WS2 films was performed in a Renishaw inVia
confocal microscope-based Raman spectrometer
using the 488 and 514.5 nm laser excitations. The
520.5 cm�1 phonon mode from the Si substrate was
used for calibration. Raman spectroscopy has become
an essential tool for studying two-dimensional single
layersofdifferent layeredmaterials suchasgraphene,28�30

Figure 1. (a) Schematic representation of the experimental setup used for the synthesis of WS2 films involving high-
temperature treatments under a sulfur/argon environment at low pressures (450 mTorr). (b) Temperature ramp used for the
sulfurization experiments.
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BN,31 and transition metal dichalcogenides.1,27,32�35

For MoS2 andWS2, the first-order Raman spectra in the
backscattering geometry show two optical phonon
modes [E12g(Γ) and A1g(Γ) ] and one longitudinal
acoustic mode [LA(M)]. Inset cartoons in Figure 3b
show the directions of the atomic vibrations for the
E12g(Γ) and A1g(Γ) modes; E12g(Γ) is an in-plane optical
mode, while A1g(Γ) corresponds to out-of-plane vibra-
tions of the sulfur atoms. The frequencies of these
modes for bulk have been well determined in the past
by using both Raman36,37 and neutron scattering.38

E12g(Γ), A1g(Γ), and LA(M) modes for bulk WS2 (MoS2)
appear at around 356 cm�1 (382 cm�1), 421 cm�1

(408 cm�1), and 176 cm�1 (226 cm�1), respectively. For
few layers, these frequencies undergo small variations
due to the decreasing interlayer interactions, and these
variations can be used to determine the presence of
single-layer films.1,27,32,33 Additional peaks in the WS2
spectrum correspond to multiphonon combinations
of these primary modes. In the present study, the WS2
spectra obtained in all samples match previous Raman
studies.27,36 Few- and single-layer WS2 films were
identified by monitoring both the relative intensities
and the spectral positions of the 2LA(M), E12g, and A1g

phonon modes.27 Typical single-layered WS2 Raman
spectra acquired using 488 and 514.5 nm excitation
wavelengths are shown in Figure 3. When using a

514.5 nm laser line, the A1g mode was identified at
ca. 418.3 cm�1; the E12g mode at ca. 356 cm�1 was
overshadowed by the presence of the high-intensity
2LA(M) phononmode located at 353 cm�1. As stated in
the introduction and according to previously reported
theoretical and experimental data,27 a double-reso-
nance Raman process occurs for single-layered WS2
that causes the 2LA(M) to emerge with an intensity
much larger (double) than that of the A1g mode, as
shown in Figure 3a. This effect can be used to easily
identify single-layerWS2whenusing the 514.5 nm laser
excitation wavelength.27 When using the 488 nm laser
excitation wavelength, the more intense Raman peaks
are the E12g(Γ) and A1g(Γ), while the intensities of the
second-order Raman peaks are weaker when com-
pared to those observed for the 514.5 nm excitation
wavelength (see Figure 3b). The 2LA(M) resonance is
also absent for λexc = 488 nm. Raman mappings of
monolayeredWS2 filmswere acquired using the 514.5 nm
laser line in order to demonstrate the uniformity of our
samples (see Figure 3c and d). It is noteworthy that the
2LA(M) phonon mode is constantly much more intense
when compared to the A1g mode, and that provides
evidence of the uniformity of ourWS2monolayers. Raman
spectra were acquired from samples in their original
substrate and also after transfer onto clean Si/SiO2 sub-
strates, showing no variations.

Figure 2. (a) Schematic representation of the polymethyl methacrylate (PMMA)-assisted transfer method onto different
substrates. (b) Photograph of the WS2 film floating on hydrofluoric acid (HF). (c) Photograph of a WS2 film on a SiO2/Si
substrate, exhibiting the high contrast and color change (films appear in a cyan color upon contrast with the SiO2 substrate).
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HRTEM characterization was performed on WS2
samples transferred onto Quantifoil gold TEM grids
with 2 μm holes. A JEOL JEM-2100F microscope equip-
ped with double Cs-correctors, operated at 120 and
80 kV, was used. Image acquisition and processing
(FFT, IFFT, etc.) were performed using the Gatan Digital
Micrograph software. Figure 4a exhibits the WS2 hexago-
nal lattice. Although the samplehas a fairly high crystalline
quality, a fewdefects canbeobserved inFigure4a. Further
investigations on the local electronic states of these
defects are needed in order to find if they act as p-type
or n-type dopants, or as traps for free carriers. During the
transfer process, WS2 films could be folded or wrinkled;
due to this fact, we could also find some regions with
different WS2 thickness and stacking. Figure 4b and c
exhibit both bilayer and trilayer WS2 with different stack-
ing order, indicated by the presence of Moiré patterns
and confirmed by the respective fast Fourier transforms
(see insets). Figure 4d depicts the edge of a single-layered
WS2 film synthesized through the sulfurization of a 1 nm
thick WOx film. 2L and 3L films can be obtained by
sulfurizing 2 and 2.8 nm thick oxide films, respectively.

In order to study photoluminescence, WS2 samples
were illuminated with a 488 nm excitation wavelength
(Figure 5a and b). Recently, PL signals have been
experimentally observed in monolayered WS2 and
MoS2,

1,3,5,6 and our monolayered WS2 films exhibit PL.
The bulk phase of WS2 possesses an indirect electronic
band gap of around 1.4 eV and a direct band gap of
2.01 eV,9 whereas single-layered WS2 exhibits a direct
band gap at ca. 1.9 eV, in close agreement with
DFT-LDA calculations.36,39�41 Figure 5c and d display
the calculated electronic band structure for both
monolayered and bulk WS2. Therefore, a PL signal
located at around 1.9 eV indicates the presence of
single-layeredWS2. Experimental PL spectra are shown
in Figure 5a, where single-layered WS2 shows a rela-
tively sharp PL peak centered at ca. 2.02 eV (613 nm). A
very weak PL signal was found for double-layered WS2
samples at ca. 1.93 eV (642 nm), with a shoulder
located at 2.17 eV (571 nm). For trilayered samples,
an extremely weak PL signal was found at 1.92 eV
(647 nm) and a weaker signal was found at 2.18 eV
(570 nm). PL maps of 60� 60 μm regions were carried

Figure 3. RamancharacterizationofmonolayeredWS2filmswithdifferent excitationwavelengths: (a) 514.5 nmand (b) 488nm. (c)
2LA(M) intensitymap. (d) Intensity ratiomapof 2LA(M) over A1g, which provides informationof the uniformity of themonolayer of
WS2. All Raman spectra were acquired from samples synthesized with the thinnest (1 nm) prepared WOx film.

A
RTIC

LE



ELÍAS ET AL . VOL. 7 ’ NO. 6 ’ 5235–5242 ’ 2013

www.acsnano.org

5239

out in single-layered WS2 samples to show their uni-
formity (see Figure 5b).
The synthetic method described above is very ver-

satile. High-quality few-layered WS2 and MoS2 were
also obtained following this method, but at atmo-
spheric pressure. For these experiments, an Ar flow of
100 sccmwas used, while the rest of the setup remains
as described in Figure 1. Interestingly, hybrid systems
(MoS2�WS2) can also be synthesized by adding an
extra layer ofMoOx onto the Si/SiO2/WOx substrates. By
using 2 nm WOx and 2 nm MoOx, a few-layer hybrid
material, so-called WxMoyS2, has been identified by
Raman spectroscopy (see Figure 6). The spectrum
exhibits the strongest bands corresponding to both
MoS2 andWS2 (E

1
2g and A1g). In Figure 6a, those bands

are highlighted in green for WS2 (352.2 and 418 cm�1)
and in red for MoS2 (381 and 408.3 cm�1). In this
context, hybrid WxMo1�xS2 single layers have been
recently isolated by mechanical exfoliation of chemi-
cal vapor transport grown crystals.42 W and Mo were

visualized by scanning transmission electron micro-
scopy.42 Interestingly, a theoretical report has also
appeared in the literature, providing more evidence
of the feasibility of WxMoyS2 and other in-plane hybrid
structures, such as MoS2/MoSe2.

43 For the WxMoyS2
synthesized by us, Raman spectroscopy suggests that
both WS2 and MoS2 coexist within the same material.
Ramanmappingshavebeenperformedusinga514.5nm
excitation wavelength (see Figure 6a�d). Raman map-
pings shown in Figure 6b and c depict the intensity of
the E12g phonon mode associated with MoS2 and WS2,
respectively. Regions of higher and lower intensities
were captured in thesemaps. In order to better present
the intensity differences between both signals, a ratio
intensity map of WS2 E

1
2g over MoS2 E

1
2g is shown in

Figure 6d. The brighter regions correspond to WS2
richer regions. This could be an indication of crystalline
domains in an in-plane blended film. Our method
sheds light on the production of heterogeneous transi-
tion metal chalcogenide structures, and electron

Figure 5. (a) Photoluminescence (PL) spectra of single-, bi-, and trilayerWS2 films. (b) PL intensitymap, exhibiting the uniform
signal collected from our films. Themapwas acquired using a 1.1 μmstep size. (c) Band structure of single-layerWS2. (d) Band
structure of bulk WS2.

Figure 4. HRTEM images ofWS2 films. Insets show the fast Fourier transformation (FFT) of the corresponding TEMmicrograph.
(a) WS2 film exhibiting crystalline regions and some defects, such as larger rings, highlighted by arrows. (b and c) Bilayer and
trilayer WS2 with different stacking, revealed by the formed Moiré pattern and confirmed by the FFT. (d) Edge of a single-layer
WS2 film.
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microscopy investigations are currently being per-
formed in order to clearly assess the nature of this
new hybrid material.

CONCLUSIONS

WS2 films were produced by a thermal reduc-
tion�sulfurizationmethod achieving large-area sheets
(∼cm2) and controllable thicknesses ranging from one
to several layers. TheWS2 sheets were characterized by
optical microscopy, Raman spectroscopy, HRTEM, and
optical spectroscopy. From HRTEM characterization
and further analysis by fast Fourier transform (FFT),
we determined the different WS2 thicknesses. Bilayer
and trilayer WS2 with different layer stackings were

confirmed by the formation of Moiré patterns and FFT.
WS2 samples were targeted with a 488 nm excitation
wavelength in order to analyze PL spectra, and we
observed that only single-layer WS2 gave a prominent
PL signal located at around 2.0 eV. Investigations
related to applications of monolayered WS2-based
photosensor devices and gas sensing are currently
under way. This thermal sulfurizationmethod of synthe-
sizing large-area WS2 could now be implemented for
the synthesis of other dichalcogenide materials such as
MoS2, MoSe2, WSe2, NbS2, and NbSe2. For instance, the
method has been used to successfully produce few-
layered hybrid WxMoyS2 materials, as confirmed by
Raman spectroscopy.

EXPERIMENTAL DETAILS
Si wafers with a thermally deposited 285 nm thick SiO2 layer

were cleaned with acetone�2-propanol mixtures in an ultra-
sonic bath for 15 min. After drying with compressed ultra-high-
purity (UHP) N2 gas, the wafers were loaded in the chamber of a
physical vapor deposition apparatus, PVD75 (Kurt J. Lesker).
WO3 was thermally evaporated and deposited on the wafers;
various thicknesses ranging from 1 to 18 nm were deposited at
low pressures (10�5�10�6 Torr). For the hybrid WxMoyS2, MoO3

was thermally evaporated onto a WOx-coated substrate. Si
wafers were subsequently loaded into a quartz reaction tube
(35 mm i.d. � 38 mm) for thermal treatment under a sulfur
environment, as shown in Figure 1. A boat with 500 mg of S
powder (99.5%, Alfa Aesar, CAS 7704-34-9) was placed outside
the furnace; this zone was wrapped with a heating belt, which

was heated to a temperature of 200 �C. The pressure in the
chamber was reduced to 35 mTorr for 10 min, and UHP Ar
(50 sccm) was then allowed to flow into the reaction tube,
reaching a pressure of 450 mTorr. The split furnace was then
heated to temperatures ranging from 750 to 900 �C. Typical
temperature ramps for both the furnace and the heating belt
are shown in Figure 1b.
The chemical method developed for the transfer of as-grown

WS2 films is shown in Figure 2a. WS2 films were covered with a
thin layer of poly(methyl methacrylate) by spin coating at
4000 rpm for 60 s (MW 495 000, A3). After a 2 h polymer curing
step, samples were immersed in hydrofluoric acid (ACS,
48�51%, Alfa Aesar, CAS 7664-39-3) for a few seconds in order
to lift off the PMMA�WS2 material. The films were then fished
out with Mo foil and immersed in deionized water. Finally, the

Figure 6. (a) Raman spectrumof a hybridMoS2�WS2 film grown directly on Si/SiO2 at atmospheric pressure. (b) E12g intensity
map associated with MoS2. (c) E

1
2g intensity map associated with WS2. (d) Intensity ratio map of WS2 E

1
2g over MoS2 E

1
2g.

All the spectra were acquired with a 514.5 nm laser excitation wavelength.
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films were fished out with the desired substrate (quartz, TEM
grids, etc.) and allowed to dry under ambient conditions. In
order to remove the PMMA coating, the samples were washed
in acetone and 2-propanol.
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