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Sulfurization of molybdenum layers is a promising route for obtaining large-scale and high-quality transition
metal dichalcogenides. Here we describe the synthesis of continuous and homogeneous MoS, in the centimeter
scale by the thermal vapor sulfurization of pre-deposited molybdenum precursors on SiO,. Metallic molybdenum
as well as MoO3 were used as precursors while the sulfurization was performed by chemical vapor deposition. A
multi-technique characterization was employed to fully describe the deposition of molybdenum as well as its

sulfurization. Thus, Raman spectroscopy, X-ray and ultra-violet photoelectron spectroscopies as well as scanning
electron and atomic force microscopies indicated that the molybdenum layers were completely transformed in
MoS,. The samples were homogeneous in the centimeter scale and quite flat with a root mean square roughness
of 1.4A. Furthermore, its work function was 4.1 eV.

1. Introduction

Transition Metal Dichalcogenides (TMDs) are attracting a wide
range of research interest due to its unique properties and possible
applications [1-3]. Thus, these 2D materials, combined with others or
functionalized, can be employed in several fields such as catalysis [4],
solar cells [5] and nano-electronics [2,6-7].

In particular, MoS, is the most popular TMD. There are several
methods for synthesizing it, being the most extended mechanical and
chemical exfoliation and chemical vapor deposition (CVD) [1,2]. Each
of these methods has several advantages and drawbacks. The main
advantage of exfoliation is to produce free-standing MoS, layers that
could be used in different applications and devices. Nevertheless, this
methodology produce low quality samples [2] with a high level of
defects. Moreover, the size, shape and thick of the MoS, flakes is not
well controlled by this methodology [2]. On the other hand, standard
CVD synthesize MoS, on relevant substrates such as SiO, [2,8,9] and
sapphire [9,10]. The main advantage of CVD is the high quality of the
samples in comparison with that obtained by exfoliation [8]. Never-
theless, standard CVD use to produce inhomogeneous or discontinuous
films in which high quality MoS, was found only in small regions of the
substrate [8].

Thus, a large effort is still necessary for obtaining high quality, large
area and continuous samples that can be used in the proposed appli-
cations in a reproducible way. In the search of new approaches for
obtaining those kind of samples, it was recently showed that the pre-
adsorption of molybdenum species on a substrate followed by its
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sulfurization is a much better method than standard CVD [2,11-13]. In
this context, it is clear that both the molybdenum rich precursor as well
as the method for its pre-deposition can influence the quality of the
MoS, samples. Thus, Mo, MoOs, MoCls, Mo(CO)e [14] and others [2]
were tested as molybdenum precursors, while the deposition was per-
formed by electron-beam [15], magnetron-sputtering, pulsed-laser de-
position, atomic layer deposition and thermal evaporation [14]. These
deposition methods have the advantage of well controlling the mo-
lybdenum rich layer that are sulfurized in a second step and thus, they
use to produce high quality MoS, with the desired shape and thick.

In this paper, metallic Mo and MoOj are pre-deposited on SiO, by
thermal evaporation under vacuum conditions. Then, the molybdenum
layers are transformed in high quality MoS, by thermal vapor sulfur-
ization. Moreover, MoS, samples are thoroughly characterized by a
combination of several experimental techniques including X-ray and
Ultra Violet photoelectron spectroscopies (XPS and UPS), Scanning
Electron Microscopy (SEM), Atomic Force Microscopy (AFM) and
Raman Spectroscopy.

2. Experimental details

SiO, substrates were cleaned by acetone and ethanol in an ultra-
sonic system. Before molybdenum deposition they were checked by XPS
and UPS. The size of the substrates used in this work ranged from
1x05cm?to1 x 1cm?

In the case of the thermal evaporation of Mo, it was used a Mo wire
with a diameter of 0.25mm while 5.2 A of electrical current was
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Fig. 1. (a) and (b) representation of the experimental set-up used for depositing molybdenum on SiO». (c) Schematic representation of the set up used for the thermal
vapor sulfurization of the samples. (d) Temperature vs time ramps of both the sample and the sulfur powder.

enough for its sublimation at a pressure of 10~ ° Pa. On the other hand,
a nickel boat was used as container for the sublimation of MoOs
powder. This powder was sublimated at a temperature of 853K and
under a pressure of 0.2 Pa.

XPS spectra were acquired in an Ultra High Vacuum (UHV) system
with a base pressure of 2 x 108 Pa. The system is equipped with a
hemispherical electron energy analyzer (SPECS Phoibos 150), a delay-
line detector and a monochromatic AlKa (1486.74 eV) X-ray source.
High resolution spectra were recorded at normal emission take-off
angle and with a pass-energy of 20 eV, which provides an overall in-
strumental peak broadening of 0.5 eV. UPS was performed in the same
system but by using a He I (21.2 eV) UV lamp. Its resolution is slightly
better than 150 mV.

SEM micrographs were obtained on a TM4000Plus microscope
(Hitachi). The micrographs were recorder by a backscatter electrons
detector for high contrast.

AFM measurements were carried out using a Veeco AFM Multimode
Nanoscope (IV) MMAFM-2, Veeco microscopy. A conductive Si canti-
lever (Nanosensors, nominal force constant of 42 N/m, resonant fre-
quency of 330kHz) was used. AFM scanning in tapping mode were
performed on various parts of the films, which produced reproducible
images similar to those displayed in this work.

Micro-Raman spectroscopy was performed using a Jobin Yvon
(HORIBA) HR800 instrument, using a 442 nm laser wavelength as ex-
citation source (He:Cd laser, Kimmon, IK series, Japan) and x100 ob-
jective (NA = 0.9, Olympus, Japan).

3. Results and discussion

MoS, layers were obtained by thermal vapor sulfurization of pre-
deposited molybdenum [13,14]. This is a two-step process. Firstly, a
desired quantity of molybdenum was deposited on SiO, under vacuum
conditions and then, the samples were sulfurized in a CVD system under

a sulfur rich atmosphere [2]. The deposition of molybdenum species
directly on SiO, was performed by two different methods schematically
represented in Fig. la-b. In the first set up (method 1), an electrical
current circulated through a Mo filament producing its annealing and,
after reaching the threshold temperature, the sublimation of Mo. This
deposition of Mo was performed under ultra-high vacuum conditions
for minimizing its oxidation. By positioning the sample just in front of
the filament, it was possible to deposit a Mo film of the desired thick.
On the other hand, the second method (method 2) consisted in a nickel
boat or crucible fulfilled with MoO3; powder heated by flowing an
electrical current. Its temperature was monitored by a thermocouple
directly bonded to its center. In both methods, the quantity of mo-
lybdenum on the surface was controlled by controlling the evaporation
time.

After depositing the molybdenum layer on SiO,, the samples were
thermally vapor sulfurized (TVS) in a chemical vapor deposition system
as it is schematically represented in Fig. 1c. An alumina boat containing
sulfur powder was mounted at the inlet corner of the quartz tube and
independently heated with a heating tape. Importantly, with this con-
figuration it was possible to control the temperature of both the sample
and the sulfur as a function of the time. Fig. 1d shows the ramps of
temperature vs time used for the thermal vapor sulfurization of the
samples. The samples and sulfur powder were heated at maximum
temperatures of 930K and 450K, respectively. In our experiments,
930 K was the best temperature for fully sulfurizing the Mo layers while
heating sulfur at 450 K produces a large excess of S during the experi-
ment. The sulfurization was performed under a N, flow of 6L/h at a
pressure of 1 x 10°Pa.

The deposition of Mo from the filament (method 1) was followed by
in situ XPS, i.e. without exposing the sample to atmospheric conditions.
Fig. 2a shows the evolution of Mo 3d core level as a function of the
evaporation time. Mo 3ds,, and Mo 3ds,, core levels appeared at
binding energies (BEs) of 228 eV and 231.1 eV, respectively, values that
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Fig. 2. XPS spectra of clean SiO, and the films obtained before and after TVS.
(a) Evolution of Mo 3d core level as a function of the evaporation time. (b) Mo
3d and S 2s region. (c) S 2p and Si 2's region.

are in good agreement with metallic molybdenum [16]. Moreover, the
figure shows the ability of this set up for fine-tuning the quantity of Mo
deposited on the surface from very low coverages (bottom spectra).

Comparing the evolution of the samples synthesized by both
methods, Fig. 2b and ¢ show the XPS regions corresponding to Mo 3d
and S 2s (Fig. 2b) and S 2p and Si 2s (Fig. 2¢) for a clean SiO,, after
depositing molybdenum by both methods and after their thermal vapor
sulfurization. Mo 3ds,, core levels peaks from the film deposited by
method 1 and 2 appeared at BEs of 228 eV and 232.9 eV, respectively.
These values indicate that while the Mo films obtained by method 1 had
a metallic character [16], the films obtained by method 2 were oxidized
(Mo®™") [16,171]. Complementary, Fig. 2c shows the lack of XPS signal
in the S 2p region even after the growth of the Mo films. As it was
expected, only the Si 2s core level is detected in this region of the
spectra (Fig. 2c, black spectra).

On the other hand, a completely different scenario was obtained
after the sulfurization of the samples. Fig. 2b shows a clear change in
the XPS signal of Mo 3d core level (red spectra). The two sharp peaks
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Fig. 3. (a) SEM image, (b) AFM topographic image and (c) Raman spectra of
MoS, on SiO, obtained at different regions of the sample. a)
(450 um X 400 pm) and b) (5 um X 5 pum). The inset in (a) shows a photo of the
MoS, sample in which the cover and uncover regions are clearly distinguished.

centered at BEs of 229.3 eV (Mo 3ds,») and 232.4 eV (Mo 3d3,») are in
good agreement with the spectra reported for MoS, [8,17,18]. More-
over, the new peak detected at a BE of 226.5 eV is ascribed to S 2 s core
level of MoS, samples [8,17,18]. Complementary, the S 2p core level
(Fig. 2c, red spectra) showed two sharp components at BEs of 162.2 eV
and 163.4 eV, which are ascribed to S 2p3,, and S 2p; » in MoS, [8,18].
Importantly, in our experiments the quality of the MoS, was the same
with independence of the method used for depositing the molybdenum
layers. Complementary, the topography of the MoS, samples was
characterized by SEM and AFM as it is showed in Fig. 3a and Fig. 3b,
respectively. Moreover, the inset in Fig. 3a shows a photo of the sample
in which the cover and uncovered regions are clearly distinguished. The
uncovered region on the left is a region masked during the sublimation
of molybdenum. The samples obtained by our method were quite
homogeneous and continuous in the centimeter scale (Fig. 3a). More in
detail, AFM topographic images (Fig. 3b) show an homogeneous sample
also in the micro scale. Importantly, the RMS obtained by AFM on this
image was only 1.4 A, in good agreement with previous works. For
instance, Lin et al. and Liu et al. reported roughness values of ~2A
[19] and ~3.4 A [20], respectively.

Furthermore, Raman spectroscopy was used to reveal the number of
layers of the sample. MoS, Raman modes Eég and A, are sensitive to
the number of layers, increasing the distance between their frequencies
(A) with the number of layers and thus, allowing a robust thickness
characterization up to 4-5 layers. The Raman spectra of Fig. 3c shows
the in-plane (Eég) and out-of-plane (A;,) vibration modes at 383.4 and
405.5 cm™!, respectively, values in good agreement with previous
works [21-23]. Moreover, the obtained A = 22.1 cm ™! between the
Raman modes indicates a bilayer MoS, [21-23].
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Fig. 4. UPS of SiO, and MoS,. The figure shows the secondary electron cut-off
region of the spectra.

Furthermore, UPS can shield some light on the electronic properties
of the samples. In this work, it was used for obtaining the work function
(¢) of the MoS, samples. Fig. 4 shows the secondary electron cut-off
region of the valence band of clean SiO, and MoS,. The first shoulder,
near a BE of 17 eV, was previously ascribed to the SiO, substrate [8]
while the main peak related with the MoS, film is located at a BE of
16.5 eV (red arrow). By linearly extrapolation, it is possible to obtain its
work function, which in our case was 4.1 eV, in good agreement with
previous reported values [24].

4. Conclusions

Large-area and high-quality MoS, was obtained by the thermal
vapor sulfurization of pre-deposited molybdenum layers. The results
indicated that MoS, was uniform and continuous through the SiO,
substrate in which molybdenum was pre-deposited. Both metallic Mo as
well as MoO3 were completely sulfurized by CVD producing similar
results. The obtained samples were quite flat, with a RMS roughness of
1.4 A while the work function obtained by UPS was 4.1 eV.
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