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Recently, great efforts have been devoted to study of molybdenum disulfide
(MoSy), particularly monolayer MoS, semiconductor thin films, due to its
excellent electrical and optical properties. Direct growth of continuous
monolayer MoS, films by ambient-pressure chemical vapor deposition is re-
ported herein. Optical microscopy, Raman spectroscopy, photoluminescence
spectra (PL), atomic force microscopy, x-ray photoelectron spectroscopy (XPS),
and high-resolution transmission electronic microscopy were used to charac-
terize the electronic and structural properties of the films, demonstrating that
the MoS, films grown on silicon dioxide/silicon (SiO/Si) substrate with spatial
size on micron scale were high quality, single crystal, continuous, and
monolayer. Raman and PL mapping were performed to confirm the uniformity
of the monolayer MoS, films. The morphological variation of the MoS, films
after different reaction times was observed by optical microscopy and scanning
electron microscopy, revealing the growth process and thus helping to
understand that the growth mechanism during synthesis of continuous large-
area films depends on the distribution of the reactive intermediate molybde-
num oxide (MoOjs_,) due to its lower saturation vapor density. Back-gated
transistors based on MoS, films were fabricated, exhibiting current on/off ratio
of ~ 10* and subthreshold swing (SS) of 0.44 V dec™!. This work contributes to
synthesis of large-area continuous films, thus paving the way for future
scaled-up fabrication of MoS, electronic devices.
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INTRODUCTION

Molybdenum disulfide (MoS,), a member of the
transition-metal dichalcogenides (TMDCs), has
attracted much attention because of its favorable
optical, electronic, mechanical, and chemical prop-
erties.”® As a novel two-dimensional material,
compared with gapless semimetal graphene,® MoS,
is promising for optoelectronic applications not only

(Received November 3, 2017; accepted June 9, 2018;
published online June 26, 2018)

because of its intrinsically n-type semiconductin%
nature but also its layer-dependent bandgap,”
which shows an indirect to direct transition when
decreasing the number of layers from bulk to a
monolayer, covering the energy range from 1.20 eV
to 1.85 eV. The direct bandgap of single-layer MoS,
also results in a strong photoluminescence phe-
nomenon. Besides, monolayer MoSQ2 shows favorable
carrier mobility (100 cm®* V-1 g7t to
400 cm®? V' s71? and good chemical sensitivity,
enabling wide applications in field-effect transistors
(FETs),™ photosensors,'’ chemical gas sensors,'?
photovoltaic cells,®> etc. In particular, it is a
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suitable candidate for use in flexible electronics
such as displays, wearable devices, etc., due to its
high mechanical strength.'®*

Among many MoS, growth techniques, such as
micromechanical exfoliation,!®'® physical vapor
deposition,'” liquid exfoliation,'® and chemical
vapor deposition (CVD), the latter is the most
promising technology because it can prepare high-
quality films.'®2% Recently, controllable synthesis
of single- and few-layer MoSy on silicon dioxide
(Si05) substrates using predeposition of molybde-
num (Mo) film followed by CVD was realized.?*
The results demonstrated that the size and thick-
ness of the MoS, are inherited from the nature of
the predeposited Mo. However, the balance
between adatom mobility and surface evaporation
gives rise to limited sizes of as-grown films and
low yield of monolayer films. Another group
synthesized millimeter-scale MoS, sheets with
seeds at the center of each MoS, star- or irregu-
lar-shaped grain using a seeding-assisted CVD
method.'® It is worth noting that the smoothness
of the grains and grain boundaries plays an
important role in the electrical properties of
MoS, films, with direct growth of triangular-
shaped MoS, on silicon dioxide/silicon (SiO/Si)
substrate with smoother surface therefore being
desirable. More recently, Dumcenco et al.
described epitaxial CVD growth of centimeter-
scale uniform monolayer MoS, on sapphire.?® This
kind of MoS; film must be transferred to SiO/Si
chips for use in FETSs, but this transfer procedure
can introduce contamination and/or degradation.?®
Moreover, the growth mechanism of continuous
MoS; thin films for device applications has not yet
been clarified.

Direct growth of continuous large-area monolayer
MoS, on SiOo/Si substrate, which would enable
seamless device integration, is badly needed. In the
work presented herein, we studied direct synthesis
of continuous large-area monolayer MoS, films on
Si0y/Si substrate via ambient-pressure CVD. Var-
ious characterization techniques including Raman
spectroscopy, photoluminescence spectroscopy (PL),
atomic force microscopy (AFM), high-resolution
transmission electron microscopy (HRTEM), and
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x-ray photoelectron spectroscopy (XPS) were
applied to determine the quality of the films. Optical
microscopy and scanning electron microscopy
(SEM) were used to reveal the morphology of the
as-grown MoS, films after different reaction times.
The morphological variation of the MoS, films after
different reaction times revealed the growth pro-
cess, thus helping to optimize the growth conditions
and verifying the proposed growth mechanism for
MoS, thin films. To confirm the electronic properties
of such continuous large-area monolayer MoS,
films, back-gated transistors based on continuous
large-area MoS, films were fabricated, exhibiting
on/off ratio of ~ 10* and subthreshold swing (SS) of
~ 0.44 V dec .

EXPERIMENTAL PROCEDURES
Synthesis of Continuous MoS; Thin Films

Figure 1 illustrates the synthesis of MoSs thin
films. The experimental setup used throughout this
study is presented schematically in Fig. 1a. The
substrate, viz. crystalline silicon coated with
300 nm of SiO,, was cleaned sequentially in ace-
tone, alcohol, and deionized (DI) water. Molybde-
num trioxide (MoO3, 99.99%; Alfa) and solid sulfur
(99.99%, Aladdin) were used as precursor and
reactant, respectively, to synthesize MoS, thin films
by CVD at atmospheric pressure. A quartz boat was
used to place sulfur (S) powder (0.5 g), being located
in the upstream cold zone of the 2-inch-diameter
quartz tube. MoO3 powder was sandwiched between
two face-to-face substrates. A substrate carrying
MoO3 powder (3 mg) was placed in the middle of the
heating zone, while the other substrate was placed
face-down above the MoOs; powder. During the
growth process, the furnace was gradually heated
up to 800°C at rate of about 15°C min~'! and held
there for several minutes. During the whole reac-
tion, nitrogen flow at 80 sccm was applied. After
that, the furnace was cooled naturally to room
temperature. Nitrogen was applied as carrier gas to
bring S vapor from upstream to the reaction zone
and protect the CVD system from oxygen contam-
ination. The material was synthesized on the sub-
strate placed face-down above the MoOs powder. A
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Fig. 1. Synthesis of MoS; thin layers: (a) experimental setup of CVD system and (b) schematic view of MoS; film growth.
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detailed schematic illustration of the formation of
MoS, thin films is presented in Fig. 1b: evaporated
MoOs3 is gradually sulfurated by sulfur vapor to
produce partially sulfurated reactive intermediate,
and further sulfurated into MoSs; nanoparticles,
which diffuse to the substrate surface to form MoS,
films.

Characterization of As-Grown MoS, Films

We used an HR 800 (HORIBA Jobin-Yvon)
spectrometer to obtain Raman spectra and carry
out Raman mapping. This spectrometer was
equipped with a neodymium-doped yttrium alu-
minium garnet (Nd-YAG) laser at 532 nm as exci-
tation source, focused on the surface of the ultrathin
MoS, monolayer films through a 100x objective
with power of 5 mW. PL measurements and PL
mapping were also carried out using an HR 800
(HORIBA Jobin—-Yvon) spectrometer under excita-
tion by a neodymium-doped yttrium aluminium
garnet (Nd-YAG) laser at 532 nm. The surface
morphology and microstructure of MoS; were exam-
ined by scanning electron microscopy (FEI, Nova
Nano 450). Optical microscopy (VHX-1000) and
atomic force microscopy (Bruker Dimension Icon)
were also conducted to observe the surface mor-
phology and thickness of the as-deposited films in
tapping mode. High-resolution transmission elec-
tron microscopy (Tecnai G2 F30, FEI and JEM
2100, JEOL) was employed to investigate the crys-
tal structure of the MoS,; thin films. X-ray

photoelectron spectroscopy (AXIS-ULTRA DLD-
600 W) was applied to investigate the sample
composition.

Device Fabrication and Characterization

Back-gated monolayer MoS, FETs were fabri-
cated directly on the SiO4/Si substrates without any
transfer procedure using electron-beam lithography
followed by electron-beam deposition of metal tita-
nium/gold (Ti/Au) thin films (5 nm/15 nm thick)
followed by a lift-off process. The patterned Ti/Au
formed source and drain electrodes on the MoS,
films. We used a Keithley 4200S semiconductor
parameter analyzer to measure the FET character-
istics then calculated the SS and current on/off ratio
for the MoSy FETs. The SS of these MoS, devices
was estimated using the following equation:

_ (dlogIpg\ !
SS_( dVas > '

RESULTS AND DISCUSSION

Optical microscopy images were used to charac-
terize the morphological variation of the as-grown
MoS; films after different reaction times of 5 min,
8 min, 10 min, and 15 min (Fig. 2a—d). For reaction
time of 5 min, the synthesized material was small
dispersed triangle-shaped MoSy domains (Fig. 2a).
When the reaction time was increased to 8 min, the

Fig. 2. Optical microscopy images showing morphology after different growth times: (a) 5 min, (b) 8 min, (c) 10 min, and (d) 15 min.
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Fig. 3. Spectroscopic characterization of MoS; films: (a) Raman spectra of monolayer MoS; on SiO,/Si substrate, (b) PL spectrum of monolayer
MoS; films, (c) Raman map of monolayer MoS, domain, showing the spatial variation of the intensity of the Raman signal, and (d) PL map of
monolayer MoS, domain. Both Raman and PL experiments were performed in a confocal spectrometer using excitation by a laser at 532 nm.

triangle-shaped domains became larger, while some
of them meet and became connected (Fig. 2b). In
Fig. 2c the MoSy; domains have grown into a con-
tinuous film at reaction time of 10 min. When the
reaction time reached 15 min, the synthesized
material was formed of separate domains that were
smaller and thicker (Fig. 2d). Based on the mor-
phology of the synthesized material after different
reaction times, the MoS, film growth process was
clarified. Initially, the synthesized material was
formed of small triangle-shaped domains scattered
randomly on the surface of the substrate (Fig. 2a).
Note that, when the reaction time was increased to
8 min (Fig. 2b), MoO3 reacted with S to produce
MoS, constantly, and the MoS,; domains deposited
on the substrate continued to grow larger and
interconnect with one another. Then, the larger
triangle-shaped domains extended to form a contin-
uous film on the substrate when the reaction time
reached 10 min. Comparing the color of the film
with that of the substrate (indicated by a black
arrow in Fig. 2c¢) revealed that the film showed
complete and smooth surface coverage, mainly
because the MoS, film tended to grow parallel to

the surface of the substrate, forming seamless
interconnection, rather than overlapping in the
direction perpendicular to the substrate surface.
Also, the dimension of the continuous film was up to
micron scale (with lateral size above 200 um).
However, when the growth time was increased
further to 15 min (Fig. 2d), the MoS, crystals
become smaller and thicker; insufficient precursor
in the reaction system may explain such growth
arrest of the MoS,, while as-deposited MoS, on the
substrate may evaporate at high temperature and
flow away with the carrier gas.

Raman spectroscopy was applied to probe the
structure and crystalline quality of the MoS, films.
Two characteristic Raman vibration modes can be
seen in the spectrum in Fig. 3a; the peak corre-
sponding to crystalline silicon at around 520 cm ™!

was used for wavelength calibration. The E%g peak

located at around 387.8 cm ! is attributed to the in-
plane vibration mode, associated with vibration of
two S atoms relative to a Mo atom in the opposite
direction, while the out-of-plane vibration mode
peak Aj, is located close to 408.5 cm ', resulting
from vibration of two S atoms in the direction
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Fig. 4. (a) AFM image of one MoS, domain on the substrate. (b) Height profile taken along the white line in (a).
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Fig. 5. HRTEM characterization of monolayer MoS; film: (a) high-resolution TEM image of MoS, film on copper grid and (b) corresponding

SAED pattern.

perpendicular to the plane. The frequency differ-
ence (AK) between E%g and Az can be employed to
identifz'y the number of layers in atomic-layered
MoS,,”" while the full-width at half-maximum
(FWHM) of the E%g peak is related to the crystalline
quality of the film.2%?® The AK characterized in
Fig. 3a is 20.7 cm !, implying that the as-synthe-
sized films were monolayer MoS,. The E3, FWHM of
the monolayer MoS, was 4.6 cm !, comparable to
values reported for exfoliated monolayers
(8.7 em™ 1), suggesting good crystalline structure of
the synthesized films.”° We also carried out PL
measurements on the films (Fig. 3b), revealing two
emission peaks in the spectrum. The peak centered
at 625 nm was weakly visible as a shoulder on the
strong peak at 675 nm, corresponding to bandgap of
MoS; of 1.98 eV and 1.83 eV, respectively, being
caused by direct excitonic transition from the max-
ima of the split valence band to the minimum of the
conduction band.?® The PL spectrum of a bare SiOy/
Si wafer is also illustrated in Fig. 3b for comparison.
The strong peak at 675 nm in the PL spectra

indicates a strong photoluminescence phenomenon.
The uniformity of the MoS, domains was verified by
the Raman and PL mapping results. The color in
Raman and PL maps represents the intensity.
Figure 3¢ shows Raman intensity maps for a trian-
gular MoS, domain with edge length of 20 yum.
Figure 3d shows PL intensity maps for a triangular
MoS, domain with edge length of 40 um. Figure 3c
and d shows MoS; domains with uniform color,
suggesting high uniformity of the MoS,; monolayer.

To further confirm the thickness of the MoSy
films, we conducted AFM characterization. Fig-
ure 4a shows an AFM image of MoSy; domains on
a substrate. The step height image along the white
line in Fig. 4a is depicted in Fig. 4b, showing that
the thickness of this MoS,; domain was ~ 0.71 nm,
lying in the range for single-layer MoS, film on bare
substrate (0.6 nm to 0.9 nm)*° and in good agree-
ment with the previously measured value of
0.62 nm for the S—Mo—S unit.>! The color of the
triangular MoS, region was generally uniform,
confirming formation of a homogeneous monolayer.
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Fig. 6. XPS measurements for binding energies of Mo and S in monolayer MoS, films: (a) Mo 3d peaks and (b) S 2p peaks.

The crystalline structure of the monolayer MoS,
was obtained by HRTEM. Figure 5a and b shows
HRTEM images of MoS; films. We transferred MoS,
films onto copper grid via a poly(methyl methacry-
late)-assisted method to prepare samples for
HRTEM characterization. Figure 5a shows an
HRTEM image of a random area of MoS;, films.
Figure 5b shows the selected-area electron diffrac-
tion (SAED) pattern, in which the hexagonal sym-
metrical diffraction spots suggest the single-crystal
nature of the scanned area. The measured lattice
fringes are 0.27 nm and 0.16 nm, matching well
with (100) and (110) planes of hexagonal-phase
MoS,, indicating that the basal plane of the syn-
thesized thin film is (001); i.e., the c-axis of the MoS,
is perpendicular to the thin film.

XPS was used to examine the elemental compo-
sition and bonding of the MoS, samples. Figure 6a
and b presents high-resolution XPS spectra in the
Mo and S region for the MoS, films. Figure 6a
reveals the presence of two highly intense peaks,
separated by 3.1 eV, corresponding to Mo 3ds, at
233.6 eV and Mo 3ds, at 230.5 eV. The shoulder
peak at 227.7 eV corresponds to S 2s due to the
existence of S 2s in MoS,. Peaks corresponding to S
2p21/2 and S 2p3, orbitals of divalent sulfide ions
(S5“7) were observed at 164.4 eV and 163.1 eV,
respectively, consistent with reported peak posi-
tions for MoS, crystal.!?3%33 The ~ 1:2 Mo/S ratio
obtained from the integrated peak areas confirms
that the MoS,; crystals had the desired
stoichiometry.

SEM was used to observe the morphology of the
MoS, films after different reaction times. Figure 7a
presents a SEM image of the synthesized material
grown for reaction time of 5 min, while Fig. 7b
shows a magnification of the area marked in
Fig. 7a. Figure 7c shows a SEM image of the
synthesized material grown for reaction time of
10 min, while Fig. 7d shows a magnification of the
area marked in Fig. 7c. The boundary between the

synthesized continuous film grown for reaction
time of 10 min and the substrate is indicated in
Fig. 7e. As shown in Fig. 7a, the synthesized
material was formed of small triangle-shaped
MoS, domains located randomly on the substrate.
The orientations of the single-crystal MoS,
domains were random, mainly because of the
amorphous feature of the substrate. As the reac-
tion time was increased to 10 min, the triangle-
shaped domains became larger (Fig.7c) and
merged into a continuous film (with lateral
size above 200 um) at the center of the substrate
(Fig. 7e). The color of the MoSy; domains was
uniform black, as shown in Fig. 7c and e, indicat-
ing that the synthesized material had a smooth
surface. The size and distribution of the triangle-
shaped MoS; crystals in Fig. 7a, ¢, and e coincide
with the optical microscopy images measured
above. It is worth noting that there are many
isolated zero-dimensional fullerene-like MoSy
nanoparticles with size of a few hundred nanome-
ters independent of the growth time, as shown in
Fig. 7b—e. The nanoparticles near the edge of MoS,
domains were larger and sparser, as shown in
Fig. 7b and e, and large nanoparticles were formed
from many small nanoparticles, as shown in
Fig. 7d. We also noticed that the MoS; films
exhibited a clear boundary on the substrate surface
(Fig. 7e), mainly because of the lower concentra-
tion of reactants at the edge of the substrate when
located directly above the Mo precursor. MoS,
crystals adhered in the form of nanoparticles at the
substrate edge while aggregating into a continuous
film (with lateral size above 200 ym) at the center
of the substrate in Fig. 7e, indicating that the
MoO3 concentration is important for formation of
continuous MoS, films.

These observations further indicate a growth
process in which small nanoparticles merge with
one another, then grow into large triangle-shaped
domains and finally a continuous film. Besides, they
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Fig. 7. SEM characterization of as-grown MoS; films for different growth times: (a, b) 5 min and (c—e) 10 min. (b) Magnification of area marked in

(a). (d) Magnification of area marked in (c).

also provide a clue regarding the growth mechanism
during synthesis of large-area continuous MoS,
films on SiOy/Si by CVD method.

MoOs + S — MoOs_, + SOy (1)

MOO3_x +S — MOSZ + SOz (2)

The stepwise reaction mechanism during the
synthesis is given in Egs. 1 and 2.>* Obviously, at
the initial stage of the reaction, with increase of the
furnace temperature, MoO3 powder gradually evap-
orates and reacts with S vapor to produce partially

sulfurated molybdenum oxide MoO3_, (0 < x < 3).
Then, the MoOs;_, vapor reacts with S vapor,
resulting in synthesis of MoS,. The saturation
vapor density of MoOs_, is less than that of MoQOs,
therefore the MoOs_, vapor flows further than the
MoO; vapor with the carrier gas and reacts with S
to form MoS,. The saturation vapor density of MoS,
is the highest among MoO3, M0oOs_,, and MoS,. The
heaviest MoS, vapor turns into solid nanoparticles
that deposit on the substrate surface, while the
precursors and reactive intermediate are taken
away by the carrier gas. These initial MoS,
nanoparticles become nucleation sites. Then the
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Fig. 8. (a) Schematic diagram of MoS,-based device. (b) log Ipbs—Vgs curves for as-grown MoS, FET at various biases probed in air. (¢) Ips—Vps

curves for the device in (b) at varied Vgg probed in air.

lightest MoOgs_, keeps flowing ahead, and finally
reacts to form MoS, nanoparticles that act as
nucleation sites for MoSy cluster growth. These
nanoparticles merge into a larger area of nucleation
sites, compared with the MoS, nanoparticles alone.
This results in uniform MoS, crystal with large
area. At the same time, more and more MoO3;
powder evaporates and is sulfurated into MoS, by a
series of reactions. The synthesized material
adsorbs on the initially sulfurized MoSs region
edges or central nucleation sites due to their higher
reaction reactivity,?® eventually forming large and
continuous MoS, films. This is consistent with
previous reports on growth of large-area monolayer
MoS, films.?*3® We also investigated the growth
process and mechanism. The appearance and dis-
tribution of the reactive intermediate MoO;_, play
an essential role in synthesis of continuous large-
area films due to its lowest saturation vapor
density.

To evaluate the electronic properties of the as-
grown MoS, films, back-gated FETs were fabricated
on SiO./Si substrates using Ti/Au as source—drain
(S-D) electrodes and a p-doped silicon substrate as
the back gate without a transfer procedure, which
could introduce contamination and/or degrada-
tion.?® A schematic diagram of the fabricated FET
is shown in Fig. 8a. A typical transfer and output
characteristics of the MoS; FETs are shown in
Fig. 8b and c. The drain-source current (Ipg)
increased monotonically with increasing gate-to-
source voltage (Vgg) at varied drain—source voltage
(Vpg), indicating n-type semiconducting behavior.
The on/off ratio was extracted from the log Ips—Vgs
curves, being above 10*. The SS of the MoS, FETs
was estimated to be ~ 0.44 V dec™'. The electronic
properties of such MoSs-based FETs could be
improved by use of high-%£ dielectrics and interface
engineering.

CONCLUSIONS

Continuous monolayer large-area MoSs thin films
were synthesized on Si0,/Si substrate by CVD method,
and the growth conditions optimized. The dimensions

of the continuous MoS, films were on micron scale.
Optical microscopy, Raman, PL, AFM, and SEM
observations showed that the MoS, films were contin-
uous monolayers with thickness ~ 0.71 nm. XPS spec-
tra demonstrated that the as-grown films had ~ 1:2
Mo/S ratio. The FWHM of the Raman peaks confirmed
the high quality of the MoS, films, comparable to
exfoliated monolayers. HRTEM images revealed that
the MoS, had single-crystal structure. Transistors
fabricated using MoS, films showed typical field-effect
characteristics with on/off ratio of ~ 10* and SS
of ~ 0.44 V dec !. Optical microscopy and SEM
images revealed the morphological variation of the
MoS:; films after different reaction times, confirming a
growth mechanism for MoS; in which the appearance
and distribution of the reactive intermediate MoOs;_,
contribute to synthesis of continuous large-area films
due to its lowest saturation vapor density. The results
of this work suggest an approach for controllable
synthesis of large-area films required for future scale-
up of MoS,, device fabrication.
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