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ABSTRACT: The growth of large crystallite continuous monolayer materials like
molybdenum disulfide (MoS,) with the desired morphology via chemical vapor
deposition (CVD) remains a challenge. In CVD, the complex interplay of various
factors like growth temperatures, precursors, and nature of the substrate decides
the crystallinity, crystallite size, and coverage area of the grown MoS, monolayer.
In the present work, we report about the role of weight fraction of molybdenum
trioxide (MoOQ;), sulfur, and carrier gas flow rate toward nucleation and
monolayer growth. The concentration of MoO; weight fraction has been found to
govern the self-seeding process and decides the density of nucleation sites affecting
the morphology and coverage area. A carrier gas flow of 100 sccm argon results in carter &
large crystallite continuous films with a lower coverage area (70%), while a flow
rate of 150 sccm results in 92% coverage area with a reduced crystallite size.
Through a systematic variation of experimental parameters, we have established
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the recipe for the growth of large crystallite atomically thin MoS, suitable for optoelectronic devices.

1. INTRODUCTION

For nearly the past decade, two-dimensional (2D) semi-
conducting transition-metal dichalcogenides (TMDs), MX,
(M = Mo, W; X = S, Se) have attracted huge attention due
to their distinct structural, physical, and chemical properties
arising from the layered structure with van der Waals forces of
interactions in between the layers opening up new possibilities
in the form of efficient and thin electronic and optoelectronic
devices.' > Molybdenum disulfide (MoS,) is a layered 2D
semiconducting material with a band gap in the range of 1.2—
1.9 eV, whose optical and electrical properties are dependent
on the number of layers.” Monolayered MoS, is an atomically
thin direct—band gap semiconductor with considerable
enhancement in photoluminescence, while an increase in the
number of layers shows indirect band gap semiconducting
behavior.” Monolayered MoS, have high potential applications
in the domain of optoelectronics, nanoelectronics, and
photonics."*

A number of techniques have been attempted to achieve
large crystals of single-layered MoS,. Initially, various types of
exfoliation techniques were explored like scotch tape-assisted
micromechanical exfoliation,’ liquid-phase exfoliation,” and
electrochemical Li-intercalation from bulk natural crystals.®
These methods allowed one to achieve nanometer to few
micrometer sizes of monolayered MoS,. To grow films at the
desired locations with the predefined number of layers having a
large coverage area, different growth techniques were
attempted like thermolysis of ammonium thiomolybdate,”
physical vapor deposition,'’ atomic layer deposition,"""*
hydrothermal synthesis'® sulfurization of molybdenum'*~"
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or molybdenum oxide film,"” and chemical vapor deposition
(CVD)."" CVD-based growth has the potential to be
integrated with in-line fabrication at foundries, making it the
most favorable technique used for the synthesis of mono-
layered MoS, having large crystallite sizes and continuity over a
large area.

To elucidate the growth mechanism of MoS, films using
CVD, recently a number of experiments have been reported.
One of the earlier attempts in 2012 used a pre-deposited Mo
film followed by CVD-based sulfurization to achieve single and
few-layered MoS, on the Si/SiO, substrate.'* In 2014, using
atmospheric pressure CVD and precursors in the form of sulfur
and MoOj; powders, Wang et al. demonstrated that the local
change of Mo/S precursor ratios govern the variation of the
shapes of the crystals grown from triangular to hexagonal.'®
Growth of MoS, films using MoOj; as a precursor shows
triangular crystals, while MoCls-based growth results in
continuous growth.'” Single crystalline MoS, flakes with a
size larger than 300 ym were grown by suppressing the nuclei
density through adjusting the distance between sources and the
substrate.”’ Single-step synthesis of monolayered large-area
MoS, films were performed on a variety of substrates by using
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Figure 1. (a) Schematic setup for thermal CVD-based synthesis of MoS, monolayers and (b) temperature variation for MoO; and sulfur during the

MoS, growth process. (c) Variation of gas flow rate during growth.

the naturally formed gap between SiO,-coated (285 nm)/Si-
wafer and the substrate acting as reactor cavity.”' In another
experiment, MoO, was used as a precursor and growth kinetics
of MoS, was elucidated. They observed the formation of two
types of seeding centers: (a) Mo-oxysulfide (MoO,S,_,, y > x)
nanoparticles resulting in triangular growth for few layers MoS,
and (b) atomic scale MoS, monolayer clusters to grow
monolayers and an irregular polygon shape.”” Zhou et al.”’
observed that the monolayered MoS, grown from irregular
polygonal-shaped cluster decorated with S—Mo and Mo-zz
edges in a comparable ratio with dominant Mo-zz edge
formation grows. Reactant concentrations have been found to
facilitate a 2D-planar nucleation mechanism responsible for
monolayer/bi-layer growth, while higher concentrations lead
to the self-seeding nucleation mechanism responsible for few-
layered/multi-layered growth.”> A comparison of growth
quality using three different precursors, namely, MoOj,
ammonium heptamolybdate, and tellurium (Te) assistance
using MoOj; for large continuous films using CVD shows
better quality of large size growth using only MoO; powder
and sulfur powder with a particular ratio of approximately
30:1.”* Growth at varying temperatures shows that MoS, tend
to grow laterally in triangular shapes at temperatures below
730 °C, while growth above 730 °C results in longitudinal
growth with hexagonal shapes.”® Inspite of a number of notable
attempts, a standard recipe for the growth of continuous large
crystallites of MoS, remains a challenge.”””” A proper
understanding of the growth mechanism is desirable for the
CVD-based process to achieve a large crystallite continuous
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monolayered film of MoS, having few grain boundaries which
limits the mobility of the charge carriers.”® During CVD-based
growth of MoS,, a number of parameters like nature of the
precursor used,””*® orientation of the substrate,>' gas flow
rate,” growth temperature and duration,”® and use of
promoters’~ are expected to affect the crystallite size, phase,
and shape.

In this work, MoS, grown at various experimental conditions
has been systematically investigated using spectroscopic tools
to establish the recipe for the growth of continuous
monolayered MoS, films having limited grain boundaries.
The role of precursors and carrier gas on the grain boundary
formation and triangular domains has been elucidated to
achieve large-area MoS, atomically thin films for electronic and
opto-electronic applications.

2. EXPERIMENTAL DETAILS

For MoS, growth, highly pure molybdenum trioxide MoOj;
(99.9% Sigma-Aldrich) and sulfur powder (99.9% Sigma-
Aldrich) were used as precursors. Figure la shows the
schematic of the CVD setup and the growth parameters are
shown in Figure 1b,c. In CVD, a quartz tube of length of 120
cm and diameter of 4.5 cm was used. The temperature profile
of both the precursors (MoO; and S powder) during the
complete cycle of growth has been shown in Figure 1b, and gas
flow rate for the complete experimental duration of 285 nm
SiO,/Si wafer was used as a substrate for growth. The substrate
was first cleaned sequentially using the iso-propyl alcohol,
deionized water, and ethanol through a sonication bath process

https://doi.org/10.1021/acsomega.2c07408
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Figure 2. (a) Optical microscopy image of grown MoS, flakes, (b) field-emission electron microscopy (FESEM) images of MoS, grown on 285
nm—Si0,/Si, (c) Raman spectra of MoS,, and (d) photoluminescence spectra from grown MoS, films.
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Figure 3. (a) AFM image of grown sample of MoS, (b) thickness profile of monolayer MoS,.

for 15 min each. After sonication, the substrate was washed
with deionized water and then dried using the argon gas and
put inside a hot oven at 100 °C for 10 min. The polished
surface of the substrate faces downward to the precursor above
the MoO; powder. Precursors and substrates were placed
inside the CVD furnace, as schematically shown in Figure 1la,
separated at 19 cm. The growth was carried out at 750 °C for 5
min using a single zone CVD furnace at atmospheric pressure.
The outlet of the quartz tube was bubbled through a water
bucket ensuring equilibrium argon pressure inside the tube.
During growth, the amount of MoO; was varied between 10
and 30 mg and referred to as SET-I keeping the gas flow rate
constant at 100 sccm and weight of sulfur 200 mg. In SET-II,
the weight of the second precursor sulfur was varied in the
range 100—500 mg keeping other conditions like weight of
MoO; (15 mg) and gas flow rate (100 sccm) fixed. Finally, the
carrier gas flow rate (argon) was varied in the range of 50—300
sccm referred to as SET-III, while keeping the other two
factors MoO; and sulfur fixed at 15 and 200 mg, respectively.
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3. CHARACTERIZATION

The growth of MoS, flakes was confirmed initially using an
optical microscope (Leica) with a 10x (NA 1.3), SOX
objective lens. The detailed morphology of grown samples
was recorded using a field-emission electron microscope
(ZEISS Sigma 300 FESEM). The number of layers of MoS,
was characterized using a Raman spectrometer (LabRam
HR800, Jobin-Yvon) in the range 350—450 nm. Photo-
luminescence spectra of samples were recorded in the range
640—740 nm using A, = 532 nm (laser excitation). The
thickness and surface topography was measured by atomic
force microscopy (AFM) (Cypher, Oxford Instruments) in a
noncontact mode.

4. RESULTS AND DISCUSSION

Figure 2a shows the optical microscopy image of the grown
continuous film of MoS, sample. Figure 2b shows the FESEM
image of individual triangles at higher magnification from the
grown continuous sheet of MoS, film. Raman spectra show
two vibration modes at 385.7 (Ej,) and 403.8 cm™'(A,,), as
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Figure 4. Optical micrographs of CVD-grown MoS, flakes with varying amounts of MoOj precursors (a) 10, (b) 15, (c) 20 (d) 25, (e) 30 mg, and
(f) variation of domain size and coverage area with increasing weight of MoO;.

shown in Figure 2c. An observed frequency difference of 18.1
cm™ confirms the growth of monolayer MoS, in agreement
with previous works.'#** The frequency difference between
these two modes depends upon the number of layers.** Both
the in-plane vibrational mode (Eig) and out-of-plane (Alg)
modes show the requirement of two-peak structure for fitting
the experimental curve, as shown in Figure 2c. A fitted line
profile is summarized in Table S1 (see the Supporting
Information). Interestingly, the in-plane vibrational mode
(E}y) mode is Gaussian, while the out-of-plane (A,,) mode
is Lorentzian in line-shape. Such two peak structures/splittings
of in-plane vibrational mode (Eig) were previously observed in
MoS, with a lattice strain of more than 1%, which arises due to
the disorder in the crystalline structure of the material.** The
photoluminescence spectra recorded from the same position is
shown in Figure 2d. The experimental curve was fitted using
the Gaussian line shape, which shows an emission peak at
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673.0 nm (1.84 eV) with shoulders at 684.2 nm (1.81 eV) with
relative intensities of 284.2 counts and 98.1 counts,
respectively. The 1.84 eV peak is assigned to the A-exciton,
while the 1.81 eV peak arises due to A~ excitons.”® A-exciton
shows peak width A® = 44.1 nm, while the A~ exciton shows
Aw = 63.7 nm. The observed strong A-exciton peak relative to
the A~ exciton indicates monolayer growth” in agreement with
Raman spectra shown previously. Coehoorn et al. observed
two prominent peaks at 670 and 627 nm in the absorption
spectrum. These two resonances have been established to be
the direct excitonic transitions at the Brillouin zone K-point.
Their energy difference is due to the spin—orbital splitting of
the valence band.*® Figure 3a,b shows the AFM measurement
of the sample grown using 15 mg of MoO; and 200 mg of
sulfur under 100 sccm of argon flow. It shows a thickness of
~0.8 nm. The observed thickness is in the range of single-layer
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MoS, thickness observed by others on the bare substrates
(0.6—0.9 nm).*

Figure 4 shows the effect of MoO; weight fraction during
growth. Figure 4a shows nucleation of small equilateral
triangular domains grown randomly on the substrate having
a crystallite size of ~7 um when 10 mg of MoO; was used
along with 200 mg of sulfur. Lower concentrations of MoO;
result in a lower growth rate. An optical image of growth with
15 mg MoO; indicates the formation of continuous films with
a large crystal size of ~30 ym. Increased MoOj;_, vapor flux
with increasing weight fraction of MoO; leads to increased
growth rate resulting in the formation of continuous films with
grain boundaries, as visible in Figure 4b. Grain boundaries of
continuous film formation were observed due to a low mass
flux and high growth rate.”” Coalescence of the particles takes
place resulting in the formation of continuous sheets with
increased MoO; weight fraction to minimize the surface energy
through reduction of the surface area. With further increase of
MoO; concentration to 20 mg, multi-nucleation sites were
observed under an optical microscope, as shown in Figure 4c.
In this case, we observe a continuous film with a discrete
crystal size range from ~7 to 25 um (Figure 4c). For 25 mg of
MoO;, the crystal shape changes from sharp edged triangles to
triangles with rounded corners having a crystallite size of 7 pum,
as shown in Figure 4d. Further increase of MoO; weight
fraction to 30 mg results in triangular crystals with a smaller
size of ~7 pm and higher nucleation density on the substrates,
as shown in Figure 4e. Growth with increasing weight of MoO;
relative to sulfur results in large crystals of MoS, flakes with
continuous films tuned by the vapor phase of MoO;_,. The
precursor evaporates in the form of flux, resulting in different
size nanostructures. The deposition of MoO;_, molecular
clusters are reduced to MoS,_, clusters (bright spots inside the
triangle) in the initial stage of the growth process,
consequently leading to a 2-dimensional nucleation on the
Si0,/Si substrate (as shown schematically in Figure S1—
Supporting Information).”® The growth of MoS$, is limited by
the diffusion of vapor-phase MoO,_,.”” Tuning of the weight
fraction of precursors also affects the Mo/S molar ratio along
the substrate, which affects the morphology of MoS,, on the
basic principle of crystal growth.'® As we increase the amount
of MoOj; to 15 mg, the density of MoO;_, clusters increases
gradually with a proper ratio 1:60 of Mo/S atom
concentration, which forms a continuous film of MoS, flakes.
Higher concentrations of MoO; lead to multiple MoS,_,
clusters resulting in the formation of multilayer growth. 30
mg MoOj precursor leads to the formation of multiple bright
spots due to incomplete sulfurization of a number of
clusters.”>** With increasing MoOj; weight fraction, the
coverage area monotonically increases, while the variation in
domain size shows a maximum at 15 mg of MoO;, as shown
graphically in Figure 4f (Figure S1-Supporting Information).
Schematically shows the variation of the nucleation centers
density with increasing MoOj; concentration. This is in
agreement with previous reports where 15 mg of MoO; was
found to result in a continuous sheet of MoS,,'®*" and the
concentration of Mo governs the shape and size of monolayer
MoS, crystals.*’

To understand the change in the crystal structure and to
quantify the number of layers, samples of SET-1 were
subjected to Raman spectroscopy measurements. Spectra
were collected from different regions of the sample, as
shown in Figure Sa. Raman spectra shows two prominent
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Figure S. (a) Raman spectra of grown MoS, with varying MoO,
weight fraction, (b) variation in the Raman shift position of Ay and
Eég' and (c) photoluminescence spectra of MoS, grown by varying
MoOj; weight fraction.

peaks at ~383 and ~404 cm™ assigned to the in-plane E%g
vibration mode and out-of-plane A, vibration mode. In-plane
Eig vibration mode arises due to in-plane vibration of Mo and
S atoms, while the out-of-plane A, vibration mode arises due
to out-of-plane vibration of sulfur atoms.” The peak width of
these modes was estimated upon fitting Eig and A;, modes
with Gaussian and Lorentzian line-shape, respectively (fitted
curves Figure S2 and summarized Table S1 shown in the
Supporting Information). Lorentzian line shape indicates high
crystallinity of as-grown MoS, films. The difference in the peak
position of Eég and A, modes indicates the number of layers
due to weak van der Waals interlayer coupling, and the
presence of coulombic interlayer interactions in MoS,”* Eég
and A;, modes are shifted as additional layers added to form
the bulk material from individual layers because the interlayer
van der Waals interaction increase the effective restoring force
acting on the atoms’' With decreasing number of layers, Ay
mode shifts closer to E3, modes.” The sample grown with 10,
15, 20, 25, and 30 mg shows peak separation of 24.9, 18.1,
19.6, again 19.6, and 20.6 cm™', respectively. Raman spectra of
10 mg MoO; grown samples shows the multilayer growth
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Figure 6. Optical microscopy images for the CVD-grown MoS, flakes with varying amounts of sulfur (a) 100, (b) 200, (c) 300, (d) 400, (e) SO0
mg, and (f) dependence of domain size and coverage area on the weight fraction of the sulfur.

formation, while with 15, 20, and 25 mg of MoOj; indicated
monolayer growth. While growth with 30 mg of MoO;
indicates bilayer growth. The higher relative concentration of
MoO; as compared to sulfur leads to initialization of multi-
nucleation sites resulting in multilayer growth, while growth
with 15, 20, and 25 mg of MoO; results in monolayered
growth. In the case of layered growth, the deposited MoO;
“wets” the substrate due to dominance of surface tension
between substrate-vapor (y,,) over the combined effect of
surface tension between film—substrate (y;) and film-vapor
(7s), thatis, 7o, > 75 + Ve © Figure Sb shows the peak position
(Ejg and A;,) of Raman shift affected by the MoO;
concentration. We observed, at lower concentrations of
MoO; (10 mg), the peak difference is larger, as we increase
the MoO; concentration (15 mg) keeping other precursors
constant, the mode comes closer and their difference
remarkably diminishes. However, as we increase the amount
of MoO; (20 and 25 mg), there is a slight change in the E},
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mode wr.t 15 mg of MoO; and no significant change is
observed in the A}, mode. In case of 30 mg MoOj precursor,
both the modes are significantly shifted away from each other
indicating the increase in number of layer of growth. Figure Sc
shows photoluminescence spectra of samples. The grown
sample with 10 mg of MoO; shows peaks at ~686.6 nm (1.80
eV). MoO;-10 shows a relatively weaker luminescence peak,
indicating multilayer growth in agreement with observed
Raman spectra. With the increase of MoO; weight fraction to
15 mg and higher, that is, 20 and 25 mg, the emission peak
shifts to ~674.1 nm (1.84 eV) with varying intensities. Growth
using 15 mg of MoO; shows the strongest emission intensity
and with further increase of MoO; weight fraction, the PL
intensity monotonically decreases. A strong emission indicates
the presence of a direct band and high crystalline quality of
grown monolayer films, when 15 mg of MoOj is used. At 30
myg, it shifts to ~684.6 nm (1.81 eV) indicating the increasing
number of layers to 2, that is, bilayer with suppressed

https://doi.org/10.1021/acsomega.2c07408
ACS Omega 2023, 8, 10930—10940


https://pubs.acs.org/doi/10.1021/acsomega.2c07408?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07408?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07408?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07408?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07408?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

intensity.” At lower concentrations (10 mg) and moderate 15
mg concentration of MoQOj;, we observed a planar flake but
with a higher concentration (20 and 25 mg) the flakes
contended with nanocrystals on MoS, flakes. At much higher
concentrations (30 mg), the size decreased with the increase in
the density of nanocrystals over the MoS, flakes. Thus, the
concentration of MoO; is responsible for the self-seeding
process and their concentration decides the nucleation site and
coverage area. At much higher concentrations, the density of
nanocrystals increases indicating incomplete sulfurization.
Similar observations have been reported by Zhu et al.**

Figure 6 shows the growth of MoS, with varying amounts of
sulfur relative to MoOj (SET-1I), keeping weight of the MoO,
powder fixed at 15 mg and gas flow rate 100 sccm. Figure 6a
shows results with 100 mg of sulfur. MoS, flakes at random
locations on the substrate were formed having shapes varying
from triangle to star-like patterns with a crystallite size of ~11
pum. There is a small triangular growth of MoS, flakes on the
substrate due to lower concentrations of sulfur in the growth
atmosphere near the surface. Doubling the sulfur amount to
200 mg results in a crystallite size of ~30 ym and continuous
film upto few mm? as observed in Figure 6b. With further
increase of weight fraction to 300 mg of sulfur, MoS, crystals
with a triangular shape and varying crystallite sizes ~7 to 25
um were observed, as shown in Figure 6c. Also, crystallite
domains were not continuous as observed at lower weight
fractions. If the weight of the sulfur is increased to 400 mg, the
crystallite size of the triangular MoS, flakes is reduced to ~7
pum due to a decrease in the lower concentration of an Mo/S
atom ratio, as shown in Figure 6d. With excessively large
weight fractions of sulfur to 500 mg, the formation of star-like
flakes were observed having an average crystallite size of about
~20 pm (Figure 6e). A closer observation to the center of the
star flakes indicates the presence of clusters responsible for
multi-nucleation. Due to the sufficient amount of sulfur, multi-
layer formation is observed. A proper weight fraction of sulfur
has been observed as the prime factor deciding the formation
of a number of layers/crystallite size. It is clear from optical
micrographs that a proper amount of Mo/S ratio of the
precursor plays a critical role in maintaining the triangular
shape.*” With varying concentrations of sulfur, the nucleation
density significantly changes in contrast to previous reports,
where the role of sulfur in nucleation was found to be
negligible.”’

Figure 7a shows Raman spectra of samples grown using
varying sulfur weight fraction in the range 100—500 mg. The
peak was estimated upon fitting E;, and A,, modes with
Gaussian and Lorentzian line-shapes, respectively (fitted curves
Figure S3 and summarized Table S2 shown in the Supporting
Information). While with lower concentrations of sulfur (100
mg), the peak position difference is ~23.2 cm™, which
indicates the formation of more than one layer. However,
further increase of amount of sulfur (200 mg) results in the
peak difference lowering to ~18.2 cm™’, indicating the growth
of monolayers with high crystallinity. As we increase the
amount of sulfur (to 300 mg), the peak difference increases to
~20.0 cm™" indicating the formation of monolayers. While
with further increase in the amount of sulfur (to 400 and 500
mg), the peak difference sequentially increases to ~24.1 and
25.1 cm™' which indicates multilayer formation. Figure 7b
clearly shows a correlation between the amount of sulfur and
the Eig and A;; Raman peak position. It indicates both the in-
plane and out-of-plane modes are shifted with the amount of
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Figure 7. (a) Raman spectra of grown MoS, with varying sulfur

welght fraction and (b) variation in the Raman shift position of Ay,
and EZg

sulfur. Sulfur is found to play an important role in controlling
the number of layers and a proper concentration of sulfur with
respect to the MoO; precursor and gas flow rate favors
monolayer growth. Sulfur helps to increase the vertical growth,
as shown in Figure 6 and the coverage area decreases with
higher amount of sulfur. We obtain a star-like shape with
multilayer growth with increased sulfur content. This is in
agreement with Raman spectra. The shift in the Raman peak
with varying amounts of sulfur is shown in Figure 7b. The
graph shows that with amount of sulfur both the in plane or
out of plane are shifted far apart, demonstrating the increase in
the number of layers due to the amount of sulfur.

Figure 8 shows optical micrographs of MoS, samples grown
with varying gas flow rates (50—300 sccm) keeping precursor
weights of MoO; (15 mg) and sulfur (200 mg) constant.
Growth with 50 sccm of argon flow results in MoS, flakes
having a large crystallite size of ~80 ym and coverage area of
~40%, as shown in Figure 8a. With moderate gas flow rates
(100 and 150 sccm), the discrete crystals of MoS, flakes join
together to form continuous films. A gas flow rate of 100 sccm
results in a coverage area of 70% estimated using Image]
software, while a flow rate of 150 sccm leads to 92% coverage
area, as shown in Figure 8b. Further increases of gas flow rate
to 200, 250, and 300 sccm result in smaller crystallites with
discrete regions. A gas flow rate of 300 sccm results in MoS,
crystallites of size as small as ~7 um. It is obvious from the
optical micrographs shown in Figure 8c—e, respectively, that
carrier gas flow rates are another key parameter which
influence the crystallite size and coverage area by tuning the
local concentration of MoO;_, and sulfur vapor precursors
being nucleated on the substrate. Carrier gas flow rate decides
the residence time of vapors of precursors on the substrate
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deciding nucleation density, crystallite size, and coverage area.
Under sufficient supply of precursors and nucleation sites, the
growth extends in the form of a large-area single-layered MoS,
continuous film with increasing gas flow rate, as shown in
Figure 8f. It is also interesting to note that with the increase of
the crystallite size, the coverage area decreases.

Raman spectra of gas flow variation are shown in Figure 9a,
it explains the role of gas flow rate in terms of vertical growth
of layer by keeping the amount of both the precursors fixed. All
these peaks were estimated upon fitting Eig and A;; modes
with Gaussian and Lorentzian line-shapes, respectively (fitted
curves Figure S3 and summarized in Table S3 shown in the
Supporting Information). The Raman peak difference between
two modes for lower and moderate gas flow rates (50, 100, and
150 sccm) are ~19.0, 18.2, and 18.6 cm™' observed
sequentially. This difference is a clear indication of formation
of monolayer MoS,. With high gas flow rates (200 sccm), the
difference remains the same ~18.5 cm™; but at 250 and 300

10937

sccm, the Raman shift difference increases to ~20.8 and 23.0
cm™! representing the bilayer and multilayer growth. Figure 9b
shows the Raman peak position with different gas flow rates.
As we increase the gas flow rate from lower (50 sccm) to
higher (200 sccm), the E%g does not show a significant change,
but for much higher gas flow rates (250 and 300 sccm) a
significant change is observed. A closer look at the A;; mode, a
slight change is observed when the gas flow rate is changed
from SO to 200 sccm, while at higher gas flow rates (250 and
300 sccm), the change is easily noticed indicating growth of
bilayer to multilayer growth.

Figure 10a,b shows the effect of change of molar ratio of Mo
and sulfur on the crystallite size and on the coverage area. With
variation of gas flow rate, the atomic ratio of precursors (i.e.,
Mo/S) near the SiO,/Si substrate changes and it is found to be
responsible for the change in the morphology observed. With
increasing molar ratio from 30:1 to 60:1, the crystallite size
increases. With further increase of the molar ratio, the
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crystallite size monotonically decreases for molar ratios 90:1
and 120:1. Growth using increased molar ratio to 150:1 shows
an increase in the crystallite size. A molar ratio of 60:1 results
in the continuous film with a MoS, average crystallite size of
~30 pm. MoS, crystals grown with a molar ratio of 60:1 show
the highest photoluminescence intensity indicating monolayer

growth. Under all attempted growth conditions by varying
precursor’s weight fractions and gas flow rates, we obtained
triangular shaped MoS, growth. While Senithikumar et al.*
observed variations in the grown crystallite shape from growth
under low pressure conditions. It is interesting to observe that
the crystallite shape remains triangular for growth under
atmospheric pressure conditions using a single zone furnace
without any requirement of vacuum conditions.

5. CONCLUSIONS

Through controlled growth at various experimental parame-
ters, we have been able to successfully grow continuous films of
MoS, monolayers on the SiO,/Si substrate through CVD.
Optimized precursor weight ratio, that is, MoO5 and sulfur (15
mg:200 mg) results in discrete crystallite size as large as 80 ym
with 50 sccm flow of argon as a carrier gas and coverage area of
~40%. Thus, the concentration of MoQj is responsible for the
self-seeding process and their concentration decides the
nucleation site and coverage area. With moderate gas flow
rates (100 and 150 sccm), the discrete crystals of MoS, flakes
join together to form continuous films. A gas flow rate of 100
sccm results in a continuous film with 70% coverage area.
While a flow rate of 150 sccm leads to 92% coverage area and
increase of the crystallite size with decreased coverage area.
MoO;_, was found to be responsible for self-seeding
nucleation and its amount decides the nucleation density.
The formation of MoS, flakes and their shape is dependent on
the local concentration, which is tuned by the relative amount
of MoOj and sulfur precursors. The carrier gas flux decides the
residence time of Mo and S on the substrate toward growth.
The carrier gas flow rate is responsible for local concentration
of vapor precursors and their coverage area.
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