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ABSTRACT: While the chemical vapor deposition technique can
be used to fabricate 2D materials in a larger area, materials like
MoS2 have limited controllability due to their lack of self-
controlling nature. This article presents a new technique for
synthesizing a void-free millimeter-scale continuous monolayer
MoS2 film through the diffusion of a well-controlled Mo, Na, and
seeding promoter-based coating under a low-pressure N2
atmosphere. Compared to the conventional method, this technique
provides precise control of solid precursors, where MoS2 grows
next to the coating. At 800 °C, the synthesized MoS2 showed a
uniform single-layer MoS2 film; however, a Na-free coating showed
nanoscale voids and poor crystal quality, which are attributed to a
higher edge-attachment barrier that slows down the MoS2 lateral
growth. The synthesized MoS2 with Na-containing solution showed an intense PL peak with a 1.86 eV band gap. Even at the
relatively low temperature of 700 °C, compared to the Na-excluded condition, MoS2 showed almost two times higher area coverage
with a comparatively larger crystal size. This finding may assist in the future development of MoS2-based electronic and
optoelectronic devices such as transistors and photodetectors.

■ INTRODUCTION

The invention of graphene synthesis has driven nano−micro
devices to an atomically thin scale. Graphene is a semimetal
with a zero band gap at the direct point; thus, bilayer graphene
shows band gap tenability up to a certain level.1,2 Recently,
transition metal dichalcogenides (TMDs) like MoS2 and WSe2
have shown excellent semiconductor characteristics as an
atomically thin-layered material.3−5 Therefore, TMDs as
ultrathin materials have shown a significant potential for use
in modern layered devices like transistors, photodetectors, and
light-emitting devices.
Like graphene, TMDs can also be synthesized using the

chemical vapor deposition (CVD) technique with similar
merits, notably a broader growth area and larger 2D crystal
size.6−9 However, compared to graphene synthesis, TMDs
show a deficiency of self-limiting behavior along with difficulty
in 2D crystal formation.10−13 In general, the nucleation of
TMDs on surfaces like SiO2/Si requires proper wettability.

10

Nevertheless, the seeding agents and improved surface
wettability (for TMDs) on such surfaces showed a nucleation
tendency.10

Previous studies suggest that seeding promoters like PTAS
(perylene 3,4,9,10-tetracarboxylic potassium salt) work well on
hydrophilic surfaces and that F16CuPc (copper(II)
1,2,3,4,8,9,10,11,15,16,17,18,22,23,24,25-hexadecafluoro-

29H,31H-phthalocyanine) works well even on hydrophobic
surfaces.14 Seeding promoters increase the surface adhesive
force of TMDs, which results in the formation of
heterogeneous nucleation sites for TMDs and 2D crystal
formation.14 According to Ling et al., the use of seeding
promoters lowers the nucleation barrier of TMDs on the
surface.14 Therefore, with the presence of a seeding promoter,
TMDs can be synthesized at lower temperatures.14

Ideally, larger TMD crystals can be synthesized by a lower
number of nuclei with rapid growth under any mass flux rate.10

Further, a rapid growth rate eases larger crystal formation and
reduces the multilayer TMD traces.10 There is currently
substantial interest in supporting metallic ions such as Na+ in
MoS2 synthesis because Na+ lowers the edge-attachment
barrier of MoS2 for rapid synthesis; the effect of Na+ has
previously been studied for liquid substrates and the vapor−
liquid−solid phase synthesis method.13,15
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The primary issue of TMD synthesis dealt with in this paper
is the dependability of mass flux on the TMD properties.
Therefore, even under conditions of controlled nucleation and
rapid growth, the mass flow should be well controlled in terms
of the amount and distance to the solid precursor.10 Liquid-
phase substrates like glass substrates, where metal ions are first
dissolved in molten glass and then diffuse to the substrate
surface for 2D crystal growth, are an attractive solution to this
issue.13,15 This leads to better controllability; however, it
requires a transfer process that may damage the crystal quality.
The article focuses on the direct synthesis of MoS2 on SiO2/

Si by limiting metal ions to a selected area. A novel concept is
introduced, which involves fabricating a millimeter-scale
continuous and monolayer MoS2 film using a NaCl-,
F16CuPC-, and MoO3-based solid coating. The special use of
Na+ for void-free MoS2 film synthesis is discussed as well. The
concept can be used to synthesize the millimeter-scale MoS2
film for 2D van der Waals heterostructures for transistor and
photodetector applications.

■ RESULTS AND DISCUSSION
Synthesis of Millimeter-Scale Continuous Film of

MoS2. The use of seeding promoters is necessary for the
fabrication of MoS2 2D films on SiO2/Si. In general, F16CuPc
is deposited by a thermal evaporation process,14 while this
work uses a low concentration of F16CuPc in liquid solution.
To bring every necessary ingredient into liquid form, both
MoO3 and NaCl are dissolved in NH4OH. MoO3 dissolves in
NH4OH by forming (NH4)2MoO4,

13 and NaCl makes an
equilibrium with NH4OH. Although NH4OH is not a good
solvent for F16CuPc, a shallow concentration of F16CuPc (1 mg
in 100 mL of NH4OH) shows reasonable solubility, making a
light greenish solution (Figure S1a−c of the Supporting
Information (SI)). The 2 μL of the solution approximately
includes 40 nmol of Mo ions, 200 nmol of Na ions, and 20
pmol of F16CuPc. Figure S2a of the SI shows the FE-SEM
image of the material-coated area following deposition on the
substrate. Figure S2b of the SI shows an EDX diagram, which
confirms the existence of all Mo, Na, and Cu (from F16CuPc)
ions.
To elucidate the effects of F16CuPc and Na ion, MoS2 was

synthesized at 800 °C for 3 min. MoS2 was grown through the
diffusion of limited F16CuPc, Mo, and Na; Figure 1 shows a

schematic diagram. Figure 2a−c represents the synthesized
MoS2 with different solutions: one solution was prepared with
all ingredients (Figure 2c), while another two solutions were
prepared by excluding F16CuPc (Figure 2a) and Na (Figure
2b). The same Mo concentration was maintained in all of the
solutions.

The F16CuPc-excluded sample only showed MoS2 nano-
particles. Though MoS2 nuclei were formed on the piranha-
treated surface, the 2D crystal growth was diminished. Both the
Na-included and -excluded samples showed a continuous film
of MoS2 according to optical microscopy. Several OM images
(Figure S3) were taken in different positions from the coating
(the sample indicating all of Na, Mo, and seeding promoters),
such as near the coating (Figure S3a,b) as well as at distances
of 0.5 mm (Figure 2c), 2 mm (Figure S3c), and 3 mm (Figure
S3d). All of the OM images confirmed the continuous nature
of MoS2. Therefore, the synthesized MoS2 can be considered
to be a continuous film that is suitable for millimeter-scale
regions.
The AFM inset of Figure 2b shows the discreet behavior

(voids) of the Na-excluded sample compared to that of the Na-
included sample (Figure 2c). A possible reason for the
formation of a void-free continuous film of MoS2 is that the
reduced edge-attachment barrier increased the possibility of
expanding the MoS2 film. Further, compared to the conven-
tional film, during the alkali ion-assisted growth, Mo and S ions
can easily be attached to defected areas (edges), thereby
fabricating void-free MoS2 film growth.
In addition, the film thickness was 0.6−0.7 nm. Figure 2d−f

shows the Raman spectra of the fabricated MoS2 on SiO2/Si.
The gap between A1g and E2g

1 Raman excitement represents the
number of MoS2 layers; in general, the monolayer MoS2
reported 19−20 cm−1, while the multilayer MoS2 reported
24−26 cm−1 of A1g−E2g

1 .3,16−18 Therefore, the AFM and
Raman characteristics indicate that the F16CuPc-included
samples show a 2D crystal growth tendency, while the
F16CuPc-excluded sample shows the shape of the MoS2
nanoparticle, which has multilayer Raman characteristics.
Both MoS2 films presented in Figure 2b,c showed surface

roughness Rq (root mean square) below 0.1 nm, where the
substrate showed Rq of approximately 0.2 nm. However,
observing the voids of the Na-excluded sample (compared to
the Na-included sample) confirms the effect of Na in achieving
better continuity of the MoS2 film through a diffusion-based
approach. Further, the purity of the representative sample in
Figure 2c was tested. Figure S2f shows an EDX diagram of the
synthesized MoS2 (approximately 0.5 mm away from the
coating). According to the EDX analysis, less than 0.1% of Na
and Cu atoms exist, thus confirming the better purity of the
synthesized MoS2.
The effect of alkali ions on the crystal quality of the

synthesized MoS2 was characterized using Raman LA
excitation. Figure 3a shows the Raman spectra of the Na
ion-included and -excluded sample. According to a previous
article, the LA peak intensity is influenced by the interdefect
distance19 and the I

I
LA

A1g

ratio decreases with the improved MoS2

crystal quality. According to Figure 3a, the Na-included sample
shows a much lower I

I
LA

A1g

ratio, and the LA peak is hardly visible

compared to that in the alkali ion-free sample, indicating that
the effect on the alkali ion improved the crystal quality of
MoS2. The stability of MoS2 was also tested. Finally, the
sample was exposed to an ambient atmosphere for 30 days, and
the Raman characteristics were rechecked. Figure 3a shows the
representative Raman spectra, which show no significant

change in Raman characteristics (the values of
I
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A1g
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Figure 1. Schematic diagram of the diffusion-driven MoS2 growth
(image not to scale).
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0.0278 for the as-deposited sample and 0.0290 for the sample
after 30 days). Therefore, the synthesized MoS2 was confirmed
to have good stability under atmospheric conditions.
Further, a photoluminescent spectrum was taken for the

optimized MoS2 film (the representative sample in Figure 2c).
According to Figure 3b, the band gap of the synthesized MoS2
was calculated, and it showed a band energy of 1.86 eV.
To elucidate the crystal growth, MoS2 was synthesized at a

lower temperature (700 °C), in which individual MoS2 crystals
could be seen by AFM scanning. Figure 4 shows the
synthesized MoS2 using all Mo-, Na-, and F16CuPc-containing
solutions. Raman spectra and AFM images were taken at
different distances from the coated area, as shown in the inset
of Figure 4a. According to the Raman spectra shown in Figure
4a, the synthesized MoS2 showed A1g−E2g

1 of 19.99−20.42
cm−1 at 0.5 mmat 4 mm away from the coating (refer to
Figure S4 of the SI for the individual spectrum). Over the 4

mm distance, the Raman signals were insignificant. According
to Figure 4b−d, MoS2 monolayer crystals appeared between
the distances of 0.5 and 3.5 mm, and they showed a layer
thickness of approximately 0.6 nm. Therefore, the Raman
spectra and AFM scans confirmed the monolayer structure of
the synthesized MoS2.
However, just outside the solution-coated area (within the

first 50 μm), the Raman spectra showed A1g−E2g
1 at 25.19

cm−1; Figure S5 of the SI shows the relevant AFM image and
line scan. The MoS2 domains appear as triangular-shaped
multilayers, which may be attributable to the high mass flux
rate near the coating.
Table 1 lists the physical parameters of the MoS2 domains

represented in Figure 4c−e. The parameters were calculated
through image processing using ImageJ software. The surface
coverage was highest near the source, which was nearly 70% at
a distance of 0.5 mm. In addition, the area coverage gradually

Figure 2. (a) 10 μm × 10 μm AFM scan of the deposited MoS2 with the F16CuPc-excluded solution. Optical microscopic images and 1 μm × 1 μm
AFM (inset) images of the deposited MoS2 with (b) only Na-excluded, the size of AFM line scan is 150 nm, and of (c) both F16CuPc- and Na-
included solutions, respectively. The scale bar of the optical microscopy images is 20 μm. (d−f) Raman spectra of the relevant MoS2; for all graphs,
the y-axis is the intensity (arbitrary unit). All of the data are taken 0.5 mm away from the coating. Here, the noncontact mode along with a 2 nm
(tip size) high-profile tip is used for all of the AFM scans.

Figure 3. (a) Raman spectra of Na-included (Figure 2c representative sample) and Na-excluded (Figure 2b representative sample) samples, taken
0.5 mm away from the coating. The spectra have been normalized to the intensity of the A1g peak. (b) Photoluminescent spectra of the synthesized
MoS2 (Figure 2c representative sample).
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decreases with distance. Surface coverage depends on the
supply of Mo and S, which are highest near the source due to
high mass flux.10 The domain size and density also depended
on the distance from the source, as the lowest domain density

appeared at the 2 mm distance while the highest density was
observed at the longest distance (3.5 mm).
The domain size was calculated by dividing the surface

coverage by the number of domains. The largest domain size
(1708 nm2) was observed at a low distance of 0.5 mm. The
domain sizes of TMDs are dependent on the combined effects
of nuclei density, mass flux, and domain growth rate.10 In
general, higher concentrations of the seeding promoter result
in higher nuclei density, which facilitates the smaller domain
size due to the growth of multiple domains, instead of a single
domain, under limited mass flux.10 According to diffusion
theory, the highest mass flux concentration is available near the

Figure 4. (a) A1g−E2g
1 depending on the distance x, and the inset is an optical microscopy image of the real sample. AFM images of the synthesized

MoS2 depending on the distance among (b) 0.5 mm, (c) 2 mm, and (d) 3.5 mm; the scanned area of all of the images is 1 μm × 1 μm. (e−g) the
line scans of representative AFM figures; in all of the graphs, the x-axis is the scan distance in nm, while the y-axis is the z-scan in pm. Here, the
contact mode was used for all AFM scans with 4 nN force.

Table 1. Physical Parameters of the MoS2 Grains Depending
on Location

sample (distance from the coating, mm) 0.5 2 3.5
area coverage (%) 69.49 39.85 36.63
average domain size (nm2) 1708 1530 893
domain density (number of domains per
1 μm2)

36 26 41

Figure 5. (a) Noncontact mode AFM image of MoS2, which is synthesized at 700 °C without Na, 1 μm × 1 μm scan. (b) Percentage of area
coverage of MoS2 with various distances from the source.
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source, so the highest seeding promoter should be concen-
trated near the source; this is confirmed by the highest nuclei
density being at 0.5 mm, compared to that at a 2 mm distance.
In spite of the higher nuclei density near the source, the higher
Mo and Na flux rates facilitate the increased growth of
domains due to the excess materials and the lowered edge-
attachment barrier, which is consistent with the previous
results.12,13

However, the distance far away from the coated area (3.5
mm away) shows a much higher domain density. Further, the 4
mm distance was associated with the smallest domain size and
the highest domain density; refer to Figure S6 of the SI for the
relevant data. According to Ling et al., a higher concentration
of seeding promoters increases the number of domains.14

However, according to Lin et al., over longer distances, the
domain density can be increased due to insufficient source
supply.20 The same reason may apply here, too; the insufficient
resources decrease the average crystal size, and the limited
resources assist in forming individual grains rather than
contributing to the growth of a larger crystal.
Figure 5a shows the synthesized MoS2 at 700 °C with the

Na-excluded solution; the image was taken 500 μm away from
the source. Here, the area coverage was 32.06%, the domain
density was 35 domains/μm2, and the average domain size was
916 nm2. It can clearly be seen that both the Na-excluded and
-included samples have a similar domain density, while Na-
excluded samples have a much smaller domain size and
reduced area coverage. The concentrations of Mo and F16CuPc
were similar in both samples; therefore, the existence of Na
showed a strong influence on the MoS2 growth, which is
highlighted not only at 700 °C but also at 800 °C, where MoS2
showed nano-size voids, as discussed previously.
Figure 5b illustrates the variations in percentage of area

coverage with the distance from the source under different
conditions. At 800 °C, both Na-included and -excluded
samples showed full surface coverage, except for the nanoscale
voids in the Na-excluded sample, as discussed earlier.
However, at 700 °C, the effect of Na was significant, as the
Na-included sample had almost twice the area coverage of the
Na-excluded sample depending on each position. Thus, in
addition to the formation of a void-free film through alkali ion-
assisted growth, these results confirm that the alkali ion had the
effect of improving area coverage at a relatively lower
temperature.
Importance of the Current Technique and Device

Design. The proposed technique only requires all-ingredient-
based ink, meaning that the amount of the seeding promoter
and solid precursor can be adequately controlled. Most
importantly, the coating can be applied in a well-selected
position within a substrate with a wide range of precise

amounts of material quantities. Further, the Mo ion, Na ion,
and seeding promoter diffusion distance remain consistent,
which is attributed to MoS2 growing next to the coating.
During the diffusion process, the exposed surface area is
important for maintaining a consistent mass flux rate.
Compared to those in a powder precursor, the true and
projected surface areas in a coating-based solid precursor are
approximately similar. Therefore, the current technology can
provide a consistent and controllable surface area for diffusion-
based TMD growth. The consistency in diffusion distance,
precise controllability of the ingredient amount, and
applicability of a wide range of material quantities makes this
technique unique and highly repeatable compared to the
conventional CVD technique.
Figure 6a shows the usable region of MoS2 that is

synthesized in the present work. The length is not limited to
the x-direction, but the device design should be carefully
selected in the y-direction because it is limited to a length of
3−3.5 mm. Therefore, devices should be limited to the
millimeter scale, which is acceptable for most applications
because 2D semiconductor-based components such as photo-
detectors and transistors are designed in a range from
nanometer to micrometer scale. The 2D TMDs are primarily
used in electronics and optoelectronics such as transistors,
photodetectors, and solar cells. The current technique is
expected to find potential use in photodetectors, and Figure 6b
shows a schematic diagram of a possible design.

■ CONCLUSIONS
MoS2 was synthesized using a controlled amount of Mo with
localized diffusion. The Raman characteristics and AFM
imagery indicate that the presence of Na is essential for
achieving a void-free continuous film using this technique. Due
to the rapid mass flux and lowered edge-attachment barrier, the
effectiveness of the process was dependent on the processing
temperature and the presence of. At 800 °C, a void-free
continuous film of MoS2 was observed, while at 700 °C,
triangular-shaped domains appeared. Both the area coverage
and domain size gradually decreased at positions further away
from the source. At 800 °C, the Na-free condition fails to
provide a void-free film, and at 700 °C, it shows an area
coverage and a domain size that are much lower in
comparison. Further, this proposed technique makes it easy
to fabricate a millimeter-scale void-free MoS2 film with a 1.86
eV band gap.

■ MATERIALS AND METHODS
To begin, 0.5 mL of 0.1 M MoO3 (99.995%) and 0.5 M
(NaCl) in NH4OH solution were mixed with 0.5 mL of
F16CuPc solution (1 mg of F16CuPc dissolved in 100 mL of

Figure 6. Schematic diagram of the (a) usable region of MoS2 for device applications and (b) design of a possible photodetector from the current
technique (figures are not to scale).
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NH4OH); the resulting solution was further diluted with
another 1.5 mL of NH4OH prior to its application on the SiO2
(280 μm)/Si substrate. At this point, 2 μL of the solution was
spread on a 0.5 cm2 area (the other half of the substrate was
kept uncontaminated) of the piranha-treated substrate (to
improve wettability), followed by 10 min of oven drying at 60
°C. The solution was coated by scanning the micropipette tip.
The sample was then placed with the uncoated area facing
downstream. An excess amount of S of 50−60 mg was kept in
the upstream of the CVD chamber (low-temperature zone),
whereas the main zone just reached the processing temperature
at which S began to melt. CVD was raised to process
temperature under vacuum (below 1 mTorr), followed by
MoS2 growth under a N2 (99.99%) atmosphere at 300−400
mTorr pressure for 5 min. Finally, samples were cooled within
the chamber under vacuum. The analyses used for character-
ization were Raman spectroscopy, atomic force microscopy
(AFM), photoluminescent spectroscopy (PL), and optical
microscopy (OM).
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