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ABSTRACT: The control of domain sizes provides a powerful means to engineer the

Mo(CO)s
characteristics of monolayer (ML) MoS, films for specific applications including (C.He).s s ‘..0
catalysts for hydrogen evolution and thin-film transistors. Here, we report an efficient S
way to control domain structures of MoS, by substrate-dependent growth mode VSS

control. Deterministic control of growth modes, associated with catalytic intermediates, 4
is introduced by utilizing different growth substrates in metal—organic chemical vapor ‘e Ny
deposition (MOCVD) of ML MoS,. Na-Mo-O eutectic alloys formed by a soda lime
(SL) substrate dominate the growth based on a vapor—liquid—solid (VLS) process,
resulting in large-crystalline domains of MoS, with a reduced density of liquid nuclei.
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On the other hand, MoO;_, seeds formed from an alkali aluminosilicate (AA) substrate accelerate nucleation via a vapor—solid—
solid (VSS) process for nanocrystalline domains. ML MoS, of nanocrystalline domains resulted in efficient hydrogen evolution
reactions (HERs), while large-domain films showed better electron conductivity.

KEYWORDS: metal—organic chemical vapor deposition, MoS,, catalyst, vapor—liquid—solid growth, vapor—solid—solid growth,

domain structures, glass substrates

B INTRODUCTION

Metal—organic chemical vapor deposition (MOCVD) provides
an effective way to directly grow two-dimensional (2D)
transition metal dichalcogenide (TMDC) films with large-scale
uniformity on arbitrary substrates." The films can be used as
thin-film transistors with high carrier mobility,” active
optoelectric components with high quantum yield,”* nonlinear
media with high optical susceptibilities,”® and catalytic agents
for hydrogen evolution reactions (HERs).” Depending on the
specific application, a TMDC film has been modified to exhibit
a particular microstructure by the control of various parameters
such as temperature, pressure, flow rate of gaseous precursors,
and so on. To this end, catalysts play key roles in controlling
the growth kinetics and the resultant microstructures of
TMDCs. For example, alkali metals as a catalytic element have
been widely used to promote the fast growth rate and suppress
nucleation, giving rise to the large domain size. However, the
underlying mechanism by which catalysts control the
crystalline structures is still ambiguous due to complex
variables that affect the growth and nucleation.*™"*

One main reason for the complexity is the fact that different
catalytic intermediates can be formed from the same alkali
element.'* In particular, growth modes can change between
vapor—liquid—solid (VLS) and vapor—solid—solid (VSS)
modes with completely different nucleations and growth
kinetics, depending on the phase of intermediates through
which vapor-phase precursors react to form solid films. For
example, eutectic intermediates such as sodium molybdate
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(Na,MoO,, Na,Mo,0,, Na,Mo,O,;) that contain alkali metal
form liquid alloys, within which nucleation and catalyst-
assisted %rowth occur by supersaturation of precursor
elements.'”'*'> On the other hand, solid-state intermediates
such as molybdate (MoO,) lead to the VSS mode. In this case,
solid-surface diffusion of ad-molecules from vapor and
attachment to solid seeds are the rate-determining steps for
growth and nucleation, which can be accelerated by the
existence of alkali metals nearby.'~* A systematic comparison
of VLS and VSS growth modes with different intermediates
provides useful information for the different functions of each
catalytic agent and a catalyst-assisted growth method to
effectively control the domain structures of 2D TMDCs.
However, the deterministic control of the chemical reactions to
fabricate targeted catalytic intermediates is difficult to achieve
by simply modulating the growth conditions such as
temperature and pressure in MOCVD.

B RESULTS AND DISCUSSION

We utilized various growth substrates with different chemical
compositions (Table S1 in the Supporting Information) to
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Figure 1. Growth substrate-dependent crystalline structures of ML MoS,. (a) Schematics of MoS, growth by MOCVD. (b) Surface coverage of
MoS, grown on different glass substrates (AB, alkali-free boro-aluminosilicate; FS, fused silica; AA, alkali aluminosilicate; and SL, soda lime) under
the same growth conditions; right: PL image with excitation of 1.85 eV on a partially grown sample. Scale bar: 10 ym. (c) False-color DF-TEM
images of polycrystalline MoS, films grown on AA and SL glass substrates. (d) Distributions of crystalline domain sizes of each MoS, film.

a Optical
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Figure 2. Catalyst-driven growth of MoS, crystals. (a) Optical image of discrete ML MoS, grown on a SL glass substrate. Scale bar: 20 ym. (Inset
image) High-angle annular dark-field (HAADF)-STEM images of eutectic alloy magnified at each groove. Scale bar: 10 nm. (b) STEM and EDS
mapping images for Na-K, Mo-L, O-K, and S-K from a eutectic alloy. Scale bar: 50 nm. (For the intense EDS signals of elements in (b), we carried
out EDS elemental mapping for the larger particle than that of the inset image in (a)).

control the formation of catalytic intermediates in MOCVD of
ML MoS, (Figure 1a) (see Figure S1 for confirmations of ML
thickness in continuous films). In particular, two different glass
substrates of soda lime (SL) glass and alkali aluminosilicate
(AA) with similar Na contents (~10%) were used to grow ML
MoS, at the same growth conditions. Growths on both SL
glass and AA substrates showed significantly higher surface
coverages of ML MoS, (Figure 1b, left) in optical absorption
and photoluminescence (PL) imaging (Figure 1b, right) than
the reference samples grown on Na-free glass substrates
(Figure 1b, left), suggesting that Na is a key catalyst for the fast
growth of MoS,.'® On the other hand, different domain sizes
were observed between samples grown on SL glass and AA,
despite the same growth conditions. Dark-field transmission
electron microscopy (DF-TEM) images of polycrystalline films
with full coverage (Figure 1c) show roughly 100 times larger
grain sizes on SL glass than on AA (Figure 1d), demonstrating
different growth kinetics between SL glass and AA substrates.
This observation is surprising because previous reports show
similarly enlarged MoS, domains with the existence of Na,

11
regardless of the source precursors for Na.
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We examined the possible formations of different catalytic
intermediates on each substrate by characterizing the micro-
structures of MoS,. An optical image of partially grown MoS,
on SL glass showed lines with bright contrasts along the edges
of triangular domains (Figure 2a), which were absent in
samples grown on AA. Scanning transmission electron
microscopy (STEM) imaging at each edge of the discrete
MoS, revealed that discrete particles exist along the edge (inset
image mapping by STEM energy-dispersive X-ray spectroscopy
(EDS) in Figure 2a, image on the left-hand side in Figure 2b).
Elemental mapping by STEM-EDS showed that the particles
are Na-containing alloys (K edge) with Mo (L edge), O (K
edge), and S (K edge) (images on the right-hand side in Figure
2b). In contrast, STEM images of MoS, domains grown on AA
did not show the alloy with excess elements compared to the
surroundings (Figure S2). The existence of Na-Mo-O alloys on
all of the edges of MoS, grown on SL glass suggests that the
alloys functioned as the nucleation seeds and growth fronts.

The formations of different catalytic intermediates and their
roles were further investigated by separating the intermediate
formation and MoS, growth steps. Na-containing compounds
were first formed by flowing only Mo(CO)4 as a Mo precursor
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Figure 3. Substrate-dependent nucleation seeds. (a) Schematics for the two-step growth of MoS,: (i) formation of Mo-containing nucleation seeds
and (ii) conversion of the seeds to MoS, by sulfurization. Upper insets: SEM images on SL and AA substrates after step (i) and lower inset:
schematic of a single seed, where 6, is the contact angle between the seed and the surface and r. is the radius of the seed. (b) Optical images of a
seed on SL before and after step (ii). Scale bar: 20 ym. (c, d) EDS elemental mappings for Na and Mo by SEM near the seeds on (c) SL and (d)
AA substrates, highlighted by the dashed box in a. Scale bar: (c) 5 um and (d) 0.2 um. (e) Change of d, r.%, and 6 as a function of t,,, after step
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Figure 4. Growth temperature-dependent domain structure of ML Mo$S, on SL and AA surfaces. (a, b) Representative optical and SEM images of
as-grown Mo$S, on (a) SL and (b) AA substrates with different growth temperatures. (c) Area A, and density of grain D, for MoS, on SL (orange)

and AA (blue) versus growth temperatures.

to react with Na in the substrates under an Ar/H, atmosphere
at 600 °C (Figure 3a). Annealing of the substrates after the
introduction of Mo(CQO)g resulted in particles on the surfaces
of both SL glass and AA (Figure 3a, upper inset). Subsequent
sulfurization by flowing only (C,H;),S as a S precursor under
the same atmosphere and temperature transformed the
particles to MoS, crystals (Figure 3b), as confirmed by PL
and Raman spectra (Figure S3), demonstrating that the
particles provided nucleation seeds.

The chemical compositions of the seed particles were
different on SL than on AA. Elemental mapping (Figure 3c,d)
by EDS spectra (Figure S4) showed that the seeds are Na-Mo-
O alloy on SL substrate and molybdenum oxide (or extremely
Na-poor Na-Mo-O alloy) on AA substrate. In addition, we
found that the density d. of the catalytic seed particles was
much lower on SL substrates (~107* seed/um?) than on AA
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substrates (~25 seed/um’) after annealing for 4 h; this
difference implies that different d_ values are the origin of the
different domain-size distributions in the full-coverage films
(Figure 1c,d). On the SL substrate, increasing the annealing
time (t,,,) further reduced d,, enlarged the average radius r. of
the particles, and maintained a constant low contact angle 8, of
~1.35° (Figure SS) on the surface of SL (Figure 3c). On the
AA substrates, an increase in t,,, did not induce such
morphological evolution of particles; therefore, they usually
formed faceted crystals, whereas crystals on SL were rounded.

At the growth temperature, the Na-Mo-O alloys that serve as
nucleation seeds form a liquid with a decreased eutectic
temperature of ~300 °C,'' whereas MoO, remains solid.
Therefore, Na-Mo-O alloys can have a low 6, and diffuse
effectively over the surface. As t,, increases, r’ initially
increases rapidly, then saturates; this behavior is characteristic
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Figure 5. Schematics for catalyst-driven growths of MoS,. (a—c) VLS growth mode on SL substrates. (a) Formation of Na-Mo-O eutectic liquid
alloy by chemical reactions between thermally decomposed Mo precursors and Na and O from a soft medium at a temperature higher than Tj. (b)
Nucleation by supersaturation of sulfur in the liquid alloy. The density of alloys is small due to Ostwald ripening. (c) Growths within the Mo-rich
environment of Na-Mo-O alloy. (d-f) VSS growth mode on AA substrates. (d) Formation of solid-state MoO, by aggregation of surface-diffusive,
volatile MoO,. Reactions between Mo and Na and O from the substrate are not activated at a temperature lower than T,. Aluminum contents in
the glass increase T,. (e) Nucleation by reactions between vaporized sulfur and MoO,. The nonaggregated MoO,, seeds have a high density. (f)
Growths in a Mo-poor environment due to the low vapor pressure of Mo precursors.

of particle evolution by Ostwald ripening (Figure 3e).”" This
observation contradicts the previously proposed mechanism,""
where high surface mobility of the eutectic intermediates
reduced the number of nuclei by the merging of separated
intermediates. Our results suggest that the reduction in the
number of nuclei occurs by sequential dissolution and
redeposition of the liquid particles, rather than by their direct
coalescences. Therefore, d. can decrease during the early stage
of the growth prior to nucleation; therefore, the resulting
domains are large, even when Mo and S precursors are injected
simultaneously. During the growth at temperatures above the
eutectic temperature of the intermediates, they become
supersaturated with S, leading to MoS, growth by the VLS
mechanism."” The growth proceeded with continuous liquid
alloys, surrounding all of the edges; then, the alloys divide into
segregated solid particles upon cooling, as shown in Figure 2b.
If the continuous MoS, film completely passivates the surface
to block the reaction between the Mo precursor and the Na-
containing substrate, the remaining Na-Mo-O alloys are
removed by evaporation at high growth temperature without
further formation (see Figure S6 for an optical image of a
continuous as-grown MoS, film on SL without alloys and
schematics for the process). The difference in domain sizes of
MoS, grown on SL and AA substrates can further increase by
modulating the growth temperatures in the high-condensation
regime with a large supply of precursors (Figure 4a,b). On SL
substrates, temperature increases caused relatively small
changes in the average sizes A; and densities D, of grains in
the partially covered MoS,. On AA substrates, temperature
increases caused a decrease in A, and an increase in D, (Figure
4c). As a result, the same growth conditions on SL and AA,
both of which have Na of ~10%, can yield similar MoS,-
surface coverage but grain sizes that are 160 times larger on SL
than on AA; therefore, domains on MoS, have large crystals
(domain size ~ 3.2 ym?) on SL and nanocrystals (~0.02 ym?)
on AA. The different temperature dependencies of A; and D,
between SL and AA result from the different growth modes.
On SL, nucleation occurs by supersaturation of liquid Na-Mo-
O catalysts by the VLS mechanism. Therefore, D, is set by d,,
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and the relationship should show a weak temperature
dependence by two conflicting effects of temperature to
determine d.: an increase in temperature promotes thermal
decompositions of precursors and Na exsolutions from the
substrate, thereby leading to an increase in the number of
intermediates formed, but they can easily aggregate to have
similar d_ by increased surface diffusion before the nucleation
of MoS,.”* On the other hand, the growth on AA follows the
“hit and stick” picture of the surface diffusion-limited
aggregation model by the VSS mechanism.””** Nucleation
occurs when the critical nucleus size is smaller than the total
number of Mo within the surface-diffusion area at an
equilibrium condition (Figure S7). In the model, the number
of adsorbates increases with the temperature by increased
thermal decompositions of precursors; therefore, D, increases.

Now, we discuss why SL and AA substrates with the same
quantity of Na can result in different catalytic intermediates
and growth modes. By thermal decomposition of Mo
precursors, Mo can react with both oxygen and Na from the
growth substrates to form intermediate compounds. SL and
AA have a similar amount of Na, but AA has a higher glass
transition temperature (630 °C) than SL (570 °C) by the
chemical compositions with higher Al,O; contents (Table S1).
Therefore, incorporating Mo into the rigid AA structure at the
growth temperature of 600 °C becomes difficult, producing
solid MoO, (Figure Sa,d), while Na-Mo-O alloys are formed
on SL with effective reactions between Mo and Na. We note
that in a previous study,® growth of MoS, with elemental Mo
precursors on SL did not show the formation of alloys. This is
probably because the concentration of elemental Mo is high
enough to promote efficient nucleation of Mo clusters instead
of forming Na-Mo-O alloys, while the amount of thermally
decomposed Mo precursors on the surface is much lower in
our case; therefore, they are incorporated into the underlying
substrate before forming the stable nucleus. We found that
while the different intermediates on each substrate change the
morphology of MoS, domains, the growth rates are similarly
enhanced on both SL and AA by the presence of Na contents
from the growth substrates, regardless of the types of
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Figure 6. Domain structure-dependent catalytic activity and electrical properties of MoS,. (a) Schematics of a three-electrode electrochemical cell
for HER measurements. Three different working electrodes (bare Au, L-MoS,-coated Au, and S-MoS,-coated Au) were used for the measurements.
(b) Linear sweep voltammetry curves for different working electrodes. (c) Tafel plots of the corresponding curves in b. (d) Schematic and optical
image of a field-effect transistor with a ML MoS, channel. Scale bar: 10 ym. (e) Gate-dependent sheet conductance (o’sq) for L-MoS, and S-MoS,.
They were measured by a source—drain bias of 0.5 V at vacuum conditions. (f) On-state I—V curves of L-MoS, and S-MoS, channels at a gate bias

of 20 V.

intermediates. In summary, the type of Na-containing glass
substrates determines how Na elements affect the growth of
MoS, rather than the total amounts of Na involved in the
growth reactions.

The deterministic growth modes by formation of different
intermediates have two important consequences on the growth
of MoS,. First, as discussed above, the domain sizes can be
controlled over the broad range from nanocrystalline domains
to several micrometer domains, which cannot be -easily
achieved with a simple modulation of growth parameters
(temperature, pressure, and flow rate of gaseous precursors) of
MOCVD. (Figure Sb,e). For instance, growth in the low-
condensation regime with a small amount of precursor often
results in large domain structures with limited D,, but the
growth rate becomes extremely slow (Figure S8a). In contrast,
increasing the supply of precursors leads to fast growth, but the
domain sizes become small (Figure S8b). Our results show
that both large-domain (L-MoS,) and small-domain MoS$, (S-
MoS,) films can be obtained in the high-condensation regime
by formations of appropriate growth intermediates. Second,
growths in each case can occur in completely different
chemical environments to provide additional variety in the
microstructures of resultant MoS, (Figure 5¢,f).2° For
instance, the Na-Mo-O droplets can serve as nanoscale
chambers with high chemical potentials of Mo, which is
difficult to achieve in the vapor phase due to the low vapor
pressure of Mo precursors.

With the deterministic control of growth modes, we
demonstrated structural programming of the characteristics
of MoS, films for specific applications. MoS, films with L-
MoS, and S-MoS,, grown on SL and AA substrates, were
compared for their catalytic activities and electrical properties.

4340

First, we performed HER in an electrochemical cell with Au
working electrodes, on which partially grown Mo$S, (coverage
~ 80%) was placed (Figure 6a). The existence of MoS,
significantly increased the HER catalysis with increased current
densities and decreased overpotential thresholds; these results
indicate that the MoS, functioned as an electrocatalyst (Figure
6b,c). S-MoS, had a higher catalytic effect than L-MoS,, as
supported by the drop of the onset voltage from 237 to 168
mV at a current density of 0.2 mA cm™* and the Tafel slope
from 91 to 78 mV dec™". These results are comparable with a
previous report, in which domain structures of MoS, were
engineered to increase the number of boundaries that have
catalytic activity.” We attribute the pronounced HER with S-
MoS, to its large number of active edges sites. In contrast,
electrical transport, which can be suppressed by electron
scattering at grain boundaries, was more efficient in L-MoS,
than in S-MoS,. In field-effect transistors that had a back gate
(Figure 6d), MoS, films with an average single-domain size of
15 um?* exhibited on-state conductivities that were about 30
times higher than those in films that had an average domain
size of 0.3 um’ (Figure 6ef). The measurements were
conducted in a two-probe configuration with the same device
geometry.

B CONCLUSIONS

In summary, we found that glass substrates with different
chemical compositions can be utilized to determine the growth
mode for MoS, films from vapor-phase precursors. While the
existence of Na in the substrates similarly enhanced the total
growth rate by catalytic activities, the reactions between Na
and the growth precursors strongly depended on the reactivity
of growth substrates, resulting in either liquid for VLS growth
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or solid intermediates for VSS growth. By utilizing various Na-
containing glasses to determine the growth modes, we can
effectively modulate the crystalline structures of TMDCs even
in the same growth conditions. Our results on the mode-
dependent growth kinetics provide useful insights to control
microstructures of 2D TMDC:s in direct growths on different
substrates for various potential applications.”’

B EXPERIMENTAL SECTION
Growth of ML MoS, by MOCVD. Growths were performed in a

4.5 inch (inner diameter) hot-wall quartz tube furnace. Glass
substrates were rinsed with deionized water and blown dry using
N,, then placed in the chamber. Molybdenum hexacarbonyl
(Mo(CO)g, Sigma-Aldrich 577766) and diethyl sulfide ((C,Hs),S,
Sigma-Aldrich 107247) were introduced into the chamber as Mo and
S sources, respectively, together with H, and Ar through separate
lines. Samples in Figure 1b were grown by flowing Mo(CO), (0.4
scem), (C,Hy),S (3 scem), H, (3 scem), and Ar (500 scem) with a
total pressure of 10 Torr at 600 °C for 16 h. Samples in Figure 4 were
grown by changing the growth temperatures with the same flow rates
of precursors as those used for samples in Figure 1b. For samples in
Figure 6, S-MoS, samples with partial coverage were grown on AA
substrates by flowing Mo(CO), (0.26 scem), (C,H;),S (1 scem), H,
(4 sccm), and Ar (500 sccm) with a total pressure of 10 Torr at 700
°C for 14 h. To obtain full-coverage samples, the growth time was
increased to 18 h. L-MoS, samples were grown on SL substrates by
the same growth conditions for 14 h, except for the growth
temperature of 650 °C. For the full-coverage sample, the growth
time was increased to 18 h. Samples in Figure 1c were grown by the
same growth conditions as samples of Figure 6.

Transfer of MoS,. To transfer MoS, to the target substrate, we
spin-coated poly(methyl methacrylate) (PMMA, 495 K, 4 A) on as-
grown samples at a speed of 4000 rpm for 1 min, then baked them at
180 °C for 10 min. The edge of the coated film was scratched with a
knife, then the film was gradually dipped into deionized water with
tilting. The PMMA/MoS, stack was delaminated from the surface by
the water penetrating the interface and then floated to the water
surface. The film was scooped with a target substrate, then annealed at
60 and 80 °C for 10 min and at 180 °C for 30 min to remove water
and make conformal contact between MoS, and the target surface.
Finally, PMMA was removed by dipping in acetone for a few hours.

TEM Characterizations. ML MoS, was suspended on a
Quantifoil TEM Cu grid. STEM data were obtained using a JEM-
ARM 200CF (JEOL, Japan) equipped with a fifth-order spherical
aberration (C,) corrector (ASCOR, CEOS GmbH, Germany) at the
Materials Imaging and Analysis Center of POSTECH in South Korea.
The acceleration voltage was 200 kV, and a HAADF detector was
used to acquire the STEM images. EDS elemental mapping was
acquired by dual-EDS (JEOL, Japan) silicon drift detectors.

HER Measurements. HER measurements were performed using a
three-electrode system in an acidic electrolyte (0.5 M H,SO,
solution), with Au, Ag/AgCl, and Pt as working, reference, and
counter electrodes, respectively. To study the catalytic effect of MoS,,
MoS, flakes with a partial coverage of ~80% were transferred onto
thermally deposited Au thin films with 50 nm thickness. Linear sweep
voltammetry measurements were performed on a working electrode
that had an area of ~0.2 cm?; the scan rate was 2 mV/s, maintained
using a potentiostat.

Device Fabrication and Characterization. To fabricate back-
gated field-effect transistors, Cr/Au (5/40 nm) electrodes were
patterned on degenerately p-doped Si/100 nm SiO, substrates by
photolithography. Then, as-grown continuous MoS, films were
transferred onto the prepatterned electrodes, and MoS, channels
were defined by photolithography and O, plasma etching. The
photoresists were removed by immersing the samples in acetone for a
few hours. Before electrical measurements, the samples were annealed
at 200 °C under a vacuum (~1073 Torr) for an hour. The channel
length and width of characterized devices were 20 and 10 um,
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respectively. All of the measurements were conducted under vacuum
conditions (~107% Torr).
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