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ABSTRACT: In this study, a novel pressure-induced supercritical | i m e2
. . . mym)‘ partide @ Mo

phase nucleation method is proposed to synthesize monolayer deposition s

MoS, films, which is promoter free and can avoid contamination of ' s Cition ‘5

films derived from these heterogeneous promoters in most of the i

existing techniques. The low-crystallinity and size-controlled PI-SCPN 3{,

MoO,(acac), particles are recrystallized on the substrate via the v NN

pressure-sensitive solvent capacity of supercritical CO, and these
particles are used as growth sites. The size of single-crystal MoS, on
the substrate is found to be dependent on the wetting area of the &
pyrolyzed precursor droplets (MoO,) on the surface, and the -
formation of continuous films with high coverage is mainly AN
controlled by the coalescence of MoO, droplets. It is enhanced T e
by the increase of the nucleation site density, which can be adjusted

by the supersaturation of the supercritical fluid solution. Our findings pave a new way for the controllable growth of MoS, and other
two-dimensional materials and provide sufficient and valuable evidence for vapor—liquid—solid growth.
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B INTRODUCTION al.*® utilized gold as a heterogeneous nucleation site to grow
MoS,, but the residual gold species were difficult to remove.
Subsequently, in order to overcome spatial inhomogeneities
in CVD, metal—organic complexes with low volatile temper-
atures are introduced in metal—organic CVD (MOCVD).”"**
Typically, the growth temperatures in MOCVD are lower to
adapt growth on substrates with low melting temperatures such
as plastics (PET, PEN, PI, etc),”” which results in poor
crystallinity of MoS,, reducing carrier mobility and chemical
stability, limiting its application.” In addition, to improve the
homogeneity and continuity of monolayer MoS, by increasing
domain size, some scholars introduce alkali metals to assist the
grow‘ch.zg’3l_33 With the effect of alkali metals, eutectic
intermediates containing alkali metal molybdate and molybde-
num oxide are formed during the growth process. The low
melting point of the eutectic intermediates facilitates the
reduction of nucleation and lateral growth of large monolayers
of MoS,.”* Recently, Li et al.>* proposed a vapor—liquid—solid
(VLS) mechanism for the NaCl-assisted synthesis of MoS,

Two-dimensional transition metal dichalcogenides (TMDCs)
attract tremendous interest in electronic and optical
applications' ~* because of their layer-dependent band gaps.®
Despite the excellent properties of TMDCs, such as abundant
electronic, physical, and optical properties,”’ there is a
limitation of nonuniformity in the growth. Therefore,
controlled growth of high-quality and large-area TMDC films
is crucial. Chemical vapor deposition (CVD)® is utilized as the
most suitable method for growing two-dimensional films
because of its advantages such as low cost, easy operation, and
large S MoS,, as a typical TMDCs, has the most
systematic study of its CVD growth mechanism.””"* The
conventional CVD growth mechanism is a vapor—solid—solid
reaction, depending on the evaporation of inorganic volatile
powder precursors such as MoQ,'®"” and MoO,"*'" and
sulfurization in the gas phase to form MoS,, which can deposit
on arbitrary substrates.”’ However, the spatial distribution of
precursor vapor concentration is inhomogeneous, resulting in
monolayer MoS, domains with nonuniform sizes on the
substrate.'>*! Furthermore, whether the surface sulfurization Received: January 31, 2023
reaction of precursors’>>> or surface nucleation growth after Accepted: March 16, 2023
gas phase sulfurization”"** is utilized, random nucleation sites Published: March 23, 2023
are inevitably generated on the substrate or on the monolayer

MoS,, which degrades the film quality. In addition, to control

the location and density of nucleation sites on the surface, Li et

© 2023 American Chemical Society https://doi.org/10.1021/acsami.3c01407
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Figure 1. Schematic of VLS growth of MoS, with the pyrolysis and sulfurization of MoO,(acac), on a sapphire surface. Pressure-induced
supercritical phase nucleation to deposit MoO,(acac), particles on AL O;. (I) Dissolution of MoO,(acac),, (II) recrystallization of MoO,(acac),,
and (III) high-temperature melting of MoO, from MoO,(acac), pyrolysis. (IV) Sulfuration of precursors to form MoS, films.
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Figure 2. (a) SEM images of MoO,(acac), particles deposited on the sapphire at 50 °C, 20 MPa, 6, = S. MoO,(acac), particle size (b) and growth
site density (c) at various temperatures, pressures, and supersaturations. (d) TG analysis of MoO,(acac),. (e) SEM images of the MoO,(acac), raw
material. (f~h) SEM images and (i) XRD patterns of the products obtained from the decomposition of MoO,(acac), at different temperatures. (j)
SEM images of the internal crystal morphology of the MoO,(acac), raw material. SEM images of MoO,(acac), (k) after PI-SCPN and at annealing

for (1) 1 min and (m) 10 min. (n—p) EDS analysis corresponding to k—m.

nanoribbons. They suggested that the formation of molten
Na—O—Mo droplets at the growth sites mediated the growth
of MoS$, in a “crawling mode.” The following year, Li et al.*®

used nonvolatile alkali molybdates and tungstates (e.g.,
Na,Mo,0,, Na,MoO,,** and Na,WO,”’) with low vapor
pressure and suitable melting points to prepare high-quality
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TMDCs films by the VLS growth method. Although alkali
metals do not form an alloy with MoS,, the surface still needs
to be cleaned before a%)plication, which may damage the two-
dimensional structure.”®

At present, although VLS growth is a potentially effective
method for large-size and uniform TMDC film growth, the
controllable synthesis and growth mechanism are still unclear.
Herein, we propose a pressure-induced supercritical phase
nucleation (PI-SCPN) method for the deposition of the
precursor to grow MoS, films with controllable nucleation sites
and coverage. MoO,(acac), is used as a precursor because of
its moderate solubility in supercritical carbon dioxide (scCO,).
Benefiting from the pressure-sensitive solvent capacity of
scCO,, the recrystallized MoO,(acac), particle is composed of
several small crystals and has low crystallinity. At the optimum
growth temperature of Mo$S, (820 °C), MoO,(acac), is fully
pyrolyzed into MoO, droplets, followed by being sulfurized
into MoS,. The precursor particles replace the promoter as the
growth site, the density of the growth site is tuned by
thermodynamic parameters, and the monolayer coverage is
tuned by supersaturation. The wetting area of the droplets
determines the domain size at 10' pum. When the super-
saturation exceeds 12, large continuous films are formed, which
is caused by the coalescence of MoO, droplets. Finally, the
quality and homogeneity of MoS, grown by this method are
evaluated by electron microscopy, spectroscopy, and electrical
measurements.

B RESULTS AND DISCUSSION

The strategy for controllable synthesis of MoS, films via CVD
growth is schematically illustrated in Figure 1. In order to
deposit precursor particles on a sapphire substrate, a
recrystallization method, PI-SCPN, was performed. This
equipment is illustrated in Figure S1. During the PI-SCPN
process, supercritical carbon dioxide (scCO,), a solvent, had
the solvent capacity to dissolve most of the metal—organic
complexes, such as substances containing ligands of
acetylacetonate (acac), carbonyl (CO), or 2,2,6,6-tetrameth-
yl-3,5-heptanedionato (thd) when the temperature and
pressure were above its critical point (T. = 314 °C, p. =
7.4 MPa).” After full dissolution, the thermodynamic state
was changed leading to the precipitation and deposition of the
solute (MoO,(acac),) on the target substrate, as shown in
Figure 1(I-III). The substrate with deposited Mo precursors
was placed horizontally on quartz boats to grow MoS,. The
whole growth process consists of two stages. The thermal
decomposition reaction of the precursor particles at the surface
produced MoO, particles, as shown in Figure 1(III).
Subsequently, MoO, formed molten droplets at 820 °C and
reacted with gaseous S powder to form MoS, micron sheets
inside the droplets. The detailed results and the mechanistic
analysis are described in Figure 1(IV). More details about the
above-mentioned synthesis are shown in the Experimental
Section.

Nucleation and Growth of Precursor Seeds by PI-
SCPN. In our previous study, the formation of MoO,(acac),
critical nuclei was systematically investigated in relation to the
nonideality of scCO, and supersaturation.”’ Therefore, we will
focus on the growth behavior of critical nuclei and the
deposition process in the following. The SEM images of
MoO,(acac), particles deposited on the sapphire at an initial
temperature, pressure, and supersaturation of 50 °C, 20 MPa,
and o, = S, respectively, are shown in Figure 2a, with a

statistical average particle size (d,) of ~1.1 um. The size of the
particles and the nucleation rate (I) were related to the
thermodynamic state of the solvent. Furthermore, the size of
precursor 4gl)articles was controlled by nucleation and growth
processes.” In the nucleation stage, higher pressure, temper-
ature, and supersaturation were beneficial for nucleus
formation.*® However, after the formation of the critical
nucleus, the growth process was critical to the final particle
size. The nucleus continuously “absorbed” solute molecules
and became larger or collided with other nuclei, leading to
dissipation or agglomeration. In addition, some agglomerated
structures with larger sizes of about 6—8 ym were found in the
figure, which was caused by the agglomeration formed by the
inevitable collision of particles during the CO, expansion. This
collision was related to the nucleation rate but also to the
pressure relief rate and the device structure. Therefore, the
process of growth in the supercritical phase was extremely
complex.

In order to balance the effect of the growth process on the d,
as much as possible, the same pressure relief rate of 3.71 MPa/
s was used in our experiments to investigate the d, and I at
various conditions, as shown in Figure 2b,c. The d, was found
to be larger at high supersaturation at p = 20 MPa, and there
was a trend of increasing with temperature. The inset of Figure
2b shows the particle size obtained at T = 50 °C, o, = S. It was
found that d, decreased with increasing pressure at pressures
between 16 and 20 MPa. In addition, the nucleation rate
increased with increasing pressure, which indicated that the
nuclei were more involved in the nucleation process in this
pressure region, resulting in less solute involved in the growth,
and finally smaller size particles were formed. Moreover, at the
high nucleation rate, the nuclei have a higher probability of
collision with each other, and this collision also led to the
increase of the particle size, like the larger particles in Figure
2a. In contrast, we found that the size of the particles was
smaller at a pressure of 14 MPa, which was due to the fact that
at lower nucleation rates, the probability of collision between
particles was smaller, and therefore the particles formed were
mostly grown by single nuclei. The corresponding SEM images
are shown in Figure S3.

In thin film growth, arbitrary discontinuities on a smooth
surface could serve as nucleation sites for MoS, formation.
Therefore, the deposition of dispersed precursor particles or
agglomerated structures on the substrate by PI-SCPN could
act as growth sites. Hence, the number of particles per unit
area was defined as growth site density (growth site density,
GSD), as shown in Figure 2c. At the same temperature, as the
supersaturation increased, collisions between particles during
nucleation led to agglomeration, causing a decrease in GSD. In
addition, we found that GSD was significantly different at the
same temperature and different supersaturation, with the
highest GSD at 50 °C. This was because GSD was jointly
determined by the nucleation rate and interparticle collisions
during growth. At lower temperatures (40 °C), the nucleation
rate with low collision probability was smaller, resulting in a
smaller GSD. As the temperature increased (S50 °C), the
nucleation rate increased, resulting in the increase of GSD.
When the temperature was increased further (60 °C), the
increase in collision probability resulted in a decrease in GSD.
The density at 20 MPa increased by 260% compared to 14
MPa, which indicated that increasing the initial pressure can
effectively increase GSD, as shown in the inset of Figure 2c.
The effect of GSD on MoS, film coverage and domain size will

https://doi.org/10.1021/acsami.3c01407
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Figure 3. Spectroscopic analyses of MoS,. (a) OM image of the MoS, domain. (b) Corresponding Raman spectra of MoS, at the marked point in
(a). (¢, d) Corresponding Raman mapping on the intensity of Ezgl and Aj, modes, respectively. (e) Heat map of MoS,-specific frequency
difference. (f) PL and (g) TRPL at the marked point in (a), respectively. (h) SHG of 2H phase MoS,.

be described in the subsequent section Sulfurization of the
Precursors.

Thermal Decomposition of the Precursor. Thermog-
ravimetry (TG) and derivative thermogravimetry (DTG)
analyses of MoO,(acac), are shown in Figure 2d. The TG
analysis in the temperature range from 50 to 1000 °C was
measured by using a heating rate of 5 °C/min at a flow rate of
50 sccm argon gas. The total weight loss ratio of MoO,(acac),
was 63.5% in temperatures ranging from 50 to 1000 °C, and
the weight loss process can be divided into six stages, as shown
in Table S2. There was a strong weight loss peak for
MoO,(acac), at 203 °C, peak 1. Also, there was a strong heat
absorption peak near this temperature. It indicated that
MoO,(acac), underwent a thermal decomposition process
rather than a sublimation process at 203 °C, which was
consistent with the results reported by Mannei et al.**
Moreover, a comparison of SEM images of the raw material
in Figure 2e,f and the the product at 200 °C revealed that the
formation of pores and cracks on the surface was due to
heating. As shown in Figure 2i, the characteristic peaks of XRD
changed significantly at 200 °C compared with the peaks of
MoO,(acac),, which proved that the cause of the weight loss
was thermal decomposition.

The product obtained from the decomposition of pure
MoO,(acac), in an argon atmosphere was MoO, with a
theoretical weight loss ratio of 60.12%.°% However,
MoOZ(acac)2 was a viscous powder at room temperature
and contained 1 wt % acetylacetone, a stabilizer, which
volatilizes at 140 °C. Therefore, the theoretical weight loss
ratio for complete decomposition was reduced to 59.52% at
774 °C. Furthermore, it was found that only the characteristic
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peak of crystalline monoclinic MoO, (#JCPDS32-0671, P21,
lattice parameter of a = 5.61 A, b = 468 A, c = 554 A, =
119.37°) was present in the XRD of the product at 740 °C, as
shown in Figure 2i, and the weight loss was 52.03% < 59.52%.
With the SEM image of the product at 740 °C, it can be
concluded that most of the MoO,(acac), had decomposed
into “french fries” MoQ, at the surface, while the internal
MoO,(acac), had not been fully decomposed, as shown in
Figure 2g. As the temperature was 772 °C, a large weight loss
peak 2 was found and a heat absorption peak existed at 774 °C,
which indicated that the internal MoO,(acac), was decom-
posed. Subsequently, the SEM image of the product at 820 °C
showed that the surface “french fries” of MoO, changed to
“wheat ears” and the XRD results showed that it was still
MoO,. Therefore, it was inferred that MoO, was in a molten
state at 820 °C, and MoO, evaporated slowly in the
temperature range of 774—820 °C. Furthermore, no MoO;
characteristic peaks were found by measuring the XRD of the
products at different temperatures.

In order to illustrate the melting state of the precursor
particles on the sapphire after PI-SCPN, annealing experiments
at different times were carried out at 820 °C and in an argon
atmosphere. The particle size after PI-SCPN was smaller
(Figure 2k) than that of the MoO,(acac), raw material (Figure
2j), and most of the particles were agglomerated by a number
of tiny clusters, and this agglomeration structure was beneficial
to the heat exchange. After 1 min of annealing, the particles
were partially melted and fine acicular structures were present
near the particles, as shown in Figure 2. Figure 20 shows the
EDS mapping images of Mo. As the annealing time was
increased to 10 min (as shown in Figure 2m), the particles

https://doi.org/10.1021/acsami.3c01407
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Table 1. Fitting Parameters of the PL Decay Curve Using Biexponential Mode Convolution of Gaussian Response Functions

sample growth mechanism 7, (ps) A, (%) 7, (ps) A, (%) 7 (ps)
MoS,/ALO; (this work) VLS 19.28 94.98 211.35 5.02 28.92
MoS,/quartz* VSS 84 74 1650 26
MoS,/Si0,~7 um** VSS 51 95 980 5
(a) 3ds, Mo 3d (b) s2p (c) ?Mo* (d) 328
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Figure 4. Quality characterization of MoS, and performance of the field effect transistor. (a, b) XPS spectra of monolayer MoS, on the sapphire
substrate showing the fine spectra of Mo 3d and S 2p, respectively. (c, d) ToF-SIMS mapping of **Mo* and **S~ in MoS,, respectively. (e)
Schematic illustration of a back-gate monolayer MoS, FETs. (f) Typical transport property of MoS, FETs. (g) Corresponding output performance

of the MoS, FETs.

were fully melted, and the EDS analysis showed that C was
reduced to 1.53 wt %, as shown in Figure 2p. This was also a
direct indication that the particles reached the molten state at
820 °C and that the particle size decreased and melted
completely with increasing annealing time. In addition, as
indirect evidence, it was found that a MoS, nanoribbon was
grown near the upstream substrate edge by sulfurization of the
precursors at 820 °C, which was similar to that reported in the
literature,** as shown in Figure S4. One of the reasons for the
generation of the MoS, nanoribbon was the orientation
movement of the molten precursors on the surface.
Sulfurization of the Precursors. Through the inves-
tigation of the effect of sulfurization parameters on the growth
of MoS,, we determined the optimum growth conditions as
follows: a growth temperature of 820 °C, a carrier gas flow rate
of 40 sccm, and a growth time of 20 min. Detailed parameter
effects can be found in Section 9 (Supporting Information).
Moreover, the precursors used in the sulfurization were
processed through PI-SCPN at T = 50 °C, 6. = 5, and p =
20 MPa. To evaluate the crystal quality of MoS,, a series of
spectroscopic analyses were first performed, as shown in Figure
3. The domain size of MoS, was about 16 ym. Figure 3b shows
typical Raman modes of a MoS, flake at 385.2 cm™! (Ezgl) and
405.5 cm™! (Ag), which was performed at the marked point, as
shown in Figure 3a. The full-width at half-maximum (FWHM)
values of E,,' (6.6 cm™) and A, (7.1 cm™) indicated higher
crystallinity of monolayer MoS,.*> The specific frequency
difference Ak (Ak = A, — E,') was 20.3 cm™, highly
illustrative of the monolayer nature of the obtained flake,
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which was slightly lower than that reported in the literature for
monolayer molybdenum disulfide (20.5 cm™).® In addition,
Raman mapping on the intensity of the E2g1 mode shown in
Figure 3¢ was lower than the intensity of the A;; mode shown
in Figure 3d and manifested a uniform color contrast at the
monolayer, further demonstrating the uniformity of thickness
and good crystallinity.

Subsequently, the Ak at different positions of this flake was
statistically calculated. With the center of the flake as the
coordinate origin, the value of the peak spacing at the center is
shown in the upper right corner of Figure 3e, reaching a
maximum of 24.6 cm™', which was close to the specific
frequency difference of bulk MoS,. Moreover, the Ak of the
multilayer MoS, at the center was decreased with increasing
distance from the origin, which indicated that the number of
MoS, layers was gradually decreasing. This phenomenon was
caused by the inability of the molten MoO, at the center to
diffuse sufficiently to grow into a uniform film, resulting in a
higher thickness growing in the center of the droplet than the
edge thickness, while in the monolayer region, the peak spacing
was more between 19.8 and 20.3 cm™' and decreased slightly
as it was far from the central region. In addition, the typical PL
spectrum shows a sharp excitonic A peak at 1.85 eV (670 nm)
with a narrow full-width at half-maximum. Furthermore, with a
relatively low intensity (similar to that of the sapphire), it
confirmed that our VLS-derived monolayer MoS, had a high
crystallinity.

To investigate the exciton dynamics of VLS-grown
monolayer MoS,, TRPL measurements were conducted on
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Figure S. (a) Variation of the MoS, domain size with the precursor particle size at different pressures. (b) Relationship between precursor growth
site density and nucleation density. (c) MoS, monolayer and multilayer coverage. (d—g) OM images of MoS, grown at different pressures. (h—m)
OM images of MoS, grown at different dissolution temperatures and supersaturation. (n) Effect of supersaturation on monolayer coverage. (0)
Effect of the dissolution temperature on monolayer and multilayer coverage.

the as-prepared MoS,/Al,O;. As shown in Figure 3g, the PL
decay curve (red) of monolayer MoS, on sapphire at an
excitation of 800 nm was fitting by utilizing a biexponential
decay process

I(t) = A, exp(—t/7) + A, exp(—t/1,)

where the time constants 7; and 7, are fast decay lifetimes and
long lifetimes, respectively, and A; (A,) represents fast (slow)
components. The fitting parameters for PL decay curves are
listed in Table 1. The fast decay lifetime 7, was 19.82 ps and
the long lifetime 7, was 211.35 ps, which were shorter than
VSS-grown MoS,.** In semiconductors, the short lifetime 7,
was related to carrier-phonon scattering and the long lifetime
7, was attributed to the direct interband electron—hole
complexation process.”* Hence, the strong confinement of
the excitons within the atomically thin layer resulted in a large
contribution weight of a carrier-phonon scattering decay
channel to exciton recombination of up to 94.98% in MoS,/
AL,O,." This contribution was identical to the system of
MoS,/SiO, (Table 1), which indicated that both carrier—

phonon scattering and interband leap processes were regulated
by the Purcell effect.*>*’

Second harmonic generation (SHG), as a second-order
nonlinear optical phenomenon, could be used to characterize
the structural symmetry of 2D materials.””*® The SHG
characterization of the bilayer MoS, is shown in Figure 3h,
with an incident wavelength of 1080 nm. At the bilayer
position 1, it exhibited an SHG peak with lower intensity, while
at the monolayer position 2, a single SHG peak located at 513
nm was observed. This indicated that our VLS-grown MoS,
was a 2H phase.”’

Subsequently, in order to assess the quality of MoS,
synthesized by our method, the chemical state and
composition of the MoS, film were analyzed by X-ray
photoelectron spectroscopy (XPS, Figure 4a,b). All of the
spectra had charge correction for the C 1s adventitious carbon
peak at 284.8 eV to compensate for the sample charge. In Mo
3d spectra, the peaks of Mo*" 3d;;, and Mo*" 3d;,, were
located at 230.1 and 233.2 eV, respectively. In S 2p spectra, $>~
2py/, and S*7 2p;,, were located at 162.9 and 164.1 eV,
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respectively. The above-mentioned results were similar to the
binding energy of Mo and S in monolayer MoS, grown by the
VLS method using Na,MoO,** and the VSS method using
MoO.*° By integrating the area of Mo and $ signals, the ratio
of Mo and S was about 1:2, which confirmed the expectation
of high-quality MoS,.”" Moreover, time-of-flight secondary ion
mass spectrometry (ToF-SIMS) was used to characterize the
distribution of **Mo* and **S~ in MoS, (Figure 4c,d). ToF-
SIMS provided rich information about materials within a depth
of <10 nm from the surface and had high-sensitivity chemical
mapping characteristics, which was conducive to analyzing
TMDC films.”> Negative ion mode analysis and positive ion
mode analysis were used for S and Mo, respectively. Due to the
thin monolayer MoS,, the signal of one mode was weak (in
this paper, the signal of S was weak). In the mapping image,
the uniformly distributed Mo and S ions showed that the film
was highly homogeneous. However, there was multilayer MoS,
at the center of the crystal domain, resulting in a strong signal.

The electrical properties of monolayer MoS, grown by our
method were examined by measuring the transfer property and
output performance of MoS, field-effect transistors (FETs).
Monolayer MoS, grown on sapphire was transferred to a SiO,/
Si substrate (SiO, thickness was 285 nm). Figure 4e shows the
FET structure with a back-gate structure and the material of
the source and drain was Au. The electron mobility ppp was
calculated by the following equation:

L dIy,

Fee W-Cox-Vas dVg

where L = 0.58 ym, W = 10 ym, Cox = 1.15 X 107® F-cm™,
Vyy and dlg/dV, are the channel length, channel width, gate
capacitance, applied drain—source bias, and transconductance,
respectively. From the analysis of typical transport properties
(Figure 4f), the mobility and on/off ratio of our MoS, FETs
were 14.6 cm® V7' s7' and ~107, respectively, which were
comparable to MoS, grown by Na,MoO,.” Figure 4g shows
the I4,—Vy, measurement on FETs with gate voltage from 0 to
6 V. The nonlinear curve suggested that there was Schottky
contact between MoS, and the Au electrode.

Growth Mechanism of MoS,. The growth of the crystal
began at the crystal—environment phase interface, where the
environmental phase could be vapor, liquid, or melting phase.
In the VLS growth of TMDCs, MoS, was first formed on the
surface wetted with the substrate inside the precursor droplet,
which was related to the surface energy between different
phases. In our method, although the growth mechanism was
similar to the gas—liquid—solid growth mechanism reported in
the literature, the precursor was gradually depleted with the
sulfurization reaction. Therefore, the state of precursor
particles on the surface could have a significant impact on
the properties of MoS,, such as domain size and coverage, and
the detailed analysis was as follows:

In Figure Sa, the domain size of MoS, was estimated from
the precursor particle size. The dissolution pressure can
significantly affect the precursor particle size. When the
pressure ranged from 14 to 20 MPa, the precursor particle
size ranged from 1.1 to 2.9 ym and the domain size was 8.6—
13.8 um. In addition, an interesting finding was that there was
an ~2-fold relationship between the GSD and the nucleation
density (ND), and ND increased with GSD, as shown in
Figure Sb. This suggested that the smaller precursor particles
might have volatilized during the growth process and some of

the MoS, might have merged. Although the domain size
tended to increase with increasing particle size, the domain size
was about 10" um order of magnitude and no significant
increase in the domain size was found, as shown in Figure 5d—
g. Moreover, the domain size was determined by the diffusion
process of the molten precursors on the surface. At a certain
temperature and with the same hydrophilicity, there was a limit
to the maximum area (i.e., the wetting area) that the melted
particles diffused on the surface. With the effect of surface
tension, appropriately increasing the particle size cannot
increase the wetting area. However, this might lead to large
particles with more precursors, and after a portion of the
precursors had grown to form a monolayer of MoS, with the
largest size, the remaining precursors could only continue to
grow above the monolayer to form a multilayer MoS,, as
shown in the highlighted regions in Figure Se,f. According to
the crystal growth kinetics, the advancement rate of the step
decreases with the increase of the step height. Therefore, it was
known from our experiments that the lateral dimensions of the
multilayer were smaller than those of the monolayer, and
larger-size particles might not form large-size MoS,. After
lateral epitaxy to a critical size, MoS, tended to grow
longitudinally to form multilayer structures.

Furthermore, in Figure Se,g, it was found that the domain
size of MoS, obtained at almost the same precursor particle
size was significantly different, with larger domains obtained at
18 MPa, which was speculated to be related to the PI-SCPN
stage. In previous studies, the crystallinity of precursor particles
was gradually decreased with increasing pressure, and the
agglomerated structure consisted of smaller-size clusters at
high pressure, which resulted in more complete melting in the
sulfurization stage. In Figure Sc, the percentages of multilayers
to monolayers at 18 and 14 MPa were 0.09 and 0.11,
respectively, which indicated that dissolution pressure had a
nonsignificant effect on longitudinal growth.

Subsequently, the film coverage was substantially increased
without changing the growth parameters only by increasing the
precursor supersaturation. The coverage of monolayer MoS,
increased with the increase of supersaturation, i.e., the coverage
increased from 3.03 to 42.23% at supersaturation between 2
and 12 at 50 °C, as shown in Figure Sh—k. It was found that
the monolayer coverage increased with increasing dissolution
temperature, but the multilayer coverage seemed not to have a
direct relationship with the dissolution temperature, as shown
in Figure So. In addition, it was found that the domain size
obtained at different temperatures was approximately the same,
differing only in the percentage of multilayers. However, large-
area monolayer films were obtained at o, = 12, 50 °C, which
was due to droplet coalescence caused by higher super-
saturation. As previously stated, there was a limit to the wetting
area of molten MoO,, and the limit wetting area A4 was

oyMax
related to the particle size, where d, was the maximum
precursor particle size to reach Ay ., i.e., as the precursor

particle size d < d,, the wetting area A < Ay ... Within Ay .,

the precursor reacted with the sulfur dissolved within the
droplet to form a monolayer MoS,, while the excess precursor
then only continued to grow on the already grown monolayer
MoS, to form a multilayer structure. In combination with the
experimental results, it can be seen that d, was between 2.9 and
3.2 um in this method. When d > d,, the melt wetting area was
increased, which could increase the domain size of MoS,.
When the density of molten droplets was large, the probability
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of two-drop fusion was increased, resulting in the formation of
films with a larger domain size or higher coverage, as shown in
Figure Sk. In addition, this critical particle size also existed
when other precursors were used and the films were prepared
by using the gas—liquid—solid growth and limiting the lateral
dimensions of the films.

B CONCLUSIONS

In summary, we proposed and demonstrated the PI-SCPN
method regulating precursor deposition to grow monolayer
MoS, films by using MoO,(acac), as a precursor. The
nucleation site and coverage of MoS, could be tuned by
controlling the state of precursor particles on the surface
through dissolution parameters and supersaturation. Each
precursor particle replaced the promoter as the growth site,
avoiding the possible contamination of films. When the
supersaturation 6. = 12, a continuous film with coverage
greater than 40% was formed. The quality and uniformity of
MoS, at the optimum growth conditions were carefully
evaluated by a series of optical and electrical characterizations.
Attributed to the solubility of scCO, in most metal—organic
complexes, the recrystallization of precursors was expected to
be an effective method for the deposition of other precursors
to grow films. Moreover, utilizing more complex sulfurization
precursors (such as H,S or organic sulfur), continuous
homoepitaxial growth, and optimizing the transfer process
during sulfurization were expected to improve the uniformity
and monolayer coverage of the film and layer number control.

B EXPERIMENTAL SECTION

Pressure-Induced Supercritical Phase Nucleation. Precursor
seeds were prepared as follows: dissolution of a precursor in scCO,
and pressure-induced nucleation. MoO,(acac), was first dissolved in
scCO,, and the pressure and temperature in the dissolving autoclave
were adjusted to a predetermined value, which was maintained for 24
h to ensure that the precursor was fully dissolved. The valve opening
between the dissolving autoclave and the deposition tank was then
precisely adjusted to ensure that the pressure was relieved at a
uniform rate of 3.71 MPa/s. The precursor solute was crystallized in
the direction of the reduced pressure and deposited on the sapphire
substrate in the deposition tank to form seeds. MoO,(acac), solubility
data, substrate cleaning treatment, and other details are available in
the Supporting Information.

Growth of MoS,. MoS, films were grown by the sulfurization of
precursor seeds in an atmospheric-pressure tube furnace. At the
optimal growth conditions, 1 g of S powder was placed in the
upstream region, and the heating temperature of the S zone was 270
°C. The sapphire substrate was placed horizontally in the downstream
region with a heating temperature of 820 °C. The MoS, films were
completely formed at 820 °C within a reaction time of 20 min. Argon
gas was used as a carrier gas with 40 sccm. The sapphire substrate was
grown under an argon atmosphere at 40 sccm for 20 min. After the
furnace cooled to room temperature, the sapphire substrate was
removed.

Characterization of the Precursor and MoS, Films. SEM
(HITACHI, SUS000, with an X-ray energy spectrometer), TG
(METTLER TOLEDO, TGA/DSC3*), XRD (BRUKER, D8
Advance), Raman/PL (Renishaw, inVia Qontor), TRPL/SHG
(WITec, alpha-300), XPS (Thermo Fisher Scientific, K-Alpha+),
and ToF-SIMS (TESCAN Amber with a ToF-SIMS detector) were
used to characterize the optical and structural properties of the MoS,
films.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.3c01407.

Detailed PI-SCPN process and equipment, solubility
data of MoO,(acac),, effect of pressure on precursor
particles and additional thermogravimetry analysis of
MoO,(acac),, parameter setting of the sulfurization
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sulfurization conditions (PDF)
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