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ABSTRACT: Mechanical exfoliation of thin sheets remains a prevalent
technique for acquiring high-quality two-dimensional (2D) materials, as the
chemical vapor deposition (CVD) technique for 2D transition metal
dichalcogenides (TMDs) compounds lacks unambiguous theoretical guidance,

\

-
complicating the precise control of material growth and the synthesis of the /{ "é

desired area and mass. In this paper, we establish the theoretical foundation of \/ 8

the vapor—liquid—solid (VLS) in CVD method growth of TMDs, i.e., the flux @

model, supported by theoretical analysis and experimental data. Utilizing this . I

theoretical insight, this study proposes a nonvolatile molten salt flux-dominated ) ~

VLS growth strategy. The introduction of potassium trimolybdate (K,Mo;0;,) .

as a stable molten salt medium enabled the cross-system controlled synthesis of (  Flux: K;Mo.0, s A\ Mos,

molybdenum-based compounds (MoS, MoSe,, MoO,, Mo;Te,) by over-

coming the reliance of the traditional VLS approach on volatile precursors. The low volatility of this molten salt flux and the
synergistic diffusion effect of alkali metals markedly reduced nucleation density and facilitated the targeted lateral growth of atoms,
resulting in the successful preparation of millimeter-sized single crystals (maximum size of 918 ym) and centimeter-sized continuous
films. The MoS, films from this demonstrate exceptional electrical performance (mobility 21.74 cm® V™! s7!, switching ratio ~10°)
in back-gated field-effect transistors with enhanced process compatibility. This study introduces a novel approach for the controllable
synthesis of 2D semiconductors using molten salt flux engineering, with its cross-material applicability and centimeter-scale
production capabilities establishing a basis for the sustainable manufacturing of wafer-scale electronic devices.

KEYWORDS: molten salt assisted CVD, molybdenum disulfide, nucleation kinetics, nonvolatile flux, high quality, large size

H INTRODUCTION At this stage, actually, even the growth model of 2D
molybdenum-based materials remains nascent and requires
extensive exploration, not to mention the experimental
obstacles involved. Currently, the growth promoters utilized
in the CVD process, which is highly significant for
manufacturing TMDs, predominantly consist of alkali metal
halides.”~"* Recent work indicates that the use of alkali metal

Two-dimensional transition metal dichalcogenide (TMDs),
characterized by atomic-level thickness, exhibit the potential
for overcoming the size constraints of traditional silicon
transistors among postsilicon electronic materials.'~* Molyb-
denum-based two-dimensional (2D) materials are particularly

promising for nanoelectronic devices because of their excep- halides to assist the growth of TMDs involves two reaction
tional electronic and optical characteristics.’~’ Nonetheless, pathways: vapor—solid—solid (VSS) reactions involving
the fabrication of extensive and high-quality 2D molybdenum- halogens and vapor—liquid—solid (VLS) reactions involving
based materials using chemical vapor deposition (CVD) alkali metals.”*~"® However, the VSS reaction pathway relies
continues to encounter several obstacles. First, the intricacy on vapor-phase transport activities, complicating the manage-
of the existing CVD reaction process for TMDs synthesis ment of the reaction.'” Further, Li et al. employed an alkali
constrains the accurate management of the experimental

procedure to a certain degree. Second, achieving precise Received: January 12, 2025 %ﬁ%jﬂpﬂ]%}y!g
control over nucleation density is challenging, as material Revised: ~ May 20, 2025 =y
growth predominantly depends on manipulating precursor Accepted: May 21, 2025

vapor pressure. Third, the area of substrate-based epitaxial Published: June 3, 2025

growth requires further development to satisfy commercial

standards.

© 2025 The Authors. Published b
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Figure 1. Growth of layered MoS, films by CVD. (a) Schematic diagram of the synthesis process of MoS, in the single-temperature zone CVD
system. (b) Schematic diagram of the VLS process for transverse growth of MoS,. (c—e) Schematic representation of the growth behavior of MoS,
guided by the flux model. (f—h) Optical microscope images of MoS, growth for 3, 4, and S min.

metal-assisted CVD technique that only utilizes the VLS
reaction pathway, hence streamlining the crystallization
mechanism.”’ Regrettably, substantial research has focused
on demonstrating that the growth mechanism of the alkali
metal-assisted CVD approach occurs via the VLS process.”' >
Specific theoretical models explaining the VLS growth
mechanism are still missing. The formulation of growth
theories elucidates experimental findings and subsequently
enhances growth. Consequently, a comprehensive theoretical
model that thoroughly elucidates the VLS synthesis of 2D
molybdenum-based crystals and its associated variables is
urgently necessary.

In this work, we first experimentally elucidate the theory
underlying the VLS formation process, namely the flux model,
a widely employed technique for synthesizing bulk single
crystals. Informed by this previously established theory, we
devised a targeted transverse-oriented growth strategy for the
successful cross-system synthesis of millimeter-scale single
crystals and layered nonlaminated molybdenum-based materi-
als. The nonvolatile molybdate molten salt (K,Mo;0,,) does
not readily form supersaturated solutions, hence diminishing
nucleation.”””® The incorporation of alkali metals into the
molten salt lessens the diffusion barrier.”” Our methodology
inhibits nucleation and favors epitaxial growth, thereby
directing the atoms in the molten salt to develop through
directional lateral diffusion. Raman spectroscopy verifies that
the synthesized MoS, attains centimeter dimensions. Fur-
thermore, the MoS, field-effect transistor exhibited exceptional
characteristics, with carrier mobility attaining ~21.74 cm® V™'
s™! and a switching ratio approaching ~10°. This study elevates
the VLS mechanism from an empirical process to a theory-
guided universal approach through molten salt solvent
engineering, providing a new material foundation for two-
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dimensional semiconductor wafer-level integration and sustain-
able electronics manufacturing.

B RESULTS AND DISCUSSION

Validation of Theoretical Frameworks in Vapor—
Liquid—Solid Growth. MoS, is a promising material for
future electronic devices due to its distinctive electrical
characteristics. Nonetheless, managing its growth remains a
significant challenge. Consequently, we utilize MoS, as the
primary example to demonstrate the flux model. The
procedure for synthesizing MoS, on a commercially available
sapphire substrate is detailed in Figure 1a and the Material and
Methods section. At air pressure, K,Mo0;0,,, sulfur powder,
and substrate are sequentially placed into the tube furnace. The
tube boiler was then subjected to a controlled temperature rise
in an argon environment. After a 30 min reaction at 950 °C,
the system was permitted to cool naturally to ambient
temperature. The diagram of the detailed preparation device
is shown in Figure S1. The placement of K,Mo0;0,,, sulfur
powder, and substrate in the tube furnace is shown in Figure
S2. Figure 1b illustrates the development process of VLS
MoS,. First, the substrate was positioned on the K,Mo;0,
powder before heating the reaction. As the temperature
progressively approached the melting point of K,Mo;0,
(~580 °C), the powder commenced melting.’® As the
temperature increases, molten K,Mo;0,, begins to volatilize
into many droplets (V-process). Concurrently, certain droplets
travel downstream within the pipe containing the flowing
argon gas, while some adhere to the sapphire substrate
positioned above the powder. Subsequently, the sulfur powder
liquefies and vaporizes into sulfur molecules upstream of the
pipeline. A portion of the sulfur molecules was absorbed by the
K,Mo;0,, droplets on the substrate (L-process). The
molybdenum and sulfur sources react in droplet form,
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Figure 2. MoS, synthesized at different cooling rates. MoS, at a cooling rate of 15 °C/min: (a) SEM image. (b) Optical microscope image. (c)
Raman spectrum. MoS, synthesized at a cooling rate of 10 °C/min: (d) SEM image. (e) Optical microscope image. (f) Raman spectrum.

nucleate, and grow on the sapphire substrate at increasing
temperatures. Following a 30 min reaction at elevated
temperature, byproducts and surplus sources of molybdenum
and sulfur are completely volatilized. The substrate ends up
with only a clean MoS, film (S-process).

The elucidation of the generalized theoretical mechanism of
the VLS growth process primarily involves the modification of
the reaction’s growth duration. The duration of growth can
control the growth process of MoS,. Figure 1c—e illustrates the
atomic framework of the nucleation and growth mechanism of
MoS,, encompassing melting and nucleation (stage 1), lateral
growth (stage 2), and the development of two-dimensional
flakes (stage 3). The optical microscope (OM) images in
Figure 1f—h were acquired following quick cooling after
exposure to elevated temperatures for 3, 4, and S min,
respectively. In stage 1, sulfur powder and potassium
trimolybdate liquefy above their melting point and vaporize
onto the target substrate. As growth advances, MoS, initiates
nucleation and crystallization. It appears as a translucent crystal
near the droplet’s center, as depicted in Figures S3a and 1f.
Figures S3b and 1g illustrate the considerable lateral expansion
of MoS, when maintained at elevated temperatures for 4 min
(second stage). Two-dimensional MoS, lamellar crystals
manifest near the center of the droplets on the substrate.
The elevated temperature was sustained for S min before
cooling; most of the flux dissipated, and the MoS, remained on
the substrate postgrowth (third stage). Solvent residues are
detectable at the peripheries of the 2D crystals (Figures S3c
and 1h). Figure S3d presents an enhanced view of the residual
flux in the third stage, illustrating that the flux surrounding the
MoS, flake is distinctly circular, thereby confirming its
existence in liquid form.”> Furthermore, upon initiating
lamellar epitaxy, the droplet size reaches several tens of
micrometers within the first 3 min of the reaction. After 5 min
of reaction, the droplet size had diminished by an order of
magnitude, signifying that the growth driver (i.e., super-
saturation) resulted from solvent evaporation. Figure 1
presents experimental evidence for the molten salt-assisted
chemical vapor deposition reaction mechanism, the regulated
lateral expansion of MoS, indicates crystal formation from the
flux at elevated temperatures. The flux model’s definition
indicates that the resultant two-dimensional crystal (S) is the
solute. The alkali metal molten salt (L) serves as the flux.”®
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The reaction’s cooling rate was modified to confirm that the
nucleation density of MoS, may be diminished by regulating
the solvent’s supersaturation. An increased cooling rate of the
reaction results in a rapid decrease in the solubility of the
solute inside the molten solution. The solution thus generates
increased supersaturation, resulting in a corresponding
alteration in the nucleation drive. This effect may render
solution concentrations beyond the mesostable area more
prone to nucleation.” The procedure states that following a 30
min reaction at 950 °C, the CVD system can naturally drop to
ambient temperature. The cooling speeds of the CVD system
were programmed at 15 °C/min and 10 °C/min to assess their
impact on nucleation density. Figure 2a,b shows the scanning
electron microscopy (SEM) and OM photographs of
molybdenum disulfide at a 15 °C/min cooling rate,
respectively. Figure 2d,e illustrates SEM and optical micro-
scope pictures of MoS, at a heating rate of 10 °C/min. The
typical peaks in the Raman spectra depicted in Figure 2c,f
confirm that the 2D crystals on the substrate are both MoS,.
Figure 2 depicts that the density of MoS, single crystals at a
cooling rate of 15 °C/min is markedly higher than that at a
cooling rate of 10 °C/min, as evidenced by both SEM and OM
images. At a cooling rate of 15 °C/min, the solubility of solutes
in the molten liquid diminishes more swiftly than at a cooling
rate of 10 °C/min. The level of supersaturation increases,
resulting in an accelerated crystal precipitation rate and greater
nuclei production. This occurrence confirms that the
nucleation density of precipitated MoS, can be significantly
diminished through flux conditioning. Consequently, the two-
dimensional crystals’ VLS process is essentially the flux model.
In summary, elucidating the growth theory of the VLS process
for 2D crystals establishes a definitive criterion to anticipate
and direct 2D growth, encompassing the material’s intrinsic
features and the influence of external growth conditions. The
primary growth factors are elucidated, offering robust guide-
lines for effectively regulating the experiment.

The precise regulation of the number of molybdenum
disulfide layers was achieved by adjusting the spacing between
the molybdenum source and the substrate (S—12 cm),
combining the VLS flux model with the unique effect of the
molten salt solvent. The flux of molybdenum source volatilized
onto the substrate is significantly increased at short spacing (5
cm), leading to a high coverage of precursors on the substrate
surface and an increase in the density of nucleation sites. The
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Figure 3. Modulation of the number of MoS, layers. Spacing between molybdenum source and substrate for synthesizing MoS,: (a,e,i) 6 cm; (b,f;j)

8 cm; (c,gk) 10 cm; (dhl) 12 cm.
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Figure 4. Optical and structural characterization of MoS,. (a—c) Optical images of MoS, single crystals. (d) Plot of MoS, single crystal dimensions
compared to recent literature. (e) Photoluminescence mapping of MoS,. (f) Photoluminescence spectral images of MoS, (g) Raman mapping of
the peaks at 385.71 cm™". (h) Raman spectral images of MoS,. (i) XPS full spectrum of MoS, thin films. (jk) XPS fine spectra of MoS, thin films.

adjacent crystal domains are vertically stacked due to the
restricted diffusion space, forming a continuous multilayer film,
as shown in Figure S4. As the spacing increases to 6—8 cm, the
flux decreases, causing the nucleation density to decrease. The
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crystalline domains gain sufficient space for lateral diffusion
and exhibit either a bilayer-dominated structure or a
monolayer/bilayer hybrid state, as shown in Figure 3a,e,ib,f;.
When the spacing is extended to 10—12 cm, the monolayer
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Figure S. Structural characterization of MoS, single crystals. (a) Low magnification TEM image of MoS, transferred onto a TEM grid. (b) SAED
pattern of MoS,. (c) High magnification TEM image of MoS,. (d—f) Elemental mapping of Mo$S, showing Mo and $ distributions. (g) Typical

AFM image of MoS,. (h) XRD image of MoS, and substrate.

accounts for more than 95% (Figure 3c,gk,dhl). This
phenomenon stems from the dual function of the molten salt
solvent (potassium trimolybdate): its nonvolatile character
maintains a stable liquid-phase interface and promotes sulfur
vapor dissolution and local supersaturation. Meanwhile, K*
ions in the flux preferentially drive in-plane diffusion rather
than vertical stacking. The K—Mo—O molten salt droplets
formed by the K,Mo;0;, precursor at high temperatures
essentially constitute a typical VLS growth mode, fundamen-
tally different from the conventional VSS growth. The irregular
morphology of MoS, edges, as shown in Figure 3, directly
manifests the kinetic anisotropy mediated by the liquid
intermediate phase during the VLS growth process.'® The
liquid intermediate phase significantly reduces the nucleation
energy barrier at the sulfur-terminated (S-terminated) edge by
dissolvin% sulfur vapor and mediating Mo—S bonding
reactions.”” Thus, a lateral driving force is formed on the
sapphire substrate with the sulfur end as the dominant growth
direction, which makes the MoS, edges show fractal character-
istics on the macroscopic scale. This phenomenon laterally
verifies the synthesis of molybdenum disulfide using K,Mo;0,
as a VLS process. Compared with conventional CVD, the
present method demonstrates excellent process controllability
by regulating the number of layers through a single parameter
(spacing) without requiring complex carrier gas flow rate
optimization.

A Flux Model-Driven Large-Scale Synthesis of MoS,.
The controlled synthesis of large-area MoS, is essential for
next-generation electronics; thus, a targeted lateral growth
technique is employed to achieve the production of large-sized
MoS,. To examine the surface morphology of MoS, thin films
synthesized using the CVD process utilizing OM and SEM.
Figure 4a,b presents optical microscope views of representative
MoS, films. A noticeable scratch on the MoS, film is produced
with tweezers, as depicted in Figure 4a. The darker sapphire
substrate is visible beneath the scratches. At the same time, the
remainder consists of a crystal of MoS,. Triangular single-
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crystal MoS, with a millimeter scale was successfully prepared
by systematic modulation. As shown in Figure 4c, the single-
crystal domain region with a maximum edge length of 918 ym
can be observed using optical microscopic characterization. Its
geometric dimensions exhibit a significant advantage over the
recently reported 2D MoS, single-crystal growth system
(Figure 4d).>*~* Notably, this breakthrough stems from the
use of customized K,Mo;0,, fluxes, which achieves a
directional enhancement of crystal anisotropy growth. Figure
SS display the magnified SEM images of specific single MoS,
monocrystals. The surface of MoS, synthesized with
K,;Mo0;0,, as the molybdenum precursor, is remarkably
pristine, as evidenced by the images.

The crystalline quality and homogeneity of synthesized
MoS, were evaluated by room-temperature photoluminescence
(PL) spectroscopy and a Raman surface scanning system. A
450 nm laser was used to characterize the PL mapping of MoS,
flakes under ambient conditions. The experimental results
show that the PL intensity and peak position distributions in
different regions exhibit high spatial consistency (shown in
Figure 4e), indicating that the samples have excellent
homogeneity. In addition, PL spectra of monolayers were
measured at room temperature. The relevant selected single-
crystal regions are located in Supporting Information Figure
S6. As shown in Figure 4f, exhibit typical A-exciton emission
peaks with a half-height width (fwhm) of ~0.02 eV, which is in
agreement with the PL characteristics of high-quality
monolayers of MoS, reported in the literature.*’ Additionally,
Raman mapping of MoS, on the sapphire substrate was
conducted, focusing on the distinctive peaks of MoS, (385.71
cm™!, 404.60 cm™").** The correlation microscope image of
the Raman mapping is located in Figure S7a. Raman surface
scans (Figures 4g and S7ab) further show that the spatial
intensity distributions of the E,, (38571 em™') and A,
(404.60 cm™') modes exhibit a highly consistent color
contrast.*”** The peak spacings of the eight randomly selected
regions are all 18.89 cm™ in Figure 4h (single-layer feature).
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MoS, thin film. (f) PL spectra of MoS, films at low temperatures. (gh) Typical AFM image of MoS, thin films.

Combined with the Raman pseudocolor map analysis of the
supporting infographics Figure S7¢,d, the MoS, films exhibit a
uniform layer distribution. The above multiscale correlation
between PL and Raman data validates the molten salt VLS
strategy’s effectiveness in synthesizing high-quality 2D semi-
conductors.

The chemical state of the MoS, films was examined by X-ray
photoelectron spectroscopy (XPS), specifically analyzing the
forms of Mo and S present in the films. Figure 4i depicts the
XPS results of MoS, films within the binding energy range of
0—600 eV. The many peaks observed in the picture correspond
to the S 2p peaks (2p; 5, 2ps,») and the Mo 3d peaks (3d;),,
3d;,,) in the MoS, films.* The O 1s peak primarily originates
from the sapphire substrate (Al,0;). The limited range of Mo
and S elements in MoS, depicted in Figure 4j,k indicates that
the Mo 3d;/, and Mo 3d;,, peaks are at 233.5 and 230.3 eV,
respectively.” The S 2p,/, and S 2p;), peaks are observed at
164.4 and 163.2 eV, respectively. The locations of these peaks
align with previously documented MoS, crystals, indicating the
development of MoS, crystals. The peak at 227.5 eV in Figure
4j corresponds to S 2s, whereas the peak at 236.8 eV results
from the partial sulfidation of the molybdenum source
(M00,).”” The diminished signal produced by MoO, signifies
a reduced density of surface imperfections in the samples.
Consequently, optical microscopy, scanning electron micros-
copy, Raman mapping, and XPS assessments revealed that the
MoS, single crystals exhibited both substantial dimensions and
commendable crystal quality.

Systematic characterization employing selected area electron
diffraction (SAED), atomic force microscopy (AFM), and X-
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ray diffractometry (XRD) was conducted to confirm the single-
crystal structure of MoS,. The MoS, samples exhibited folding
on the copper mesh due to a complex transfer process prior to
testing (Figure Sa). The SAED pattern of MoS, in Figure Sb
exhibits six sets of symmetric diffraction spots, which arise
from the hexagonal lattice of MoS,. The uniform alignment of
the dots indicates the characteristics of the single crystal. The
high-magnification transmission electron microscopy (TEM)
images (Figure Sc) reveal the periodic arrangement of atoms in
a flawless honeycomb lattice within the folded MoS,
samples.*”***” In accordance with the atomic arrangement
depicted in Figure S5c, we demonstrate the kind of MoS,
folding by atomic configurations illustrated in Figure S8.
Moreover, the elemental mapping pictures verify that Mo and
O are equally distributed within the MoS, samples, as
illustrated in Figure 5d—£.>°'

Raman spectra of MoS, on the copper mesh were measured
using a focused laser (532 nm) at different laser powers
(Figure S9a). It was observed that in the laser power range
(~12—-250 pW), all Raman modes of MoS, shifted linearly to
lower frequencies with increasing laser power, a situation that
led to the heating of MoS,. The slope of the linear curve in
Figure S9b, which is the power coefficient (yp) of the
suspended MoS, A;, modes, shows a small y; value and,
therefore, a low thermal resistance, indicating a high in-plane
thermal conductivity of MoS,.”> The AFM imaging verified
that the thickness of MoS, single crystals is 0.72 nm (Figure
5g), which aligns closely with prior research.”">>** Moreover,
the consistent color contrast in AFM imaging indicated that
the surface of the molybdenum disulfide flakes was very clean,
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Figure 7. MoS, films prepared by different flux under the same conditions. Optical microscope images of prepared MoS,: (a) K,;M0,0, as flux;
(b) K;MoO, as flux; (c) K,Mo30,0:MoO; = 1:1 as flux. Raman images of prepared MoS,: (d,g) K,;Mo;0, as flux; (e;h) K,MoO, as molybdenum
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demonstrating that the synthesized MoS, single crystals
exhibited high-quality attributes. The XRD test findings in
Figure 5h indicate that the diffraction peaks of MoS, grown on
sapphire are notably sharp, confirming the exceptional
crystallinity of MoS, as demonstrated by TEM character-
ization.” Ultimately, TEM, elemental mapping, AFM, and
XRD analyses of the synthesized molybdenum disulfide
demonstrated that the produced MoS, exhibits superior crystal
quality.

The structural homogeneity and grain boundary properties
of centimeter-scale MoS, films were systematically evaluated
by Raman surface scanning and AFM. Figure 6¢ shows the
Raman mapping of the sapphire substrate, complementary to
the mapping of the two characteristic peaks of molybdenum
disulfide in Figure 6ab. The figure illustrates that the
dimensions of the synthesized MoS, films can attain a
centimeter scale, further evidencing its superior thickness
uniformity and commendable crystallinity across an extensive
area. To clarify the homogeneity distribution, it was further
analyzed by scanning dozens of randomly selected regions of
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the Raman surface, as shown in Figure 6d,e. The results show
that the peak spacing Aw between E'); and A, peaks is stable
at 18.9 cm™ in the single-layer dominant region. At the same
time, Aw increases to 22—25 cm™" in the localized highlight
region, corresponding to the multilayer stacking. The multi-
layer stacked AFM image is shown in Figure S10a. Despite a
few multilayer islands, their discrete distribution does not form
penetrating defects. Figure 6f shows the PL spectra of the
MoS, films from 290 K down to the lowest attainable
temperature of 80 K. At low temperatures, any significantly
larger line widths are dominated by the contribution of defect-
induced inhomogeneities.”> Only the more pronounced A-
exciton peaks and B-exciton peaks are observed for
molybdenum disulfide in Figure 6f No emission peaks
associated with defects are observed, and the half-peak width
of the A exciton at 80 K is 20 meV, indicating a low defect
density in the film.>° The distribution of grain boundaries
(GB) was identified by AFM (Figure 6g). By dividing the total
length of the GB by the total counting area in Figure 6g, the
density of the GB was measured to be 0.0957 ym™.>" In
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addition, the surface characteristics of the films were
systematically evaluated by wide-area AFM scanning (90 X
90 ym, the maximum field of view of the instrument) (Figures
6h and S10b), which showed that the sample surfaces exhibited
a continuous and uniform morphology (roughness of 12.7 and
6.45 nm, respectively). Limited by the kinetic properties of the
molten salt solvent-assisted growth, the films consist of single-
crystal domains spliced together with a small number of highly
mutated nanoparticles at the domain boundaries. The current
data has demonstrated the feasibility and potential application
of the molten salt solvent strategy in the synthesis of
centimeter-scale 2D semiconductors.

Figure 7 compares three fluxes with varying volatilities to
assess the suitability of potassium K,;Mo;0,,, characterized by
its reduced volatility, as a flux for producing MoS, films. Figure
7a illustrates the images of MoS, films synthesized from
K,;Mo;0,. Figure 7a displays the substantial dimensions of the
synthesized MoS, islands. The SEM pictures in Figure S11a,d
illustrate that the MoS, surface is exceptionally clean, devoid of
contaminants, and does not necessitate additional solvent
treatment. As a comparison, Figure 7b depicts picture of MoS,
films synthesized employing a flux (K,MoO,) that exhibits
greater volatility than K,Mo;0,,, respectively.”® Figure 7b
reveals that the synthesized MoS, surface exhibits numerous
tiny triangular MoS, single-crystal domains, signifying an
elevated nucleation density of MoS, films produced using
K,Mo00,. The abundance of nucleation sites will not only
come to limit the size of each MoS,, but also introduce many
grain boundaries. Excessive grain boundaries diminish the
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semiconductor’s mobility by inducing carrier dispersion. Upon
further magnification of the treatment utilizing SEM, several
unidentified black compounds are observable on the surface of
the MoS, film, as depicted in Figure S11b,e. This behavior
suggests that the quality of MoS, films synthesized from
K,;Mo0O, is suboptimal. Moreover, MoO;, a prevalent
molybdenum precursor for synthesizing MoS,, has a greater
saturation vapor pressure and, thus, increased volatility
compared to K,Mo;0;,. MoS, films were synthesized by
combining K,Mo03;0,, and MoO; in identical ratios and were
compared to MoS, films derived from pure K,Mo;0,,. Figure
7c¢ illustrates MoS, films synthesized with K,Mo0;0,,:MoO; in
a 1:1 ratio as the flux. At the equivalent magnification of Figure
7a,b, the optical image in Figure 7c displays a singular MoS,
domain characterized by a diminutive size and numerous dense
brilliant particles. The SEM magnification of the pictures
indicated that these small particles predominantly occupied the
middle of the MoS, islands and had a three-dimensional
architecture (Figure S11cf). These three-dimensional particles
were previously documented in prior studies of MoS, films
synthesized from MoQ,.”* We speculate that these particles are
nucleation sites of MoS,.

Raman spectroscopy was employed to further assess the
crystal quality of MoS, synthesized from various melts and
identify unidentified compounds on the MoS, surface. Figure
7g presents the Raman spectra of MoS, synthesized from
K,Mo0;0,, corresponding to the four areas marked by arrows
in Figure 7d. The peaks at 407.4 cm™" and 382.9 cm™' in the
figure are characteristic of layered MoS,.” Figure 7h displays
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the Raman spectra of the black substance observed on the
surface of MoS, films synthesized with K,MoO,, correspond-
ing to the four areas shown in Figure 7e. The Raman spectra of
these black compounds exhibit distinctive peaks of MoS,. The
utilization of K,MoO, for the synthesis of MoS, films is
suboptimal. Figure 7i illustrates the Raman spectra of three-
dimensional particles present on the surface of MoS, films
synthesized using K;Mo03;0,0:MoO; = 1:1 as flux, correspond-
ing to the four locations highlighted in Figure 7f. The Raman
spectra of these three-dimensional particles exhibit distinctive
peaks of MoS,, confirming our hypothesis that they serve as
nucleation sites for MoS,. In addition, thermogravimetric
analyses of K,Mo;0,, K,Mo00O,, and K;M0;0,,::M00; = 1:1
were performed under an inert atmosphere (nitrogen)
(temperature range of 25—950 °C, ramping rate of 15 °C/
min). The mass loss curves were recorded in real-time using
the synchrotron thermal analyzer STA 449 ES of NETZSCH,
Germany. Thermogravimetric analysis (TGA) experiments
performed under simulated reaction conditions showed that
K;Mo03;0,, exhibits significant low volatility characteristics
compared to K,Mo00, and K,Mo0;0,,:M00; (1:1) mixtures.
The mass retention of K,MoO, was 97.2% due to pyrolysis and
gas-phase volatilization in the range of 25-950 °C at a
temperature increase rate of 15 °C/min. Differential scanning
calorimetry (DSC) analysis showed that it melted at 920 °C,
which followed the previous study, whereas K,Mo;0,, lost
only 02% of its mass in the same temperature region,
indicating its higher thermal stability and low volatility. DSC
showed that K,Mo;0,, melted at 580 °C, which verified the
previous judgment. For the K,;Mo0;0,,:M00; mixture, the
mass ultimately remained at 96.5% after heating from 25 to
950 °C, which was considered due to the sublimation of the
MoO; resulting in mass loss. The low volatility allowed
K,;Mo0;0,, to maintain a stable supply of liquid-phase
precursors during MoS, growth, avoiding nonuniform
nucleation due to rapid depletion of the Mo source or
localized supersaturation. Comparing the two prevalent fluxes
employed in the synthesis of MoS, films with K;Mo;0,,
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reveals that the MoS, films produced utilizing the more
volatile K,MoO, and MoO; exhibit dense nucleation sites,
resulting in smaller MoS, single-crystal domains. The more
volatile molten fluxes progressively evaporate from the liquid
surface at elevated reaction temperatures. The solution reaches
supersaturation more rapidly, facilitating excessive crystal
nucleation driving forces. Consequently, the nonvolatile
K,;Mo0;0;, molten liquid is less prone to supersaturation
than other fluxes. This finding confirms that nonvolatile
solvents can significantly diminish the nucleation density of
MoS, by lowering the driving force for crystal nucleation,
illustrating that various fluxes can directly influence the
formation of 2D crystals.

Versatile Synthesis of Molybdenum-Based Crystal-
line Materials. The flux model is also relevant for the
synthesis of other TMDs materials. The nonvolatile flux
K,Mo0;0,, obtained using the molten salt process in CVD,
facilitates the synthesis of molybdenum-based materials with
diverse compositions and physical characteristics. To this end,
three additional prevalent molybdenum-based compounds
(MoO,, MoSe,, and Mo,Te,) were synthesized utilizing a
comparable methodology, as illustrated in Figure 8, high-
lighting the appropriateness of K,Mo;0, The synthesized
MoO, exhibited irregular morphologies, as illustrated in Figure
8a,b. Various morphologies of MoO, crystals were examined
utilizing Raman spectroscopy, as illustrated in Figures 8c and
S12a—c. The Raman peaks of rectangular, triangular, and
irregular pentagonal MoO, crystals, depicted in Figure 8a,b, are
consistent. The positions of the peaks are 120.8 cm™1,206.5
cm™), 229.7 cm™}, 348.4 cm™!, 365.5 cm™!, 418.4 cm™!, 463.5
cm™), 4972 ecm™!, 575.1 em™}, §91.7 em™}, and 750.3 cm™},
which are in agreement with those previously reported for the
MoO, crystals.”” The elemental mapping diagrams further
validated the homogeneous distribution of elements within the
MoO, crystals, as depicted in Figure S13a—d. The synthesized
MoSe, crystals are visible in the optical microscope and SEM
pictures presented in Figure 8d,e. MoSe, crystals predom-
inantly exhibit a hexagonal morphology, with the associated
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Raman spectral data presented in Figure 8f. The peaks in the
spectra at 243.1 cm™' and 285.4 cm™' correspond to typical
MoSe, crystals.”""*> The elemental mapping of MoSe, crystals,
depicted in Figure S14, illustrates the consistent distribution of
the Mo and Se elements. A comparable technique was
employed to synthesize Mo;Te,. Figure 8gh illustrates that
the synthesized Mo;Te, exhibits needle-shaped crystals. The
positions of the peaks were determined using Raman testing to
be at 113.5 cm™!, 132.9 cm™!, 146.6 cm™', 193.1 cm™, 218.4
cm™, and 258.9 cm™'. The peaks at 146.6 cm™" and 218.4
cm™! correspond to the characteristic peaks of the byproduct
MoQ,.*> The remaining peaks are attributed to the character-
istic peaks of Mo;Te, (Figure 8i).°" The EDS examination
confirmed that the produced needle crystals are Mo;Te,, with
an elemental ratio of Mo to Te of 0.78 (Figure S15). The
atomic ratio closely aligns with the expected atomic ratio of
Mo;Te, (0.75), confirming that the needle crystals are
identified as Mo;Te,. This event indicates that the
K;Mo;0, solvent is appropriate for synthesizing many high-
quality molybdenum-based crystalline minerals, including
MoS,, MoO,, MoSe,, and Mo;Te,.

Electrical Measurements of Field Effect Transistors.
Figure 9a presents a three-dimensional schematic and optical
representation of a conventional MoS, device for field-effect
transistor measurements (inset). An enlarged view of the
optical microscope image of the MoS, device is located in
Figure Sl16a. MoS, was deposited on a 300 nm SiO,/Si
substrate with Ti/Al/Ti top contacts for the standard device.
The device configuration facilitates the evaluation of three-
terminal FETs utilizing Si (p++) as the back gate. For the
channel length definition and layer number verification, it was
confirmed by systematic Raman spectroscopy and PL spec-
troscopy analysis that the Raman characteristic peaks in the
parallel region between the fork-finger electrodes in Figure 9a
are located at 382.93 cm™ and 405.6 cm™, as shown in Figure
9b. The corresponding Raman test points are shown in Figure
S16b. The characteristic peak difference is 22.67 cm™ (double
layer), which significantly differs from the 24.56 cm™ peak
difference in the nonparallel region (the latter is consistent
with the three-layer MoS, property). In addition, the sensitivity
of the PL test to the number of layers decreases significantly in
bilayer materials due to a shift in the exciton complexation
mechanism (monolayer MoS, shows direct bandgap lumines-
cence, whereas bilayers are indirectly bandgapped, leading to a
decrease in PL int<ensity).65_67 Lower PL spectral intensity of
MoS, in the channel is observed in Figure 9c. Synergistic
analysis of PL intensity decay with Raman vibrational mode
shifts verifies the bilayer nature of MoS, in the channel region.
Figure 9d illustrates the I—-V characteristics of a standard
device with a channel length (L) of approximately 10 ym and a
width (W) of roughly 40 ym. The linear and symmetrical
output current—voltage characteristics (Ins—Vpg) of the MoS,
FETs, evaluated at ambient temperature, demonstrate ohmic
behavior, suggesting that MoS, transistors with Ti/Al/Ti
contacts possess comparatively low contact resistance.’® Figure
9e illustrates the transmission curves under varying Vpg
conditions. The Ipg values rise consistently with increasing
V¢, demonstrating n-type behavior akin to previously reported
devices.®”7° Figure 9e illustrates a maximum on/off current
ratio of approximately ~10° and a threshold voltage of roughly
~8 V (Figure 9f). Charge carrier mobility in FET devices is
assessed by
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The transport curves depicted in Figure 9f indicate that the
mobility of MoS,, achieved with optimal ohmic connections,
was measured at ~ 21.74 cm® V! s7". The carrier mobility is
consistent with previously documented values, indicating that
the high-quality MoS, thin films derived from the K,Mo0;0,,
precursor demonstrate superior electrical properties.®”

B CONCLUSIONS

In summary, we emphasize that the VLS process utilizes flux
model to obtain new understandings of the growth of 2D
materials, serving as a reliable reference for experimental work.
For example, the degree of supersaturation of the flux can
influence the growth of 2D crystalline materials. In addition,
the theoretical model applies to the VLS process in the molten
salt-assisted CVD method, which is unconstrained by crystal
structure and elemental composition and can be extended to
both lamellar and nonlamellar materials (including oxides,
sulfides, etc.), thereby enhancing the theoretical investigation
and chemical synthesis of 2D materials.

Guided by flux model, we provide a targeted transverse-
oriented growth strategy aimed at synthesizing several two-
dimensional molybdenum-based materials, including layered
MoS, and MoSe,, as well as nonlayered MoO, and Mo,Te,,
utilizing K,Mo;0,, as a solvent. We employ the extent of
solvent supersaturation to control the nucleation of molybde-
num disulfide crystals to assess the applicability of flux model
to the viability of the VLS reaction process. Importantly,
scanning electron microscopy and Raman characterization
revealed that larger sizes, reaching the centimeter scale, were
achieved using K,;Mo030,, as the flux. Ultimately, we present a
MoS,-based FET exhibiting commendable electrical perform-
ance. This study presents an alternate method for producing
huge, high-quality 2D semiconductors.
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Figure S1: The diagram of the detailed preparation
device. Figure S2: The placement of K,Mo;0,, sulfur
powder, and substrate in the tube furnace. Figure S3:
Solvent residues are detectable at the peripheries of the
2D crystals. Figure S4: The adjacent crystal domains are
vertically stacked due to the restricted diffusion space,
forming a continuous multilayer film. Figure S5: The
magnified SEM images of specific single MoS,
monocrystals. Figure S6: Optical microscope image
during PL spectroscopy measurement. Figure S7: The
correlation microscope image of the Raman mapping,
Figure S8: The kind of MoS, folding by atomic
configurations. Figure S§9: Raman spectra of MoS, on
the copper mesh were measured using a focused laser
(532 nm) at different laser powers. Figure S10: The
multilayer stacked AFM image. Figure S11: SEM images
of molybdenum disulfide prepared from different
molybdenum sources. Figure S12: Various morphologies
of MoO, crystals were examined utilizing Raman
spectroscopy. Figure S13: The elemental mapping
diagrams further validated the homogeneous distribution
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of elements within the MoO, crystals. Figure S14: The
elemental mapping of MoSe, crystals. Figure S15: The
EDS examination confirmed that the produced needle
crystals are Mo, Te,, with an elemental ratio of Mo to Te
of 0.78. Figure S16: An enlarged view of the optical
microscope image of the MoS, device (PDF)
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