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Liquid-precursor-intermediated synthesis of
atomically thin transition metal dichalcogenides

Huiyan Guan,® Bei Zhao,** Weiwei Zhao® and Zhenhua Ni {2 *3°

With the rapid development of integrated electronics and optoelectronics, methods for the scalable
industrial-scale growth of two-dimensional (2D) transition metal dichalcogenide (TMD) materials have
become a hot research topic. However, the control of gas distribution of solid precursors in common
chemical vapor deposition (CVD) is still a challenge, resulting in the growth of 2D TMDs strongly
influenced by the location of the substrate from the precursor powder. In contrast, liquid-precursor-
intermediated growth not only avoids the use of solid powders but also enables the uniform distribution
of precursors on the substrate through spin-coating, which is much more favorable for the synthesis of
wafer-scale TMDs. Moreover, the spin-coating process based on liquid precursors can control the
thickness of the spin-coated films by regulating the solution concentration and spin-coating speed.
Herein, this review focuses on the recent progress in the synthesis of 2D TMDs based on liquid-
precursor-intermediated CVD (LPI-CVD) growth. Firstly, the different assisted treatments based on
LPI-CVD strategies for monolayer 2D TMDs are introduced. Then, the progress in the regulation of the
different physical properties of monolayer 2D TMDs by substitution of the transition metal and their
corresponding heterostructures based on LPI-CVD growth are summarized. Finally, the challenges and
perspectives of 2D TMDs based on the LPI-CVD method are discussed.

storage® applications due to their unique dimensionality,
layer-dependent adjustable band gap, diverse crystal structures,

Two-dimensional (2D) materials have increasingly shown great and other properties. With the rapid development of integrated
potential for (opto)electronic,’ electrocatalytic,” and energy electronic device technology," the growth of large-area and

high-quality 2D materials, especially TMD materials,”'*"" lim-
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large-scale and industrial-scale synthesis of TMDs with uniform
thickness becomes the key to facilitating scalable industrial
applications for a range of electronic devices.*>*” In this case,
CVD'® is one of the most promising method because of its low
cost,'® scalable material domain size,® and high controllability
of thickness and uniformity,>" attracting significant attention
from researchers.”> However, during the common CVD
process,* it is difficult to control the vapor phase distribution
and reaction rate of the solid precursor powder in the growth
chamber.”* The precursor concentration is not uniformly dis-
tributed on the substrate,'® which will lead to the formation of
local aggregation or local sparse non-uniform distribution of
nucleation sites on the substrate,” resulting in the formation
of undesirable nucleation and difficulty in controlling the
nucleation density.”® Although the introduction of a solid
salt powder during the CVD process effectively reduces the
high melting point of transition metal precursor powder, the
distribution of the precursor concentration on the substrate in
the growth chamber is still difficult to control.?”” Moreover,
undesirable and inevitable byproducts or impurities will be
introduced,?® seriously decreasing the quality and influencing
the stability of ultra-thin TMDs, leading to a poor electrical and
optical performance.* Also, the byproducts and residual salts
remain in the growth chambers and are difficult to remove,*
thereby increasing the time and cost of cleaning or replacing
the crucibles and quartz tubes.?!

Recently, the LPI-CVD strategy has attracted great interest
for the uniform wafer-scale growth of TMDs with high reprodu-
cibility, efficiency and scalability.”” In the LPI-CVD process, the
appropriate soluble precursor salt?® such as Na,WO,,
Na,Mo0O,, NavO; and NaReO, is firstly dissolved in a certain
solvent to achieve a uniform mixture of one or more precursors at
the molecular level to form a precursor solution.>* Subsequently,
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the precursor solution is spin-coated on the substrate by
adjusting the solution concentration and spin-coating speed
to form an ultrathin film with the uniform distribution of each
precursor source on the substrate.*® Finally, as the growth
temperature increases, the water in the spin-coated film gra-
dually evaporates,® and the remaining solvent is uniformly
distributed on the substrate in the molten state due to its lower
melting point (650-850 °C),*> making it easier to react with the
gaseous sulfur precursors to produce uniform, high-quality and
wafer-scale 2D TMD films such as MoS,,*® MoSe,,*” and WS,.*®
Moreover, the amount of each precursor source in the precursor
solution can be precisely controlled by simply mixing molten salt
aqueous solutions in designated ratios,* which is more con-
ducive to achieve uniform doping to regulate the electrical and
optical properties of TMDs.*® Notably, the use of precursor
solutions in the LPI-CVD method allows the formation of pre-
cursor films with specific patterns on the substrate,** which can
then be templated to grow to form high-quality 2D TMDs arrays,
which is difficult to achieve with powder precursors.”>** In
addition, precursor films with a precisely controlled composition
or thickness reduce the production of some undesirable by-
products and additional contaminants in the growth chamber
during the growth process.** Herein, a systematic understanding
based on existing typical works needs to be further established to
set the stage for the future development of the LPI-CVD method.

Herein, we present a comprehensive review of the recent
advances in the synthesis of 2D TMDs based on LPI-CVD
growth, and the following contents include four parts. Firstly,
various assisted treatments that enable the controlled synthesis
of atomically thin 2D TMDs, such as direct synthesis, molten-
salt assisted, hydroxide-assisted, polymer-assisted, and the
supply of novel chalcogen precursors are presented in detail.
Then, the developed techniques for regulating the different
properties of atomically doped monolayer 2D TMDs are dis-
cussed, which are capable of achieving uniform large-area
doping in a controlled way. Furthermore, we summarize the
progress on the synthesis of heterostructures based on 2D
TMDs using the LPI-CVD strategy with particular emphasis on
its advantages. Finally, the challenges and perspectives in the
future of liquid-precursor-intermediated synthesis of 2D TMDs
are prospected, showing the potential opportunities in realizing
a technological revolution by LPI-CVD in TMD systems.

2 Synthesis of monolayer 2D TMDs
materials

The LPI-CVD method allows the film thickness to be controlled
by adjusting the solution concentration and spin-coating
speed, which is a huge advantage for the growth of large-area
2D TMDs growth.?” The successful implementation of LPI-CVD
requires the following conditions: (I) the precursor salts must
have a suitable melting point and dissolve in suitable solvents
(such as H,0). (II) Precursor salts that tend to form stable low
vapor pressure melts at LPI-CVD growth temperatures. (III) The
substrate must be hydrophilic, which can be treated by oxygen
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plasma, UV-O;, and piranha solution. Furthermore, various
assisted techniques have been implemented to promote the
lateral growth of 2D TMDs such as molten-salt assisted,
hydroxide-assisted, polymer-assisted, and supply of novel chal-
cogen precursors, which will be summarized in this section.

2.1 Direct LPI-CVD growth

In the common CVD, a powder precursor such as MoO3z, WO,
sulfur powder and selenium powder is used to obtain 2D
TMDs.*™*” However, the gas atmosphere generated by the
evaporation of the precursor powder in the growth chamber
is difficult to control,>® causing the precursor concentration to
be non-uniformly distributed on the substrate and the nuclea-
tion density uneven.*® The use of liquid precursors solves the
problem of non-uniform distribution of the precursor concen-
tration on the substrate and opens a new path for the growth of
ultrathin 2D TMDs.*® In 2012, Liu et al. firstly demonstrated the
production of large-area MoS, films on insulating substrates
by using (NH,4),MoS, solution as the Mo source precursor.>
However, the synthesis of uniform monolayer MoS, films was
not achieved, and this dip-coating method only achieved the
growth of triple MoS, films with two layers appearing locally, as
shown in Fig. 1(b). This can be attributed to the fact that the
dip-coating process does not ensure a uniform distribution of
the precursor solution on the substrate surface, and too many
Mo sources on the substrate make it difficult to form a thinner
MoS, film (Fig. 1(a)).

In contrast, the spin-coating process has a huge advantage
in ensuring that the precursor solution forms a uniform film
thickness at all locations on the substrate surface by precisely
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controlling the spin rate, spin time and other parameters.
Cun et al successfully achieved the growth of wafer-scale
monolayer MoS, films by the spin-coating process with the
uniform distribution of Mo nucleation sites (Fig. 1(c)-(e)).*®
Similarly, NaMoO, particles uniformly distributed on the sub-
strate by spin coating will melt into liquid, while high-quality
MosS, films with high electrical performance (Fig. 1(f)-(i)) will
be synthesized when the sulfur vapor is saturated with liquid
droplets.>"*?> Furthermore, other 2D materials such as 2-inch
continuous WS, films®*® and continuous Bi,0,Se films®® with
the thickness of few atomic layers have also been successfully
obtained via the LPI-CVD method. Furthermore, industrial
inkjet-printer was used in the LPI-CVD system to prepare
monolayer TMDs such as MoSe, and MoS, with millimeter
size, in which an aqueous solution of (NH4)sM0,0,,-4H,0 was
used as the precursor solution.>® Therefore, the LPI-CVD method
is still feasible for the large-area ultrafast and patterned growth
of high-quality TMDs under suitable conditions, with good
prospects for industrialization, which requires more research
in the future.

2.2 Molten-salt-assisted LPI-CVD growth

In general, by using alkali metal halide mixed directly with
solid source powders as precursors, TMD films will inevitably
grow in the vapor-solid-solid (VSS) growth mode, sometimes
accompanied by the vapor-liquid-solid (VLS) growth mode.
In comparison, a promising feature of the molten salt-assisted
approach is that the molten salt and the transition metal source
can be homogeneously mixed in the liquid state at the molecular
level, which ensures their uniform distribution on the substrate
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Fig. 1 (a) lllustration of the synthesis of MoS, layers. Inset is the optical image of MoS, film.>° (b) AFM image of the triple MoS,.%° (c) Illustration of the
synthesis of monolayer MoS,.%¢ (d) Optical image of MoS, flake.>® (e) Optical image of continuous MoS, film.>® (f) Illustration of the V-S-L growth
mechanism for MoS; films.>? (g) Optical image of monolayer MoS, film on a sapphire substrate.> (h) PL distribution of three types of MoS, samples.>?
(i) Transport curves of FETs based on MoS, without the growth of GB.*° (a) and (b) Reprinted from ref. 50 Copyright 2012, the American Chemical Society.
(c)—(e) Reprinted from ref. 36 Copyright 2019, Springer Nature. (f)—(i) Reprinted from ref. 52 Copyright 2019, The Royal Society of Chemistry.
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surface by spin-coating, ink-jet printing, and other processes,
efficient interaction with the transition metal source and stable
synthesis of TMDs in a single VLS growth mode. For example,
Ji et al. successfully synthesized millimeter-size monolayer MoS,
films by using (NH,),M00, and KI as precursors via the LPI-CVD
method (Fig. 2(a)).”> The presence of KI in the growth lower
the MoS, reaction barrier. According to the edge passivation-
substitution (EPS) theoretical growth model shown in Fig. 2(b),
this reduction in the reaction potential barrier is attributed to
the passivation of the Mo atom zigzag edges by halogen atoms.
The Mo-X bond will be replaced by an Mo-S bond during the
sulfuration reaction, decreasing the reaction potential barrier
compared to the oxygen atom passivation-substitution process,
which greatly facilitates the growth of millimeter-size MoS,
monolayer (Fig. 2(c)). For common alkali metal halides such as
NaClI and KI, their alkali metals can liquefy and stabilize transi-
tion metal oxides (TMOs), their halogen elements are capable of
reacting with TMOs to form metal oxychlorides with low melting
points, and the synergistic effect of the two can significantly
reduce the formation energy of the material. The addition of KI
produced uniform and continuous high-quality MoSe, films
(Fig. 2(d)) in which KI significantly reduced the energy barrier
of chalcogenization and promoted the lateral growth of MoSe,
along the in-plane.*® Besides MoS, and MoSe,, the Kl-assisted
LPI-CVD method can also be used for the growth of WS, (Fig. 2(e)
and WSe, (Fig. 2(f)).>°
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In addition, besides the common alkali metal halide, some
molten salts with the chemical formula A,MO,, (where A is an
alkali metal and M is a transition metal or sulfur group
element) not only can serve as precursors for the growth of
2D TMDs by themselves, such as Na,SeO; and Na,TeOj3, but can
also effectively reduce the formation energies of TMDs (Fig. 2(g)
and (h)), making it a new salt-assisted LPI-CVD method. For
example, Li et al. synthesized continuous-monolayer MoSe,
films with a grain size of 100-250 pm by mixing Na,MoO,-
Na,Se0;.”” Compared with only Na,MoO, molten salt, the
mixed molten salt formed by adding Na,SeO; molten salt not
only made the produced film more homogeneous but also
significantly lowered the reaction potential and promoted the
domain size of the monolayer MoSe,. With an increase in
temperature, Na" can stabilize MoO,>~ and promote the growth
of MoSe, in concert with SeO5>". Similarly, ReSe, and WTe, with
improved yield have also been synthesized by using NaReO,-
Na,SeO; and Na,WO,-Na,TeO; as precursors, respectively.

As research progresses, the molten-salt-assisted growth
mechanism is increasingly being understood and the growth
behavior is also becoming more controllable. Recently, Jiang
et al. reported a new self-expanding molten salt-driven growth
mechanism and successfully achieved the patterned growth of
highly crystalline TMD arrays.*® At a lower temperature, the
Na,Se, (formed by Se with NaCl) reacts with Na-W-O inter-
mediates (produced by WO; and NaCl) to form WSe, nuclei at
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Fig. 2 (a) Schematic of the synthesis of MoS, flakes.>® (b) Energy barrier diagram for MoS, growth with (top) and without (bottom) Kl and the edge
structure.®® (c) Optical image of MoS; flakes, inset is the AFM height image of MoS; edge.*® (d) Illustration of MoS, growth with and without Kl, inset is the
optical image of MoS; film.3* Optical image of continuous WS, (e) and WSe, film (f).5¢ (g) lllustration of the melting points of some precursors, and
schematic of the synthesis of MoSe, film.%” (h) Optical image of monolayer MoSe, film with grain boundaries.®” (i) lllustration of the self-expanding
molten salt-driven mechanism for growing WSe; films.>8 (j) Optical image of WSe, array.>® (a)—(c) Reprinted from ref. 55 Copyright 2021, American
Association for the Advancement of Science. (d) Reprinted from ref. 34 Copyright 2022, Wiley-VCH. (e) and (f) Reprinted from ref. 56 Copyright 2021, the
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designed sites, which then continuously extend horizontally
and vertically. The molten salt in the interlayer between the
TMD edge and the substrate confines the reaction sites
(Fig. 2(i)). Due to the non-wetting effect of the TMDs, the
molten salt keeps spreading to the edge and provides a reaction
source, and the monolayer TMDs keep expanding until the
molten salt is depleted. The obtained TMD arrays (Fig. 2(j))
present new ideas for the preparation of wafer-scale and single-
crystal TMDs. The deeper exploration of the molten-salt
assisted method and its development and application deserve
more efforts for further research.

2.3 Hydroxide-assisted LPI-CVD growth

The novel design of precursor solutions can open up new ideas
for the growth of 2D TMD films. Unlike other promoters that
produce unavoidable residues, the introduction of hydroxyl
groups not only can be effectively removed by temperature
regulation, but also shows amazing advantages in promoting
the monolayer growth of TMDs. In 2019, Zhu et al. reported an
MoS,-OH bilayer-mediated method to successfully grow one-
inch uniform monolayer MoS, films.>* The added KOH forms
homogeneous mixture of solutions, which can generate -OH,
the key to hydroxide-assisted growth. When the -OH group is
not present in the precursor solution (Fig. 3(a)), the Mo atoms
directly combine with sulfur atoms on the substrate to form
multilayer MoS,. When the -OH group is introduced in the
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precursor solution, as shown in Fig. 3(b), the Mo atoms and
sulfur atoms are combined in the substrate to firstly form
monolayer MoS,, and then the -OH group will be adsorbed
on the monolayer MoS, (100) surface to form an MoS,~-OH
bilayer structure. The presence of the -OH group layer on the
MoS, (100) surface makes the Mo atoms and sulfur atoms
adsorbed only on the edge of the first MoS, layer, preventing
the growth of MoS, along the [001] axis to form multilayers and
promoting its growth in the lateral direction, leading to the
preferential formation of ultra-large monolayer MoS,. Fig. 3(c)
clearly demonstrates the uniformity of the monolayer MoS, films
with full coverage on 1 x 1 and 3 x 3 cm” sapphire obtained by
the hydroxide-assisted LPI-CVD method. In addition, the binding
energy of MoS, is —0.24 eV with the introduction of -OH groups,
which is lower than the corresponding binding energy without
—-OH groups (Fig. 3(d)), confirming that the introduction of -OH
groups reduces the energy barrier for the growth of monolayer
MosS,.

Similar to the effect produced in promoting the growth of
MoS, monolayers, the introduction of hydroxyl groups can also
have an effect on the modulation of TMD shape. The presence
of the OH™ could modulate the morphology of NbSe,, which
could anchor the Nb precursor.®® With an increase in the -OH
and Nb concentration, the edge growth rate of the Se terminal
was faster than that of the Nb terminal, and thus the shape of
NbSe, changed from hexagonal to triangular, tripod-like, and
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herringbone-like (Fig. 3(e)). In addition, a centimeter-sized
monoclinic MoTe, monolayer with almost 100% coverage
(Fig. 3(f)) has also been successfully achieved using the
hydroxide-assisted LPI-CVD method.®* The time-of-flight sec-
ondary ion mass spectrometry (ToF-SIMS) images showed that
the -OH introduced from the precursor solution could adsorb
on the surface (Fig. 3(g)) of the material to form an -OH layer,
which inhibited the growth of the material in the vertical
direction. DFT calculations showed that the diffusion potential
of less than 0.7 eV for different diffusion paths of MoTe,
molecules from the surface to the edge and the adsorption
energy at the edges is smaller than that at the surface (Fig. 3(h)),
which indicates that MoTe, molecules can diffuse on the surface
and adsorb more preferentially at the edge sites, leading to the
lateral growth of MoTe,. This success, which has the same effect
as the promotion of monolayer MoS, growth described above,
indicates that the hydroxide-assisted LPI-CVD growth method
has the potential to be extended to the monolayer of other TMDs
growth and can provide a simple and universal idea for the
growth of ultrathin TMDs.

2.4 Polymer-assisted LPI-CVD growth

Besides water, organic solutions have been also used as the basic
solvent, such as dimethylformamide (DMF), n-butylamine, ethyl-
enediaminetetraacetic acid (EDTA), and dimethyl sulfoxide

View Article Online

Materials Horizons

(DMSO), for the growth of TMDs. By adding complexing agents,
hydrogen and coordination bonds are formed with the soluble
salt in solution, which in turn form stable polymers to improve
the controllability and homogeneity of the precursor films dur-
ing spin coating. In 2015, Yang et al. successfully synthesized
2-inch wafer-scale homogeneous MoS, films with excellent
thickness controllability (Fig. 4(a)) by optimizing the solvent
for dissolving (NH4),M0S,.°> When the solvent contained only
DMF (Fig. 4(b)), the MoS,>~ group could not be completely
dissolved, leaving a precursor film with de-wetted areas and
pinholes. When 2-aminoethanol was added in DMF solvent
(Fig. 4(c)), its functional group hydroxide group could join with
the MoS,>~ group to form hydrogen bonds, which allowed the
MoS,>~ group to be uniformly distributed in the solution, and
eventually form a uniform precursor film, while it still had
certain micro-scale defects. When n-butylamine was added to
the achieved solvent (Fig. 4(d)), an almost defect-free MoS,*~
group film was achieved. In addition, as shown in Fig. 4(e) and
(f), the linear-poly(ethylenimine) (L-PEI) in the precursor solution
is ionically bonded to the anhydrous ammonium tetrathiomolyb-
date (ATM) to form a complex precursor, which facilitates uniform
spin coating of large areas and reduces the de-wetting areas,*® and
therefore 6-in wafer-scale MoS, films were more readily available.
Noteworthy, L-PEI can be decomposed directly without carbon
residue at relatively low temperature, which avoids contamination
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Fig. 4 (a) Transfer process of MoS, film.®?

(b)—(d) AFM images of different precursor films: (b) only DMF, (c) DMF : 2-aminoethanol (9:1), and (d) DMF :

n-butylamine : 2-aminoethanol in a volume ratio of 4.5:4.5:1.52 (e) Optical image of MoS, film.®® (f) Schematic of the synthesis of MoS, films.®®

(g) Schematic of the synthesis of MoS, film.%*
MoS; and MoO; at different rotation angles.®®

(h) Growth mechanism of MoS, films.®*

(i) Growth mechanism of MoS, films.®® (j) Binding energy curves of

(a)—(d) Reprinted from ref. 62 Copyright 2015, The Royal Society of Chemistry. (e) and (f) Reprinted from

ref. 63 Copyright 2017, The American Chemical Society. (g) and (h) Reprinted from ref. 64 Copyright 2017, Springer Nature. (i) and (j) Reprinted from ref.

65 Copyright 2021, the American Chemical Society.
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during the growth process. Compared to the use of DMF and
L-PE], the introduction of other organic solvents such as chelating
agents not only can reduce the dehumidification of precursor
films on the substrate surface, but also interact with the precursor
source in solution to increase the coverage of the precursor on the
substrate surface, which is also conducive to achieve the growth
of wafer-scale MoS, films.®* In the precursor solution, EDTA
coordinates with the MoS,>~ anion in DMSO to form hydrogen
bonds and produce a complex precursor solution (Fig. 4(g)). When
spin-coating the precursor solution, each carboxyl group from
EDTA interacts with the hydroxyl group of the substrate, which
anchors the precursor to the surface. Upon heating, DMSO first
evaporates and releases H,S and NH; gases, leaving equal
amounts of MoS; to form ligand bonds with equal amounts of
EDTA (Fig. 4(h)). Then, EDTA evaporates at high temperature,
causing MoS; to be uniformly distributed on the surface with
hydroxyl terminations, and finally MoS; is reduced to crystalline
MosS, films. This provides a new approach to synthesize large-area
monolayer TMDs; however, the selection of the polymers used still
needs further updating to better achieve the targeted and uniform
distribution of precursors on the substrate surface. Recently, Kim
et al. used colloidal nanoparticles with the uniform distribution of
precursors on a nanometer scale as precursors to achieve the
generation of wafer-scale MoS, films.®® The MoO, nanoparticle
precursors were formed via the polyvinyl-pyrrolidone (PVP)-
assisted hydrothermal method, which were uniformly distributed
on the substrate by the spin-coating process. At the beginning of
sulfur supply growth, polycrystalline MoO, nanoparticles start to
unfold laterally (Fig. 4(i)) and continuously transform into nano-
crystals with single domains. Then, monolayers of MoS, nucleate
at the bottom of MoO, nanoparticles with the lowest energy
orientation angle (Fig. 4(j)). Finally, until the MoO, particles are
depleted, the wafer-scale MoS, monolayer is synthesized on the
substrate. It is worth noting that some appropriate organic
solvents can evaporate without leaving residues during the
ramp-up process, effectively avoiding the generation of contami-
nants. However, there are still many organic solvents with una-
voidable residual problems, and therefore the selection of better
organic solvents that effectively reduce the dehumidification of
the precursor films and can more precisely control the coverage of
the precursors on the substrate surface is worth further explora-
tion and research.

2.5 Novel chalcogen precursor-supplied LPI-CVD growth

The transition metal precursor powder can be replaced by the
corresponding soluble salt in the LPI-CVD method, allowing
the transition metal precursor sources to be uniformly distrib-
uted on the substrate. However, the gas distribution of the
chalcogen source in the chamber is still difficult to control.
Therefore, it is equally critical to design a uniform and appro-
priate amount of chalcogen to control the flow on the substrate
surface. In 2017, Boandoh et al. proposed a novel method to
synthesize large-area MoS, films by precisely controlling the
bubbling systems of the supply of chalcogen organics in the
LPI-CVD method.®® When Ar is passed through a bubbler into
liquid dimethyl disulfide (DMDS), the DMDS enters the growth

This journal is © The Royal Society of Chemistry 2023
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chamber in the form of bubbles, which contains Mo(CO)e to
supply the Mo source (Fig. 5(a)) and promote the growth of
the Mo terminal edges. DMDS continuously decomposes into
methyl mercaptan (CH;SH), ethylene (CH,CH,), and hydrogen
sulfide (H,S) and other sulfides during the growth process,
while Mo(CO)s decomposes into Mo radicals and undergoes the
sulfidation reaction (Fig. 5(b)). The amount of sulfur precursors
can be the precisely controlled by controlling the flow rate of
DMDS, resulting in the formation of large-area MoS, monolayer
films (Fig. 5(c)). Similarly, dodecyl mercaptan (C;,H,5SH) could
also be used as the sulfur source to synthesize uniform MoS,
monolayers through LPI-CVD with a bubbling system.®” Thiol
(C12H,5SH) as the sulfur source could precisely control the
precursor concentration during the growth process (Fig. 5(d)),
and also effectively repair the sulfur vacancies in the MoS,
material (Fig. 5(d)-(f)). This novel sulfur supply method opens
new horizons for the introduction of sulfur in common CVD
systems with certain scalability as well as reproducibility. It
effectively avoids the difficulty in controlling the gas-phase
distribution generated by conventional solid sulfur sources.

In addition to the use of a bubbler, the use of temperature to
control the decomposition of raw materials for the sulfur
supply, such as Na,SO, could regulate the supply of sulfur to
successfully synthesize WS,, MoS, and ZrS,.°® At controlled
temperatures above 700 °C, the Na,S generated by the decom-
position of Na,SO, under a reducing atmosphere reacted with
WO; on the substrate to form liquid Na,WO, and gaseous H,S
as a transition metal source and sulfur source (Fig. 5(g)). The
gaseous H,S is incorporated into the liquid Na,WO,, causing it
to be released slowly to ensure a stable supply of sulfur source,
and eventually some of the vaporized Na,WO, and H,S are
transferred to the surface of the substrate to react with each
other, synthesizing monolayer WS, (Fig. 5(h)). Furthermore,
high-quality monolayer TMDs can also be obtained by designing
new LPI-CVD growth methods to control the gas distribution of
the solid chalcogen precursors. By placing the substrate in a one-
end-closed inner quartz tube, the sulfur precursor pressure in
the growth chamber changes from the gradient distribution
presented in the common CVD process to a quasi-static distribu-
tion, whose distribution concentration of sulfur precursors on
the surface of the substrate changes from high to low. The sulfur
atoms will migrate to the energy favorable sites with low
potential energy under the guidance of the substrate structure,
resulting in the highly oriented growth of TMD domains with
excellent electrical properties.®® By precise controlling the pre-
cursor mass flux, these ingenious designs provide extremely
important references for the future exploration of novel methods
for the controlled growth of 2D TMDs.

3. Transition-metal substitution of 2D
TMD materials

In the common CVD, it is often difficult to precisely control the
mixture of vaporized host precursor with dopant, making the
synthesis of high-quality and uniformly doped 2D TMDs a great
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Reprinted from ref. 66 Copyright 2017, Wiley-VCH. (d) and (f) Reprinted from ref. 67 Copyright 2020, Wiley-VCH. (g) and (h) Reprinted from ref. 68

Copyright 2020, the American Chemical Society.

challenge.”® Alternatively, the LPI-CVD method has the potential
to overcome the difficulties of gas-phase control based solid
powder and provides a new pathway. The liquid precursor allows
precise control of the doping concentration’" and enables uni-
form mixing of the dopant at the molecular level in the precursor
solution, which in turn can be uniformly doped into 2D TMDs.
Besides, it results in minimal contamination to the reaction
eliminating the influence of circulation residue.

In this section, we summarize the recent advances of atomic
doping of 2D TMD monolayer by the LPI-CVD method.

chamber,”?

3.1 Regulation of the electrical properties of 2D TMDs

Substitutional doping, where metal cations are replaced by
directly introducing different conducting foreign metal atoms,
can modulate the electrical properties of TMDs. In the case of
the LPI-CVD method, the preparation of liquid-phase precursors
plays an important role in precisely controlling the doping
concentration, which can be controlled by precisely controlling
the concentration of the doping elements in solution to change
the electrical properties of 2D TMD materials. In 2019, Qin et al.
successfully obtained Nb-doped monolayer WS, with a transfor-
mation from n-type to p-type by tailoring the doping concentra-
tions of Nb in the LPI-CVD method, whose doping concentrations
could reach up to >10" cm™? (>10% Nb) in WS, monolayer.”
The scanning transmission electron microscopy (STEM) image of
WS, with 10.3% Nb doping displayed some darker dots, occupy-
ing the positions of the W atoms compared to that of the undoped
WS, (Fig. 6(a) and (b)), which confirms that the Nb doping is

M2 | Mater. Horiz., 2023, 10, 1105-1120

carried out randomly with in situ atom substitution. Notably, the
undoped WS, FET exhibited distinct n-type behavior (Fig. 6(c))
and 10.3% Nb-doped WS, FET (Fig. 6(d)) showed a clear indication
of hole doping, which proved that the Nb dopants were the ionized
acceptors at room temperature. Compared to the Nb element, the V
element, as the doping cation, can also adjust the electrical proper-
ties of WSe, monolayers by the LPI-CVD method.”* In contrast to
the bipolar transport characteristics exhibited in the WSe, mono-
layer, the V-WSe, monolayer threshold voltage shifted to a positive
value and exhibited significant p-type transport characteristics
(Fig. 6(e)) with an increase in the V-doping concentration from
1% to 10%, and the charge mobility as well as the hole density
increased with an increase in the V-doping concentration. The
current switching ratio of the V-WSe, monolayer was as high as 10
with an increase in the V doping concentration to 4% (Fig. 6(f)).
Besides Nb and V, other metal atoms such as Re and Fe can
be effectively doped in monolayer 2D TMDs to tune their
electrical properties.”>”® The Re atom was doped in MoS, as
an electron donor. As the Re doping concentration gradually
increased to 25%, the conductivity increased significantly and
the threshold voltage shifted sharply to a more negative gate
bias, exhibiting n-type transport characteristics (Fig. 6(g)).”” In
addition to changing the type of transport properties of 2D
TMDs, the introduction of suitable doping atoms in the host
material can also improve the electrocatalytic properties of 2D
TMDs. Furthermore, metal-atom-doped TMDs can generate
additional active sites to regulate the bandgap, manipulating
the electrical properties, such as carrier concentration and

This journal is © The Royal Society of Chemistry 2023
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Reprinted from ref. 73 Copyright 2019, the American Chemical Society. (e) and (f) Reprinted from ref. 74 Copyright 2019, Wiley-VCH. (g) Reprinted from
ref. 75 Copyright 2021, Wiley-VCH. (h)-(i) Reprinted from ref. 77 Copyright 2021, Wiley-VCH. (j) Reprinted from ref. 78 Copyright 2022, Wiley-VCH.

mobility, which ultimately enhance the hydrogen evolution
reaction (HER) catalytic activity. In 2021, Agyapong-Fordjour
et al. doped V atoms into semiconducting MoS, to form
nanodispersed metallic vanadium sulfide units via a one-step
LPI-CVD method,”” and the resulting V-doped MoS, exhibited
excellent HER catalytic activity. During the growth process, the
Mo atoms were replaced by V atoms to form VS, groups to
enhance the electrical conductivity of V-doped MoS, materials,
while V vacancies were created to form VS,, groups to introduce
additional active sites in the less reactive substrate planes of
the MoS, materials to enhance the adsorption hydrogen
(Fig. 6(h)). The DFT calculations yielded a Gibbs free energy
of —0.02 eV for VS, groups in V-MoS, monolayers on copper
substrates, which is almost close to 0 eV. This indicates that the
V-MoS, monolayer containing VS,, groups has excellent catalytic
properties for the HER. In addition, the density of states near
the Fermi energy level associated with the active site increases
with an increase in V-doping concentration (Fig. 6(i)), which
illustrates the increase in the charge transfer rate of V-MoS,,
ultimately yielding catalytic properties almost comparable to
that of the Pt metal. Similarly, Liu et al. achieved the in situ
doping of V atoms in MoS, monolayers via the LPI-CVD method
with the lowest hydrogen adsorption free energy at the defective
configuration of three V-doped atoms and S vacancies
(Fig. 6(j)), which synergistically improved the catalytic perfor-
mance of V-MoS, monolayers for the HER.”® Therefore, the

This journal is © The Royal Society of Chemistry 2023

LPI-CVD method offers significant advantages for in situ doping
with precisely controlled doping concentrations, in which
Mo or W can be replaced by an electron donor and acceptor,
leading to a change in electronic structure, carrier types, and
conductivity of TMD monolayers. We can envisage the exten-
sion of this approach to the introduction of a variety of other
doping elements, making it possible to systematically study the
fantastic modulation of various electrical properties.

3.2 Regulation of the optical properties of 2D TMDs

Due to their similar atomic structure, the doping concentration
of 2D TMD materials can be varied over the entire composition
range, thus modulating the energy band structure of 2D TMD
materials. An outstanding advantage of the LPI-CVD method over
the commonly used CVD preparation methods is the avoidance of
inhomogeneous precursor vapor pressure generation. In 2019,
Lee et al. successfully achieved the growth of Mo;_,W,S, mono-
layer with controlled composition by adjusting the ratio of
MoO; and WO, using the LPI-CVD method.”® The synthesized
Mo, ,W,S, monolayer had a homogeneous chemical composition.
The resulting PL mapping at 1.90 eV showed that the Mo, _,W,S,
monolayers possessed a uniform chemical composition and struc-
tural characteristics (Fig. 7(a)). With an increase in the W composi-
tion ratio, the PL of the Mo, ,W,S, monolayers was blue-shifted
(Fig. 7(b)). The variation in free excitons in the Mo; ,W,S,
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spectra of the inner W,Nb;_,Se, region at different temperatures.®® (h) Process for the preparation process of precursor solution.®® (i) PL intensity of
Nb;_,W,Se, alloys with different W compositions.®® (j) Curves of band gap variation with the ratio of W components.*® (a)—(c) Reprinted from ref. 79
Copyright 2019, the American Chemical Society. (d)—(g) Reprinted from ref. 60 Copyright 2020, the American Chemical Society. (h)—-(j) Reprinted from

ref. 39 Copyright 2022, Springer Nature.

monolayer with temperature agrees well with the Varshni equation,
while the bound excitons produce a turning point at 75 K (Fig. 7(c)).

Polygonal W,Nb, _,Se, domains around 40 pm were success-
fully synthesized using the LPI-CVD method, which possessed a
heterogeneous structure with the outer sea urchin-like NbSe,
domains (Fig. 7(d)~(g)).*° The emission peak of the PL spectrum
of the internal W,Nb; ,Se, redshifted to ~780 nm (Fig. 7(g))
compared to that of pure WSe,. In addition, the Nb atoms act as
electron acceptors equivalent to p-type doping. The Fermi energy
level moved below the valence band maximum as the proportion
of Nb component increased, and the normalized PL peak position
shifted continuously from 760 nm to 845 nm, which indicates that
the energy band gap of the synthesized monolayer decreased
continuously from 1.63 eV to 1.47 eV (Fig. 7(h)-(j)).** Therefore,
the LPI-CVD method is a concise and effective approach for
the preparation of alloys with continuously tunable band gaps.
However, whether the universal preparation of multiple types of
alloys can be achieved requires more efforts in the future.

3.3 Regulation of the magnetic properties of 2D TMDs

Materials with both ferromagnetic and semiconducting proper-
ties are called dilute magnetic semiconductors, which have great
potential applications in spintronics and magnetoelectrics.?*®'
The doping of magnetic atoms such as Fe, Co, Ni, Mn, and V will
produce ferromagnetism in non-ferromagnetic 2D TMDs.**"®*
Thus, the LPI-CVD method has become one of the most effective

M4 | Mater. Horiz., 2023, 10, 1105-1120

methods for the controllable synthesis of substitutional mag-
netic transition metal-doped atomically thin TMDs. In 2020,
Zhang et al. successfully synthesized high-quality V-doped mono-
layers of WS, with a wide range of V concentrations from 0 to
12% via the LPI-CVD method (Fig. 8(a) and (b)), which exhibited
ferromagnetism at room temperature.®®> The ferromagnetism of
the V-doped WS, increased with an increase in V concentration,
and the maximum coercivity and saturation magnetization of
the V-doped WS, was obtained when the V doping concentration
reached 2% (Fig. 8(c)-(e)).

V doping produces a more pronounced change in the
magnetic properties of WSe, materials compared to that of
V-doped WS,. For example, Yun et al. reported that V-doped
WSe, possessed long-range ordered ferromagnetic domains at
room-temperature (Fig. 8(f)).®® The V-WSe, monolayer exhibited
striped magnetic domains at a V doping concentration of 0.1%
according to magnetic force microscopy (MFM) tests (Fig. 8(g))-
As the doping concentration increased to 5%, the stripe-like
domains of the V-WSe, monolayer clearly changed to polygonal
shape and the domain area gradually decreases (Fig. 8(h)). The
MFM phase test of 0.1% V-WSe, at different gate voltages
showed that at a gate voltage of —10 V, 0.1% V-WSe, had almost
no magnetic domains (Fig. 8(i)). With a positive shift in the gate
voltage to 20 V, domains gradually appeared with stripes, which
indicates that the domains of the 0.1% V-WSe, monolayer can be
regulated by the gate and the 0.1% V-WSe, monolayer is a dilute

This journal is © The Royal Society of Chemistry 2023
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magnetic semiconductor. Recently, the ferromagnetic order of V-
doped WSe, synthesized by the LPI-CVD method was enhanced
through post-annealing treatment.’® Compared to the unannealed
V-WSe, monolayers, the V-WSe, monolayers clearly produced
polygonal-shaped magnetic domains after annealing at 500 °C
(Fig- 8(j) and (k)). Before annealing, the doping of the V atom
caused spin splitting, and the hybridization of the V-3d and W-5d
orbitals produced emerging defect states, which increased the
magnetic moment of V-WSe, by 1 ug, while the paired configu-
ration of Vyy~Vacs. after annealing intensified the spin splitting
(Fig. 8(1)), and the strong spin splitting caused by the formation of
Vw—2Vacg. with an increase in the concentration of sulfur vacancies
caused population inversion. Additionally, the magnetic moment
increased to 3 ug, and in the Vyy—3Vacs. configuration, the magnetic
moment increased to 5 pp to reach saturation. Except for V
atoms, other magnetic atoms such as Fe, Co, and Ni can also dope
the 2D TMDs and modulate the ferromagnetic properties of the
materials.®”

4. Heterostructures based on 2D TMDs

High-quality lateral heterostructures require atomic-level sharp-
ness at the interface of different 2D materials.*® Controlling the
supply sequence of precursors, and thus the orderly growth of
different materials in a heterojunction is an important idea for
the synthesis of high-quality heterostructures in the LPI-CVD
method. High-quality MoS,/WS, lateral heterostructures have
been comprehensively reported using the LPI-CVD method.”*#%%°
For example, Chen et al. synthesized large-area MoS,/WS, lateral
heterostructures using H, as the reducing agent.*® This chemical
vapor deposition combined with hydrogen-triggered method could
accurately control the precursor source supply period due to the
different volatilities between feedstocks. During the growth process,
the MoS, monolayer was firstly grown due to due to the higher
volatility of the Mo source compared to WO; under Ar gas, followed
by the reduction of WO; to highly volatile WO;_, after the
introduction of H,, and WS, started to grow seamlessly around
MoS,, forming a high-quality MoS,/WS, lateral heterostructure
(Fig. 9(a)). It is clear that the MoS,/WS, lateral heterostructure
consisted of seamlessly stitched MoS, and WS, regions with atom-
ically sharp interfaces (Fig. 9(b)-(d)). Controlling the supply
sequence of different precursor sources by using the difference in
the volatility of precursor raw materials is one of the common
methods for growing heterostructures currently; however, control-
ling the key parameters in CVD growth is equally important for the
synthesis of heterostructure. Consequently, lateral heterostructures
(M0S,/WS,, MoS,/alloy, and alloy/WS,) have been successfully
synthesized by precisely controlling key factors such as the relative
supersaturation degree of the precursor, the sulfur vaporization
temperature, and the growth temperature (Fig. 9(e)~(h)).” Depend-
ing on the physical or chemical properties of the precursor source,
the order of precursor supply is regulated by strictly controlling the
growth temperature to selectively grow high-quality lateral/vertical
heterostructures.” In the LPI-CVD method, the growth temperature
can regulate the adsorption or dissociation state of OH™ ions on

This journal is © The Royal Society of Chemistry 2023
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(a) Growth process using other assistant solvents or promoters. (b) Application of precursor design and multi-condition to regulate the growth

process. (c) Control of key parameters regulating the sequential supply of precursors and selection for the growth of vertical or lateral heterostructures.
(d) Doping with other novel elements to modulate the alloy band gap from visible to mid- and far-infrared light range. (e) Pre-treating substrates to
control domain unidirectional growth and seamlessly stitch together wafer-scale monolayer films. (e) Reprinted from ref. 96 Copyright 2017, the

American Chemical Society.

the monolayer MoS, surface.”’ When the growth temperature
reached 780 °C (Fig. 9(i)), OH  ions were fully adsorbed on the
surface of the monolayer MoS,, and the formed OH™ ion layer
passivated the MoS, surface, preventing the W atoms from nucle-
ating on the MoS, surface for vertical growth, and eventually, the W
atoms nucleated at the edge of MoS, to form the WS,/MoS, lateral
heterostructure with atomically sharp interfaces (Fig. 9(j)). As the
temperature increased, the OH ™ ions dissociated from the surface
of monolayer MoS,, leading to the exposure of surface of monolayer
MoS,. To reduce the total energy of the WS,/MoS, heterostructure,
WS, preferentially nucleated on the surface of MoS,, resulting in
high-quality WS,/MoS, vertical heterostructure (Fig. 9(k)).
Changing the growth temperature can affect the thermo-
dynamic tendency of growth during the synthesis of hetero-
structures, for example, Bai et al. reported a two-step heating
process to grow MoS, monolayers at lower temperatures, while
growing WS, monolayers on the surface of MoS, at high
temperatures due to the large energy potential barrier by the
LPI-CVD method, resulting in the formation of stable MoS,/
WS, vertical heterostructures with an orientation difference of
60°.°> Recently, NbSe,/W,Nb, ,Se, van der Waals vertical
heterostructures (vdWHs) were synthesized using a one-step
LPI-CVD growth method.”® As the temperature increased, the
Nb precursor evaporated and absorbed enough energy to over-
come the substrate surface energy barrier, preferentially nucle-
ating the growth at the edge of the monolayer Nb-doped
WSe, (Fig. 9(1)), followed by extension to the middle part,
and finally completing coverage to achieve the growth of

This journal is © The Royal Society of Chemistry 2023

NbSe,/W,Nb;_,Se, van der Waals vertical heterostructures,
and the optical images are shown in Fig. 9(m). Notably, the
energy band structure of the constructed vertical/lateral hetero-
structures can be modulated by changing the type of 2D
materials, and thus the electrical properties of the constructed
electronic devices. To expand the application of these materials
in electronic and optoelectronic electronic devices, more efforts
are needed to develop more generalized LPI-CVD methods for
the synthesis of heterostructures.”®**

5. Summary and outlook

In this review, we mainly overviewed the recent research on the
LPI-CVD growth of 2D TMDs, including monolayer 2D TMDs,
with doping and heterostructures. The precursor solution in
the LPI-CVD process enables the homogeneous mixing of
multiple precursors at the molecular level to facilitate the
growth of wafer-scale 2D TMDs.” For the controllable growth
of larger area and higher quality TMDs with more excellent
physical performance, various assisted treatments based on
LPI-CVD strategies were implemented mainly including
molten-salt assisted, hydroxide-assisted, polymer-assisted,
and supply of novel chalcogen precursor LPI-CVD. In addition,
the recent progress of atomically doped monolayer 2D TMDs
was summarized. Furthermore, we further elaborated the latest
progress on the growth of heterostructures based on LPI-CVD.
Notably, although the LPI-CVD method has shown great
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potential for the high-quality growth of atomically thin 2D
TMDs, doped 2D TMDs and heterostructures, the growth of
2D TMDs via LPI-CVD is still in infancy and faces some
challenges, as follows:

(I) At present, in the huge TMD family, only a small number
of TMDs such as MoS,, MoSe,, and WSe, has been successfully
grown in high quality by the LPI-CVD method. However, the
LPI-CVD method is strongly dependent on the precursor salts of
each element, as shown in the Table 1, which can be used as
precursors to grow more 2D TMDs. Therefore, more efforts need to
be devoted to finding various assisted treatments such as organic
solvents (Fig. 10(a)) and other co-solvents to promote the dissolu-
tion and reaction of salts for the growth of more 2D TMDs.

(I) The quality of 2D TMDs obtained by LPI-CVD growth
is still inferior compared to that produced by mechanical
exfoliation. For example, excessive or insufficient spin coating
of the precursor solutions can lead to a dense nucleation
density or insufficient source supply during growth, producing
unavoidable defects. Therefore, more precise precursor design
(Fig. 10(b)) and the reaction processes of serial reactions should
be drastically implemented to improve the high-quality growth of
2D TMDs.

(I1) The mechanism of controlled lateral/vertical hetero-
structure growth remains unclear, although that produced by
LPI-CVD methods is advantageous. The regulation of key para-
meters such as the growth temperature and gas flow during
growth is essentially the regulation of the growth thermo-
dynamics and growth kinetic competition between the precur-
sor materials. The intrinsic growth mechanism (Fig. 10(c))
should be understood in depth to develop new synthetic
methods that can precisely control the order of precursor
introduction to achieve the growth of multiple high-quality
lateral heterostructures.

(IV) Controllable doping of 2D TMDs still needs further
exploration. Although controllable doping such as W,Nb, _,Se,
can effectively regulate the electrical and optical properties of
TMDs, the range of band gap regulation is limited such as 1.47-
1.63 eV. The LPI-CVD method plays an important role in
growing doped 2D TMDs, and therefore exploring novel doping
components (such as Re, In, and Te) for the LPI-CVD method is
urgently required to control the growth of lateral composition-
graded atomic-layered 2D TMD nanosheets with tunable band-
gaps from the visible to mid-to-far infrared range (Fig. 10(d)).

(V) The growth of large-area continuity, large domain size,
and thickness uniformity 2D semiconductors, as the prerequi-
site of industrial optoelectronic integration application, is still
very challenging.”® Although the LPI-CVD method has great
potential for the growth of 2D TMDs, the preparation of wafer-
scale size especially large single crystals of 2D TMDs still in its
infancy. Therefore, given the centimeter-scale epitaxy of gra-
phene and MoS, on annealed copper foil or sapphire, searching
for substrates designed for good contact with the precursor
solutions, and annealing or other treatment can enable the
seamless stitching of unidirectionally aligned domains into
wafer-scale single-crystal films (Fig. 10(e)) by suppressing the
nucleation rate and edge induction as a path worth exploring.
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