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Research on electronic channel materials has traditionally focused on bulk and nanocrystals,
nanowires, and nanotubes. However, the recent surge of interest in two-dimensional (2D)
transition-metal dichalcogenides (TMDs) has emerged as a game-changer in this field. The
atomically thin structure of 2D TMDs offers unique electronic and optical properties, which
have been shown to have significant potential in various applications, such as optoelectronics,
energy harvesting, and spintronics. Epitaxy growth of single-crystal 2D TMDs on oxide or
metallic substrates has opened up new opportunities for direct integration into existing
manufacturing pathways. In this article, we discuss recent advances in achieving continuous
single-crystallinity of 2D TMDs on oxide and metallic substrates by controlling the nucleation
and growth rate of crystalline domains. We also review strategies for the controlled introduction
of defects through postgrowth processing and substrate engineering. Finally, we highlight
emerging strategies, new opportunities, and remaining challenges for bridging the gap
between lab innovations and commercialization. The ability to grow high-quality 2D TMDs
on scalable and industry-compatible substrates represents a significant breakthrough in the
field of electronic materials and has the potential to revolutionize the semiconductor industry.
Despite the remaining challenges, the future of 2D TMDs looks promising. Their integration
into existing manufacturing pathways could open up new avenues for advanced electronic
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devices with improved performance and reduced power consumption.

Introduction

Two-dimensional (2D) transition-metal dichalcogenides
(TMDs) have emerged as tantalizingly promising materi-
als for the next generation of high-performance technology.
These materials have a wide range of potential applications in
fields such as electronics, photonics, and computing by virtue
of their high carrier mobility and tunable bandgaps. To real-
ize the full potential of 2D TMDs, it is essential to produce
high-quality, large-scale single-crystal films. Such films would
allow for their integration with silicon (Si)-based electronics,
enabling the optimization for better performance. Obtaining
large-area single-crystal growth of 2D TMDs involves seam-
lessly stitching together tens of millions of 2D domains that
are all aligned in the same direction. This can be accomplished

by using a single crystalline substrate and ensuring that the
lattices of the 2D materials and underlying substrates are
well matched. One feasible approach to achieve this is through
epitaxy, which allows for controlling the orientation of 2D
TMD domains during their nucleation. In traditional epitaxy
growth, the epilayer of three-dimensional (3D) materials
interacts covalently with the substrate due to the existence of
dangling bonds on the surfaces, and strong chemical bonding
forms at the interface, which determines the orientation of the
epitaxial layer. Thus, a lattice mismatch of less than 5-10%
is required to achieve conventional epitaxy. On the contrary,
the van der Waals (vdW) epitaxy of TMD materials results in
weak interaction due to the lack of surface dangling bonds.
Consequently, TMDs whose lattices have threefold symmetry

Mariam Hakami, Department of Chemical System Engineering, School of Engineering, The University of Tokyo, Tokyo, Japan; Mariam_h@chemsys.t.u-tokyo.ac.jp
Chien-Chih Tseng, Department of Chemical System Engineering, School of Engineering, The University of Tokyo, Tokyo, Japan; tseng-chien-chih1982@g.ecc.u-tokyo.ac.jp
Kohei Nanjo, Department of Chemical System Engineering, School of Engineering, The University of Tokyo, Tokyo, Japan; k_nanjo@chemsys.t.u-tokyo.ac.jp

Vincent Tung, Department of Chemical System Engineering, School of Engineering, The University of Tokyo, Tokyo, Japan; vincent@g.ecc.u-tokyo.ac.jp

Jui-Han Fu, Department of Chemical System Engineering, School of Engineering, The University of Tokyo, Tokyo, Japan; fu@chemsys.t.u-tokyo.ac.jp

doi:10.1557/543577-023-00598-1

© The Author(s), 2023

MRS BULLETIN + VOLUME 48 « SEPTEMBER 2023 - mrs.org/bulletin I 923


http://orcid.org/0000-0003-3230-0932
http://crossmark.crossref.org/dialog/?doi=10.1557/s43577-023-00598-1&domain=pdf
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grow antiparallel domains and thus the twin boundaries when
the domains stitch with each other. The antiparallel domain
formation is due to the binding energy degeneracy, and only
when it is broken can the unidirectionally aligned domains be
grown. Step-guided epitaxy was proposed to overcome energy
degeneracy, where the edge of the step along the specific direc-
tion on the substrate acts as preferential nucleation sites that
would guide the unidirectional alignment of 2D materials at
a large scale.

Epitaxy of 2D TMD wafers with continuous
single crystallinity

Single-crystal 2D TMDs on oxide substrates

The large-scale growth of single-crystal TMD films on insulat-
ing oxide substrates (e.g., SiO,, TiO,, and Al,0;) is essential
for developing next-generation ultrathin and flexible electronic
and optoelectronic devices. Among the oxide substrates, large-
scale growth of 2D TMDs on SiO, substrates would enable
batch fabrication and seamless integration of atomically thin
high-performance transistors, memories, and phototransis-
tors on Si-based devices without film transfer. However, the
amorphous nature of SiO, makes it difficult to achieve epi-
taxial growth, which requires meticulous symmetry and lat-
tice matching between epilayers and growth substrates. The
result is the formation of small and randomly oriented TMD
domains that are less than ideal for industrial scaling. Despite
strenuous efforts, the size of single-crystalline MoS, domains
on Si0, remains limited."> On the contrary, when 2D TMDs
are grown on insulating oxide substrates (typically single
crystal in nature), the domain’s shapes and orientations can
be engineered by their epitaxy interaction with the underly-
ing substrate.® Such Such crystalline oxide substrates thus are
employed for growing 2D TMDs, in addition to their relatively
high thermal stability, chemical inertness, and atomically flat
surface. These unique material properties facilitate precursor
migration during chemical vapor deposition (CVD), thereby
improving the thickness uniformity of the resulting 2D TMD
film. For example, single-crystal strontium titanate (SrTiO5)
and titanium dioxide (TiO,) substrates have been used for
TMD growth as shown in Figure 1.*° Meanwhile, C-plane
sapphire (a-Al,05 (0001)) has been utilized as a substrate for
wafer-scale epitaxy growth of monolayer single-crystal films
due to its comparable lattice constant with TMDs. Despite
recent advancements in orientation control, most synthesized

films still exhibit two-directional or antiparallel domains,
mainly due to the noncentrosymmetric C;, lattice of TMDs. To
achieve parallel domains for coalescence into a single-crystal
film on most high-symmetry surfaces requires breaking energy
degeneracy. Our group and Wang et al. discovered that creat-
ing parallel atomic steps through annealing simultaneously
reduces surface symmetry and breaks the formation energy
degeneracy of antiparallel domains.”® This led to the first
demonstration of the epitaxial growth of single-crystal 2-in.
monolayer MoS, on a miscut orientation toward the A axis
(C/A) of the sapphire substrate, which is perpendicular to the
standard substrates C-plane sapphire (see Figure 2). It was
found that despite the change of miscut orientation, the forma-
tion of step edges disrupted the nucleation energy degeneracy
of the antiparallel MoS, domains, giving rise to over 99%
unidirectional growth.”

On the contrary, unidirectional nucleation is clearly absent
in the C/M sapphire, which is defined by the major miscut
angle toward the M axis with o, = 0.2° and o, = 0°(miscut
angle between the (0001) plane and the substrate surface along
M axis (1010), producing steps along (1120)). The epitaxial
relationship of the C/M substrate determines that the (1120)
orientation is perpendicular to the zigzag (ZZ) edges of the
triangular TMD domains and aligned with the armchair (AC)
edges such as AC-1 and AC-2 in Figure 3a-b. These two arm-
chair edges have similar formation energies, thus leading to the
equalization of the two antiparallel domains and impeding the
growth of single-crystal TMDs. To circumvent the energetic
degeneracy, Wang et al. custom-designed C/A sapphire wafers,
with surface steps along (1010), allowing ZZ-edge attachment
and nucleation at the step predicted by the DFT calculations.
Under S-rich conditions, the Mo,, edges with the lowest for-
mation energy (represented as ZZ-Mo-S, in Figure 3b) ensure
the unidirectional growth of TMDs.” Statistical analysis from
multiple growths across a 2-in. wafer showed very reproduc-
ible unidirectional alignment greater than 99% on the C/A
sapphire (See Figure 3c¢). In addition, a recent report on wafer-
scale single-crystal TMDs dual-coupling-guided growth mech-
anism was conducted on vicinal A-plane sapphire (a-Al,O,
with a cutting angle as small as 0.1° along a certain direction).
The parallel atomic steps were formed after annealing the
sapphire to break the C, symmetry of the A-plane sapphire.®
In Figure 4a, AFM measurement shows the longest edge of
the WS, domain that is along the(1100) direction of sapphire
instead of along the step-

MoS,/SiO, MoS,/SrTiO,

Figure 1. Single-crystal 2D transition-metal dichalcogenides (TMDs) on insulator substrates: Optical and
scanning electron microscopy images of the as-grown TMDs on various oxide substrates.

edge direction of (1101).
In this light, unidirec-
tional growth is not only
dominated by step-guided
growth. DFT calculation
further indicates that the
coupling effect between
A-plane sapphire and
156 WS, is stronger than other

MoS,/TiO,
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insulator substrates.® Therefore, antiparallel domain growth is types of edge structures that appeared alternately when the
more favorable. With the influence of the substrate step-edge, reaction environment changed from Mo-rich to S-rich envi-
the symmetry of the substrate changes from C, to C, (lower ronments, consequently, changing the docking behavior on
symmetry), making it possible to have all the WS, islands the step of the substrate, which affects the film crystallinity.
aligned only along one direction (in this case, 60° oriented Although there are fewer studies on directly synthesizing one-
domains; see Figure 4b). However, to achieve perfect domain dimensional (1D) nanoribbons made from TMDs compared to
stitching and further high-quality single-crystal films on the the synthesis of 2D TMDs, this is mainly due to the difficulties
sapphire substrate, careful control of the growth kinetics such involved in preparing, manipulating, and investigating these nar-
as precursor concentration is key. It determines the different row and atomically thin crystals. However, 1D TMD nanoribbons
exhibit edge-dependent
[a] [b] magnetic properties, lateral
C/™M confinement effects, and
a large surface area, mak-
ing them highly tunable
and, therefore, a promising
platform for advanced appli-
cations such as magnetore-
sistive devices or catalyst

application. The process of
Figure 2. C/M and C/A sapphire (0001) substrate and epitaxial relationship. (a) Step orientations on C/M owing 1D TMDs has been
(a) and C/A (d) sapphire (0001) wafers and the corresponding epitaxial MoS, domain alignment.” (b) Optical gr g X
microscopy image of MoS, domains grown on a C/A (a, =0.89°) substrate. Scale bar = 10 um.” closely studied. Our group

reported the self-aligned
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Figure 3. C/M and C/A sapphire (0001) substrate and epitaxial relationship. (a) Four possible edge configurations during the nucleation stage on
the C/A and C/M substrates. Inset: Atomic force microscope image of a sample at the early growth stage, showing that the nucleation is along
the step edges. Scale bar = 500 nm.” (b) The calculated formation energy of the four edge configurations.’ (c) Statistical distribution of antiparal-
lel domains on C/A (red) and C/M (blue) substrates.”
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Figure 4. Characterization of WS, islands and dual-coupling-guided epltaX|aI growth on vicinal A-plane sapphire. (a) Atomic force microscopy
image of WS, domain on A-Al,O,. The direction of the Al,O, steps is (1101).2 (b) Left: Optimized structures of antiparallel WS, ribbons crossing
an atomic step of A-plane sapphire (side view) for 8 = 0° and 6 = 60°.2 Right: Relative energy difference between two antiparallel WS, islands
that cross a step edge on the A-plane sapphire surface due to symmetry breaking.?
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growth of monolayered TMD nanoribbons on ledge-structured
B-Ga,O;. The atomically sharp steps on the freshly exfoliated
(100) plane create two sets of structurally equivalent but crystallo-
graphically inverted ledges (001 and —201), breaking the symme-
try and serving as a template for the growth of MoS, nanoribbons
along a single direction. We further utilized the ledge-directed
growth method as the generalized growth platform to afford
single-crystal TMD nanoribbons and their lateral- and vertical
heterostructures. Recently, the uniformly aligned single-crystal
TMD ribbons through edge epitaxial growth mode are also vali-
dated on high-Miller-index Au facets (see Figure 5).'°

Single-crystal 2D TMDs on metallic substrate

Despite potential contaminations or difficulty in subsequent
device fabrication processes, synthesizing 2D TMDs on
conductive surfaces can leverage compatibility with direct
atomic-scale characterizations. Au(111) is mainly the metal
substrate used for its chemical inertness for sulfur vapor.'®!2
Its matched lattice symmetry with TMD materials and the
interface coupling between Au and TMDs is stronger than
insulator substrates,!! facilitating the epitaxial growth of 2D
layered materials toward wafer-scale single crystals. Melting
and resolidifying the metal at high temperatures is a technique
for obtaining an atomically flat surface for monolayer depo-
sition and forming a single-crystal Au(111) surface.'* Most
importantly, under such high-temperature annealing, atomic
steps are periodically formed on the surface. These atomic
steps align with the subsequent nucleations of TMDs, result-
ing in unidirectional growth and subsequent merge into sin-
gle-crystal growth. Theoretical models constructed by DFT
calculations corroborate the step-guided epitaxial growth of
TMDs on vicinal Au(111) (Figure 6, single-crystal growth
of TMDs such as WSe, and MoS, is represented).'*!>!* The
scanning transmission electron microscopy (STEM) image in
Figure 7a shows one ZZ-edge of a monolayer MoS, domain
docking along the (110} direction of the vicinal Au(111) sur-
face. Moreover, there are two kinds of step edges of a terrace
along the Au (110) direction, namely A-step and B-step, as in

Figure 6. Single-crystal 2D transition-metal dichalcogenides grown
on metallic substrate: (a) Scanning electron microscopy images of
the as-grown WSe,'? and (b) MoS, mono-oriented domains on Au
substrates.?

[a] MoS, on Ga,0,

100 ym

@ MoS, on Au

Figure 5. Single-crystal 1D transition-metal dichalcogenides:

(@) Schematic illustration and corresponding scanning electron
microscopy (SEM) image showcase the continuous MoS, nanoribbon
on B-Ga,0,.° (b) Schematic presentation and SEM image of MoS,
nanoribbons grown on Au substrate.°
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Figure 7b. The minimum energy states occur at 6 = 0° with
the Moy, edge docking. The contact energies per MoS, unit
for the step-guided epitaxy are —1.34 eV/f.u. (electron volt per
formula unit) for A-step and —1.50 eV/f.u. for B-step, with a
difference of 0.16 eV/f.u. The docking to the B-step is more
favorable due to its higher binding energy, which is comparable
to the case for h-BN/ Cu(111).'3 Also, the contact energies per
unit length calculated for different MoS, edges show that the
coupling between the Mo,, edge and B-step is energetically
more favorable. However, during the optimization of contact-
ing structures, there is a special case for S, edges (60°) of
MoS, docking at the A-step edge.' In contrast, sulfur atoms
energetically favor 0° at the step edge over other angles in the
case of WS, (Figure 7c)."

This discrepancy sparks debates on whether the existence
of steps on the surfaces truly underpins the unidirectional
nucleation and, thus, the single-crystal growth of TMDs.
Hence, to ensure single-crystal film growth on the Au sub-
strate, the influence of the step needs to be assisted with
the precise control of precursor flux ratio as it significantly
affects the alignment of MoS, domains on the step. Where
both 0° and 60° oriented MoS, islands appeared at low S/
Mo ratio and with an increase in the sulfur supply, 0° aligned
domains became dominant. To this end, D. Ding et al. inves-
tigated the atomic-scale nucleation of TMDs on a Au(111)
substrate at the early stage of the growth and its mechanism.
The statistical analysis shows that most as-grown MoS,
domains (~88% and 90% for MoSe,) nucleate on surface
terraces, with 12% (10% for MoSe,) of MoS, flakes dock-
ing on surface steps. In addition, most of the step-associated
nucleation is ~64% Mo,,-edge-terminated, and the rest
are docked at S, -edges. The optical image in Figure 8a
shows unidirectional nucleation on the Au surface, and the
atomic structures of MoS, on Au(111) for terrace nucleation
and step-associated nucleation are presented in the STEM
images in Figure 8b. Admittedly, the terrace-nucleated MoS,
domains are terminated with two free edges. At the same
time, oppositely, the step-nucleated ones reside at the atom-
high step edge with one side as the Mo,, edge and the other




B-step edge
.

-

A-step B-step

Figure 7. Theoretical calculations for the internal mechanism of step-induced growth of transition-metal dichalcogenides/Au. (a) Scanning
transmission electron microscopy image of one edge of the MoS, domain docking with the step of Au(111)."® (b) Two typical step edges (A-step
and B-step) along the (110) direction on the Au(111) surface. Atoms in pink and orange represent the stepped Au and substrate Au atoms,
respectively.' (c) Side and top views of the W,S; cluster resided on Au(221) surface with rotation angles of 0° and 60°, respectively.'?

Figure 8. Cross-sectional characterization of MoS, domains at the nucleation stage. (a) Chemical vapor deposition (CVD)-grown MoS, domains
scattered all over on Au(111).%® (b) Left: Scaning transmission electron microscopy (STEM) image of the interfacial structure and atomic model of
MoS, domains nucleated on the Au terrace. Right: STEM image of the interfacial structural and atomic model of MoS, domains with a one-sided

Moz, edge in contact with the Au step.'® (c) Statistical analysis of the edge structure of Moz, and S in contact with the Au step.'®

one as the free end. In alignment with DFT calculations, the
results confirm that vdW terrace-nucleation, rather than the
surface step-guided epitaxy, plays an essential role in real-
izing unidirectional TMD domains on the Au(111) substrate.
Surface step heights are mainly responsible for the integrity
and thickness of MoS,/MoSe, films.'®

Single-crystal 2D TMDs on semiconductor substrate

Using semiconductor substrates such as Si, SiC, and GaN as
a foundation for synthesizing TMDs holds great promise for
developing energy-efficient, high-speed, and high-power
devices that combine 2D layered materials with 3D semicon-
ductors in electronic and optoelectronic applications.'” How-
ever, the current results from these growth processes show either
two distinct growth orientations (0° and 60°) on GaN or the for-
mation of small nanocrystals with uniform width on Si(001) sur-
faces pretreated with phosphine. To fully utilize semiconductor
substrates for large-scale production and achieve single-crystal
TMDs, additional efforts and advancements are necessary.'®!?

TMD engineered defect density

Defects in 2D materials

The defects in CVD-synthesized TMDs can arise from sev-
eral sources, including impurities in the starting materials,
the growth conditions, nonuniform or incomplete reactions
between the precursor molecules and the substrate surface,
and postgrowth treatment. Typical defects in 2D TMDs can
be classified into 0D point defects, 1D grain boundaries, and
2D stacking faults.??! Point defects can coexist within the
2D material matrix, such as substitution impurities, adatoms,
antisites, and vacancies. Among them, vacancies are the most
observed defects in 2D TMDs.?' More specifically, chalcogen
vacancies are widely common in CVD-grown 2D TMDs com-
pared to transition-metal atom vacancies.?>?* Taking single-
layer MoS, as an example, one sulfur vacancy (V,), and disul-
fur vacancy (V,,), vacancy complex of Mo and nearby three
sulfur (Vy,s3), vacancy complex of Mo nearby three disulfur
pairs (Vyos6)> and S, column substituting a Mo atom (S2,,,)
are commonly observed point defects under STEM (See
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Figure 9. Point defects on MoS, basal plane: (a) Top and middle: Atomic resolution annular dark-field images of different point defects in
monolayer chemical vapor deposition (CVD) MoS,. Down: Structural models of the six types of point defects observed experimentally (from left
to right: Vg, Vo, MOgp, Vivesss Viesss @nd S2y)- Purple, yellow, and white balls represent Mo, top layer S, and bottom layer S, respectively.?*

(b) Histograms of various point defects in mechanical exfoliation (ME), physical vapor deposition (PVD), and CVD monolayers.?’

Figure 9a).”* V,_ formation energy is the lowest among them
according to density functional theory (DFT), where the for-
mation energy of V, is roughly twice that of V,,.?*** Antisite
defects of Mo and S can also be formed during the growth
stage where a Mo atom substitutes a S, column (Mog;,), ora S,
column substitutes a Mo atom (S2,,)*! as shown in Figure 9a.
However, antisite defects are occasionally observed in CVD
growth, unlike physical vapor deposition (PVD) produced
samples, where antisite defects with one Mo atom replacing
one or two S atoms (Mog or Mog,) are frequently observed
(See Figure 9b).2! Substitution is where foreign atoms are
inserted within the 2D material layer, replacing their original
atom. However, when atoms get adsorbed to the surface, they
form adatoms. Some causes of such adatoms or substitutions
are formed during ambient exposure or impurities during epi-
taxy growth.?’

Engineering the defects in 2D materials

One major obstacle for CVD-synthesized TMDs is lacking
control of the type or density of the defects. This results in
undesirable doping or trapping states, thus causing unwanted
charge recombination and degradation of the device perfor-
mance, as well as poor luminescence quantum yields. There-
fore, practical and rational engineering of defects holds sig-
nificant promise for optimizing the properties of CVD-TMDs
and unlocking their potential for next-generation electronic
and optoelectronic devices.?**® Defect density can be con-
trolled during the synthesis stage or post-synthesis treatments.
The former is mainly achieved by stoichiometry deviations or
doping. In contrast, the latter can create or heal defective sites
by any method, such as ion bombardment, plasma treatment,
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and chemical treatment.?’">° Although significant progress
has been reported in achieving electronic-grade TMDs with
wafer-scale crystallinity, the precise control of sulfur vacan-
cies in CVD-grown MoS, or WS, remains in its infancy.
Like any material, these atomically thin 2D TMD films are
not perfect. High densities of defects that are rich in variety
adversely affect the field-effect carrier mobility and photo-
luminescence. Because the CVD method depends on react-
ing the volatile transition-metal oxides (e.g., MoO; or WO;)
with chalcogenides in the vapor phase, the key to achieving
low defect density lies in a well-controlled sulfurization/sele-
nization rate. To this end, our group has leveraged hydrox-
ide tungsten species, an intermediate of WO, to effectively
undergo the sulfurization while suppressing the formation of
point defects during the growth stage. We found that the use
of hydroxide vapor-phase deposition (OHVPD) leads to one
order of magnitude lower defect density of TMDs compared
to those from conventional CVD methods. Scanning tunneling
microscopy (STM) measurements in Figure 10a show CVD-
WS, and OHVPD-WS, monolayers directly synthesized on
highly oriented pyrolytic graphite (HOPG) substrates. It is
evident that CVD-WS, exhibits more structural defects than
OHVPD-WS,, which makes OHVPD a very efficient method
of controlling defect density, leading to about one order of
magnitude lower defect density compared to those from con-
ventional CVD methods.** Another work conducted by Shen
et al. suggested that the oxygen-incorporated CVD method for
healing the donor defect states induced by sulfur vacancies
in MoS,. X-ray photoelectron spectroscopy (XPS) data show
the formation of molybdenum-oxygen bonding at the sulfur
vacancy sites of O-MoS, (see Figure 10b). The enhancement
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Figure 10. During-synthesis methods of engineering the defects in 2D materials: (a) Left: Scanning tunneling microscopy images of a chemi-
cal vapor deposition (CVD)-WS,. Right: Hydroxide vapor-phase deposition-WS,.%° (b) Left: X-ray photoelectron spectroscopy data of Mo 3d for
CVD MoS, and O-MoS,. Right: Typical photoluminescence (PL) spectra of O-MoS,, SM-MoS, and SE-MoS, on SiO,/Si substrate showing PL
enhancement of O-MoS,.%'!
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Figure 11. Post-synthesis methods of engineering the defects in 2D materials: (a) Scanning tunneling microscopy images of 2D MoS,_, before
(left) and after (right) 30 min. annealing at 200°C in H,S.%° (b) Left: Optical microscopy image of the as-grown and self-healed samples. Scale
bar = 5 mm. Right: Photoluminescence (PL) spectra acquired from different regions are highlighted in the inset.3®

of the PL intensity and the blueshift in the PL peak position in indicate the restoration of the MoS, basal plane after the chemi-
O-MoS, seen in Figure 10b suggests that the neutral excitons cal treatment.’® Moreover, plasma treatments are utilized to
are much more populated than trions, which is a common sign modify chalcogen defect concentrations in monolayer TMDs,

of less n-type doping and lower sulfur defect density.>! enabling the addition of new functionalities. For instance, by

In parallel, post-synthesis treatments for vacancy healing controlling ion energy and sputtering time in a helium plasma,
have been explored, such as annealing of 2D TMD materi- the properties of MoS, can be adjusted from being semicon-
als under a chalcogenide environment. In Figure 11a, atomic- ducting to exhibiting metallic-like behavior through the intro-

resolution STM images show the monolayer 2D MoS, O, duction of S defects. Similarly, p-type MoS, can be obtained
with oxygen substitution of sulfur vacancies after exposure to by subjecting it to oxygen plasma treatment.>*’

air and annealing in a hydrogen sulfide (H,S) atmosphere at

200°C. STM results indicate that 2D MoS,_ O, crystalscanbe ~ Conclusion and outlook

reduced to the original state of defect-free MoS, via efficient To date, large-scale and single-crystal TMD monolayers have
surface chemistry engineering.”> Similar approaches, includ- been successfully obtained on single-crystal metal or insulator
ing high-pressure annealing under only a sulfur environment, substrates by the CVD method via two routes: (1) nucleation and
show remarkable recovery of the crystal quality in MoS,.>> Not growth of a single nucleus on a substrate and (2) the seamless
only the dry method of gas annealing has been used, but also coalescence of unidirectionally aligned 2D domains on a tailored
the wet solution treatment has been explored. As shown in Fig- substrate. Despite the tremendous efforts in achieving large-scale
ure 11b, bilayered MoS, is assembled by a dry transfer. Then, and high-quality CVD-TMDs and their integration into industrial
self-healing of sulfur vacancies spontaneously occurs by virtue fabrication and applications, the growth mechanisms, especially
of assembling sulfur adatom clusters on the MoS, basal plane the nucleation of single-crystal 2D TMDs, have not been thor-
through a nonoxidizing acid poly(4-styrene sulfonate), thus oughly unraveled, making precise and controllable growth dif-
enabling the hydrogenation process. The resulting PL spectra ficult to achieve at large scale. Meanwhile, engineering defects
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in 2D TMDs is a fascinating area for maximizing their potential.
Although defects from grain boundaries can be eliminated with
single-crystal growth, intrinsic vacancies still impact material
quality. In-depth studies of reaction chemistries and post-syn-
thesis treatments are crucial for defect engineering in 2D TMDs.
Additionally, new or modified designs in automated CVD sys-
tems are necessary due to challenges in maintaining consistent
chalcogenide-to-metal concentrations and achieving uniform
deposition of evaporated molecules. This limitation makes it dif-
ficult to control defects or utilize current laboratory-scale CVD
growth methods for industrial applications. Furthermore, plasma
treatments offer an additional avenue for defect manipulation and
functionalization in 2D TMDs, providing exciting opportunities
for tailoring their properties and adding new functionalities. Col-
laborative efforts between academia and industry are essential
to advance scalable and reliable production methods for TMDs
and bridge the gap between laboratory discoveries and fabrica-
tion processes. Further advancements in the growth of 2D verti-
cal and lateral heterostructures with high crystallinity and large
scale hold significant potential for a wide range of optoelectronic
and electronic devices. These advancements offer opportunities
to develop high-performance logic gates and digital integrated
circuits, including complementary metal oxide semiconductor
(CMOS) inverters. TMD-based field-effect transistors (FETs) have
already demonstrated promising characteristics, such as higher
on/off current ratios and lower subthreshold swings compared to
traditional silicon-based FETs. However, integrating TMDs with
CMOS technology requires bridging the gap between laboratory
innovations and fabrication production. This calls for collaboration
between academia and industry to develop scalable and reliable
production methods for TMDs.
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