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Figure 1.5 Thickness control for CVD growth of 2D materials. (a) Schematic diagram of
reverse-flow CVD process for growing bilayer MoS, and corresponding OM image of
obtained bilayer MoS,. Source: Xiumei Zhang [71]/Springer Nature/CC BY 4.0. (b) Schematic
diagram of the bilayer WSe, epitaxy growth process on c-plane sapphire and the
corresponding AFM and OM images. Source: Reproduced with permission from Ali Han et al.
[72]/Reproduced with permission from Royal Society of Chemistry. (c) Diagram of the CVD
growth of wafer-scale (4-inch) MoSe, in three-temperature-zone tube furnace. Source:
Jiawei Li et al. [73]/John Wiley & Sons/CC BY 4.0. (d) Schematic diagram of layer-by-layer
epitaxy of multilayer wafer MoS, and corresponding photographs, STEM images
(cross-section), and Raman spectra line mapping images of the wafers. Source: Qingin Wang
et al. [74]/Oxford University Press/CC BY 4.0.

difficult [70]. Ostrikov et al. developed a reverse-flow CVD growth strategy to
prepare the uniform bilayer MoS, [71]. The detailed growth produced is shown
in Figure 1.5a. Different from the traditional CVD method with constant gas flow
direction during the entire growth process, here they introduced a reverse airflow
in the variable temperature section (b-c section). This reverse gas flow reduces
uncontrolled nucleation and promotes uniform epitaxy of the second monolayer
from the active nucleation center on the first monolayer. This approach enables
high-quality, uniform bilayer MoS, crystals with high yield, controllability, and
reliability, and it provides a possible route for the subsequent large-scale growth
of 2D materials with controllable layers. Wu et al. successfully grew a controllable
three-layer MoS, with high mobility and large single crystals on a sodium-lime
glass substrate by using a CVD strategy [75]. In addition, Zhang et al. used a similar
reverse-flow CVD growth strategy to inhibit the uncontrolled nucleation and thus
achieved the highly robust epitaxial growth of various 2D heterogeneous structures
and superlattices [51]. Li et al. reported the controlled growth of 2H-stacked bilayer
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WSe, by CVD growth on a c-plane sapphire substrate with atomic steps, as shown
in Figure 1.5b [72]. They demonstrate that the nuclei growth of bilayer WSe, slides
along the pronounced atomic steps induced by WSe, crystals atop, resembling the
graphoepitaxy mechanism.

Though great progress has been made in the growth of multilayer TMD grains,
achieving wafer-scale multilayer TMD films remains a big challenge. Wang et al.
report the step-induced uniform nucleation (>99%) of bilayer MoS, on c-plane
sapphire [76]. According to DFT calculations, a bilayer nucleation with aligned
edges is required before merging to obtain a uniform bilayer TMDs film, and the
interfacial formation energy of bilayer MoS, markedly decreases with step height.
In an experiment, they explored the atomic terrace height on c-plane sapphire
to enable an edge-nucleation mechanism and the coalescence of MoS, domains
into continuous, centimeter-scale films. Moreover, Zhang’s group devotes a great
effect on the growth of wafer-scale multilayer 2D TMDs. They firstly developed a
multi-channel source-supply CVD strategy to grow wafer-scale (4-inch) single-layer
MoSe, film in a three-temperature zone tubular furnace [73]. In this work, they
placed the sources in different temperature zones, with the sapphire substrate
placed vertically in the third temperature zone. Especially, three small quartz tubes
in the growth chamber act as containers for MoO;, each capable of independently
transporting carrier gas. This multi-channel design provides an even and contin-
uous precursor supply, allowing uniform nucleation of MoSe, across the entire
wafer with high nucleation density and the ability to grow wafer-scale monolayers
in a short period of time. This work provides an important foundation for the
subsequent wafer-scale growth of multilayer TMD films. Zhang et al. report the
layer-by-layer epitaxy process growth method for preparing high-quality 4-inch
multilayer MoS, wafers on sapphire substrate [74]. Firstly, monolayer MoS, is
prepared by domain-domain coalescence in a multi-channel oxygen-enhanced
CVD system. Then, additional epitaxial layers are grown on top of the first layer
using the same technique to control the number of layers, resulting in multilayers
of MoS, with clean, sharp interface atoms. The layer-by-layer epitaxial growth
process enables a well-defined stack sequence with precise control over the number
of layers, up to six. Furthermore, recent studies have demonstrated the successful
synthesis of high-quality wafer-scale multilayer 2D films such as graphene and
h-BN by reasonably designing the CVD growth conditions and processes [77-79].
Above progresses on thickness-controllable preparation of 2D materials provides
the material foundation for exploring their thickness-dependent properties and
device applications. With the development of new CVD technology, it is believed
that the thickness-controllable preparation of many other 2D materials will be
realized in the near future.

1.6 Phase Control in CVD Growth of 2D Materials

The phase multiplicity of 2D materials is pivotal for exploring their novel physical
and chemical properties [80]. For example, most 2D TMDs (MoS,, WS,, WSe,, etc.)
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possess a stable 2H phase and a metastable 1T and 1T’ phase, which exhibit semicon-
ducting and metallic properties, respectively [5]. Moreover, researchers found that
the semiconducting 2H MoTe, might be commendable in thermoelectricity [81], and
the metallic 1T" MoTe, has extremely large magnetoresistance and quantum spin
Hall effect [82, 83]. Interestingly, the hexagonal and tetragonal FeTe nanosheets were
demonstrated to possess ferromagnetism and antiferromagnetism, respectively [84].

Phase engineering of 2D materials during the CVD growth process is much impor-
tant to explore their various properties and device applications. One of the important
approaches for phase engineering is to realize the phase transformation of existing
2D materials in a CVD system. Ye et al. reported a route for synthesizing wafer-scale
single-crystalline 2H MoTe, by in-plane epitaxial tellurizing, which was triggered
by a deliberately implanted single seed crystal [65]. Hu et al. realized a large-scale
selective growth of the 1T'/2H/1T’ MoTe, multiphase structure, with the 1T" and
2H phases seamlessly stitched [85]. The various phase transformation methods not
only provide convenient and effective approaches readily applicable in many appli-
cations but also play critical roles in understanding the fundamentals of how crystal
phases impact their properties.

Compared with the phase transformation method, the direct synthesis of 2D mate-
rials with distinct phase structures is more favorable to achieve a high-purity phase
structure. CVD growth has great potential in the phase-controllable synthesis of 2D
materials because of its diverse growth parameters (temperature, precursor, carrier
gas, composition, etc.) [86]. For example, Jiao et al. reported the phase-selective
growth of 1T" and 2H MoS, monolayers and 1T’/2H heterophase bilayers using a
potassium (K)-assisted CVD method [87]. This was realized by using K,MoS, as a
precursor and tuning the concentration of K in the growth products to invert the
stability of the 1T" and 2H phases. In Figure 1.6a, Xu et al. developed a facile CVD
method to synthesize high-quality Mo Re, _, S, alloys with tunable composition and
phase structure [88]. The 1T’ phase Mo,Re,_,S, alloys were obtained for x in the
range of 0-0.25, while the 2H phase Mo, Re,_,S, alloys were achieved for x in the
range of 0.75-1. Liu et al. selectively synthesized the hexagonal phase and the tetrag-
onal phase FeTe nanosheets on SiO,/Si by controlling the growth temperature dur-
ing the CVD process (Figure 1.6b) [84]. The phase-controllable growth of FeTe orig-
inates from the formation energy difference between the hexagonal and tetragonal
phases, and maintaining a relatively high temperature is essential for obtaining the
thermodynamically stable hexagonal phase, while a low temperature is favorable to
the tetragonal phase. Most recently, Zhao et al. synthesized both pure f and p’ In,Se,
by means of controlling whether to add InSe into the In,0, precursor [89]. Using
DFT calculations and in situ TEM experiments, they confirm that the Se deficiency
triggers the p — B’ phase transition, which effectively explains the seeding effect of
InSe additive in CVD precursors for the §/-phase growth. The above results demon-
strate the feasibility of CVD synthesis of large-area, highly crystalline 2D materials
with controllable phase structures, which is highly desirable for their promising
wide applications.
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Figure 1.6 Phase-tunable synthesis of 2D materials. (a) Schematic illustration of the
structure, phase, and energy band engineering of Mo, Re,_, S, alloys, the atomic structure of
2H and 1T’ Mo, Re, _, S, alloys, and the ADF-STEM images of 1T’ and 2H Mo, Re,_, S, alloys.
Source: Reproduced with permission from Qixin Deng et al. [88]/John Wiley & Sons.

(b) Schematic view for the temperature-modulated phase selective growth process of FeTe,
the OM images (scale bar: 20 pm) and atomic-resolution STEM-ADF images (scale bar: 5 nm)
of tetragonal and hexagonal FeTe nanosheets. Source: Lixing Kang et al. [84]/Springer
Nature/CC BY 4.0.

1.7 Summary and Prospect

Over the past two decades, the preparation of 2D materials has made tremendous
progress, which greatly promotes the fast development of the 2D field. To realize
the high-efficiency synthesis of 2D materials with controllable thickness, domain
size, crystal quality, and phase structures, researchers have developed a series of
preparation approaches, including mechanical exfoliation, LPE, and CVD. The
various preparation methods possess their own advantages and disadvantages, and
thus the obtained 2D materials exhibit distinct features that fulfill the requirements
of their diverse applications. In brief, the mechanical cleavage method can prepare
most of the target 2D materials with high crystal quality, but the samples acquired
via this approach also possess several problems, such as irregular morphology,
uncontrollable thickness, small domain size, and low yield. The corresponding 2D
materials are primarily used to explore their fundamental properties. LPE is suitable
for large-scale production at a low cost, but precise control of size and layer number
with preservation of pristine quality is still highly challenging. The obtained 2D
materials exhibit prominent superiorities in some special applications, such as
lithium-ion batteries, catalysis, printer ink, and composite materials. Bottom-up
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synthesis via CVD growth has emerged as a versatile and scalable approach enabling
precise control over the thickness, morphology, crystallinity, and phase structure,
which provides significant opportunities for exploring their fundamental physics
and device applications.
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