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Abstract

Wafer-scale growth has become a critical bottleneck for scaling up applications of van der Waal
(vdW) layered two-dimensional (2D) materials in high-end electronics and optoelectronics. Most
vdW 2D materials were initially obtained through top-down synthesis methods, such as exfoliation,
which can only prepare small flakes on a micrometer scale. Bottom-up growth can enable 2D flake
growth over a large area. However, seamless merging of these flakes to form large-area continuous
films with well-controlled layer thickness and lattice orientation is still a significant challenge. In this

review, we briefly introduce several vdW layered 2D materials covering their lattice structures,
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representative physical properties, and potential roles in large-scale applications. Then, several
methods used to grow vdW layered 2D materials at the wafer-scale are reviewed in depth. In
particular, we summarize three strategies that enable 2D film growth with a single-crystalline
structure over the whole wafer: growth of an isolated domain, growth of unidirectional domains,
and conversion of oriented precursors. After that, we review the progress in using wafer-scale 2D
materials in integrated devices and advanced epitaxy. Finally, future directions in the growth and

scaling of vdW layered 2D materials are discussed.

1. Introduction

This article is protected by copyright. All rights reserved.



Accepted Article

WILEY-VCH

Figure 1 Schematic showing various layered 2D materials, the methods used to grow them at the
wafer-scale, and their integrated device applications. The shown 2D materials all have van der Waals
(vdW) bonds in their lattices, and include: metallic or semi-metallic, semiconducting, and insulating
2D materials. Wafer-scale growth methods include chemical and vacuum processes carried out using
a wide range of temperatures. Various integrated devices that take advantage of 2D vdW films
grown at wafer scale are also shown.

The rapid development of silicon-based integrated circuit (IC) technology has been strongly
supporting the fourth industrial revolution for many years, significantly promoting the capacity and
speed of information communications worldwide. In the era of big data, even more advanced
electronic devices are needed to handle the massive amount of data at high speed. However, further
scaling down of silicon transistor size to increase chip integration density has become prohibitively
expensive, and in some cases, has encountered the limits of today’s best semiconductor equipment.
Especially from the device physics perspective, short channel effects dominate silicon transistor
performance when the channel size is less than 5 nm, which degrades the transistor performance.
Van der Waals (vdW) layered 2D materials are regarded as a very promising new material system to
support post-silicon IC technologies because of their rich and excellent physical properties even with
thickness at the atomic scale (< 1 nm)."®! It has been reported that monolayer MoS, as a transistor
channel can be effectively controlled using one nm-length carbon nanotube gating. Electric field
control on such a short channel can achieve MoS, transistors with excellent performance, including
an on/off current ratio up to 10° and a subthreshold swing (SS) of 65 mV-s™." This indicates that 2D

vdW semiconductors are promising candidates to replace silicon for continued downscaling.

Many vdW layered 2D materials have been synthesized and explored since the graphene
discovery in 2004. They include highly-conductive graphene! and MXenes (atomic-thin transition

metal carbides and nitrides)[s], transition metal chalcogenides (TMDCs, including both metallic’® and
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[2])

semiconducting'®), 2D elemental semiconductors (black phosphorus (BP)”, tellurium (Te)®), 2D

)[9]

insulators (e.g., hexagonal boron nitride (h-BN)® and some oxides.™” The large variety of vdw

layered 2D materials provides a large potential for advanced 2D electronics.

However, for scalable applications, all vdW layered 2D materials face a common challenge:
transitioning from micrometer-scale 2D flakes to wafer-scale. > ***3 This is necessary for scaling up
2D vdW materials application in the high-end semiconductor industry. The history of silicon wafer
development and its significant impact on modern information technologies has already
demonstrated the importance of a large wafer size for volume production at an acceptable cost.
Some materials, such as graphene™, h-BN™, and TMDCs"®, have been heavily explored for wafer-
scale growth, but the reality is that wafer-scale film quality still has enormous space to improve,
especially when compared to chip-grade single-crystalline silicon. Other materials such as MXenes,
BP, Te, and vdW oxides, have only a few reported papers focusing on their wafer-scale growth.
Hence, we feel that this timely review focusing on wafer-scale growth methods of relevant 2D vdW

layered materials is urgently needed.

The scope of this review is clarified in Figure 1, where the structures, properties, wafer-scale
growth methods, and applications of representative vdW layered 2D materials. We begin by briefly
introducing these 2D vdW layered materials and discuss their lattice structures and fundamental
physical properties. Next, we discuss the status and recent developments of wafer-scale growth
methods, including tube chemical vapor deposition (tube-CVD), metal-organic chemical vapor
deposition (MOCVD), molecular beam epitaxy (MBE), atomic layer deposition (ALD), pulsed laser
deposition (PLD), sputtering, solution process, and combination of these processes. We then discuss

some strategies for the growth of high-quality single-crystalline films at a wafer-scale, including @

This article is protected by copyright. All rights reserved.
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growth of an isolated domain (GID), @ growth of unidirectional domains (GUD), and @ conversion
of oriented precursor (COP). After discussing these strategies, we provide some examples for
relevant devices and functional integrated applications that have been enabled by 2D material
growth. Finally, we give an outlook for future research directions for 2D vdW film growth at the

wafer scale.
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2. Classes of vdW 2D Materials
2.1. Graphene
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Figure 2 Characteristics of Graphene. (a) Photograph of the graphene flake. Reproduced with
permission.”! Copyright 2004, American Association for the Advancement of Science. (b) Cross-
sectional TEM image of multilayer graphene layers. Reproduced with permission."*”? Copyright 2012,
American Physical Society. (c) Lattice model of graphene in side and top views. (d) Atomistic model
of graphene with certain defects. (e) The atomic-resolution STEM image of graphene with some
defects. Reproduced with permission.[m Copyright 2013, Royal Society of Chemistry. (f) The 3D
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model of electronic dispersion in the graphene honeycomb lattice. (The zoom-in shows one Dirac
point) Reproduced with permission.™ Copyright 2009, American Physical Society. (g) The electronic
mobility of graphene with different carrier densities under different dielectric environments. (The
inset is the schematic of the graphene hall-bar device) Reproduced with permission.[m] Copyright
2009, IOP Publishing. (h) The Ips-Vss curve of graphene transistor, indicating the graphene Fermi level
can be tuned by the electric field. Reproduced with permission.'*"! Copyright 2015, 10P Publishing. (i)
The optical conductivity of graphene. Reproduced with permission.?? Copyright 2011, American
Physical Society. (j) The schematic of a typical twisted bilayer graphene hall-bar device. (k)
Resistance under different temperatures measured in two devices with twist angles 1.16° and 1.05°,
respectively. (The inset is an optical image of the device) Reproduced with permission."?*! Copyright
2018, Nature Publishing Group.

In 2004, Novoselov and colleagues reported experimentally isolated atomically thin graphitic
crystal, graphene. The successful isolation of graphene has been achieved by mechanical
exfoliation of highly oriented pyrolytic graphite. The morphology of the micrometer graphene flake
is shown in Figure 2a. Each graphene layer interacts with the nearby layer by weak vdW bonds
where carbon atoms share a solid covalent bond in the in-plane direction. The cross-sectional STEM
image in Figure 2b clearly shows vdW gaps in few-layer graphene.?” The lattice model of graphene
is shown in Figure 2c, where a vdW gap of about 3.4 A can be seen from the side view (top), and
carbon atoms in honeycomb geometry can be seen from the top view (bottom). Experimentally
observed graphene often includes point defects where benzene-ring structure consists of 5 or 7
atoms, as displayed in Figure 2d-e.1*® Graphene is electrically conductive, mechanically strong, and

stable under ambient conditions.

Graphene has a unique electronic structure and properties. Figure 2f shows the 3D
electronic dispersion of honeycomb graphene with unique Dirac cones."” A simulation study has
predicted high electronic mobility up to 44,000 cm?® V' s™ for graphene, at low carrier density 10"
cm™? as displayed in Figure 2g.”” Due to the Dirac structure, graphene exhibits gate-tunable

ambipolar behavior, as shown in Figure 2h.”" The graphene channel shows a p-type behavior under
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gate voltage lower than -30 V, and it shows the transition to the n-type once the gate voltage
increases. Saturation of source to drain current at the n-type region is due to the p-doping effect of
graphene at contact area using niobium electrodes. Experimental optical conductivity of monolayer
graphene (Figure 2i) shows an asymmetric resonance peak at 4.62 eV due to their strong electron-
hole interactions: saddle point excitons.” Twisted bilayer graphene (TBG) is overlapped two
graphene layers with a certain angular mismatch, showing very promising superconducting
properties with the magic twisting angle. Through characterizing TBG hall-bar device prepared as
shown in Figure 2j, superconductivity has been discovered at a magic angle of 1.05° as shown in

Figure 2k. 123

Graphene, with a vdW layered, hexagonal honeycomb structure and its single-atomic thin
state, exhibits many unique electrical, optical, and superconducting properties. It has received

extensive focus from several groups to grow at the wafer scale.

2.2. Hexagonal boron nitride (h-BN)
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Figure 3 Characteristics of hexagonal boron nitride (h-BN). (a) The photograph of the h-BN flake.
Reproduced with permission.!*?! Copyright 2018, Nature Publishing Group. (b) The atomic-resolution
h-BN high-angle annular dark-field STEM image. (The inset is a cross-sectional TEM image)
Reproduced with permission.” Copyright 2015, Nature Publishing Group. (c) Lattice model of h-BN
with both top and side views. (d) Evolution of the K,—K, direct gaps and the K,—M_ indirect band gaps
as a function of the number of layers n. Reproduced with permission.'”’ Copyright 2018, American
Chemical Society. (e) Cathodoluminescence spectrum at room temperature with indirect free
exciton luminescence of pure diamond as a reference. Reproduced with permission.”® Copyright
2004, Nature Publishing Group. (f) The layer-dependent macroscopic dielectric constant.
Reproduced with permission.””! Copyright 2018, Nature Publishing Group. (g) The single-photon
emission of atom-like defects in h-BN at room temperature. Reproduced with permission.”®
Copyright 2017, Nature Publishing Group. (h) The schematic of isofrequency surfaces for a Type |
(left) and Il (right) hyperbolic media and the FTIR reflection (red curve) and transmission (blue curve)
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spectra of a 900-nm thick h-BN flake exfoliated onto a 500-mm thick BaF, substrate. Reproduced
with permission.[zgl Copyright 2014, Nature Publishing Group.

Two-dimensional hexagonal boron nitride (2D h-BN), often called “white graphene”, is
analogous to graphene. Due to the weak interaction between nanosheet layers, few-layer h-BN
could be mechanically exfoliated (Figure 3a).”” Boron atoms and nitrogen atoms are alternately
arranged in a honeycomb structure, and their vdW gaps can be observed by the STEM image in
Figure 3b. The h-BN lattice structure can be visualized in Figure 3c, where the side view on the left
shows vdW gap of about 3.3 A, while the top view on the right shows honeycomb structure. 2D h-BN
is a large bandgap insulator with a wider indirect bandgap compared to the bulk counterpart, and
both the direct and indirect bandgap values are changing with different number of layers, as shown

in Figure 3d.”!

A cathodoluminescence spectrum in Figure 3e for the h-BN crystal reveals an intense
ultraviolet luminescence at 5.765 eV,"*® indicating the optical bandgap value of more than 5 eV.
Thus, h-BN is insulating due to its wide bandgap. However, h-BN flakes with 5 and 11 layers have
shown high in-plane thermal conductivity of 250 and 360 W m™ K at room temperature,
respectively.®” These values are two orders of magnitude higher than widely used SiO, dielectric,
suggesting a great potential for future electronic applications where heat dissipation is desired.
Figure 3f summarizes the in-plane and out-of-plane dielectric constant of h-BN with weak layer
number dependency.”””! The out-of-plane static dielectric constant of h-BN (3.29 eV for monolayer;
3.76 eV for bulk) is comparable to that of SiO, (3.8 eV). By introducing point defects into the
hexagonal lattice, h-BN could show a unique stable single photon emission property at room

temperature, and it can be engineered by introducing lateral strains, as schematically illustrated in

Figure 3g.[28] Besides, the multilayer h-BN has been demonstrated as an excellent natural hyperbolic
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material with unique sub-diffractional volume-confined polaritons, as illustrated in Figure 3h,

embodying its potential in nanophotonics.”*

The insulating h-BN with excellent thermal conductivity, low dielectric constant, ultrahigh
wide bandgap, and excellent photonic properties indicates the essential role it can play in 2D
electronics. Thus, realizing h-BN film growth at the wafer scale will be a big step forward in the field

of 2D electronics.

2.3. 2D transition metal dichalcogenides (TMDCs)
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Figure 4 Characteristics of transition metal dichalcogenides (TMDCs). (a) The photograph of the
MoS, microsized flake. (b) The layered structure atomic model of the MoS, lattice. Reproduced with
permission. ! Copyright 2011, Nature Publishing Group. (c) Multiphase of MoS,. Reproduced with
permission.! Copyright 2015, American Chemical Society. (d) Energy band structures of bulk,
bilayer, and monolayer MoS,. Reproduced with permission.[m Copyright 2014, Springer International
Publishing. (e) The photoluminescence (PL) measurement of MoS, films with different layers.
Reproduced with permission.*? Copyright 2017, Wiley-VCH. (f) Top valence band (blue) and bottom
conduction band (pink). The central hexagon is the Brillouin zone color-coded by the degree of
circular polarization. Reproduced with permission. Copyright 2012, Nature Publishing Group. (g)
Circularly polarized micro-PL of the monolayer MoS, at 83 K, along with the degree of circular
polarization of the PL spectra. Red and blue curves correspond to intensities of ¢ and o~
polarizations, respectively, in the luminescence spectrum. The black curve is the net degree of
polarization. Reproduced with permission.® Copyright 2012, Nature Publishing Group.The Ips-Vs
linear transfer curve of MoS, transistor (inset is the output /ps-Vps curve) Reproduced with
permission.m Copyright 2011, Nature Publishing Group. (h) The Ips-Vgs linear transfer curve of MoS,
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transistor (inset is the output /ps-Vps curve). Reproduced with permission.”” Copyright 2011, Nature
Publishing Group. (i) Threshold energies of the trion w} (black symbols) and the neutral exciton w,
(red symbols) as a function of the gate voltage. Reproduced with permission.m] Copyright 2013,
Nature Publishing Group.

Transition metal dichalcogenides (TMDCs) are a large family of 2D vdW layered materials
that can exhibit metallic or semiconducting phases. In general, their chemical formula is MX,, where
M is transition metal (Ti, Zr, Hf, V, Nb, Ta, Mo, W, Re, Pd or Pt) and X represents chalcogen (S, Se, or
Te). Some of them have several phases: 2H, 1T, and 1T". TMDCs combined with different transition
metal elements and chalcogen elements may have different thermodynamically stable phases.[as]
MoS, is one of the most representative TMDCs obtained from nature because its 2H phase is
chemically and mechanically stable in the natural environment.?® The first robust 2D transistor is
made using monolayer 2H MoS, flakes as the semiconducting channel.”” Besides, research on MoS,
wafer-scale growth and device integration is relatively more mature than the other 2D TMDCs.

Therefore, we will give the basic introduction of TMDCs, taking MoS, as the representative

introduction object.

Similar to graphene research, the monolayer MoS, micro flake (Figure 4a) could be obtained
by mechanical exfoliation because of weak vdW gaps in their layered structure, as illustrated in
Figure 4b. 1 MoS, has both trigonal prismatic phase (semiconducting 2H phase) and octahedral
phase (metallic 1T phase). Their phase structure schematics are shown in Figure 4c. © In
semiconducting 2H MoS, (including 2H phases of MoSe,, WS,, and WSe,), the bandgap increases
from bulk to monolayer, as shown in band structure diagrams for monolayer, bilayer, and bulk 2H
MoS, in Figure 4d.*? Moreover, monolayer semiconducting TMDCs have a direct bandgap that
allows strong photoluminescence (PL). Representative PL spectra of 2H MoS, flakes with different

layers are shown in Figure 4e, in which the monolayer flake shows much stronger PL intensity."?
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Also, the monolayer MoS, possesses near-perfect valley-selective circular dichroism, which was

confirmed theoretically (Figure 4f) and experimentally (Figure 4g).[33]

Many reports have
demonstrated MoS, as an excellent n-type semiconducting channel in field-effect transistors with
robust field-effect electron mobility of 217 cm? V' s™, even after reducing the MoS, layer thickness
to less than 0.7 nm. The first demonstrated single-layer MoS, transistor Ips-Vgss transfer curve is
shown in Figure 4h. 2l However, other TMDCs such as 2H WSe, and 2H MoTe, also show excellent p-
type behavior in transistors.?”3¥ Not only electron, but also exciton (electron-hole pair) or charged
exciton (trion: electron-hole pair combined with another free electron) has been observed in
monolayer MoS, and can be tuned by gate electric field (Figure 4i). The exciton resonance becomes
dominant under negative gate bias with significant peak center shift, while trion resonance is not

significantly affected by gate modulated Fermi level.*”

The huge TMDCs family, together with their rich and unique physical properties (such as
monolayer PL, valleytronics, high-mobility carrier in p-type and n-type, electric field tunable excitons,
et al), indicate that their significant roles in 2D electronics would be boosted if wafer-scale growth

methods are developed.
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2.4. Layered transition metal carbides and nitrides (MXenes)
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Figure 5 Characteristics of MXenes. (a) The schematic of MXene synthesis from the HF etching of the
MAX phase. Reproduced with permission.?? Copyright 2015, American Chemical Society. (b) The
TEM morphology of the MXene flake. Reproduced with permission."*” Copyright 2017, Wiley-VCH.
(Inset is the cross-sectional TEM image) Reproduced with permission.® Copyright 2015, American
Chemical Society. (c) Surface functional group engineering based on the different acid etching of
MAX phase. Reproduced with permission.””! Copyright 2016, American Chemical Society. (d) Work
functions of different MXenes with different surface groups. Reproduced with permission.*?
Copyright 2016, American Chemical Society. (e) The transmittance as a function of resistance for
TisC,T, compared to the other representative materials. Reproduced with permission.*” Copyright
2017, Wiley-VCH. (f) The resistance as a function of the MXene film thickness. Reproduced with
permission.”””’ Copyright 2017, Wiley-VCH. (g) Zero-energy loss peak (ZLP)-subtracted EEL spectra
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acquired on a truncated triangular flake of Ti;C,T, (Inset: STEM-HAADF micrograph). Reproduced
with permission.[43] Copyright 2018, American Chemical Society.

MXenes (atomic thin transition metal carbides and nitrides with some surface groups), a
family of 2D materials derived from ternary layered precursors MAX phase, had been first reported
in 2011." Their interlayer vdW gaps are introduced by selective chemical etching of the MAX phase
using F-containing acidic solutions. The schematic in Figure 5a shows the representative Ti;C,T, (T,
including =0, -F, -OH) MXene through the selective chemical etching Ti;AIC, MAX phase:[39] Al layer is
removed by chemical reaction, and remaining Ti;C,T, MXene layer with surface groups can be
isolated. The presence of surface termination allows MXenes to exhibit hydrophilic surface, which is
a distinct advantage over other 2D materials. The lateral size of MXene can be up to 10 um (Figure
5b)." MXene layered flakes with large vdW gaps are visible in the TEM image as shown in the inset
in Figure 5b. " The Ti;C,T, MXene shows unique interlayer spacing and intercalation properties
because of its tunable surface groups. For example, as discussed in Figure 5¢c, MXene etched by 10%
HF does not show ion exchange capability or intercalation of water, while additional LiCl in 10% HF
enables these capabilities.*!! Spontaneous intercalation of Li* cation between the MXene layer
allows co-intercalation of water molecules. The interlayer spacing can be much wider so ex-situ ion

exchange can be done.

Surface groups of MXenes play an essential role also in their electronic properties. A
theoretical study has predicted a wide-range coverage of various MXenes with different surface
groups.”? Oxygen surface groups result in high work function while hydroxyl-terminated MXenes
are with very low work functions (Figure 5d). Conductive material with such low work function is
highly desired for electronic applications. It is believed that the ultralow work function is due to the

strong surface dipole of the hydroxyl group.”* Ti;C,T, MXene is a very conductive 2D metal, which
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shows even higher conductance and better transparency than graphene, single-wall carbon
nanotube (SWCNT), or SWCNT/polymer thin films and is comparable to PEDOT: PSS (Figure 5e)./*”
The high conductivity of different thick MXene films is illustrated in Figure 5£.1 Ti,C,T, MXene thin
films have shown high electrical conductivity that is based on the high free-carrier density of MXene.
Figure 5e shows zero-loss peak subtracted electron energy loss spectroscopy (EELS) of Ti;C,T, MXene
flake.® Minor changes in incident electron beam energy indicate different surface plasmonic energy

modes in the MXene flake at different positions.

MXene is a large 2D material family with weak vdW gaps introduced by chemical etching.
They have many unique properties, such as high conductivity, various surface groups, and tunable
work-function over a large range. These charatceristics promote MXenes for various applications in
next-generation electronics, including excellent contact material. Thus, growth of large-scale

MXenes is crucial to realize its potential.
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2.5. 2D elemental semiconductors
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Figure 6 Characteristics of 2D elemental semiconductors. (a) Lattice model of layered black
phosphorus (BP). Reproduced with permission.””” Copyright 2015, National Academy of Sciences. (b)
Bandgap size as the function of BP layer number. Reproduced with permission. “*! Copyright 2020,
Wiley-VCH. (c) The carrier mobility of BP as the function of temperature under the different carrier
densities. Reproduced with permission.™™ Copyright 2014, Nature Publishing Group. (d) The lattice
model of Tellurium (Te) structure. Reproduced with permission.*® Copyright 2020, Nature
Publishing Group. (e) The energy band structure of Te. Reproduced with permission."*”” Copyright
2018, Nature Publishing Group. (f) /o,/lof ratio and field-effect mobility as a function of Te thickness.
Reproduced with permission. ! Copyright 2018, Nature Publishing Group.

Similar to graphene, numerous efforts have been exerted for the discovery of other mono-

elemental 2D materials. Borophene and silicene are other kinds of 2D materials with strong
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interlayer interaction &%

will not be discussed here. They would have a much different synthesis
mechanism to the vdW layered 2D materials in question. Phosphorene (black phosphorus, BP) and
Tellurene have been confirmed with a weak vdW gap and will be included in our discussion. Besides,
both of them are very promising 2D semiconductors; discussion of their large-scale growth could be
very meaningful for 2D device integration. Figure 6a shows the crystal structure of 2D BP. Each layer
of semiconducting BP has a puckered orthorhombic geometry."” Like semiconducting 2D TMDCs, the
BP bandgap depends on the number of layers, with a range between 2.5 and 0.1 eV, covering the
middle and near-infrared regions, as shown in Figure 6b.* BP has excellent carrier transport (mainly
p-type) properties, hall mobility and field-effect mobility of 8 nm thick BP shows temperature
dependence in a range of several hundred cm? V' s as shown in Figure 6¢.™ Tellurene is another
promising mono-elemental 2D semiconductor. The crystal structure in Figure 6d can be described as
aligned Te molecular chains.”® Figure 6e shows the electronic band structure of 4-layered Te
simulated by conventional Perdew-Burke-Ernzerhof (PBE) functional, where a slight mismatch of
conduction band minimum (CBM) and valence band maximum (VBM) points results in an indirect
bandgap. According to the Heyd-Scuseria—Ernzerhof (HSE) functional, the bandgap of the 2D Te
increases from 0.38 eV (bulk) to 0.83eV (4-layer) and 1.28 eV (2-layer). " Figure 6f summarizes the
current modulation ratio and field-effect mobility of 2D tellurene transistors. From the thinner 2D Te
flakes, the higher /,,/l,5ratio was found, but with smaller mobility. U7 The peak mobility was ~700
cm? V' s at room temperature for a thickness of 16 nm. Thus, 2D BP and Te are auspicious high-

performance p-type semiconducting layered materials. Their large-scale growth and integration are

absolutely important research topics.
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Figure 7. Characteristics of 2D oxides. (a) The schematic lattice model of vdW layered MoOs;.
Reproduced with permission.*® Copyright 2017, Elsevier. (b) The band structure and (c) partial
density of states of MoOs as calculated by the s-X hybrid functional. Reproduced with permission. !
Copyright 2014, American Physical Society. d) The Ips-Vss linear transfer curve of p-type MoO;
transistor. Reproduced with permission.? Copyright 2016, Wiley-VCH. (e) The schematic of twisted
bilayer a-MoO;. f) Optical image of a twisted bilayer a-MoO; flake (A® = =57°, d;, = d, = 150 nm).
The white dashed lines denote the [001] crystal directions of the two layers. Reproduced with
permission. ™ Copyright 2020, Nature Publishing Group.

The interest in 2D materials includes the oxide family. Some binary oxides materials (MoO;,
W0, V,0s, etc) have weak vdW layered atomic structures, which allow them to be exfoliated into 2D
nanosheets. The vdW gap of representative orthorhombic MoOj; (a-Mo0s3) consists of alternatively
arranged MoOg octahedrons as shown in Figure 7a," making their exfoliation energy slightly higher

than that of 2D TMDCs. The bandgap energy of a-MoOs is predicted as 3.04 eV where CBM and VBM
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are modulated by Mo-d orbital and O-p orbital, respectively. The polar Mo-O bands result in large
bandgap energy and a large work function of 6.25 eV, as the theoretical simulation analysis in Figure
7b-c.®Y The bandgap energy of a-MoQO; can be tuned to smaller by ionic intercalation (proton or
alkali metal ions), resulting in the substoichiometric MoOy. Experimental MoO, field-effect
transistors have been reported, and MoO,, was used as a p-type semiconducting channel, as shown
in Figure 7d."? Interestingly, it has been discovered that photonic dispersion of phonon polaritons
can be precisely controlled in the twisted bilayer a-MoQ;. The “magic angle” determines the
topological transition between hyperbolic and elliptical dispersion at the given frequency. The
schematic and optical images of the reported twisted bilayer a-MoOQ; stacking heterojunction are
shown in Figure 7e-f, respectively.[w] The unique electrical and optical properties of the vdW oxides

make them also a non-negligible part for further 2D device application and integration.

The vdW layered 2D materials discussed above, including graphene, h-BN, TMDCs, MXene,
elemental semiconductors Te and BP, and layered oxides, cover most physical properties (metallic,
semiconducting, insulating, superconducting, and photo-sensing), which dramatically broaden the
types of device application based on 2D materials. Most works on these materials have focused on
small flakes with sizes at the micrometer scale. Growing these materials at the wafer-scale has been
challenging. Thus, the next part of this review will discuss the status and prospects of wafer-scale

growth methods of 2D materials.
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3. Wafer-scale growth methods
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Figure 8. Schematics of three kinds of thin-film growth modes. (a) Volmer-Weber mode (3D island
growth). (b) Stranski-Krastanov mode (layer plus island growth). (c) Frank-van der Merve mode
(layer-by-layer growth).

The growth of atomically thin 2D vdW materials at the wafer-scale requires understanding
the basics of thin-film growth, as shown in Figure 8. There are three thin-film growth modes, which
include: Vollmer-Weber (island, Figure 8a), Stranski-Krastanov (layer-plus-island, Figure 8b), and
Frank-van der Merve (layer by layer, Figure 8c).** * Their determinant factors are mainly the
binding energy (E.ss) between film atom (fa) and substrate surface atom (sa), the binding energy
(Efata) in-between film atoms, the strain between film and substrate lattice, and growth conditions. If
Efoa> Efase, then three-dimensional island growth mode is preferred. If Efq > Efogq, the layer-by-
layer growth mode is preferred. However, in the case of layer-plus-island growth mode, thin films
grow initially through layer-by-layer growth mode until a thickness of several monolayers has been
achieved, followed by island growth mode. Besides these basics of thin-film growth, the unique
week vdW bonds in the 2D materials lattice need to be seriously considered when developing their

wafer-scale film growth methods.
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Mucleation Growth Merging

Figure 9. Schematic of the wafer-scale 2D film growth process: firstly, the nucleation is formed as the
growth center of grain domains; Secondly, the growth of the 2D grain domains; thirdly, the merging
of 2D domains into a continuous film at the wafer scale.

Explorations of wafer-scale 2D film growth started more than 12 years ago when the large-
scale graphene growth was first demonstrated in 2009.> Most of the 2D vdW films that have been
successfully grown at the wafer scale share a similar growth process: (1) nucleation of 2D flake
center, (2) growth of 2D domains, and (3) merging of 2D domains into a continuous film, as
illustrated in Figure 9. Since 2D vdW materials have a unique vdW gap, the 2D adatoms have much
weaker binding energy on both substrate and 2D domain surfaces than on the domain edges.”®*”
Thus, the 2D vdW film growth usually proceeds through layer-by-layer growth rather than by island
growth mode.”® This characteristic has imposed fewer constraints on the substrate surface

structures (lattice type and orientation) and has led to the development of several growth methods

for 2D material growth at the wafer scale.
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3.1. Co-vapor tube CVD Growth Process
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Figure 10. Growth of wafer-scale 2D films based on tube CVD System. (a) The schematic of a tube
CVD system. (b) The graphene film is grown on a Ni (300 nm)/SiO, (300 nm)/Si substrate.
Reproduced with permission.® Copyright 2009, Nature Publishing Group. Figures on the Left side
show the polycrystalline graphene domain size by DF-TEM and SAEDs. Reproduced with
permission.®® Copyright 2011, Nature Publishing Group. (c) Photographs of the roll-based
production of graphene films and transferred on a PET substrate. Reproduced with permission.®”
Copyright 2010, Nature Publishing Group. (d) Single-crystalline Graphene film grown in the
Germanium substrate. Reproduced with permission.™ Copyright 2014, American Association for the
Advancement of Science. (e) Highly orientated MoS, film grown on a sapphire substrate.
Reproduced with permission.!*®! Copyright 2017, American Chemical Society. (f) Polycrystalline MoS,
film grown on a 6-inch glass. Reproduced with permission.®™ Copyright 2018, Nature Publishing
Group. (g) Polycrystalline BN grown on a Cu and transferred on a SiO,/Si substrate. Reproduced with

permission.®”  Copyright 2015, Springer Nature. (h) Single-crystalline h-BN grown on
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Cu(111)/sapphire substrate. Reproduced with permission.’® Copyright 2020, Nature Publishing
Group.

The co-vapor tube CVD is the most popular process used to grow 2D vdW flakes. Recently, it
has been demonstrated to be an effective method to also grow wafer-scale 2D films. Graphene,
TMDCs (MoS,, MoSe,, WS,, TaSe,, etc) and h-BN films have been successfully grown through well-
designed CVD systems at the wafer scale. These materials were first grown as polycrystalline film
and later were improved where the single-crystalline structure at the wafer-scale was achieved.
Most tube CVD systems used in this process share several common features: (Dprecursor vapor(s)
are transported inside the growth chamber by special carrier gases at a certain pressure; @ the
growth substrate is placed in the hot zone; ®)the precursor vapors start the chemical reaction to
deposit 2D flakes on the substrate surface, the byproducts are exhausted by the carrier gases; @the
initial growth stage is forming randomly distributed 2D flakes, then the flakes enlarge and merge
over time to form a continuous film on the wafer. This co-vapor CVD process is shown schematically

in FigurelOa.

Graphene was the first 2D material to be grown at the large-scale using the tube CVD system
(on Ni film surface in 2009).">! Figure 10b displays one graphene/Ni sample and its polycrystalline
structure was also pointed out. It is difficult to grow a uniform graphene film on a Ni surface because
of significant C solubility in Ni. However, Cu arises as an excellent candidate for growing large-area
graphene films with uniform thickness due to the low solubility of C in Cu."® Several reports verified
wafer-scale or even 30 inch-scale graphene films on the Cu foil surface.®®® Figure 10c shows the
roll-to-roll tube CVD process for preparing 30 inch-long graphene films, which can be transferred

onto the flexible PET substrate.’®” However, initial graphene films were grown with a polycrystalline
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structure, containing many grain boundaries, which are not favorable for device applications. The
first single-crystalline wafer-scale graphene film with monolayer thickness was grown on a
germanium (110) surface in 2014 (Figure 10d).[14] In the following years, single-crystalline AB-
stacking bilayer graphene films were also reported on both the Cu(111)/sapphire in 2016 ) and
liquid PtsSi/solid Pt surfaces in 2019.°”) In 2020, single-crystalline graphene films were grown on
polycrystalline metal surfaces with the help of mono-oriented seed arrays.®® More details of

graphene single-crystalline CVD growth could be found in another recent review.'®

Besides graphene, several 2D TMDCs films have been grown at the wafer scale using a co-
vapor CVD system. In 2017, highly oriented continuous MoS, monolayer films (Figure 10e) were
successfully grown on 2-inch sapphire substrates.™ In the following years, larger wafer-scale MoS,
films were grown on 6-inch glass (Figure 10f)® and 4-inch sapphire substrate.”® Other TMDCs such
as MoSe,, "1 ws,, " and TaSe, * were also successfully grown over a wafer through a co-vapor
tube CVD system. Most of these wafer-scale films are polycrystalline with micrometer-scale domain
sizes. However, single-crystalline MoS, films have been recently reported on Au (111) surface using a
CVD system.”” Another reported single-crystalline MoS, film was successfully grown on the
insulating sapphire substrate through an epitaxial phase conversion method,” which will be

discussed later.

Growth of insulating h-BN films at the wafer-scale was first demonstrated in 2012 using the
tube CVD.™ Both polycrystalline and single-crystalline films were achieved. Similar to graphene, h-
BN CVD growth occurs preferentially on metal substrates, especially Cu and Ni.*” ¢ 7678 The

polycrystalline h-BN film was obtained in the tube CVD process when using a randomly oriented Cu

foil as the substrate, and the h-BN film can be transferred on other substrates for device fabrication,
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see Figure 10g. [62] Single-crystalline monolayer h-BN films growth at wafer-scale were also reported
on liquid Au metal,”® cu(110) ®” and cu (111).*® Figure 10f displays one example of a single-
crystalline h-BN film on Cu(lll)/Sapphire.[63] To avoid metal ion contamination after transferring the
2D film away from the metal substrate, wafer-scale h-BN films were explored to be grown on
insulating substrates such as sapphire. B However, the growth of single-crystalline (or, at least, low
defect density) multilayer h-BN remains a challenge ;®% ® this is especially important for the
fabrication of electronic devices because h-BN is the only 2D material employed as dielectric, and
the leakage current across monolayers is prohibitive (>10 A/cm? at 0.1 V), even if they are of perfect

quality (i.e., single-crystalline).®¥ There are currently no reports on using a tube CVD system to grow

MXene, 2D BP, Te and vdW oxides at the wafer scale.

3.2. MOCVD growth process
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Figure 11. Growth of wafer-scale 2D films by MOCVD. (a) The schematic of the MOCVD system. (b)
MoS,/WS, film grown on a 4-inch fused silica substrate. Reproduced with permission. ! Copyright
2015, Nature Publishing Group. (c) Polycrystalline MoS, domains characterized by TEM. Reproduced
with permission.®®! Copyright 2015, Nature Publishing Group. (d) The WSe, film grown in the
sapphire substrate. Reproduced with permission.® Copyright 2018, American Chemical Society.
WSe, triangle domains with highly orientated growth direction displayed by (e) SEM image and (f)
AFM height image on the sapphire substrate. Reproduced with permission.®® Copyright 2018,
American Chemical Society.

MOCVD is another type of chemical vapor deposition system which uses a pulsed precursor
gas vapor source. Figure 11a illustrates a schematic of a simplified MOCVD system. This approach
has been most commonly used to grow 2D films TMDCs at the wafer scale. The reason is the growth
of TMDC films by the tube CVD process is very challenging because of the difficulty in precisely
controlling the precursor vapor concentration and stable distribution, which leads to poor
repeatability and uniformity of the 2D film over large wafers. However, MOCVD can more precisely

control the supply of precursors using pulse time, pressure, and precursor concentration. It is very

This article is protected by copyright. All rights reserved.



Accepted Article

WILEY-VCH

promising in 2D film stable growth at a larger wafer, overcoming the challenges faced by the tube
CVD. However, some precursors may cause possible carbon residuals contamination in the grown 2D
film.®® & |n contrast to TMDCs, few studies were reported on the growth of graphene and h-BN by
the MOCVD process.®#*” Examples of MOCVD processes used to grow TMDCs are illustrated in
Figure 11b-f. The first paper in 2015 reported MOCVD growth of MoS, and WS, monolayer
continuous films on 4-inch SiO,/Si wafers, as shown in Figure 11b. Their polycrystalline feature can
be visualized in the TEM image (Figure 11c). The Mo, W, and S precursors used in this report are
Mo(CO)s, W(CO)s, and (C,Hs),S. However, this process takes a relatively long time (about 26 hrs) for
the whole growth process. ¥ Another recent study in 2017 reported MoS, film MOCVD growth on
6-inch SiO,/Si wafers using H,S and Mo(CO)e as the S and Mo precursors, respectively. The growth
temperature was relatively low (400 °C) with a growth time of about 9 hrs.”™ The MoS, growth on
sapphire substrates was explored in 2019 using Na,MoO, and (C,Hs),S precursors with a short
growth time of about 20 mins. However, controlling the TMDCs film crystal orientation began to be
reported recently through carefully-controlled growth parameters on single-crystalline substrates.

Both highly-oriented WSe, film® and mono-oriented WS, films®®?

were reported by MOCVD growth
on the c-cut sapphire substrate. This large-area film sample is displayed in Figure 11d, and near
unidirectional nucleation is displayed in the SEM image in Figure 11e. However, few-layer islands on

top of the continuous monolayer film could be detected through the AFM analysis, as shown in

Figure 11f. 1%

TMDCs MOCVD film growth has achieved noticeable progress and is regarded as one of the most
industrially favorable growth methods. However, reproducibility, large-area uniformity, and island-

free monolayer film growth with single-crystalline features over the whole wafer still need further
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improvement. Also, the precursor sources and some gaseous by-products (e.g., CO) are toxic, thus

precautions need to be implemented to deal with the toxic gases in the MOCVD growth of TMDCs.

[87]

The growth of other 2D vdW materials (MXene, BP and Te, MoOs) has not been reported by MOCVD

yet.

3.3. MBE growth process
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Figure 12. Growth of wafer-scale 2D films by MBE. (a) The schematic of the MBE system. (b) The
MoTe, film grown on a 2-inch SiO,/Si substrate. (c) Monolayer thickness of the film confirmed by
AFM height image. (d) Polycrystalline feature of MoTe, confirmed by TEM SAEDs. Reproduced with
permission.®® Copyright 2018, Wiley-VCH. (e) The MoS, film grown in the h-BN/sapphire substrate.
(f) High-orientation of MoS, film growth can be achieved by tuning Mo precursor flux. Reproduced
with permission.®® Copyright 2017, American Chemical Society. (g) large-size h-BN grown on Ni(001)
substrate. (h) SEM image of large-size h-BN domains. Reproduced with permission.”* Copyright
2019, Wiley-VCH.

MBE is another growth method that has been used to grow 2D films at the wafer scale. A
schematic of a typical MBE system is shown in Figure 12a. The substrate is placed inside an ultra-
high vacuum (UHV) chamber on a stage held at the desired growth temperature. Precursors are
placed in effusion cells and are pulse-evaporated inside the UHVchamber where they react at the
substrate surface. The MBE growth holds several advantages: (Dthe UHV environment could
minimize impurities during the growth; @the UHV environment enables in-situ electron diffraction
monitoring the film growth process; ®high-purity precursor elements could be used in the effusion
cell, which is very important to minimize film defects; @the very slow deposition rate (typically less
than 5 A/min) could enable precise layer-by-layer growth.”™ For these reasons, the wafer-scale

growth of 2D vdW films by MBE has been investigated by several groups.

For example, the 2H MoTe, film growth on 2-inch SiO,/Si wafer (Figure 12b) by MBE with
100% monolayer (Figure 12c) coverage has been successfully developed by the Yao group. However,
the film was polycrystalline with random domain orientations, as confirmed by the SAED pattern in
Figure 12d. The Loh group successfully grew highly-oriented monolayer MoS, films by MBE on 2-inch
h-BN/sapphire substrates (Figure 12e). They could achieve 96.3% zero alighed domain orientation
with the help of low Mo precursor flux during the growth, as shown in Figure 12f. Other TMDCs,

[96]

such as ferroelectric In,Se;”" and ferromagnetic FesGeTe,” films, were also grown at the wafer
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scale using the MBE. Also, one study reported the possibility of using an MBE system to grow a large-
area h-BN on a Ni metal surface (Figure 12g). However, the film was not continuous and consisted of

semi-isolated flakes, as shown in Figure 12e.

The growth of TMDCs films by MBE at the wafer scale is effective at controlling the domain
orientation and the number of atomic layers. But the required UHV systems are complex and the
processes are quite sensitive to the growth environment, which limits its industrial application. Thus,
MBE-grown 2D vdW films are mainly serving as an important research and development tool. Similar

to the other methods, there are still no reports involving MBE growth of MXene, BP, Te, and MoOs.

3.4. ALD Growth Process
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Figure 13. Growth of wafer-scale 2D films by ALD. (a) The schematic of the ALD system. (b) The ALD
process flow schematic of the MoS, film grown on a 2-inch sapphire substrate. Reproduced with
permission.®® Copyright 2014, Royal Society of Chemistry. (c) Domains are influenced by substrate
surface, temperature, and pressure. Reproduced with permission.”® Copyright 2018, American
Chemical Society. (d) The Schematic of Ni foam assistant ALD growth of uniform and high-quality
MoS, film. Reproduced with permission.™® Copyright 2019, American Chemical Society.

The semiconductor industry, which has funded vdW layered film growth research over the
past five years, is particularly interested in the possibility of inserting TMDCs into the back-end-of-
line (BEOL) to enable Si CMOS compatible integration. This limits the growth temperatures for 2D
vdW films to ~450 °C and lower.”™ ALD appears to be the proper technique to synthesize 2D
materials at low temperatures because of its simplicity, versatility, and control of the thickness at
the angstrom level. Based on self-terminated surface reactions, the precursors are kept separated

and react only with surface species in a self-limiting process, forming at most one single atomic layer
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per cycle, as shown in Figure 13a. The reaction is well confined on the substrate surface with few
reactions happening in the vapor phase, differentiating the ALD from CVD. Each surface reaction is
separated by a purge step to remove the unreacted precursor and the by-product. The sequence of
reactant surface reactions and purges constitutes a cycle. Due to the self-limiting character of the
ALD reactions, the thickness of the as-deposited film is simply controlled by the number of cycles
with precision at the angstrom level.™® In 2014, Loh et al. first reported the ALD of a MoS, film on
a 2-inch sapphire substrate via employing MoCls and H,S as reactants and an exposure mode at 300
°C (Figure 13b).°® Owing to the self-limiting reactions of the vapors, this ALD process could control
the film thickness precisely, thus leading to wafer-scale monolayer and multilayer MoS, film.
Meanwhile, after annealing at 800 °C in saturated sulfur vapor, the crystallization improved
effectively. The effect of growth parameters on films has also been investigated. Delabie et al. utilized
plasma-enhanced ALD (PEALD) to grow WS, film at low deposition temperature (<450 °C). ®® The
results showed that the substrate and deposition conditions had a significant impact on the nucleation
and growth of the films, as shown in Figure 13c. By using amorphous Al,O; as the substrate, the
nucleation rate was very rapid, resulting in a small grain size. In order to increase the grain size, SiO,
substrate with an inherently lower reactivity was used. The enhanced deposition temperature and
reactor pressure could further expand the grain size up to ~200 nm. Additionally, Liu et al. reported
the influence of precursor flow on the grain size of MoS, (Figure 13d). "® After placing one Ni foam
on top of the substrate, a trickle-fluidization source flow was obtained, giving rise to the larger MoS,
grain sizes up to ~400 nm. Although the ALD technique has been employed to grow various 2D
materials, the growth of high-quality wafer-scale films is still challenging. Another recent review

paper gives more details on the 2D layered materials ALD growth. "
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3.5. Two-step precursor conversion growth processes
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Figure 14. Growth of wafer-scale 2D films by precursor conversion:Dprecursor films formation
through several possible PVD systems @chemical or physical conversion in the particular high-
temperature atmosphere. Schematic of (a) SiC seeded sublimation growth system. (b) Thermal
evaporation system (c) Sputtering system (d) PLD system (e) Chemical conversion system.
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The two-step process is another method that has been used to grow wafer-scale 2D films by
chemical or physical transformation of precursor films or wafer surfaces. The two-step growth
process includes (1) precursor film formation, and (2) precursor film conversion, as illustrated in
Figure 14. The precursor formation process can be achieved by several methods including: seeded
sublimation growth (Figure 14a),"®! thermal & E-beam evaporation (Figure 14b),"**% sputtering
(Figure 14c)," pulsed laser deposition (Figure 14d),”> "> ™Y and spin or bar coating."***** The

[115-117] chemical [75, 105, 107, 118, 119]

conversion step could include: decomposition, or physical 2% 121

conversion. This process has been successfully demonstrated for growth of wafer-scale graphene,™®

1171 9D TMDCs (MoS,, 75, 1091151 pMoTe,, 20 17-WS,, 107! In253,[”8] sns,1*? ptTe, 1?9 ptse,, 1! etc) and

BP films.2

There are two types of two-step film conversion processes: one is the chemical conversion
of precursor films, the other is the physical conversion of precursor films. Many 2D vdW films have
been obtained by chemical conversion of their precursor films or wafer surface. Graphene was
converted from the surface of the SiC wafer. Many TMDC films were grown by chemically converting
their metal-based precursor films, which will be discussed in detail in Figure 15. There are also
several reports about the physical conversion of their allotrope films, as in the case with MoTe, and

BP film formation as will be discussed in Figure 16.
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Figure 15. Wafer-scale growth of 2D graphene and MoS,; films by a two-step chemical conversion
process. The schematic of (a) Left: Top view of the covalently bound stretched graphene (CSG)
model on (001) SiC. Right: a monolayer graphene epitaxial placed on the bulk-truncated (001) SiC
surface. Reproduced with permission.**®! Copyright 2008, American Physical Society. (b) The LEED
pattern of epitaxial monolayer graphene obtained from the graphitization of (001) SiC. Reproduced
with permission.™™”! Copyright 2009, Nature Publishing Group. (c) The sulfurization process of the
thermal evaporated MoO; film. (d) A 2-inch few-layer MoS, film on the sapphire substrate.
Reproduced with permission."®! Copyright 2012, Royal Society of Chemistry. (e) A 2-inch monolayer
MoS, film obtained through epitaxial phase conversion process, uniformity confirmed by PL mapping
at four different locations. Reproduced with permission.™® Copyright 2019, Wiley-VCH. (f) The roll-
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to-roll production of MoS, film through chemical conversion of (NH,),Mo0S4/Ni film. Reproduced with
permission.™ Copyright 2018, Wiley-VCH.

The two-step chemical conversion process chemically transforms the as-prepared precursor
films or wafer surfaces to obtain wafer-scale 2D films, as shown in Figure 15. The chemical
conversion could be thermal decomposition or chemical cation exchange or intercalation.
Monolayer graphene has been successfully obtained through the thermal decomposition of the
(0001) SiC wafer surface.™ This film has been confirmed theoretically (Figure 15a) and
experimentally (Figure 15b) to have a mono-oriented epitaxial feature. ** ™ Two-step processes
used to grow TMDCs films usually include oxygen-chalcogen cation chemical exchange in the
ultrathin transition metal oxide films or chalcogen cation intercalation inside the ultrathin transition
metal films. Wafer-scale MoS,, WS,, In,S; and SnS, films were successfully grown through high-
temperature O-S exchange in the MoO; %1% 2% (Figyre 15¢, d) or Mo0,™¥ (Figure 15e), WO,
In,05**® and sn0,™* films. The chemical O-Se exchange process in W05 and Mo0,™* films

(1291 intercalation inside ultrathin metal

results in WSe, and MoSe, films. The process of S, Se and Te
Mo, 1105 1121 \WH0ST gng ptlt19 1231301 £1ms can also produce wafer-scale MoS,, WS,, PtS,, PtSe, and
PtTe, films. These two-step cation exchange or interaction processes have been usually performed
at high temperatures above 600 °C, which limits their use in low-temperature electronic
applications. Thermal decomposition of precursor films is also one type of two-step growth of 2D
TMDC films at relatively low temperatures. As we can see from Figure 15f, bar-coated (NH,4),MoS,
film on Ni foils could be decomposed at 400 °C to realize industrial-scale MoS, film production by a
roll-to-roll method.™ (NH4)2MoS4[m' 14 or Mo-containing ponmer—precursor[m] films could be

coated on rigid silicon or flexible substrates as precursors then decomposed into MoS, films at low

temperature.

This article is protected by copyright. All rights reserved.



WILEY-VCH

5 min 30 min | 60 min 180 min
m T
© Mo @ Te {JJ i o
5 ¥ 2 | o y : ‘:" f‘h.&?‘_ 3 A
il g : ? TRAEL L Y -’:: b
a0 B S
3 & L ra T S S ¥ L £l ¥,
Ry 3 TR L,
P [ =] 1" : i t L ._'"1 # 4
*\0 ; r.J = .'l'+ 2 5 I'.:!._* i ¥

e Transfer hBN (, S S
5 mm 5 ¥ BP film

Sapphire disk &8 ' '

o

RP film L

Red phosphorus Heat & pressure

(RP) powder

Figure 16. The growth of MoTe, and BP films through a two-step physical conversion process. (a-d)
the optical morphology variation and schematic of the 1T’ to 2H MoTe; film physical phase
transformation. Reproduced with permission.™™ Copyright 2019, American Chemical Society. (e)
The schematic of BP film growth through the red phosphorus (RP) phase change process.
Reproduced with permission.** Copyright 2018, Wiley-VCH.

Another reported two-step process is to grow large-area 2D semiconductors through the

physical conversion of their allotrope precursor films. It is a rare method for large-scale 2D film

Accepted Article

growth. To our knowledge, only semiconducting 2H MoTe,**” and BP™?! films have been achieved

through the physical conversion process, as displayed in Figure 16. Figure 16a-d illustrates the
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process used for conversion from 1T’ MoTe, to 2H MoTe,. The Te vacancies in the 1T MoTe, film
were regarded as the phase transformation center (Figure 16a). Under certain high-temperature and
reducing atmospheres, the 2H domain size increased with time (Figure 16b-c) until a much larger 2H
MoTe, domain could be obtained after 180 mins (Figure 16d)."**” The wafer-scale 2H MoTe, film was
also achieved by the same group, but the physical conversion needs almost 126 hrs for one 1-inch
sample fabrication.” The BP film could also be obtained through the physical transformation of red
phosphorus (RP) film, as shown schematically in Figure 16e. The RP film was firstly grown through
thermal evaporation on the sapphire substrate. A BN film was coated as a protection layer on the RP
film surface. Then, the BN-capped RP film was treated in a high-temperature/pressure furnace until
a BP film was successfully achieved. ™" Another study also demonstrated a two-step process to

obtain BP film from RP film.™*3?

Compared to the popular MOCVD or CVD processes (taking the well-studied MoS, growth as
an example), two-step processes have some advantages: the large-scale area and thickness of the 2D
films could be predefined by the precursor films. However, 2D semiconducting films obtained
through most of the two-step processes have inferior lattice and electronic properties. Another issue
is that it is very challenging to grow continuous monolayer films. Our group has performed several
studies to improve MoS, film quality in two-step processes.”” ™% Unlike amorphous precursors
used in the traditional two-step growth, we used single-crystalline epitaxial precursors that were
converted into the MoS, film, which resulted in a single-crystalline structure with much better
electronic performance.” ™0ur group also achieved uniform and continuous monolayer MoS,

films by minimizing the gas flow fluctuation in the two-step process, as shown in Figure 15e. [110)
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3.6. PVD growth process
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Figure 17. The growth of MoS,, BP and Te films by PVD process. (a-c) PLD growth of MoS, film with

different thicknesses, the uniformity was confirmed by Raman. Reproduced with permission.!***

Copyright 2016, American Chemical Society. (d-f) Sputtering growth of MoS, films with different
thicknesses. Reproduced with permission."*” Copyright 2016, Nature Publishing Group. (h-i) PLD
growth of large-area BP film with different thicknesses. Reproduced with permission.™** Copyright
2021, Nature Publishing Group. (j-m) Thermal evaporation of Te film with the excellent flexible
electronic application. Reproduced with permission.'*®! Copyright 2020, Nature Publishing Group.

Direct physical vapor deposition methods have also been explored to grow large-area 2D

[133] [134]

films using PLD'™**, sputtering and thermal evaporation systems. “? PLD has been demonstrated

as a powerful high-vacuum tool for high-quality oxide films.™*® pLD growth of large-area metallic

[137] [133, 138] BP [139]
’

graphene,®”" semiconducting TMDCs, and insulating BN films™® has also been
explored recently. Most of the graphene films using CVD were grown on metallic copper substrates,
while graphene could be grown on an insulating substrate by PLD."*”" 2D semiconducting TMDCs
films, especially MoS, have been investigated by several groups.****® The stoichiometric ratios of
2D MoS, films were greatly influenced by the S/MoS, ratio in the PLD target."** The 2-inch wafer
MoS, film grown on sapphire substrate and the Raman spectra uniformity is shown in Figure 17a-c.
Using Au (111) substrate, MoS, lattice orientation could be well optimized through PLD growth.™®
Growth of large-area insulating h-BN film could also be achieved on metal substrates through PLD,
with the help of the dissolution of carbon into cobalt (Co) and nickel (Ni) substrates.” Some
literature reported large-area semiconducting MoS, and insulating BN films using sputtering.!*** 2
1“1 MosS, films with different thicknesses obtained through sputtering are shown in Figure 17d-f,"3¥
while the 2-inch wafer-scale h-BN film is shown in Figure 17g.**" Most of the 2D semiconducting

compounds obtained through the physical vapor deposition are very defective and show poor

electronic properties, especially TMDCs. Chalcogen elements are much easier to evaporate in the
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high-vacuum system than transition metal elements during the high-temperature growth, leaving
the 2D films with a large number of chalcogen vacancies. However, PLD growth of elemental 2D BP
film on ultra-flat mica substrate has been achieved recently and shows excellent film quality."**
Also, thermal evaporation of 2D element Te films was demonstrated with high-crystalline quality
(Figure 17h) and high transistor performance, when the supporting substrate was held at low
temperature -80 °C during the Te deposition.”® The 2D Te film could grow on most of the rigid and

flexible substrates (Figure 17i-j) and has demonstrated excellent bendable and electrical

performance (Figure 17k).

Thus, the PVD method can be used to grow 2D vdW films over large wafers, but for the
compound 2D materials, the film quality is usually not as good as the two-step film conversion or
chemical deposition methods. However, the PVD method can be very promising for the growth of

high-quality, large-scale 2D elemental materials, such as BP and Te.
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3.7. Solution growth process
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Figure 18. Growth of wafer-scale 2D films from solution process system. (a) Schematic of a spray
coating system. (b) The semitransparent graphene/FTO/glass electrode sample. (c) Optical
transmittance of FTO (grey curve) and graphene-coated FTO substrate (black curve). Reproduced
with permission.?* Copyright 2016, Royal Society of Chemistry. (d) MoS, film spin-coated on the 4-
inch SiO,/Si substrate. (e) High-magnification SEM image of the MoS, thin film, showing the
conformal stacking of individual nanosheets along the (001) direction. Scale bar, 1 um. (f) Transistors
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array taking MoS, flack-stacking film as the channel, Scale bar, 100 um. g) Field-effect mobility of
MoS, film under different annealing temperatures. Reproduced with permission.™* Copyright 2018,
Nature Publishing Group. (h) Optical images of MXene Ti;C,T, films on glass and a bendable, flexible

polyester substrate. Scale bar, 1 cm. (i) Optical transmittance of MXene Ti;C,T, films with different

thicknesses. (j) Resistance changes as a function of bending. Reproduced with permission.!***

Copyright 2016, Wiley-VCH.

The solution process could be an alternative practical method to obtain wafer-scale 2D films.
It is a low-cost process compared to processes that require high-vacuum systems and high-
temperature reactions. One common solution process is spray coating, which is schematically
displayed in Figure 18a. Firstly, a homo-disperse and concentration-controlled 2D flakes suspension
should be prepared in an evaporable solvent (such as water or alcohol). Then using a spray gun, the
2D suspension could be dispersed uniformly on the substrate. During the stacking of 2D flakes into
the wafer-scale film, the solvent undergoes evaporation so that the flake stacking occurs uniformly
and continually, thus avoiding aggregation by the solvent drop residuals. Many 2D vdW materials
such as graphene,[m] MoS,, M Mxene, and h-BN™***! have been deposited at the wafer-scale by
spray coating their corresponding 2D suspensions. Figure 18b shows one semi-transparent graphene
film obtained by spray coating, which can be useful for large-area transparent electronics. Figure 18c
illustrates the transparency of graphene spray-coated on FTO glass at a different wavelength in the
visible range. Spin coating is another well-known solution process method. Wafer-scale MoS, films
formed by 2D flake stacking through sprin-coating have shown promising electronic properties. **% A
MoS, film coated at the wafer-scale in Figure 18d obtained by solution processing. The film
morphology shown in Figure 18e consists of uniform laterally stacked flakes on the surface of the
substrate. Transistor device arrays were fabricated using standard photolithography to pattern the

MoS, films (Figure 18f). Figure 18g confirms that solution-processed large-area 2D semiconductor

films exhibit very promising electrical performance. MXenes, a new family of 2D vdW materials, have
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so far been reported with large-area films only through the solution process. 144 For example, the
TisC,T, MXene films formed by the spray coating process are shown in Figure 18h.2** MXenes are
promising contact materials for transparent electronics because of their high conductivity, tunable
work function in a large range and easy to disperse in water without any surfactants.™® Their
transparency is inversely proportional to their thickness (Figure 18i)."****" Its films formed on the
flexible substrate shows stable electric conductivity after a specific bending process (Figure 18;j).***!
The solution process usually forms 2D films through the lateral stacking of micro-sized 2D flakes. It
means the film has randomly distributed lattice orientation of each flake, rich in flake edge defects
and flake stacking-contact resistance. All these imperfect features could significantly degrade the 2D
film electrical performance. Thus, it is not practical to form films through a solution process for the
reliable, highly integrated electronic device. However, solution process methods provide an easy-to-
operate, low-temperature, and low-cost method to form large-area 2D films. It could be very
promising for fabricating devices with no requirement on high-performance, such as flexible,

wearable, and display electronics.

4. Strategies of single-crystalline 2D films at the wafer-scale

To achieve reliable integrated electronics, large-area 2D vdW films with single-crystalline
structures need to be grown uniformly and continuously at a wafer-scale, with minimal grain
boundary and other defects.®® The reported methods to grow single-crystalline 2D vdW films can be
classified into three strategies: @ growth of an isolated domain (GID), @ growth of unidirectional
domains (GUD), and @ conversion of oriented precursors (COP). Graphene,® MoSz,m’ 7> and h-
BN® have been successfully grown with a single-crystalline structure over the wafer scale.

However, MXenes, TMDCs (except MoS,, MoSe,, WS, and WSe,), 2D vdW elements, or oxides films
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with a single-crystalline structure have not yet been reported to date at the wafer scale. Therefore,
understanding these growth principles could help to develop practical strategies for preparing a

high-quality wafer-scale film of many emerging 2D vdW materials.

4.1. Growth of an isolated domain (GID)
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Growth of Ultra-large domain
isolated domain

Figure 19. Growth of wafer-scale 2D single-crystalline films by GID. (a) Schematic of the enlarging
process of a single 2D domain. (b) The single-crystalline graphene flake in submillimeter scale.
Reproduced with permission.“‘m Copyright 2011, American Chemical Society. (c) Single-crystalline
Graphene flakes in centimeter scale. Reproduced with permission. ™' Copyright 2013, American
Association for the Advancement of Science. (d) An inch-sized graphene film by local feeding
process. Reproduced with permission.™*® Copyright 2016, Nature Publishing Group. Submillimeter-
sized single-crystalline (e) MoS, flake. Reproduced with permission.™" Copyright 2016, Wiley-VCH.
(f) MoSe;, flake. Reproduced with permission."*? Copyright 2017, American Chemical Society. (g)WS,
flake. Reproduced with permission [153] Copyright 2014, Royal Society of Chemistry. (h) WSe, flake.
Reproduced with permission.® Copyright 2017, Nature Publishing Group. (i) h-BN flake.
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Reproduced with permission."*> Copyright 2015, Nature Publishing Group. (j) Mo,C flake through
enlarge their single domain centers. Reproduced with permission."™® Copyright 2015, Nature
Publishing Group.

The GID route to grow large-area vdW layered 2D materials is usually operated in the tube CVD.
The schematic in Figure 19a illustrates this process: First, a nucleation center is formed, followed by
the planar growth of the 2D domain, which finally covers the whole wafer. One requirement for the
successful GID process is the ultralow density of nucleation centers, ideally only one center in an
inch-sized area. Another requirement is the perfect planar growth over a large area. During the CVD
GID process, adatoms of precursors should always tend to be chemically adsorbed and bonded on
the domain edge, nucleation and island formation of other layers on top of the 2D domain
monolayer need to be eliminated. One practical strategy is to speed up the domain growth rate, thus
the nucleation rate can be comparatively suppressed. Therefore, there would be more chance for

achieving an isolated large domain.!”*” **®

Large-area single-crystalline growth of graphene, TMDCs, h-BN, and MXene-like Mo,C have been
investigated through the GID process. However, only the graphene domain was successfully
enlarged into an inch scale, see Figure 19b-d. *” Graphene by the GID process was first reported in
2011 by Ruoff et al. They successfully enlarged the lateral size of the graphene monocrystal up to 0.5
mm (Figure 19b) by using copper-foil enclosure as substrate and methane as a precursor in the low-
pressure CVD system.™ In 2013, they further enlarged the graphene single-crystalline domain size
up to centimeter-scale (Figure 19c), by introducing oxygen to suppress the nucleation density and
promote the diffusion-limited growth kinetics.*® In 2015, the Xie group developed a fast growth
method for the inch-sized graphene single-crystal (Figure 19d), through a localized feeding to the

single nucleus on the Cu-Ni alloy substrate.™ In 2018, the Smirnov group achieved the foot-long
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single-crystal graphene film on a polycrystalline pure copper surface through the self-selection of the
fastest-growing domain orientation and overwhelming the slower-growing domains.™* Thus, the

GID process could be regarded as a practical method for graphene single-crystalline film growth.

The GID process has been tried on other 2D vdW materials. Single-crystalline semiconducting
TMDCs (MoSz,“S” MoSe,, >3 Ws,, ¥ and WSe, [154]) and insulating h-BN™>*! flakes were successfully
enlarged into submillimeter size (Figure 19e-h). The Loh group enlarged the monolayer MoS; single-
crystal flake up to 305 um (Figure 19e) in an ambient-pressure CVD system, by changing the relative
substrate position to the precursor and the carrier gas flow direction. [152) They also achieved a
monolayer MoSe, crystal lateral size up to 2.5 mm (Figure 19f), by using the molten glass as the
substrate. The glass surface isotropic feature was regarded as the reason for suppressing MoSe,
nucleation events.'® The Warner group enlarged WS, flake up to 370 um (Figure 19g), by
controlling the introduction time and the amount of sulfur (S) vapor relative to the WO;
Precursor.”>® The monolayer WSe, flake was grown up to 835 um (Figure 19h) by the Pan group.™*
The Xie group reported a single-crystal h-BN domain size up to 130 um (Figure 19i) grown on
uniquely designed Cu—Ni alloy foils.** MxXene-like Mo,C flake was just enlarged into tens of
micrometer size (Figure 19j). ™ To our knowledge, there is still no report about the 2D vdwW
elemental (Te and BP) and oxide (MoQ;) growth by the GID process. Further efforts are needed to
improve the GID process and extend it to other materials beyond graphene. Suppressing nucleation

density, promoting lateral edge growth, and shortening the growth time are major concerns during

the exploration of the GID process.
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4.2. Growth of unidirectional domains (GUD)
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Figure 20. Growth of wafer-scale single-crystalline 2D films through the seamless GUD. (a) Schematic
of the merging orientation well-aligned domains into the single-crystalline film. (b) Schematic of
inch-sized single-crystalline graphene film growth. (c) Low-energy electron diffraction (LEED) pattern

of single-crystal graphene grown on an (110) H-Ge (4]

substrate. Reproduced with permission.
Copyright 2014, American Association for the Advancement of Science. (d) Inch-sized single-
crystalline MoS, film grown on (111) Au/W substrate. (e) SEM images showing orientation well-
MOSZ

permission.”‘” Copyright 2020, American Chemical Society. (f) Oriented h-BN monolayer domains in

aligned small domains, extended domains, and continuous film. Reproduced with
a large area on copper substrate. (g) LEED pattern of the as-grown h-BN sample. Reproduced with

permission.[gol Copyright 2019, Nature Publishing Group.

This article is protected by copyright. All rights reserved.



Accepted Article

WILEY-VCH

Another strategy for wafer-scale 2D vdW single-crystalline film growth is through the GUD
process. The schematic of this is illustrated in Figure 20a. In this process, numerous nuclei formed at
the start of the process on a single-crystalline substrate. These 2D nuclei then grow, ideally in a
single planar lattice direction, with the help of the substrate-aligned surface atomic edges. Finally,
2D domains are extended over time and then stitched together seamlessly to form a mono-oriented

continuous film. The GUD strategy has been demonstrated as a very practical growth method for the

[14, 66, 68] [74, 160]

single-crystalline semi-metallic graphene, semiconducting TMDCs , and insulating h-BN

films. %84

One piece of representative literature using the GUD route to prepare the single-crystalline
graphene at the wafer-scale was reported in 2014 by the Whang group. They successfully grew
wrinkle-free single-crystalline monolayer graphene on hydrogen-terminated (110) germanium
substrate. Multiple nucleation centers were unidirectionally aligned because of the (110) surface
anisotropic twofold symmetry; thus, the uniform single-crystalline graphene with a predefined
orientation was successfully achieved after seamless merging of these numerous unidirectional
domains, as shown in Figure 20b-c.* Large-area single-crystalline graphene films have been
reported on many different single-crystalline metal substrates with certain lattice surfaces. More
details are discussed in a very comprehensive literature review published by the Liu and Peng groups
recently.®™ For the successful GUD growth of the single-crystalline MoS, film, the Zhang group
demonstrated it on (111) Au substrate with careful control of the S/Mo ratio. The centimeter-square
MoS, film sample grown on (111) Au/W surface is shown in Figure 20d. The mono-oriented MoS,
domains could be seen before they merge into a continuous film, as illustrated in Figure 20e.”%

Mono-oriented MoS, films grown on sapphire (001) substrates were recently achieved with
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excellent electrical performance by the Wang group. The miscut orientation towards the A axis (C/A)
of sapphire provides excellent control over the MoS, domain orientation alignment.[ls” Recently,
several wafer-scale single-crystalline TMDCs (including WS,, MoS,, MoSe, and WSe,) were
successfully grown on vicinal a-plane sapphire by the Liu group, a dual-coupling-guided mechanism
was regarded to drive their mono-orientated growth features.™®® MoS, domains grown with highly-
oriented (two directions) feature has also been achieved on epitaxial GaN.™?** However, the
TMD/nitride heterostructure is yet to be achieved at the wafer scale. Several groups demonstrated
the successful growth of single-crystal insulating h-BN films at the wafer-scale using the GUD
method. The Shin group successfully grew single-crystalline h-BN on insulating sapphire substrate in
a high-temperature and low-pressure CVD system. They could transfer h-BN film onto the targeted
substrate by etching the Al layer contacting the h-BN film.®" However, their films were multilayer,
but monolayer h-BN dielectric film is preferred for nanoelectronic applications. The Kim group has
successfully grown monolayer single-crystal h-BN film on a liquid Au substrate surface, which

provides an opportunity for self-collimation of the BN grains with the help of the electrostatic

[63] [80]

interaction.” Recently, both Li*®® and Liu®” groups achieved monolayer single-crystalline h-BN film
on the cheaper copper substrate using the GUD method. Thus, the GUD method has been well
demonstrated for single-crystalline graphene, MoS, and h-BN films grown at the wafer scale.
However, TMDCs (except WS,, MoS,, MoSe, and WSe, ), MXenes, 2D elements, and oxide films have

not yet been grown at the wafer-scale with single-crystalline structure through the GUD route.
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4.3. Conversion of oriented precursors (COP)
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Figure 21. Growth of wafer-scale 2D mono-oriented films through the COP route. (a) Schematic of
the chemical conversion of the single-crystalline precursor films. Cross-sectional TEM image and
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chemical conversion schematic of (b) the (001) SiC substrate and (c) the surface graphene layer.
Reproduced with permission.™® Copyright 2011, National Academy of Sciences. (d) Schematic of
epitaxial phase conversion from MoO, to MoS, film. (e) The single-crystalline feature of the MoS,
film confirmed through selected area electronic diffraction (SAED) patterns. Reproduced with
permission.”® Copyright 2018, IOP Publishing. (f) The schematic diagrams of the wafer-scale single-
crystalline 2H MoTe, thin-film converted from 1T° MoTe,. (g) Electron back-scattered patterns
(EBSPs) at different positions across the wafer. Reproduced with permission.™*" Copyright 2021,
American Association for the Advancement of Science.

The COP process is one type of two-step conversion method that involves a chemical or physical
transformation of a solid mono-oriented precursor film or wafer surface. The schematic is shown in
Figure 21a. The first step is to obtain an oriented precursor, which could be a bulk single-crystalline
wafer surface such as SiC, Pt, or an ultrathin epitaxial film such as MoO,. This precursor should have
a very high-quality single-crystalline character, which is unique to the normal two-step conversion
process mentioned earlier in section 3.5. Once the high-quality precursor is ready, a chemical
transformation is performed with well-optimized parameters, such as temperature, pressure, and
atmosphere. A good transformation process results in high-quality mono-oriented 2D vdW films at

the wafer scale.

To our knowledge, the COP strategy has been used to grow high-quality mono-oriented
graphene,“es] 2H MoS, " 2H MoTe, ™Y and PtSe, **® films. Using the (001) SiC wafer surface as a
precursor, especially when the wafer surface termination is covered with Si atoms, the mono-
oriented graphene film with structure coherence over the whole wafer can be formed by thermal
decomposition of the surface SiC layer. As illustrated in Figure 21b-c, the non-layered SiC surface
was changed into layered graphene as can be seen by comparing the cross-sectional TEM image of

the SiC sample before and after thermal transformation. This is because Si atoms are much easier to
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be evaporated compared to C atoms. Thus, C atoms remain on the SiC surface to form the graphene
layer, which has a mono-oriented planar lattice inherited from the single-crystalline SiC wafer. %
185l However, to achieve mono-oriented monolayer epitaxial graphene over the wafer, the annealing
condition should be well controlled. There is a high chance that bilayer or trilayer regions are
typically present at the step-edges of SiC wafer."*”! This phenomenon can have a significant impact
on the electronic transport in the graphene layer.™®” Our group successfully obtained highly-
oriented MoS, films through the COP strategy, as illustrated in a schematic in Figure 21d.7> % we
found that (200) MoO; planes have very small lattice mismatch (> 2%) to the (001) sapphire surface,
and achieved epitaxial single-crystalline MoO, film growth on the (001) sapphire substrate using the
PLD process. A well-optimized chemical conversion process was then carried out at a certain
temperature, atmosphere, pressure, and minimized vapor flow fluctuation. The obtained MoS, films
were demonstrated to have mono-orientation over the entire wafer, as indicated in Figure 21e. A 2H
MoTe, single-crystalline film was also demonstrated on 1-inch wafer by the COP by the Ye group.
3Uhowever, different from MoS, film, the 2H MoTe, film was achieved by physical conversion of 1T’
MoTe, with the help of seed defect center. it took a much longer time for the conversion to get a 1-
inch wafer-scale film. The schematic showing conversion from 1T’ MoTe, to 2H MoTe, is shown in
Figure 21f. The mono-orientation nature over the wafer was confirmed by Electron back-scattered
patterns (EBSPs) as shown in Figure 21g. The COP growth strategy has also been performed to obtain
single-crystalline PtSe, film through the selenization of a (111) Pt substrate.™®® However, single-
crystalline precursor films or surfaces are not necessarily converted into single-crystalline 2D vdW

[111, 165]
’

films. Growth orientation, surface termination, dislocation defects of the precursors and

[110]

transformation fluctuations could be potential factors that destroy the crystal orientation,

continuity, and uniformity of the 2D vdW films. The COP strategy has many advantages: growing the
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film on insulating substrates, controlling the thickness and uniformity, and better reproducibility.

However, research on the COP process is still in the initial stage for the other 2D vdW materials.

5. Applications of wafer-scale vdW layered 2D materials

Developing high-quality single-crystalline 2D vdW films at the wafer scale is the precondition for
having scalable 2D electronics and optoelectronics. It is well known that silicon electronics are
reaching Moore’s law limitation. Thus, 2D semiconductors have become of great interest as a means
to continue Moore’s law. This effort has been called “more Moore” in the microelectronic industry
technology roadmap.[lsg] It has two critical aspects: high-quality monolayer 2D film wafer and atomic
resolution of device nanofabrication. Another significant direction is “more than Moore,” which aims
for multiple functions integrated onto a single chip instead of high-density integration. The 2D vdW

materials have also been demonstrated to be significant parts of the “more than Moore” technology
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road map."**%% This direction also needs a highly controllable growth method of 2D films at the

wafer scale.

So far, we have discussed various growth methods of 2D films. However, it is essential to also
look at the potential applications of these wafer-scale 2D materials.”’" Thus, this section will first
give several representative examples for large-area vdW layered 2D films used in integrated devices,

and then provide some cases for their roles in assisting 3D films epitaxial growth.

5.1. Microscale and nanoscale device integration
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Figure 22. Microscale or nanoscale integrated devices using wafer-scale 2D vdW layered materials.
(a-c)The photo-sensing array using wafer-scale 2D graphene/Si junctions, (a) the photograph of the
wafer with photodetector array, Inset (lower left) is a single photodetector; (b) schematic of a single
photodetector; (c) the spectra-dependent photocurrent responsivity of different photodetectors at a
bias of -10 V. Reproduced with permission."’?! Copyright 2021, Springer Nature. (d-f) logic circuits
using wafer-scale MoS, as a semiconducting layer, (d) the photograph of flexible integrated circuit
sample, inset (lower right) is the photograph of the 4-inch monolayer MoS, wafer; (e) the
architecture of the flexible MoS, field-effect transistor, (f) the optical image of five-stage ring
oscillators (ROs). Reproduced with permission.”’®! Copyright 2020, Springer Nature. (g-i) The
memory array using wafer-scale 2D h-BN as the active layer, (g) the photograph fo Au/h-BN/Au
memristive crossbar arrays; (h) the optical microscope image of a 10 x 10 memristor crossbar array;
(i) the representative I-V characteristics measured during 120 cycles in one memristor using I = 1
pA (blue lines) and Icc = 1 mA (red lines). Reproduced with permission.™* Copyright 2020, Springer
Nature. (j-I) The micro supercapacitor array using wafer-scale Ti;C,T, MXene films, (j) the
photograph; (k) a schematic of a single micro supercapacitor; () CV curves of 10 MXene micro-
supercapacitors connected in series at various scan rates. Reproduced with permission.™” Copyright
2019, Wiley-VCH. (m-o) logic-in-memory using the large-area MoS, film as a semiconducting layer,
(m) the photograph the 12 x 12 mm? dies with logic-in-memory cell arrays; (n) schematic of a
floating-gate memory device. D, drain; S, source; FG, floating gate; G, gate; (o) schematic of the
three-input logic-in-memory cells. Reproduced with permission.!”’® Copyright 2020, Springer Nature.
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Achieving 2D vdW layered films uniformly over a wafer makes it possible for many 2D
microdevices (or nanodevices) to be integrated onto a single chip. Figure 22 shows several
representative devices or circuits fabricated using large-area 2D films. They cover several functions
including photo-sensing, logic computing, memory, micro-supercapacitor, and logic-in-memory.
Figure 22a-c shows an example of wafer-scale graphene/AIN/Si heterojunction photodetector arrays
fabricated by Li et al.’? The photograph of the detector array wafer is shown in Figure 22a, with a
single device displayed in the inset. Figure 22b presents the detailed structure of a typical single
photodetector. It consists of a graphene/AIN/Si sandwich-like stacked junction. The AIN performs as
the wide-bandgap insulating (WBI) layer in between graphene and Si, which could improve the
performance of the photodetector array, as evidenced in Figure 22c. Another paper from Wu etc.
reported high-performance photodetector arrays using wafer-scale MoS,/graphene vdwW

heterojunctions.™”!

Several papers reported complicated logic circuits fabricated using large-area 2D
semiconducting films such as MoS, and Te. Circuits using wafer-scale MoS, film fabricated by the
Zhang group are presented in Figure 22d-f."”*! The large-scale flexible integrated circuits is shown in
Figure 22d, with the inset showing the 4-inch MoS, monolayer film. The architecture of the top-
gated MoS, field-effect transistor (FET) is schematically shown in Figure 22e. Transistor arrays and
relevant circuits (including the five-stage ring oscillator in Figure 22f) were evidenced with high
performance, high yield, excellent reliability, and good integration density. In another work, the
Duan group fabricated several logic gate circuits using solution-processed wafer-scale MoS, film.™*!
In addition, using large-area p-type 2D Te films as the p-type transistor channel, the Javey group

successfully made some complicated circuits on flexible substrate.*®!
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Wafer-scale memory arrays were also reported recently using 4-inch h-BN as the active layer
by the Lanza group, shown in Figure 22g-i."’* They made 10 x 10 memristor crossbar arrays using
Au/h-BN/Au cells with lateral size of 5 um x 5 um (see Figure 22g). The wafer-scale multilayer h-BN
film utilized as the resistive switching medium was grown through a CVD process. The representative
I-V characteristics measured during 120 cycles showed excellent and very stable resistive switching
performance, as shown in Figure 22i. In a recent study , this was scaled up to 100 x 100 crossbar
array of Au/h-BN/Au cells with lateral size of 320 nm x 420 nm; this is the largest circuit based on 2D

materials ever reported, both in terms of number of devices and integration density.”®

Recently, our group successfully fabricated micro-supercapacitor arrays using 4-inch 2D
TisC,T, MXene films prepared by spray coating.””® The micro-supercapacitor array fabricated on a
silicon wafer is presented in Figure 22j."”"! The MXene dispersions were directly sprayed onto the
pre-defined current collector, followed by patterning via a lift-off process, and the device structure is
given in Figure 22k. It was shown that the device consisted of 10 cells connected in series showed an
ultra-high scan rate capability of up to 300 V/s with a 6 V voltage window (Figure 22I). Moreover,
large-area Ti;C,T, MXene films were reported as the source and drain electrodes in transistor

electronics. 1%

Logic in memory, unique architecture with much faster data processing and storage than the
Von Neumann architecture, is a more complicated device integration. The Kis group achieved its
successful fabrication and operation, using the large-area MoS, film as the semiconducting layer in
floating-gate FETs. The circuit array they fabricated is shown in Figure 22m."® The cross-section
diagram in Figure 22n clearly displays the single floating-gate memory structure. This large-area

MoS, logic-in-memory circuit could achieve a multitude of memory states and thus more logic
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functions. Furthermore, higher parallelism and more complex operation have also been reached via

further increasing the number of logic inputs, as shown in Figure 220.

These representative works discussed above for using wafer-scale 2D vdW films in various

integrated device applications indicate their promising potential.

5.2. Assisting epitaxial growth
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Figure 23. Assisting epitaxial growth over the wafer using vdW layered 2D films. (a-b) Remote
epitaxy. (a)Schematic of the remote epitaxial growth. (b) The monolayer or bilayer graphene film as
the transparent layer for GaN remote epitaxial growth on the SiC substrate. Reproduced with
permission.”so] Copyright 2014, Springer Nature. (c-d) vdW epitaxy (c) Schematic of the vdW
epitaxial growth. (d) The single-crystalline few-layer h-BN film as the seeding layer for GaN vdW
epitaxial growth on the fused silica substrate. Reproduced with permission. " Copyright 2017,
Springer Nature. (e-i) assisting 3D films using lattice orientation heredity (LOH): (e) Schematic of
LOH-assisted epitaxial growth, (f) schematic of LOH-grown MoN films from mono-oriented MoS, film
on a quartz substrate, (g) lattice plane model comparison between hexagonal GaN (001) and
hexagonal o-MoN (001). h) out-of-plane XRD 2-scan (inset is in-plan (102) ¢-scan) of the mono-
oriented GaN film (i) Schematic of the GaN grown on MoN/quartz substrate. Reproduced with
permission.® Copyright 2021, Wiley-VCH. (j-I) 2D metal (Al, Ga and In) nitrides grown by graphene
encapsulation: (j) Schematic of growing non-vdW 2D layer by graphene encapsulation. (k) Structure
simulation with density functional theory (DFT) of the graphene/2D GaN/6H-SiC heterostructure;
density of states calculation revealing the E; of 4.79 eV (meta-generalised gradient approximation)
and 4.89 eV (Heyd-Scuseria-Ernzerhof density functionals) for 2D GaN, the valence band shifts up
towards the Fermi level (E), indicating p-type semiconducting behaviour in 2D GaN. Reproduced
with permission.[ml Copyright 2016, Springer Nature. (i) The high-magnification cross-sectional TEM
image for AIN layer sandwiched between graphene and Si substrate. Reproduced with
permission.*®! Copyright 2019, Wiley-VCH.

Epitaxy is a method of preparing single-crystalline films on a lattice-oriented wafer, which is very
important for modern solid-state electronics. There are two types of traditional 3D film epitaxial
growth techniques depending on the substrate type: homoepitaxy and heteroepitaxy. Homoepitaxy
is to grow single-crystalline film on a substrate of the same substance with the same lattice
structure. It could achieve high-quality single-crystalline film with few defects. However, there are
limited candidate substrates to select, and they are usually very expensive. Heteroepitaxy is to grow
single-crystalline film on a substrate with a similar lattice structure but a different substance.
However, the film has a higher density of defects, and the quality is usually not comparable to the
homoepitaxial films. The reason is lattice and thermal expansion mismatch between the film and the
substrate in heteroepitaxial structures. Since vdW layered 2D materials could be prepared as

continuous and mono-oriented films over the wafer, they can be used to assist the 3D film epitaxial
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growth and can overcome drawbacks encountered in traditional epitaxy. There are already remote

epitaxy and vdW epitaxy techniques that have been developed to advance 3D film epitaxy. *®*!

Remote epitaxy is one advanced epitaxial technique using the wafer-scale graphene film with
only one or two layers, which is performed as a transparent layer between the epitaxial film and the
single-crystalline substrate as schematically shown in Figure 23a. The substrate surface potential can
easily penetrate through the graphene monolayer (or bilayer). It can be enough to define the film
orientation because of graphene film ultrathin (less than 0.5 nm) and nonpolar features. Therefore,
3D films could still have well-defined orientations registered directly from the substrate. Also,
because of the weak vdW force at the interface between the graphene layer and the 3D film, the 3D
film could be readily lifted off without damaging the underneath substrate.™®® The obtained single-
crystalline film could have high quality and few defects because vdW gaps could release the strain
between the film and substrate. Figure 23b gives an example of using continuous monolayer or
bilayer graphene film as the transparent layer for single-crystalline GaN film grown on the (0001) SiC
wafer. " The GaN film has much fewer defects compared with the film directly grown on the
substrate. It can also be easily peeled off without damaging the substrate surface so that the

expensive SiC substrate could be directly reused many times.

The vdW epitaxy technique is using multilayer 2D films to assist 3D film epitaxial growth. Its
schematic is shown in Figure 23c. Unlike remote epitaxy, vdW epitaxy takes the multilayer 2D film as
the seeding layer to directly define the orientation of read-to-grow 3D films. Therefore, it is not
necessary to use single-crystalline 3D substrate in vdW epitaxial growth. Nevertheless, it requires
the multilayer 2D film to be mono-oriented and to have structure coherence over a wafer. The vdW

epitaxy has similar advantages to remote epitaxy: peeling off the 3D film readily and relaxing growth
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strain originates from structure mismatch. Figure 23d displays one example of vdW epitaxy,
demonstrating that the wafer-scale single-crystalline h-BN film was successfully transferred onto

disordered fused silica substrate and enabled the mono-oriented GaN epitaxial film growth. 8"

More detailed vdW or remote epitaxy techniques have been reviewed in detail in other papers.[lss'

187]

Graphene and h-BN have been reported several times to be used for remote and vdW epitaxial
growth. However, their inert surfaces make the nucleation of 3D films very challenging.”sn TMDCs
are not stable in the ammonia and high-temperature nitride growth atmosphere, making them
challenging to perform vdW epitaxy growth. However, our group recently discovered a lattice
orientation heredity (LOH) phenomenon in the chemical transformation of epitaxial MoS, films.!*®?
LOH-grown non-vdW 2D films can be used to support 3D film epitaxial growth on a disordered
substrate surface, as shown in the schematic in Figure 23e. Figure 23f illustrates how we use LOH
process to prepare the mono-oriented 2D MoN film on an amorphous substrate. The non-vdW MoN
film with active surface N atoms makes epitaxial GaN nucleation much easier. Also, the hexagonal
MoN and hexagonal GaN have small lattice mismatches, as shown in Figure 23g. We initially
demonstrated the feasibility of using LOH-MoN seeding layer to grow mono-oriented GaN

(confirmed by XRD 29-scan and (102) ¢-scan in Figure 23h) on the quartz substrate, as shown

schematically in Figure 23i.

Besides using 2D vdW wafer films to support 3D epitaxial growth, another promising direction is
to confine metal (Al, Ga, In) nitrides as non-vdW 2D layers at the interface between the 2D vdW
layer and the 3D substrate. The schematic of this approach is shown in Figure 23k. Until now, only

graphene has been reported as a 2D capping Iayer.[m' 184, 188, 1891 The strategy is to create
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opportunities to allow Ga (or Al, In) and N adatoms to penetrate through the graphene defective
sites, then to diffuse at the 2D/3D interface to form 2D nitride layers. The 2D feature allows these
wide-bandgap nitrides to possess a bigger bandgap and even show p-type carrier distribution,
according to the calculation of their density of states as illustrated in Figure 23k. All GaN,"®3 AIN, [28]
InN'® 2D layers have been successfully prepared at the Graphene/SiC interface. The 2D AIN layer
has also been realized at the interface between physically transferred graphene and Si substrate,
which was observed by high-magnification cross-sectional TEM.!*®¥ This may enable 2D nitride

semiconductors to be compatible with the Si process technology.

The above representative examples, including remote epitaxy, vdW epitaxy, LOH process and 2D
nitride growth via graphene encapsulation, indicate that the wafer-scale growth of vdW layered 2D

materials can significantly advance the epitaxial growth techniques.

6. Conclusion and perspective

In summary, we have reviewed most of the vdW layered 2D materials in terms of their basic
structures and properties, wafer-scale growth processes, single-crystalline film growth strategies,
and applications. They include graphene, h-BN, TMDCs, MXenes, BP, Te, and layered MoOQs;, which
cover metallic, semimetallic, semiconducting, and insulating characteristics. Various wafer-scale
growth processes have also been discussed, including tube CVD, MOCVD, MBE, ALD, two-step
conversion (chemically or physically), PVD (PLD, sputtering and thermal evaporation), and solution

processing. Strategies to prepare wafer-scale single-crystalline or mono-oriented films (GID, GUD,
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and COP) were also discussed. The discussed 2D vdW layered materials are at different stages of
development in terms of high-quality film growth at the wafer scale. Thus, future research directions

in 2D materials growth will vary depending on the material in question, as discussed below.

Graphene, the first discovered 2D material, is semi-metallic with ultrahigh carrier mobility and
excellent chemical stability, promising to be applied as conductive and transparent electrodes. It has
the longest history in terms of wafer-scale growth among all 2D materials. The most appropriate
growth process for wafer-scale graphene is the tube CVD process. Both polycrystalline and single-
crystalline graphene films with large sizes have been successfully achieved on metal (copper or
copper/Nickel alloy) and non-metal substrate. In the initial stages of their development, the large-
scale graphene films were polycrystalline with random lattice orientations. Years later, three growth
strategies have achieved highly oriented or even single-crystalline graphene films: GID, GUD, and
COP. The growth of single-crystalline graphene film through GID has few requirements in terms of
substrate lattice orientation. The size of the GID-grown graphene film has already reached more
than several inches, but the process is relatively time-consuming.™*® *** GUD and COP strategies
could grow single-crystalline or mono-oriented monolayer graphene films faster and at a larger scale
but require mono-oriented substrates."® %% So far, graphene has experienced sufficient research on
large-area growth and lattice mono-orientation engineering,'®” which could provide very beneficial
experiences to the development of other 2D vdW materials at the wafer scale. Commercialized
graphene films are already available, especially for the research community. However, there is still a
gap in bringing large-scale graphene films into the electronic industry.™® The current challenge for
large-area graphene film growth is how to achieve defect-free films with an ultraclean surface with

minimal contamination.? Except for grain boundaries resulting from lattice misorientation, other

This article is protected by copyright. All rights reserved.



Accepted Article

WILEY-VCH

[193] [194] [195]

defects such as wrinkles, vacancies, carbon clusters , or metal residues should also be

minimized.

h-BN, another 2D material with a relatively long history in research, is an insulator with a
bandgap of about 6 eV, one of the highest among all 2D layered materials known.™® It is an
excellent 2D material that can be used as a dielectric layer or passivation layer with no dangling
bonds in integrated electronics. CVD is the major method used for large-area growth of h-BN. Both
polycrystalline and single-crystalline h-BN films have been achieved on metal alloy (Copper/Nickel)
substrates. Wafer-scale single-crystalline h-BN films were successfully grown only through the GUD
method.® GID method was reported to produce h-BN flakes no more than 130 um large.™ To our
knowledge, there is still no report using the COP method to grow highly oriented h-BN films.
However, single-crystalline h-BN films grown at the wafer-scale by the GUD method could be
promising for scalable applications. Similar to graphene, defects (beside grain boundaries) and metal
residues are main concerns in h-BN films that should be addressed to improve its quality.%” **® still,
it is important to emphasize that the leakage current across defect-free single-crystalline monolayer
h-BN is still too high and impedes its use as dielectric in most electronic devices (i.e., transistors,

memristors). Therefore, the growth of single-crystalline multilayer h-BN is one of the main

challenges to face in the field of 2D materials-based devices in the next years.

TMDCs, a big family of 2D binary compounds, are rich in many physical properties.
Representative 2H MoS, (MoSe,, WS,, WSe, and MoTe,) are very promising semiconducting channel
layers for the next generation low-energy circuits. Therefore, most of the wafer-scale growth
developments were focused on these semiconducting 2D TMDCs. Wafer-scale films of several

TMDCs with the polycrystalline feature have already been reported by tube CVD, MOCVD, MBE, and
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two-step conversion processes many times. However, TMDC wafer-scale films with a single-
crystalline structure have only been reported a few times. MoS, single-crystalline films have been
obtained using the GUD method in a tube CVD process on Au substrate.” It was also achieved by
the chemical COP method on sapphire substrates.” Ws, epitaxial films were reported using the
GUD method using an MOCVD process.m] MoTe, films with mono-orientation were reported
through a physical COP method.™" However, there are few reports on using the GID method for the
successful growth of wafer-scale single-crystalline TMDCs films. Largest monolayer TMDC crystals
(MoS,, 151 MoSe,, 152 ws,, 1153 WSez[ls‘”) by GID route are only in submillimeter scale. The challenge
in achieving industrial-quality TMDCs films still remains: single-crystalline MoS, film by GUD needs
an expensive gold substrate and a process to transfer the film from the metal substrate without
metal residues contaminations. The growth of single-crystalline MoS, film through the COP method
is very promising and scalable, but defects other than lattice misorientation need to be further
minimized."® The single-crystalline MoTe, film grown by the COP method requires too a long
growth time, so more time-efficient growth methods are needed for practical applications. > The
common challenge for all these TMDC films is their electronic properties are still inferior to their
corresponding exfoliated flakes. Defects such as chalcogen vacancies, antisite metal or chalcogen
defects, and elemental impurities could be another significant reason for degrading the single-

crystalline TMDC film quality, which need more attention. **”

MXenes are another emerging family of more complex 2D compounds. Many MXenes are
metallic and highly conductive. Besides, their surface work-function could be engineered over a wide
range, which makes them very promising as ohmic contacts for 2D electronics.!”” °Y Large-area

TisC,T, MXene films were obtained through a solution process, which has been initially
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demonstrated as excellent contact in microelectronics.?® The large MXene-like 2D Mo,C single
crystal grown by the GID method in the CVD process is still less than one hundred micrometers in
the lateral dimension."*® So far, there is still no report on growing MXenes at the wafer scale

through the vacuum deposition.

Elemental 2D Te and BP are very promising p-type semiconductors. The semiconducting
property of BP attracted broad attention in 2014.™" Also, 2D Te p-type transistor was demonstrated

(8]

with very attractive performance since 2018.™ They have been initially deposited as large-area films

through direct physical deposition. Electronic-grade Te films have been reported on both rigid and

4o Bp films with excellent electrical

flexible substrates by a low-temperature EBE process.
performance have also been achieved by PLD 3311 addition, BP film could be obtained through a
physical two-step conversion process if using large-area h-BN film as the capping layer on the RP

film.™" However, it will be significant development if Te and BP film with a single-crystalline

structure could be grown over the whole wafer.

The vdW oxide family, such as MoOs;, is still very new but is already showing some promising
physical properties.'” ¥ |ts exploration in electronic and optoelectronic devices is much less
common compared with other materials. Therefore, more effort is needed to understand the
potential physical properties of vdW oxides and their role in electronics. Also, developing the growth

processes of 2D oxides at a wafer scale is less mature and could be a key topic in the near future.
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Figure 24. Progress of growth processes for 2D vdW layered materials: from flakes to wafer-scale.
Note for references: graphene: ME(2004); ™ cvD(2009);*® Tsc(2006),%°* copr(2009),™"
GID(2016),™” GUD (2014);" ultraclean graphene under investigation.®? h-BN: ME(2005),%%!
cvD(2013),"” GUD(2016).®" TMDCs: ME(2011),”? cvD(2017), *®' MBE(2017),”* MOCVD(2015),"®!
T5C(2012),"% sp(2018);™**" cOP(2019),"® GUD(2020)."" MXenes: CE(011);® sP(2021).”% BP:
ME(2014),"" TE(2021)."* Te: HT(2018); " TE(2020)."® vdW MoO;: LPE(2015)."* (Note: PCW:
polycrystalline wafer; SCW: single-crystalline wafer; HPLDW: high-purified and low-defect wafer; ME:
mechanical exfoliation; CE: chemical etching; HT: hydrothermal reaction; LPE: liquid phase
exfoliation; CVD: chemical vapor deposition; MOCVD: metal-organic chemical vapor deposition;
MBE: molecular beam epitaxy; TSC: two-step conversion; SP: solution process; PLD: pulsed laser
deposition; TE: thermal evaporation; GID: growth of an isolated domain; GUD: growth of
unidirectional domains; COP: conversion of oriented precursors; BEOL: back-end-of-line; FEOL: front-
end-of-line)

In conclusion, we have discussed processes and strategies for the growth of van der Waal

layered 2D materials at the wafer scale. The progression of these materials from the growth of single
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flakes to wafer-scale has proceeded at different rates, as illustrated in Figure 24. Significant progress
has been made in graphene, where many groups can now grow large-area single-crystalline
graphene films. Efforts are currently focused on improving graphene quality by minimizing defects
through clean growth methods."® The h-BN and TMDCs (especially MoS,) are at the stage of
developing mono-oriented growth methods. Only several groups achieved their single-crystalline
wafer-scale films, and many other TMDCs have not yet been achieved as high-quality films. MXenes
could be prepared as large-area films only through the solution process. High-quality large-area
growth of Mxenes by vacuum methods still needs to be explored, probably based on high-
temperature vacuum deposition. Elemental BP and Te p-type semiconductors have also reached the
stage of large-area growth. Only one or two groups obtained their films over a large area. The Te film
is grown by EBE and BP film by PLD. The vdW MoOj3 is still at the stage of basic physical property

exploration. The discovery of its unique role in integrated circuits still needs time.

Developing growth methods of high-quality 2D films at a wafer scale is the shared goal for these
various vdW layered materials. The existing strategies for well-developed 2D material growth at
wafer scale could provide precious experiences to grow other 2D materials, and this is one of the key
objectives of this review. By assembling these well-developed wafer-scale 2D vdW films, wafer-scale
vdW heterojunctions can be obtained. This is very promising in building up new devices. Also,
experiences of 2D vdW film growth can be beneficial to grow wafer-scale vdW heterojunctions.
Detailed progress of wafer-scale vdW heterostructures has been reported elsewhere.”®” Besides,
the future exploration of growth methods should consider potential applications. The reason is that
different terminal devices and applications may have additional requirements on 2D films in terms of

lattice orientation, continuity, uniformity, defects, thickness, and even growth conditions. We
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present three potential representative applications in the bottom-right corner area of Figure 24.
They include front-end-of-line (FEOL) device integration, back-end-of-line (BEOL) device integration,
and assisting epitaxy. Usually, the FEOL logic device integration requires 2D materials with high-
quality and few defects. Developing strategies for single-crystalline 2D film growth with few defects
is needed to meet the FEOL device requirement. Moreover, two directions need to be considered:
one is to directly grow the high-quality 2D monolayer films on the silicon wafer, which is chip
fabrication compatible. The other is to develop damage-free transfer techniques to move the single-
crystalline 2D film from the growth substrate onto the silicon wafer without any additional
contaminations. However, to integrate 2D materials in the BEOL applications, high crystal quality
with mono-oriented lattice and fewer defects are usually not necessary. BEOL integration requires
low-temperature growth (less than 500 °C) so that direct grow 2D film would not damage the
devices on the chip.”?® In addition, large-area uniformity and continuity are also necessary for
process stability. Recently, low-temperature TMDCs growth by ALD and MOCVD processes were
reported.”®® 2 To support epitaxial film growth, requirements on 2D film wafer should heavily
consider structure coherence in terms of thickness and lattice orientation. For vdW epitaxial growth,
multilayer layer graphene and h-BN films have been verified to enable GaN epitaxial growth.8% ¥
This process requires the film to be multilayer and lattice monoriented, but less requirement on line
and point defects. Mono-oriented multilayer TMDCs films have not yet been confirmed to support
vdW epitaxial GaN growth at the wafer scale. One reason is TMDCs are not stable in the GaN growth
environment. However, lattice orientation heredity in the transformation of TMDC films can help to
synthesis mono-oriented stable metal nitride and carbide films, which can then support GaN

h [182]

epitaxial growt For remote epitaxial growth, only monolayer or bilayer graphene has been

verified as the transparent layer in remote compound epitaxial growth.™® It has no requirement on
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the graphene lattice orientation since 3D film growth is only confined by the 3D substrate. But it
requires graphene to have no more than 2 layers, and the film should be large-area uniform and
continuous without wrinkles and pinholes.“ss] To synthesis 2D wide-bandgap semiconducting nitride

(AIN, GaN, InN), the capping layer graphene should have defective sites to allow the adatoms to

penetrate through and to diffuse at the graphene/3D substrate interface. '

Finally, we believe that the field of vdW 2D film growth at the wafer scale will continue to grow
in importance in foreseeable future. Current techniques must be optimized to improve film quality,
new growth techniques need to be developed for single-crystal 2D wafers and for emerging 2D
materials. All along the nature of the intended application should always be kept in mind as film

properties vary depending on the target application.
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