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Wafer scale growth of single crystal
two-dimensional van der Waals materials
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Two-dimensional (2D) van der Waals (vdW) materials, including graphene, hexagonal boron nitride (hBN),
and metal dichalcogenides (MCs), form the basis of modern electronics and optoelectronics due to their
unigue electronic structure, chemical activity, and mechanical strength. Despite many proof-of-concept
demonstrations so far, to fully realize their large-scale practical applications, especially in devices, wafer-
scale single crystal atomically thin highly uniform films are indispensable. In this minireview, we present an
overview on the strategies and highlight recent significant advances toward the synthesis of wafer-scale
single crystal graphene, hBN, and MC 2D thin films. Currently, there are five distinct routes to synthesize
wafer-scale single crystal 2D vdW thin films: (i) nucleation-controlled growth by suppressing the nuclea-
tion density, (ii) unidirectional alignment of multiple epitaxial nuclei and their seamless coalescence, (iii)
self-collimation of randomly oriented grains on a molten metal, (iv) surface diffusion and epitaxial self-
planarization and (v) seed-mediated 2D vertical epitaxy. Finally, the challenges that need to be addressed
in future studies have also been described.

1. Introduction

The growth of wafer-scale single-crystal (SC) two-dimensional
(2D) van der Waals (vdW) layered thin films of a semimetal
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opment of next generation 2D materials-based integrated elec-
tronics, optoelectronics, and spintronic devices for industrial
applications.® The distinctive electro-mechano-optical pro-
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perties, tunability of the bandgap and carrier density of 2D
vdW layered materials and their heterostructures have also
been considered to be ideal platforms for exploring novel
physical optoelectronic properties,”® charge density waves,”°
and superconductivity.''™"® However, despite the impressive
properties of 2D vdW layered materials, the lab-to-fab tran-
sition lags behind expectations, mainly due to the lack of (i)
reproducible and scalable ways for the synthesis of large-area
high-quality single crystal 2D vdW thin films and (ii) their easy
integration into the established silicon-based fabrication
lines.**™"”

The device performance of polycrystalline 2D vdW thin
films is not uniform throughout the film area due to nonuni-
formity in the grain sizes and the presence of grain bound-
aries. Therefore, to achieve satisfactory, reliable, and reprodu-
cible wafer-scale device performance on a par with the industry
standard, high-throughput synthesis of wafer scale single
crystal 2D vdW thin films is essential. Currently, there are
three approaches to grow single crystal 2D vdW thin films: (i)
growth from a single nucleus to a large single crystal film;'®
(if) coalesce of unidirectionally aligned domains and their
seamless stitching to a large single crystal;'® and (iii) self-colli-
mation and self-alignment of randomly oriented grains and
their seamless stitching to a large single crystal.?>*! While
route (i) relies mainly on restricting the nucleation density at
an extremely low level, the seamless stitching of unidirection-
ally aligned 2D domains via route (ii) requires a single crystal
substrate with perfectly aligned step edges and epitaxial
relationship with the lattices of the 2D vdW material. Route
(iii) relies on the substrate assisted facile rotation of randomly
oriented domains and eventual epitaxial self-collimation.
Compared to the growth from a single nucleus (which takes
many hours to produce one centimeter scale single crystals),
epitaxial growth is more promising to produce large-area
single crystal 2D vdW films at a much faster rate.
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Usually, epitaxial growth is considered the method of
choice for the synthesis of single-crystal 2D vdW thin films,
but it requires single-crystal substrates with small lattice misfit
(7% > em > 0%) and a similar thermal expansion coefficient to
the epilayer, to achieve conventional epitaxy. With a smaller
lattice misfit, the epilayer film grows with one-to-one matching
of lattice planes; however, when the difference in the lattice
constants is larger, lattice strain in the epilayer film is created,
which again increases with increasing film thickness. Very
recently, several epitaxial growth methodologies have been
reported for the production of wafer-scale single-crystal 2D
vdW thin films of graphene, hBN and metal chalcogenides on
high symmetry transition metal foil and film surfaces,”*>*
transition metal alloys,”® Si (111),>' Ge (111),*° vicinal
a/c-plane sapphire,®>?*”7?° p-gallium(m) oxide (B-Ga,0,),*® and
gold (Au).”*?"3? Benefiting from the aqueous solution’s
large-scale synthesis system, the direct thermal treatment of
precursors to produce high-quality and wafer-scale 2D vdW
thin films with controllable thickness on various substrates
has been widely used and reported.**** However, the 2D vdW
thin films produced by these processes are polycrystalline in
nature with grain sizes varying from nanometers to several
hundreds of micrometers. There have been a few review
articles covering the specific topics of 2D vdW nanomaterials
including graphene,>***” hBN*?®* and MCs.** Some
reviews have focused exclusively on structural features,**°
electronic properties,*' and applications of 2D vdwW
nanomaterials.>*>*

In this minireview, we begin by providing the fundamentals
of epitaxial growth of 2D vdW materials on high symmetry sub-
strates. It is followed by an overview of recent successful repre-
sentative achievements and the respective strategies adopted
to produce wafer-scale single crystal graphene, hBN and metal
chalcogenide (MC) thin films under epitaxial conditions. The
mechanistic details of the strategies and the key experimental
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parameters are described with some comments on their advan-
tages and limitations. Finally, we summarize the future chal-
lenges and opportunities in the synthesis and industrial adap-
tability of wafer-scale single crystal 2D vdW thin films.

2. Driving forces for the on-substrate
nucleation & growth of 2D vdW
materials

During the formation of 2D vdW materials, the size of the
nucleus is determined by the nucleation barrier, and the com-
petition between the less stable surface atoms and the highly
stable bulk atoms. Due to the higher edge formation energy,
the nucleation barrier becomes higher, resulting in a lower
nucleation rate. It enables the formation of a single nucleus of
2D vdW materials and determines the size of the nucleus on
the substrate. During the initial growth, the clusters of 2D vdW
materials adopt the energy-favored sites, whose registry is well
preserved upon further growth owing to the strong interaction
between the edge atoms and the underlying substrates.**** In
addition, edge structures play a critical role in controlling the
growth kinetics and morphological evolution in 2D vdwW
materials.*®™" There have been several review articles covering
the role of geometries, energetics and stabilities of different
edges of 2D nuclei and also on the role of different growth
parameters (e.g. substrates, precursors, growth promoters,
temperature, etc.) to govern the preferential growth and align-
ment of 2D vdW materials and thin films.>*****>* Since the
edge formation energies of graphene are much higher over
less active transition metal surfaces (e.g., Au, Pd, Cu, etc.), it is
easier to grow large grains of graphene over these surfaces via
nucleation control.**** Additionally, in the case of metal sur-
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faces with step-edges, the lower nucleation barrier near the
step-edges compared with the terraces, leads to a higher
nucleation rate of graphene near the step-edges.’® However,
due to the multicomponent compositions of metal chalco-
genides, and the passivation of metal atoms at the edges by
chalcogen atoms, their edge formation energies are usually
smaller than those of graphene and hBN, therefore, the
control of the nucleation density of metal chalcogenides
during CVD is far more challenging.®® Crystal symmetry,
lattice constant, miscut angle, microstructure, and surface
energy are the major factors of a substrate which impact the
shape, orientation, edge geometry, thickness, and surface cov-
erage of the deposited 2D vdW thin films.**” Fast diffusion of
precursor atoms and the excellent catalytic ability of noble
metal substrates such as Au and Pt, facilitates ultrafast growth
of defect free uniform 2D graphene and h-BN layers.”*”®
Amorphous substrates (e.g. SiO,/Si) and randomly oriented
facets of polycrystalline substrates (e.g. noble and non-noble
metal foils and films) generally lead to polycrystalline 2D vdW
thin films, whereas, single crystal substrates such as Au (111),
Pt (111), Cu (111), Ni (111), (0001) sapphire (a-Al,03), Si (111),
Ge (111), GaN and GaAs (111) may lead to aligned growth of
2D single-crystal domains or even highly oriented 2D vdW thin
films. Based on recent theoretical calculations and experi-
mental observations, the high symmetric edge of a 2D vdW
material (e.g. ZZ directions of graphene, hBN and transition
metal dichalcogenides) tends to align along a high symmetric
direction of the substrate, such as the (110) directions of the
Cu (111) and Au (111) surfaces, and the (1120) direction of
hBN and Al,O; (0001) surfaces. Therefore, to achieve the orien-
tational uniformity of 2D vdW materials islands on a substrate,
the 2D vdW material-substrate system should have the highest
possible symmetry, which can be realized only if the symmetry
group of the substrate is a subgroup of that of the 2D vdW
material.'®?*%>%° During graphene synthesis on Cu (111),
carbon atoms are supplied through both surface diffusion
and/or bulk segregation, and the continuous growth is
enabled by the dissolution-diffusion-precipitation of carbon
atoms on Cu (111). Therefore, both the surface carbon and dis-
solved bulk carbon atoms in Cu (111) play a critical role in the
growth of graphene.”” In contrast, the growth of hBN and
metal chalcogenides on single crystal metal substrates follow
surface chemical reaction mediated nucleation and growth of
2D seeds on the substrate surface, which depend on the inter-
action between 2D materials and substrates. So, the symmetry
of the top layer atoms of the underlying metal substrate plays a
critical role in determining the unidirectional epitaxial align-
ment of the grown overlayer hBN or metal chalcogenide
grains.?” Since both the Cu (111) surface and graphene have C;
rotation symmetry and their lattice mismatch is as small as
4%, super-large single-crystal Cu (111) foil is ideal for epitaxial
growth of large-size single-crystal graphene.”® The formation
of a large single-crystal graphene film has also been reported
on the Cu/Ni (111) alloy foil surface via seamless merging of
highly aligned graphene islands.®® Although the face-centered
cubic Cu (111) surface itself has a 3-fold symmetric structure,
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atoms in its top-layer have a higher 6-fold symmetry (Cey),
leading to two anti-parallel domain alignment (differs by 60°
or 180° orientations) configurations with near equivalent
energy minima.>® As hBN and transition metal dichalcogenide
(TMDs) lattices have the same in-plane Cj, lower-symmetry,
the Cu (111) surface with Cs, high-symmetry of the top-layer
atoms, is not an appropriate template for the growth of single-
crystal thin film of these materials due to the nucleation of
antiparallel domains.®" However, the unidirectional alignment
of hBN domains was achieved over a large area (100 cm?®) on
the Cu (110) vicinal surface, where the presence of metal step
edges along the (211) direction led to a low C; symmetry, and
facilitated strong coupling between the Cu step edges with
hBN zigzag edges.'® The most prominent feature of the step-
edge facets is the presence of low coordinated surface atoms
having rich, dangling bonds, which can easily interact with the
reactants and facilitate near step-edge nucleation and uni-
directional alignment of crystal domains.'® In the case of
TMDs, while growing on an insulating surface such as vicinal
a-plane sapphire (a-Al,0;), due to the self-passivation of edge
metal atoms by chalcogens, their interactions with the inert
step edges of insulating surface are fairly different.>® The epi-
taxial growth of monolayer TMDCs is highly dependent on the
guiding effect of substrate steps as well as the lattice symmetry
of the underlying substrate. The low symmetry of the sapphire
step edges restricts the formation of antiparallel domains and
allows only one type of domain alignment to survive over the
wafer-scale. Eventually the seamless stitching of the unidirec-
tionally aligned domains leads to the formation of wafer scale
single-crystal 2D TMD films.*®*° Preferential lateral surface
diffusion of chalcogens (e.g. Te and Se) in single-crystal metal
surfaces (e.g. (111) Si, Ge), driven by favorable migration
energy barriers, followed by spontaneous epitaxial flattening of
the viscoelastic domains, can also lead to the formation of epi-
taxial single-crystal 2D metal chalcogenide thin films on the
wafer scale.”!

3. Synthesis strategies for wafer-
scale single crystal 2D vdW thin films

To date, different synthesis strategies have been applied to
achieve wafer-scale 2D single crystal thin film growth of
metals, semiconductors, and insulators, which are crucial for
manufacturing high-performance electronic and optical
devices. In this section, we present a detailed overview of strat-
egies toward the synthesis of wafer-scale 2D single crystal thin
films while highlighting the recent progress on graphene, hex-
agonal boron nitride (hBN), and metal dichalcogenides.

3.1. Wafer-scale single crystal graphene thin films

Chemical vapor deposition (CVD) of carbon-containing precur-
sors on catalytic substrates (e.g. Cu and Ni), involving a self-
limiting growth mechanism, is currently the most promising
route for the scalable synthesis of large-area, high-quality
graphene films, and has also led to industrial-scale
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production.®>®* In recent years, to improve the quality of CVD-
grown graphene, various strategies have been explored includ-
ing complex substrate pretreatments and step-patterning, con-
trolling the shape of the nucleated crystals, their registry and
relative alignment over a large area.*>**™3 In this section, we
review the recent representative experimental realizations of
the wafer-scale growth of single crystal graphene thin films via
a nucleation density controlled growth mechanism and an
epitaxy driven unidirectional grain alignment induced growth
mechanism.

3.1.1. Nucleation controlled growth. During CVD growth of
graphene, the size of graphene domains is typically in the
order of 10 pm, which is mainly due to the formation of huge
numbers of graphene nuclei (10° cm™2) at the initial nuclea-
tion stage.®®®” Therefore, several studies have been devoted to
decrease the nucleation density for obtaining large-domain
single crystal graphene films.®**>®%7% There are two main
approaches for suppressing graphene nucleation site density.
The first approach involves controlling the active sites of
nucleation (sites with higher surface roughness and defect
density or covered by impurity and contamination) on the
growth substrates by means of reducing the number of active
sites and passivation of active sites. For instance, several
substrate pretreatment methods such as annealing,®737%78
chemical etching,” % rinsing,®*%* electrochemical
polishing,**7>% chemical mechanical polishing, etc.,*® have
been utilized for flattening and cleaning the substrate surface
to reduce the number of active sites. Passivation of active sites
in the growth substrates by wusing atomic oxygen
(0),7%737%8788 and small organic molecules such as mela-
mine,* 2-amino-4-methoxy-6-methyl-1,3,5-triazine®® has been
observed to drastically decrease the graphene nucleation
density, facilitating the formation of centimeter-scale single-
crystal graphene domains, and accelerating graphene domain
growth. The second approach involves controlling the supply
of active carbon species by local feeding of carbon source,
repeated growth-etch-regrowth process, and multistage
carbon supply. For instance, by locally feeding the carbon pre-
cursors to the desired position of a Cu-Ni alloy substrate, Wu
et al. demonstrated the formation of a 1.5-inch-large graphene
monolayer in 2.5 h (Fig. 1a-d).®® Fig. 1a, schematically shows
the formation of a Cu-Ni alloy. As shown in Fig. 1b, the alloy
with 15% Ni shows an optimum growth rate with a linear
increase in the grain size after the incubation period. The alloy
with a lower Ni content (e.g. 10% Ni) shows a surface-mediated
growth mechanism like that on pure Cu, and the alloy with
higher Ni content (e.g. 50% Ni) behaves more like pure Ni,
yielding non-homogeneous multilayer graphene. In compari-
son with global feeding, localized feeding induces the for-
mation of a single nucleus on the entire substrate and greatly
expedites the growth rate to form a monolayer film at a fast
speed (Fig. 1c and d). Ding et al. have also demonstrated the
site-selective nucleation of single-crystal graphene on Cu foil
by spatial control of the carbon source (CH,) using a perfo-
rated Ni foil overlayer.”> The catalytically active perforated Ni
foil acts as a CH, modulator, resulting in the formation of

This journal is © The Royal Society of Chemistry 2024
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Cu-Ni allogﬂ

Fig. 1 (a) Schematic illustrations of the formation of the Cu—Ni alloy. (b) Comparison of graphene growth rates on different Cu—Ni alloy substrates
at the growth temperature. (c) Schematic illustration of the global precursor feeding CVD process (left) and optical microscopy image of multiple
nucleation and ultrafast growth of graphene (right) on the CugsNiss alloy. (d) Schematic illustration of the local precursor feeding process (left) and
optical microscopic image of a 2-inch size single crystal graphene film grown from a single nucleus (right). [Fig. 1 is reproduced with permission

from Wu et al.®®

millimeter-scale single-crystal grains at desired positions.
Employing a “self-selection of the fastest-growing domain
orientation” approach, Vlassiouk et al. demonstrated the for-
mation of single-crystal like foot-long continuous graphene
films at a rate of up to 2.5 cm h™.%® Here the local hydro-
carbon influx over the catalyst surface was controlled by
varying the distance between the catalyst surface (CugoNi;q
alloy substrate) and the nozzle hydrocarbon spreader in a
moving substrate geometry, and also by increasing the flow
rate of the high-velocity buffer gas (H,-Ar).

Although the nucleation density can be reduced by the
above mentioned growth strategies, inevitably, some new
nuclei appear during growth, prohibiting the further growth of
single-crystal graphene domains larger than the distance
between the initial neighboring nuclei. Moreover, many struc-
tural defects are also commonly observed in the CVD-grown
single-crystal graphene. Ma et al. demonstrated that the edges
of graphene, which are the sites at which carbon accumulates
in the 2D honeycomb lattice, significantly influence its growth.
The growth and etching rate of the single-crystal graphene
domain increase linearly with the slanted angle of its edges
and are reversible in nature.*® On the basis of this understand-
ing, in a separate work Ma et al. developed a repeated growth-
etching-regrowth (G-E-RG) process, to fabricate large-area
defect-free single-crystal graphene.”® Where a high CH, flow
rate was applied for 10 min at the initial stage to enable rapid
nucleation and growth of graphene domains. Then the flow of
CH, was switched off and pure H, gas was introduced for
1 min to induce etching of newly formed nuclei, subsequently,
H, gas supply was switched off and growth conditions were

This journal is © The Royal Society of Chemistry 2024
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reintroduced to grow the desired graphene domains further
into a large-area single-crystal.

3.1.2. Unidirectional grain alignment and seamless
coalescence driven growth. Although the nucleation-controlled
growth by suppressing the nucleation density is an effective
strategy to produce large-scale single crystal graphene,
however, due to its lower growth rate it takes several hours to
grow a fully covered wafer-scale graphene film. Nevertheless,
because of the complicated experimental design and sensi-
tivity of the process to control gas flow in the reactor, the
process is not cost-effective. In contrast, unidirectional align-
ment of multiple epitaxial nuclei and their seamless coalesc-
ence into large-area single crystal graphene, have several
advantages including shorter growth time and requirement of
lesser stringent growth conditions. Lee et al. for the first time
demonstrated the unidirectional epitaxial alignment of mul-
tiple graphene seeds on the H-terminated Ge (110) surface and
the seamless merging of the aligned seed into uniform wafer-
scale single-crystal graphene.”® Where the asymmetric two-fold
geometry of the Ge (110) surface and the anisotropic nature of
the Ge-C covalent bonds dictate the perfect alignment of the
edges of graphene seeds and their seamless merging.®?

The Cu (111) surface plane is a more efficient and cheaper
alternative to Ge (110) for its low lattice mismatch (~4%) with
the honeycomb lattice of graphene, enabling epitaxially
aligned nucleation and growth of graphene domains. For
instance, Xu et al. has demonstrated the formation of a 5 x 50
cm” graphene film with >99% highly oriented grains within
20 minutes on single-crystal Cu (111) foil, facilitated by epitax-
ial growth of highly aligned graphene islands and their seam-

Nanoscale, 2024, 16, 5941-5959 | 5945
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Fig. 2 (a) Cu (111) foils with graphene coverages of ~60% (top panel), ~90% (middle panel) and 100% (bottom panel), where the “shining” parts are
graphene/Cu (left side). Three iPhone 6 devices are placed nearby as a reference. (b—d) Optical images of three regions of the graphene covered Cu
(111) foil (marked as 1, 2, 3) in (a). (e) Schematics for the fabrication of wafer-scale single-crystal graphene on the Cu/Ni (111) alloy film at a low temp-
erature. (f—h) Typical optical microscopy (OM) images of the evolution of graphene domains on the Cu/Ni (111) alloy film from individual grains to a
continuous single crystal at 750 °C. [Fig. 2(a)—(d) are reproduced with permission from Xu et al. Copyright 2017, Elsevier Publishing Company.
Fig. 2(e)—(h) are reproduced with permission from Zhang et al. Copyright 2019, Wiley-VCH, Weinheim].

less merging (Fig. 2a-d).”® Fig. 2a shows Cu (111) foils with
~60% (top), ~90% (middle) and 100% (bottom) graphene cov-
erage. Fig. 2b-d shows the Cu (111) foil areas with fully
covered graphene, areas with aligned large graphene islands
and areas with aligned small graphene islands, respectively.

The Pt (111) substrate is also of distinctive interest for the
growth of high-quality graphene films, due to its similar
carbon solubility similar to Cu (111) and relatively higher
melting temperature (1768 °C) and lower thermal expansion
coefficient than Cu. Therefore, compared to Cu (111), it can
reduce the surface atom agglomeration and rough morphology
under CVD growth conditions, thereby decreasing the nuclea-
tion density and point defects in graphene, and the density of
wrinkles during the thermal quenching process.’*> Using Pt
(111) as the growth substrate, Cheng et al. have grown a milli-
meter-sized defect-free single-crystal graphene film by the
ambient-pressure CVD method and transfer these single-
crystal graphene films to an arbitrary substrate, by using a
nondestructive bubbling transfer method to enable the reuse
of the Pt (111) substrate.”™?® Kang et al. has recently reported
the CVD growth of 6-inch single-crystal graphene on twinned
Pt (111) films. The twinned structure of Pt (111) films does not
change the preferential orientation of graphene nuclei, result-
ing in highly oriented graphene domains on the Pt (111)
substrate.””

5946 | Nanoscale, 2024, 16, 5941-5959

Huang et al. have recently reported fast growth (in 5 min or
less) of large-area single crystal monolayer graphene over
“homemade” single crystal Cu/Ni (111) alloy (1.3 at% to 8.6 at%
Ni) foils.®® Where the superstructure with CugNi; at the
surface of these Cu/Ni alloy foils allows the epitaxial growth of
highly aligned hexagonal graphene islands and their sub-
sequent merger into highly oriented monolayer graphene over
the entire substrate. However, this process requires a high
growth temperature (1075 °C), which causes metal evaporation
and sometimes wrinkles due to the large thermal expansion
mismatch between the substrate and graphene during
cooling.”® Zhang et al. reported an alternative low temperature
(750 °C) method using Cu/Ni (111)/sapphire wafers for epitax-
ial growth of 6 inch wafer-scale single-crystal graphene film
after a 60 min growth (Fig. 2e-h).°® Fig. 2e shows the sche-
matic illustration of the two-step growth process and Fig. 2f-h
shows the time dependent optical microscopy images of the
evolution of graphene domains on the Cu/Ni (111) alloy film at
750 °C. The lower temperature requirement in this process
could be due to either lower dehydrogenation energy of the
carbon precursor, lower diffusion energy of carbon species on
the Cu/Ni (111) alloy film surface, or lower energy barrier for
attaching a carbon cluster to the as-formed graphene edge.

In a recent study, Li et al. have combined both the strategies
nucleation control and unidirectional alignment of grains to

This journal is © The Royal Society of Chemistry 2024
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Nature Publishing Groupl].

produce wafer-scale single-crystal monolayer graphene on Cu
(111)/A1,05 (0001) wafers using a multi-cycle plasma etching-
assisted-chemical vapor deposition (MPE-CVD) growth method
(Fig. 3).”” Fig. 3a schematically shows the four stages of the
synthesis process, where the stage-1 (carbon diffusion), stage-2
(graphene growth) and stage-3 (plasma cleaning) reaction
cycle was repeated many times until wafer-scale growth of
single-crystal monolayer graphene at the interface between
Cu (111) and Al,O; (0001). Finally at stage-4, the Cu (111) film
was bulged and peeled off to get inch-scale single-crystal gra-
phene film directly on the insulating Al,O; (0001) substrate.
Graphene nucleation density at the Cu (111)-Al,03; (0001)
interface was controlled by tuning the graphene coverage (by
means of plasma cleaning) on the top surface of Cu (111) and
hence the diffusivity of the dissolved carbon atoms in and
through Cu (111), which acts as carbon sources for graphene
growth at the interface. It was found that the hexagonal shape
and sharp edges of aligned graphene islands were formed at
the Cu (111)-Al,03 (0001) interface, which promotes the seam-
less merging of the graphene islands and produces a single-
crystal wafer-scale as-grown graphene film. The effectiveness of
this synthesis process relies on the hexagonal symmetry and
the best lattice consistency with a minimal lattice mismatch of
6.5% between Cu (111) and Al,03(0001). Moreover, the stack-
ing energies per Cu atom were 0.98, 1.33 and 2.09 eV for
Cu (110), Cu (100) and Cu (111), respectively, indicating that

This journal is © The Royal Society of Chemistry 2024

Cu (111) is energetically favorable (Fig. 3b). Fig. 3c schemati-
cally shows the dissolution of carbon atoms in Cu (111) and
the formation of a Cu-C alloy, which ensures continuous
diffusion of carbon atoms to the Cu (111)-Al,05; (0001) inter-
face. Subsequently, the predominant formation of the gra-
phene layer at the Cu (111)-Al,0; (0001) interface was deter-
mined by the highest carbon binding energies of graphene
(0.304 eV per carbon atom) at the Cu (111)-Al,05 (0001) inter-
face compared to Cu (111, 0.204 per carbon atom) and Al,O3
(0001, 0.200 per carbon atom). In a theoretical paper, Chen
et al. discuss the kinetics and energetics of carbon nucleation
in the early stages of graphene epitaxial growth on various
metal surfaces.'® The major interaction responsible for the
preferential nucleation of graphene on various metal surfaces
is listed in Table 1.

3.2. Synthesis of a wafer-scale single crystal hBN film

The CVD process is widely used to grow mono- or few-layer
hBN on catalytic substrates, including Cu,'® "% Nj,''*'*
pt,"">% and Ru.''* However, the typical grain size of CVD-
grown monolayer hBN films are very small (usually <50 pm?),
because of the high nucleation density at the early growth
stages, and the three-fold symmetry of the hBN lattice, which
leads to antiparallel domains and twin boundaries on most
substrates.’>">''® The small grains lead to high density of
grain boundaries and dangling bonds, which are known as
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Table 1 Different metal—-graphene interactions

Metal substrates Major interactions responsible for preferential nucleation of graphene Ref.

Cu (111) and Cu Strong interaction between the graphene zigzag edge and the Cu (110) step edge leads to the unidirectional Ref.

(110) alignment of graphene islands on Cu (111) or Cu (110) substrates 101

Ni (111) and Ni Strong interaction of graphene with the low-index Ni (111) and Ni (110) faces offsets the bending film stresses Ref.

(110) generated at terrace boundaries or at surface defects 102

Pt (111) Weak coupling of graphene to the Pt (111) substrate, leads to the existence of different rotational alignments and  Ref.
interface structures 103

Pd (111) Formation of Moire’ superstructure patterns by the superposition of honeycomb lattice of graphene and Ref.
hexagonal lattice of Pd (111) 104

Ge (110) Interaction between anisotropically arranged single-crystal Ge surface and graphene edges is responsible for the Ref. 26
orientation determination of graphene seeds during nucleation and early stage of graphene growth

Ir (111) Precise epitaxial relation of the (1120)¢ direction of C rows in graphene to the Ir surface dense-packed (101);, Ref.
direction is satisfied at high growth temperatures of 1320 K 105

Rh (111) Bonding to the substrate is delocalized over the molecular = backbone of honeycomb carbon units (7C6 clusters),  Ref.

which essentially bind to the substrate via the peripheral carbon atoms 106

structural defects in hBN.''7''® Although micrometer-sized
hBN grains have been commonly employed for fundamental
studies,""® wafer-scale single-crystal hBN (SC-hBN) films are
not yet easily available for practical applications. In this
section, we review the recent strategies adopted for the syn-
thesis of wafer-scale single-crystal mono- or few-layer h-BN
films.

3.2.1. Bulk metal foil and high symmetry metal film
mediated growth. Compared to the Cs, symmetry of graphene,
the lower symmetry (Cs,) of hBN makes the unidirectional
alignment of hBN islands on a transition metal substrate (Cu,
Ni, Pt, etc.) more challenging. Therefore, although 50 cm-scale
single-crystal graphene has already been achieved using bulk
Cu (111) foil as an epitaxial growth substrate, it is not a suit-
able substrate for the growth of single-crystal hBN due to the
nucleation of antiparallel hBN domains. Using a low symmetry
(6y or C;) Cu (110) vicinal surface and low-pressure CVD
method, Wang et al. demonstrated the epitaxial growth of a
100 cm? single crystal hBN monolayer.'® Starting with an
industrial Cu foil, single-crystal Cu foils with a Cu (110) vicinal
surface were prepared using a designed high-temperature
(1060 °C) pre-treatment process followed by long-time stan-
dard annealing treatment. The C; symmetry in Cu (110) origi-
nated due to the presence of metal steps along the (211) direc-
tion, which breaks the equivalence of antiparallel hBN
domains and facilitates the coupling of Cu (211) step edges
with hBN zigzag edges, resulting unidirectional alignment and
seamless stitching of millions of hBN nuclei over a 100 ¢cm?
area. In a recent work, Ma et al. have demonstrated the epitax-
ial growth of a wafer-scale single-crystal tri-layer hBN film on
single-crystal Ni (111) by the CVD method in 60 min at
1220 °C (Fig. 4).”* Fig. 4a shows the scanning electron
microscopy (SEM) images of the time dependent evolution of
unidirectionally aligned tri-layer hBN islands (at 30 min), and
their merger along one edge (at 45 min), into a fully covered
tri-layer hBN film (at 60 min). Fig. 4b shows the schematic
illustration of the growth process of individual tri-layer hBN
islands. Where the process started with the dissociation of a
borazine precursor on the Ni surface at 1220 °C followed by
the dissolution of B into Ni as a solid solution. This triggers

5948 | Nanoscale, 2024, 16, 5941-5959

the epitaxially aligned nucleation and growth of hBN islands.
Finally, by coalescence of the aligned tri-layer hBN islands, the
wafer-scale single crystal tri-layer hBN film was formed.
Interestingly, during the cooling process, the appearance of
the Niy3Bg film at the Ni (111)/hBN interface was observed,
where the trilayer hBN/Ni,3Bs and Ni,3Be/Ni (111) layers show
epitaxial relationships. During the growth process from the
nuclei near the step edge, single crystal hBN propagated
rapidly on the plateau between neighboring step edges.
However, because of the extra energy requirement of hBN
islands to cross the step edges, the growth rate is slow along
the direction perpendicular to the step edges, therefore the
islands become distorted trapezoid or truncated triangle-like
in shape (Fig. 4c)."® Similar growth kinetics has also been
observed for hBN growth on a vicinal Cu (110) surface,"®
where, due to the presence of parallel step edges (from the
uniform surface tilt angle) on the single-crystal vicinal
Cu (110) surface led to unidirectionally aligned hBN domains
(Fig. 4d). This edge-coupling-guided growth mechanism was
also verified theoretically. The calculated formation energy
for hBN growing on Cu (110) with steps along Cu (211) has a
single minimum-energy state ie. the most energetically
preferred orientation, when the angle (y) between the
Cu (211) direction and the zigzag direction of the hBN nucleus
is 0°.7°

Although bulk single crystal Cu foil might be suitable for
roll-to-roll production of single crystal hBN films, it is not com-
patible with the current microelectronic device fabrication line
on wafers. Chen et al. have recently demonstrated wafer-scale
epitaxial growth of single-crystal hBN monolayers on Cu (111)
thin film deposited over a two-inch c¢-plane sapphire wafer
(Fig. 5).> Where the epitaxial growth was facilitated by the
lateral docking of hBN to the spontaneously present top-layer
Cu (111) step edges, ensuring the mono-orientation of hBN
monolayers by breaking the energy degeneracy of rotational
twins differing by 60° or 180°. The growth of single-crystal
hBN monolayers was carried out by flowing ammonia borane
precursors onto the one-inch single-crystal Cu (111) thin film/
sapphire in a hot-wall CVD furnace. Fig. 5a shows the optical
microscopy (OM) image of monolayer hBN triangular flakes

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) Scanning electron microscopy images showing the time-dependent growth process of trilayer hBN on a Ni (111) foil surface at 1220 °C.
The inset show two different high-magnification SEM images, each showing hBN islands. (b) Schematic illustration of the proposed growth pathway
of the trilayer hBN film on Ni (111) and the subsequent appearance of Ni,3Bg at the Ni (111)/hBN interface. (c) Schematic illustration of hBN nuclea-
tion and growth on the Ni (111) surface. (d) Schematic diagrams highlighting the unidirectional growth of hBN domains and the anisotropic growth
speed on a Cu surface with steps edges. (e) First-principles calculations of the formation energies of various hBN edges attached to a Cu (211) step
on the Cu (110) substrate at different angle (). [Fig. 4(a)—(c) are reproduced with permission from Ma et al.>* Copyright 2022, rights managed by the
Nature Publishing Group. Fig. 4(d) and (e) are reproduced with permission from Wang et al.*® Copyright 2019, rights managed by the Nature

Publishing Group].

grown on a Cu (111) thin film with 60° in-plane rotated twin
grains marked by blue and red dotted triangles. Whereas
Fig. 5b shows the OM image of unidirectionally aligned mono-
layer hBN triangular flakes grown on a Cu (111) thin film,
therefore, eliminating the possibility that twin hBN grain for-
mation on Cu (111) is the critical factor to ensure the growth
of single crystal hBN on the Cu (111) surface. Density func-
tional theory (DFT) calculations were employed to investigate
the epitaxy of the hBN seed (B¢N;) at nucleation, with and
without considering Cu (111) step-edge docking (Fig. 5¢ and
d). Fig. 5¢ shows the lowest-energy atomic arrangements of six
BgN,-Cu (111) units, considering the edge docking to two
opposite step-edge terminations (A and B) of top-layer
Cu (111). Where the B¢N; seeds are restricted to 0° (or 60°) orien-
tation when docking to A (or B) steps. Based on the calculated
binding energies of the six B4N,-Cu (111) configurations, B¢N-
seeds should kinetically nucleate while docking to stronger
binding sites, B types (edge-to-step), with suitable orientation,
to ensure mono-orientated growth (Fig. 5d).

This journal is © The Royal Society of Chemistry 2024

3.2.2. Molten metal surface assisted growth. The use of
liquid Cu was found to be very effective at controlling the
nucleation process and eliminating grain boundaries during
the synthesis of uniform single layer, self-aligned graphene
using the CVD process.'*® The approach involves the for-
mation of a liquid Cu phase on quartz and W substrates at the
growth temperatures above the Cu melting point. Where, to
minimize the total surface/edge energy, the hexagonal gra-
phene flakes translate and rotate into an edge-to-edge align-
ment on the liquid Cu surface, and finally evolve into a large
single crystal graphene film by coalescence. Employing the
same principle, Lee et al. demonstrated the formation of a
wafer-scale single-crystal hBN film over a liquid Au surface by
the CVD method (Fig. 6).>° In this process, maintaining a flat
Au with high surface tension is the key to allow strong
adhesion of a borazine precursor. Then due to the limited
solubility of boron (B, 0.5 atomic %) and nitrogen (N, ~0
atomic %) atoms in liquid Au (at 1100 °C), only surface
diffusion of B and N adatoms on the surface of liquid Au at
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Fig. 5 (a) OM image of monolayer hBN triangular flakes grown on a Cu (111) thin film with 60° in-plane rotated twin grains marked by blue and red
dotted triangles. (b) OM image of unidirectionally aligned monolayer hBN triangular flakes grown on a Cu (111) thin film. (c) The lowest-energy
atomic arrangements of six BgN7-Cu (111) units, considering the edge docking to two opposite step-edge terminations (A and B) of top-layer Cu
(111). (d) Calculated binding energies for the six BgN,-Cu (111) configurations, with and without including the edge-to-step epitaxy effect. [Fig. (a—d)
are reproduced with permission from Chen et al.?? Copyright 2020, rights managed by the Nature Publishing Group].

high temperature becomes prevalent, which promotes the for-
mation of circular hBN grains. In the next step, due to the
attractive electrostatic interactions between inter grain B and N
atoms at the perimeter of each grain, the circular hBN grains
rotated themselves to eventually self-collimate into the single-
crystal hBN film on a wafer scale (Fig. 6a). Fig. 6b shows the
time dependent SEM images of the growth process: (i) irregu-
larly distributed circular hBN grains are formed at 30s, (ii) cir-
cular hBN grains with a regular size of ~14.5 um are formed at
10 min, (iii) density of hBN grains further increases without
noticeable changes in size at 20 min, (iv) hBN grains are trans-
formed further into a hexagonal close-packed structure by self-
collimation at 30 min, (v) hBN coverage gradually increases
and saturates to full coverage at 60 min growth time, and (vi)
the hBN film is formed upon merging of hBN grains at
90 min. It is important to note that the hBN film obtained
even after 90 min of growth time shows the presence of nano-

5950 | Nanoscale, 2024, 16, 5941-5959

pores. Therefore, a two-step growth with an elevated growth
time and additional precursor flow rate was applied to achieve
the full coverage of a wafer-scale single crystal hBN film.

3.3. Synthesis of wafer-scale single crystal metal
chalcogenide (MC) films

Since the metal atoms are passivated by chalcogens at the
edges of MCs, their edge formation energies are usually
smaller than that of graphene and hBN. Therefore, the energy
barrier for stable nuclei formation is smaller, making the
process of controlling the nucleation density a challenging
task. Experiments have also shown that it is very challenging
to realize a very low nucleation density or only one nucleus
over a large area.” " In contrast, the multi-nucleation
approach relies on a lattice-matched substrate, which enables
the epitaxial MC domains to grow in the same orientation and
then coalesce into a wafer-scale single crystal MC film.” In

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (a) Schematic illustration of the synthesis of the wafer-scale single crystal hexagonal boron nitride (hBN) film via self-collimation of randomly
oriented grains on a liquid Au surface. (b) Scanning electron microscopy images of the hBN thin film growth process at different growth times.
[Fig. 6 is reproduced with permission from Lee et al.2° Copyright 2018, American Association for the Advancement of Science].

this section, we review the state-of-the-art strategies such as
unidirectional seeding and nucleation at the vicinal step
edges, epitaxial collimation, and seeded in-plane 2D-epitaxy,
adopted to induce uniform domain orientation for the syn-
thesis of wafer-scale single crystal MC films.

3.3.1. Unidirectional seeding and nucleation at the vicinal
step edges/ledges. Various studies have been conducted on
growing large-area MC films on epitaxial substrates, such as
mica and sapphire."**'*> However, because of the non-centro-
symmetric Cs, lattice of MCs, the six-fold symmetry of such
substrates has been found to be incompatible and generally
leads to the equivalency of antiparallel islands (0 and 60°
orientations) and inevitable twin boundaries.'*® Yang et al.
first demonstrated the edge-mediated epitaxial growth of
wafer-scale single crystal MoS, monolayers on vicinal Au (111)

This journal is © The Royal Society of Chemistry 2024

thin films.>**> Where the unidirectional nucleation of MoS,
domains is guided by the (110) step edges on Au (111), with
the Mo,, edge of MoS, directed along the (110) direction of
the Au (111) surface. Following a similar strategy, Choi et al.
have demonstrated the wafer-scale single crystal growth of MC
monolayers (including WS,, WSe,, MoS,, MoSe,/WSe, hetero-
structure, and W;_,Mo,S, alloy) using an atomic sawtooth
gold surface as a universal growth template.>® Where the an-
isotropic adsorption energy of the MC cluster to the atomic-
step edges, dictates the unidirectional epitaxial growth of tri-
angular MC grains and eventual formation of single crystal MC
films regardless of the Miller indices. Using a c-plane sapphire
substrate with a predesigned miscut orientation perpendicular
to the substrate surface (towards the A axis, C/A), Li et al
demonstrated the epitaxial growth of a 2 inch (~5 cm) thick

Nanoscale, 2024, 16, 5941-5959 | 5951
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Fig. 7 (a and b) Surface step edge orientation along the (1120) direction (A axis) and along the (1010) direction (M axis) of sapphire (0001), respect-
ively, and the corresponding epitaxial MoS, domain alignment. (c) The epitaxial relationship of MoS, on a sapphire (0001) substrate. Black and red
arrows indicate the lattice vectors of the sapphire and MoS,, respectively. Schematic of the configuration of the WS, cluster on a flat a-plane sap-
phire surface for 6 = 0° (d) and 60° (e), where @ is the angle between one zigzag direction of WS, and the (1100) plane of the a-plane sapphire
surface. (f) Binding energy of WS, triangular islands with a-plane sapphire surface at different rotational angles (top panel). Relative energy differ-
ence between the antiparallel WS, islands upon interaction and cross-over of the step-edges in a-plane sapphire (bottom panel). (g and h)
Calculated distributions of charge difference of the antiparallel (9 = 0°, (g) and 60°, (h) WS, islands at the step-edges of a-plane sapphire. (i)
Schematic of WS, islands grown on a-Al,Osz during the early stage of growth. [Fig. 7(a)—(c) are reproduced from Li et al.2® Copyright 2021, rights
managed by the Nature Publishing Group. Fig. 7(d)—(i) are reproduced from Wang et al.?® Copyright 2021, rights managed by the Nature Publishing

Group].

monolayer MoS, single crystals film (Fig. 7a—c). Fig. 7a shows
that when the step edges are oriented along the (1120) direc-
tion (A axis), the step edges become perpendicular to the
zigzag (ZZ) edge of the triangular MoS, domains, which
equalizes the two antiparallel domains and prevents the
growth of single crystals. Whereas, as shown in Fig. 7b, when
the surface step edges are projected along the (1010) direction
(M axis), the degeneracy of nucleation energy for antiparallel
MoS, rotational twin domains are lifted, which leads to uni-
directional alignment of the MoS, domains over the 2-inch
wafer-scale. Fig. 7c shows the epitaxial relationship of MoS, on
a sapphire (0001) substrate, where black and red arrows indi-
cate the lattice vectors of the sapphire and MoS,, respectively.
Wang et al. have also recently demonstrated the epitaxial
growth of 2-inch single-crystal WS, monolayer films on vicinal
a-plane sapphire surfaces (Fig. 7d-i).>° Fig. 7d and e shows the

5952 | Nanoscale, 2024, 16, 5941-5959

schematic of the configuration of the WS, cluster on a flat
a-plane sapphire surface for § = 0° (Fig. 7d) and 60° (Fig. 7e),
where 6 is the angle between one zigzag direction of WS, and
the (1100) plane of the a-plane sapphire surface. Top panel of
Fig. 7f, shows the binding energy of WS, triangular islands
with the a-plane sapphire surface at different rotational
angles. Where the binding energy minima reflecting the con-
figurations are shown in Fig. 7d and e. Bottom panel of Fig. 7f,
shows the relative energy difference between the antiparallel
WS, islands upon interaction and cross-over of the step-edges
in the a-plane sapphire surface due to symmetry breaking.
Fig. 7g and h show the calculated distributions of charge
difference of the antiparallel (0 = 0° and 60°) WS, islands at
the step-edges of a-plane sapphire. This indicates that the
binding energy between the step edge and WS, depends on its
alignment and breaks the C, symmetry of the WS,/a-plane sap-

This journal is © The Royal Society of Chemistry 2024
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phire system into C;, making it possible to have all the WS,
islands aligned only along one direction, leading to the for-
mation of wafer-scale single crystal upon coalescence (Fig. 7i).

3.3.2. Seed mediated in-plane 2D-epitaxial growth.
Although the continuous epitaxial films resulting from the
coalescence of orientationally aligned islands have essentially
one crystallographic orientation, translational grain bound-
aries along high-symmetry directions still exist because of the
presence of imperfectly coalesced domains."”**® Such regions
of coalescence sometimes can be located by arrays of metal
vacancies in the MC monolayer, leaving behind arrays of point
defects."* To mitigate this problem, Xu et al. devised a seeded
2D epitaxial growth strategy for a 2D-confined single crystal via
the solid-to-solid phase transition and recrystallization process
to produce wafer-scale single crystal films of semiconducting
2H MoTe, (Fig. 8)."*° Fig. 8a schematically shows the synthesis
process, which started from a 10 nm thick polycrystalline 1T’
MoTe, film having Te vacancies and grain size of about tens of
nanometers. Next, a single crystal exfoliated 2H MoTe, flake
was placed at the center of the 1T" MoTe, wafer by a dry trans-
fer method, which serves as a seed crystal to initiate the phase
transition and recrystallization process.

Since 1T’ MoTe, is Te deficient, Te atoms were supplied
through a hole on 30 nm-thick Al,O; covered 2H MoTe, flake,
to avoid any direct contact between Te and 1T’ MoTe,. This
site-specific Te supply pathway induces the 1T’ to 2H MoTe,
phase transition exactly underneath the 2H MoTe, seed
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crystal,””""* and simultaneously avoids the spontaneous
nucleation of 2H MoTe, with random crystal orientations in
the 1T’ MoTe, film. With the continuous supply of Te, through
the outward transmission of phase transition and recrystalliza-
tion induced by the vertical 2H/1T' interface, eventually the 1T’
MoTe, layer underneath the seed crystal transformed into a
wafer-scale 2H MoTe, single crystal with the same crystallo-
graphic orientation as the seed crystal. Fig. 8b shows the OM
image of the 2H/1T" MoTe, assembly, where a 2H MoTe, seed
nanoflake is placed at the center of the 1T MoTe, wafer.
Fig. 8c shows the OM image of the 1T’ MoTe, wafer at an inter-
mediate growth stage, resulting in a single crystal 2H MoTe,
circle centered on the seed region. The inset shows the seed
crystal with a needle probe-punched hole.

3.3.3. Growth via surface diffusion and epitaxial self-pla-
narization. State-of-the-art demonstrations of aligned nuclea-
tion of 2D MC islands and their seamless stitching at the step-
edges of the substrate, to produce single-grain thin films
on the wafer-scale, is technologically very challenging to
reproduce.?®*%3> Moreover, upon exposure to high-tempera-
tures (>850 °C), the step-edges tend to distort, resulting in the
nucleation of MC domains in various orientations."”” The pre-
requisite for the deployment of 2D MC single crystal thin films
in industrial applications is the ability to mass-produce them
through cost-efficient, reliable, and high-throughput synthesis
methods, compatible with the current Si based device fabrica-
tion line.'"” Apart from the issue of reliable, and high-

L "

before growth

after
intermediate growth 2(£E_m

Fig. 8 (a) Schematic illustration showing the in-plane 2D-epitaxy mediated synthesis of a wafer-scale single-crystal 2H-MoTe; thin film. The 1T'-
MoTe; film on a Si wafer was converted gradually via phase transition and recrystallization to the 2H-MoTe,, starting from the hole to the entire
area. (b) OM image of a 2H MoTe, nanoflake assembled in the center of the 1T' MoTe, wafer as a seed to induce the phase transition and recrystalli-
zation. (c) OM image of the wafer after intermediate growth at 650 °C for 2 hours, where the seed crystal with a needle probe-punched hole is
shown in the inset. [Fig. 8 is reproduced with permission from Xu et al.**® Copyright 2021, American Association for the Advancement of Science].
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throughput synthesis, the transfer of the MC thin films onto
other substrates causes the degradation of the material per-
formance and is not compatible with the device manufactur-
ing lines. Through theoretical calculations and experimental
analysis, Giri et al. recently demonstrated a generalized syn-
thetic strategy to produce wafer-scale single-crystal MC thin
films via “surface diffusion and epitaxial self-planarization of
randomly oriented grains”, to produce wafer-scale single
crystal Si,Te;, GeTe, GeSe, and GaTe thin films, (Fig. 9).>" The
synthesis used commercial wafers (Si, Ge, GaAs, etc.) both as a
metal source and an epitaxy collimator. The synthesis is quick
and allows atomically smooth single crystal thin films over the
entire wafer surface. Fig. 9a-d shows the time dependent SEM
images during the growth process of the Si,Te; thin film;
Fig. 9(a) shows seed crystal formation from a Te-rich droplet at
630 °C; Fig. (9b) shows growth of small hexagonal crystal
domains at 675 °C; Fig. (9c) shows epitaxial self-planarization
at 720 °C; and Fig. (9d) shows the formation of the atomically
smooth Si,Te; thin film. DFT calculations for single-crystal for-
mation mechanism reveal that chalcogen (Se, Te) diffusion
into the wafer substrates (Si, Ge, GaAs, etc.) is energetically
favorable, and the diffused chalcogens tend to migrate prefer-
entially along the surface of the single crystal wafer substrates
and create M,C, crystal domains at the surfaces. Under a con-
tinuous supply of chalcogens, multiple crystal domains with
different thicknesses were formed. Then, due to the high

Epitaxy

<001>

View Article Online

Nanoscale

elemental mobility at the annealing temperature (>630 °C),
surface energy minimization induced self-planarization by
viscoelastic lateral translation of the elements, produces an
atomically smooth Si,Te; thin film. The epitaxial relationship
of the initial M,C, crystal domains with the substrate enabled
unidirectional alignment of the synthesized thin film; hence,
single-crystal thin film formation over the entire substrate was
facilitated. The crystal structure of the Si,Te; thin film syn-
thesized at 720 °C for 3 min was characterized by synchrotron
X-ray diffraction (XRD). The 20 XRD pattern of the 35.4 nm-
thick Si,Te; film exhibited only [00/] out-of-plane orientations,
indicating that all the atomic layers had the same out-of-plane
stacking (Fig. 9e). Fig. 9f shows the investigated ¢ scan at
different temperatures to identify the mechanism of uni-
directional in-plane grain alignment. Where, with increasing
the annealing temperature, the population of misaligned
domains (indicated with “s”) decreases and simultaneously
the population of aligned domains increases (indicated with
“*). Finally, all the misaligned domains become aligned with
the in-plane substrate peak (Si (220)), upon annealing at
720 °C for 3 min, producing the unidirectionally aligned single
crystal Si,Te; thin films on a wafer-scale. Fig. 9g shows the
coincidence site lattice (CSL) (dotted triangle) in the interface
model between the Te (yellow) layer of Si,Te; and the Si (blue)
of Si (111), where the 9-unit mesh of Te coincides with the
10-unit mesh of Si, effectively reducing the lattice mismatch to
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Fig. 9 (a—d) Field emission scanning electron microscopy (FE-SEM) images of the Si,Tes thin film growth process at different temperatures. (e) XRD
pattern of the Si;Tes film exhibited only [00(] out-of-plane orientation. (f) Azimuthal ¢-scan of the in-plane (300) reflection of Si,Tesz at different
annealing temperatures. The peak in perfect epitaxial alignment with the Si (220) is indicated by “*" and the peak having 30° mismatch with Si (220)
is indicated with "+". (g) The coincidence site lattice (CSL) (dotted triangle) in the interface model between the Te (yellow) layer of Si;Tes and Si (blue)
of Si (111). (h) Digital image of 2-inch single-grain Si;Tes thin film grown on the 4-inch Si (111) wafer. [Fig. 9 is adopted with permission from Giri

et al.?* Copyright 2021, Wiley-VCH, Weinheim].
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+0.54%, and providing perfect epitaxial growth conditions for
wafer-scale (2-inch) single crystal Si,Te; thin film growth on
the 4-inch Si (111) wafer (Fig. 9h).

4. Conclusion and outlook

The novel properties®'34133 and promising

applications®**™*® of 2D vdW materials have motivated
increasing attempts to synthesize high quality 2D vdW thin
films since monolayer graphene was prepared.'****! To realize
their industrial applications, which is the ultimate goal, it is of
paramount importance to have readily available wafer-scale
single crystal thin films of 2D vdW materials."*"* Although the
nucleation-controlled growth by suppressing the nucleation
density is an effective strategy to produce large-scale single
crystal graphene,®® due to its lower growth rate it takes several
hours to grow a fully covered wafer-scale graphene film.
Nevertheless, because of the complicated experimental design
and the sensitivity of the process to control gas flow in the
reactor, the process is not cost-effective and inconvenient. In
contrast, unidirectional alignment of multiple epitaxial nuclei
and their seamless coalescence into a large-area single crystal
graphene, have several advantages including shorter growth
time and require lesser stringent growth conditions.”* Recent
successful growth of wafer-scale single crystal graphene mono-
layers directly on electrically insulating Al,O; (0001) wafers
could also contribute to next-generation graphene-based
nanodevices.?”

Recent studies have shown the growth of single crystal hBN
films on molten gold surfaces or bulk Cu or Ni foils.'*?%?**
However, the use of molten gold is not favored by industry,
owing to its high cost, cross-contamination and potential
issues of process control and scalability. Copper foils might be
suitable for roll-to-roll processes but are unlikely to be compa-
tible with advanced microelectronic fabrication on wafers.
However, the successful epitaxial growth of 2-inch single-
crystal hBN monolayers on a Cu (111) thin film deposited over
c-plane sapphire wafer is a reliable approach to produce wafer-
scale single-crystal hBN and paves the way to future 2D elec-
tronics.>”> More studies are needed on the synthesis of multi-
layer hBN on low-symmetry single crystalline substrates in the
future.

The recent successful synthesis of wafer-scale single crystal
MoS, and WS, monolayers on Al,O; surfaces with periodic
step-edges boosted research interest in synthesizing wafer-
scale 2D vdW MC thin films where the microstructure and uni-
directional nature of the monolayer are attributed to the high
nucleation density along the sapphire surface steps and their
seamless coalescence of the aligned domains. However, the
production of the well-aligned step-edges is technologically
very challenging to reproduce.”®*°*> Moreover, upon high-
temperature (>850 °C) exposure, the step-edges tend to distort,
resulting in the nucleation of MC domains in various orien-
tations."”” Growth conditions that preserve the aligned step-
edge morphology while promoting surface diffusion and

This journal is © The Royal Society of Chemistry 2024
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lateral domain growth are necessary to reduce domain mis-
orientation and achieve unidirectional growth. In this regard,
the generalized epitaxial synthetic concept, viz. “surface
diffusion and epitaxial self-planarization”, for the production
of wafer-scale single crystal metal chalcogenide thin films
(Si,Tes, GeTe, GeSe, and GaTe) directly on commercial wafers
(Si, Ge, GaAs, etc.) and their utilization in the transfer-free fab-
rication of devices, is believed to open a new technological
window for both the 2D vdW wafer-scale single crystal syn-
thesis and the device fabrication process.>* Although the con-
tinuous epitaxial films resulting from the coalescence of orien-
tationally aligned islands have essentially one crystallographic
orientation, translational grain boundaries along high-sym-
metry directions still exist because of the presence of imper-
fectly coalesced domains."*”'*® Such regions of coalescence
sometimes can be located by arrays of metal vacancies in the
MC monolayer, leaving behind arrays of point defects.'*® A
recently developed method of seeded 2D epitaxial growth of a
wafer-scale single crystal film of semiconducting 2H MoTe, via
solid-to-solid phase transition and recrystallization processes,
mitigates this issue of imperfect coalescence,"*® which can be
used as a template for further rapid epitaxy in a vertical
manner.

Although recently several epitaxial growth strategies of
wafer-scale 2D vdW single-crystal films have been demon-
strated, the industrial scale production of 2D materials is still
a big challenge, especially compared to chip-grade single-
crystal silicon. One problem is how to grow single crystal 2D
vdW materials with high uniformity and excellent electrical
properties on a wafer scale. Currently, the main method of
growing single crystal thin films is to control the uni-
directional orientation of the crystal domains to allow their
seamless coalescence and stitching. However, the continuous
epitaxial films resulting from the coalescence of orientation-
ally aligned islands are also expected to exhibit facets along
high-symmetry directions.'*® Moreover, translational defect
arrays and grain boundaries still exist in a nearly single-orien-
tation, coalesced monolayer 2D vdW film due to the presence
of imperfectly stitched domains.’*”"**® These defective grain
boundaries in 2D semiconductors usually exhibit metallic
characteristics and serve as conducting channels, seriously
impairing the electrical and optical properties of related
devices. Therefore, connecting atomic-scale defects to larger
morphologies poses a significant challenge. Additionally, it
has been difficult to control the nucleation of 2D materials to
get a unidirectionally aligned multilayer single-crystal 2D vdW
film on the wafer scale. The indefinite kinetic control of the
layer-by-layer growth of 2D vdW materials arises due to the
complexity of the precursor species and their gradient feeding
distributions along the gas flow direction. Also, currently the
synthesized 2D vdW thin films need to be transferred from the
growth substrate to the target substrate for device fabrication.
However, the traditional transfer process can damage the
grown films, due to the formation of wrinkles, cracks, and
polymer contamination, seriously affecting the device perform-
ance of the synthesized 2D vdW thin films.
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Finally, the technique for the mass production of wafer-
scale single crystal 2D vdW materials must be able to provide
the required quantities while ensuring reliable quality for
industrial-scale applications. The development of a reliable
large-scale production process, with special emphasis on
quality, cost, reproducibility, processability and safety, would
not only unleash the potential of 2D vdW materials in elec-
tronic and optoelectronic applications, but may also help
trigger other key applications, where the unique properties of
2D vdW materials can produce significant enhancements.
However, the growth model of 2D vdW materials is far from
complete and further attention and efforts are required,
including increasing precursor supply, local feeding of precur-
sors, and reduction of pre-deposited transition metal contain-
ing thin films, to elucidate the growth mechanism of wafer-
scale single crystal 2D vdW materials.
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