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Consisting of one to a few atomic layers, two-dimensional (2D)
materials have atomically perfect surfaces that are free of dangling
bonds and exhibit various exotic physical and chemical properties
[1]. Even more exciting, one can construct new materials by stack-
ing different 2D layers as they are generally bonded by van der
Waals interactions [2]. Therefore, in the past decade, 2D materials
have attracted much interest in the field of materials science, phy-
sics, chemistry and electrical/optical engineering. To implement
the most anticipated applications of the 2D materials-based
devices in the future, the growth of large-scale 2D single crystals
is a prerequisite. Only single crystals can ensure the ultimate
intrinsic performance of the materials and the uniformity of the
devices.

Generally, there are two ways to realize the growth of 2D single
crystals: (1) controlling the nucleation. One should ensure the
material grows gradually from only one nucleus, which could
eventually grow into a large single crystal [3,4]. (2) Controlling
the orientation. There are massive nuclei formations during the
growth and one should ensure that the lattice orientations of all
the 2D islands are the same. When these islands meet each other,
they can seamlessly merge together and form large single-crystal
films [5–11]. After more than ten years efforts, the epitaxy of 2D
single crystals by controlling the orientation has been widely cho-
sen due to its high efficiency, general applicability, stable control-
lability and better compatibility with industrial production.

The realization of epitaxial growth of 2D single crystals relies on
suitable single-crystal substrates. Driven by the urgency of prepar-
ing large 2D single crystals, the production of large-size single-
crystal substrates has been developed rapidly in recent years. Tak-
ing copper (Cu) as an example, the size of single-crystal Cu foils
increases quickly from millimetre- to meter-scale, and the surface
index also develops from only low index to a lot of high indices
through recently developed temperature-gradient-driven [5], con-
tact-free annealing [12] or seeded growth techniques [13].

Having a single-crystal substrate, it is then necessary to select
applicable epitaxy substrates and proper mechanisms to achieve
the unidirectional alignment of 2D islands according to the lattice
symmetry of the 2D materials and substrates. For centrosymmetric
graphene, the identical orientations can be achieved by van der
Waals coupling between graphene islands and the triple symmet-
ric Cu(111). Regulated by the periodic potential fields on Cu(111)
surface, all graphene islands exhibit the same orientation and then
seamlessly merge into a single-crystal film (Fig. 1a) [5]. Later, this
epitaxy has also been extended to the CuxNiy (111) substrates,
where the presence of minor nickel can enhance the catalytic activ-
ity of Cu, and realize the rapid growth of graphene single crystals
[6].

For non-centrosymmetric hexagonal boron nitride (hBN), due to
its C3v lattice symmetry, two equivalent antiparallel islands would
always appear synchronously on most high symmetric surfaces,
leading to the formation of twin boundaries, which greatly
increases the difficulty in the epitaxy of hBN single crystals. To
break this equivalence, researchers introduced the parallel atomic
steps to reduce the surface symmetry of the substrate to C1. The
unique edge coupling between atomic steps and hBN islands
ensured unidirectional alignment and the later seamless stitching
(Fig. 1b). Under this mechanism, wafer-scale single-crystal hBN
films have been synthesized on vicinal Cu(110), Cu(111) and
many other high-index surfaces with steps [7,8].

For another class of typical 2D materials, the transition metal
dichalcogenides (TMDs), the growth mechanism is similar to that
of hBN because they have the same in-plane lattice symmetry.
However, due to the weak interaction between step edges and
TMDs islands on insulating substrates, it is very difficult to achieve
unidirectional alignment of TMDs only by steps edge coupling [10].
In this case, single-crystal TMDs can be produced by the so called
dual-coupling-guided mechanism. The sapphire surface-TMDs
interaction will lead to two preferred antiparallel orientations of
the TMDs islands, and then sapphire step edge-TMDs interaction
breaks the energy equivalence of the antiparallel orientations
(Fig. 1c). This technique has been proved to be feasible for a variety
of 2D materials, and the production of wafer-scale TMDs single
crystals has become a reality [11].

Over the past 15 years efforts, the preparation of 2D single crys-
tals has made breakthrough progress. The size of three representa-
tive 2D single crystals, conducting graphene, semiconducting
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Fig. 1. (Color online) Schematic diagrams of three growth mechanisms of 2D single crystals. (a) van der Waals (vdw)-coupling, (b) edge-coupling and (c) dual-coupling
guided growth.
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TMDs and insulating hBN, has increased from nanometre-scale to
industrially acceptable wafer scale. However, the research on the
production of 2D single crystals is far from being over. There are
still considerable fields waiting for researchers to explore and great
challenges to overcome, including controllable doping, layer num-
ber, stacking order, twist angle and heterostructure (Fig. 2). In the
following, we will make an outlook on the challenges in the pro-
duction of 2D single crystals in the future.

Despite lots of excellent properties, the zero-bandgap nature of
graphene has seriously limited its application in the field of elec-
tronics. Among the many attempts, doping is considered to be a
promising method to modify the band structure of graphene with-
out reducing the electrical performance and stability. For example,
by doping graphene with boron and nitrogen, it is expected to pro-
duce a new semiconducting material with continuously tunable
bandgap, named boron carbonitride or BCN [14]. So far, the direct
growth of well-doped large 2D single crystals is still a big challenge
due to the uncontrollable doping level and dopant configurations.

In addition to a single layer, controlled growth of 2D single crys-
tals with different layers is another important aspect. For most 2D
materials, their electronic band structures are extremely sensitive
to the layer number. Monolayer graphene is a conductor, but AB
stacked bilayer graphene would transform into a semiconductor
when a vertical electric field is applied. When MoS2 changes from
Fig. 2. (Color online) Future challenges for the growth of 2D single crystals.
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monolayer to bilayer, a transition from direct bandgap to indirect
bandgap can be observed. All these indicate that the electronic
band structure of 2D materials can be tuned by layer number,
and the growth of 2D single crystals with controllable layers is
obviously an attractive topic. However, due to the self-limited
growth mode of graphene/hBN and the Volmer-Weber growth
behaviour of TMDs, the production of layer-controlled 2D single
crystals is still waiting to be realized.

For these multilayer 2D materials, it is necessary to consider the
stacking order between different layers, as different stacking con-
figurations often exhibit distinct properties. AA-stacked multilayer
TMDs can exponentially increase the nonlinear response while AB-
stacking structure can only show nearly zero signal. Also, AA-
stacked bilayer TMDs show significantly enhanced electrical trans-
port performance than AB-stacked ones. Nevertheless, like the epi-
taxy of hBN on high-symmetric surfaces, there are always both AA
and AB structures during growth as they are nearly energetically
degenerate. How to break this equivalence to achieve controllable
stacking of 2D single crystals is certainly an important direction in
the future.

The twist angle between 2D materials provides a completely
new freedom to tune properties. At present, the researches on
twisted 2D materials have swept the world, and a series of novel
phenomena like superconductivity, moiré excitons and quantum
anomalous Hall effect have been reported successively [15]. Obvi-
ously, the production of single-crystal materials with controllable
twist angle will be a very important field in the future. However,
it is still a technological gap so far since the materials with a small
twist angle are usually not energetically favourable during growth
at high temperature.

Except for the same kind of 2D materials, the van der Waals
interaction between 2D layers makes it possible for the vertical
stacking of different 2D materials (or heterostructures) beyond
the limitation of the lattice constant [2]. Surprisingly, the proper-
ties of these 2D heterostructures are usually very different from
the superposition of all constituent materials, and many specific
2D physics phenomena have been observed in these systems. In
addition to the basic research, new electronic and optoelectronic
devices based on 2D heterostructures have also been developed.
However, most 2D heterostructures are prepared by transfer
method so far, which is not conducive to industrial applications.
Up to now, the alignment control of both the lower and upper layer
of 2D materials is still a technical gap. Therefore, how to achieve
controllable production of large single-crystal 2D heterostructures
directly is another interesting point in the future.

In summary, the emergence of 2D materials has provided new
possibilities to update the existing materials in many fields and
up to now the production of monolayer 2D single crystals has
made great progress. However, there are still many interesting
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research areas that deserve continuous exploration. It is believed
that 2D materials may usher in the industrial applications in the
near future.

Conflict of interest

The authors declare that they have no conflict of interest.

Acknowledgments

This work was supported by Guangdong Major Project of Basic
and Applied Basic Research (2021B0301030002), the Key R&D Pro-
gram of Guangdong Province (2020B010189001,
2019B010931001, 2018B010109009, and 2018B030327001),
Science and Technology Program of Guangzhou (2019050001),
the National Natural Science Foundation of China (52025023,
52102043, 51991342, 52021006, and 11888101), Beijing Natural
Science Foundation (JQ19004), Guangdong Provincial Science Fund
for Distinguished Young Scholars (2020B1515020043), the Pearl
River Talent Recruitment Program of Guangdong Province
(2019ZT08C321), and the Strategic Priority Research Program of
Chinese Academy of Sciences (XDB33000000).

References

[1] Novoselov KS, Fal’ko VI, Colombo L, et al. A roadmap for graphene. Nature
2012;490:192–200.

[2] Novoselov KS, Mishchenko A, Carvalho A, et al. 2D materials and van der Waals
heterostructures. Science 2016;353:aac9439.

[3] Wu TR, Zhang XF, Yuan QH, et al. Fast growth of inch-sized single-crystalline
graphene from a controlled single nucleus on Cu-Ni alloys. Nat Mater
2016;15:43–7.

[4] Zhou JD, Lin JH, Huang XW, et al. A library of atomically thin metal
chalcogenides. Nature 2018;556:355–9.

[5] Xu XZ, Zhang ZH, Dong JC, et al. Ultrafast epitaxial growth of metre-sized
single-crystal graphene on industrial Cu foil. Sci Bull 2017;62:1074–80.

[6] Den B, Xin ZW, Xue RW, et al. Scalable and ultrafast epitaxial growth of single-
crystal graphene wafers for electrically tunable liquid-crystal microlens arrays.
Sci Bull 2019;64:659–68.

[7] Wang L, Xu XZ, Zhang LN, et al. Epitaxial growth of a 100-square-centimetre
single-crystal hexagonal boron nitride monolayer on copper. Nature
2019;570:91–5.
1412
[8] Chen TA, Chuu CP, Tseng CC, et al. Wafer-scale single-crystal hexagonal boron
nitride monolayers on Cu(111). Nature 2020;579:219–23.

[9] Yang PF, Zhang SQ, Pan SY, et al. Epitaxial growth of centimeter-scale single-
crystal MoS2 monolayer on Au(111). ACS Nano 2020;14:5036–45.

[10] Li TT, Guo W, Ma L, et al. Epitaxial growth of wafer-scale molybdenum
disulfide semiconductor single crystals on sapphire. Nat Nanotechnol
2021;16:1201–7.

[11] Wang JH, Xu XZ, Cheng T, et al. Dual-coupling-guided epitaxial growth of
wafer-scale single-crystal WS2 monolayer on vicinal a-plane sapphire. Nat
Nanotechnol 2022;17:33–8.

[12] Jin S, Huang M, Kwon Y, et al. Colossal grain growth yields single-crystal metal
foils by contact-free annealing. Science 2018;362:1021–5.

[13] Wu MH, Zhang ZB, Xu XZ, et al. Seeded growth of large single-crystal copper
foils with high-index facets. Nature 2020;581:406–10.

[14] Ci L, Song L, Jin CH, et al. Atomic layers of hybridized boron nitride and
graphene domains. Nat Mater 2010;9:430–5.

[15] Andrei EY, MacDonald AH. Graphene bilayers with a twist. Nat Mater
2020;19:1265–75.

Xiaozhi Xu received his Ph.D. degree (2017) in Con-
densed Matter Physics from Peking University. He then
joined the group of Prof. Kaihui Liu at Peking University
as a postdoctoral fellow from 2017 to 2019. He is now a
professor and a group leader at South China Normal
University. His research interest mainly focuses on the
production and characterization of low-dimensional
single crystals, surface physics and surface catalysis.
Kaihui Liu received his Ph.D. degree in Condensed
Matter Physics from the Institute of Physics, Chinese
Academy of Sciences in 2009 and afterward worked as a
postdoctoral research fellow at UC Berkeley, USA, until
2014. He is currently a professor and principle investi-
gator in the State Key Laboratory for Mesoscopic Phy-
sics, School of Physics, Peking University. His current
research interest is the growth, characterization, and
applications of meter-scale single crystals.

http://refhub.elsevier.com/S2095-9273(22)00258-4/h0005
http://refhub.elsevier.com/S2095-9273(22)00258-4/h0005
http://refhub.elsevier.com/S2095-9273(22)00258-4/h0010
http://refhub.elsevier.com/S2095-9273(22)00258-4/h0010
http://refhub.elsevier.com/S2095-9273(22)00258-4/h0015
http://refhub.elsevier.com/S2095-9273(22)00258-4/h0015
http://refhub.elsevier.com/S2095-9273(22)00258-4/h0015
http://refhub.elsevier.com/S2095-9273(22)00258-4/h0020
http://refhub.elsevier.com/S2095-9273(22)00258-4/h0020
http://refhub.elsevier.com/S2095-9273(22)00258-4/h0025
http://refhub.elsevier.com/S2095-9273(22)00258-4/h0025
http://refhub.elsevier.com/S2095-9273(22)00258-4/h0030
http://refhub.elsevier.com/S2095-9273(22)00258-4/h0030
http://refhub.elsevier.com/S2095-9273(22)00258-4/h0030
http://refhub.elsevier.com/S2095-9273(22)00258-4/h0035
http://refhub.elsevier.com/S2095-9273(22)00258-4/h0035
http://refhub.elsevier.com/S2095-9273(22)00258-4/h0035
http://refhub.elsevier.com/S2095-9273(22)00258-4/h0040
http://refhub.elsevier.com/S2095-9273(22)00258-4/h0040
http://refhub.elsevier.com/S2095-9273(22)00258-4/h0045
http://refhub.elsevier.com/S2095-9273(22)00258-4/h0045
http://refhub.elsevier.com/S2095-9273(22)00258-4/h0045
http://refhub.elsevier.com/S2095-9273(22)00258-4/h0050
http://refhub.elsevier.com/S2095-9273(22)00258-4/h0050
http://refhub.elsevier.com/S2095-9273(22)00258-4/h0050
http://refhub.elsevier.com/S2095-9273(22)00258-4/h0055
http://refhub.elsevier.com/S2095-9273(22)00258-4/h0055
http://refhub.elsevier.com/S2095-9273(22)00258-4/h0055
http://refhub.elsevier.com/S2095-9273(22)00258-4/h0055
http://refhub.elsevier.com/S2095-9273(22)00258-4/h0060
http://refhub.elsevier.com/S2095-9273(22)00258-4/h0060
http://refhub.elsevier.com/S2095-9273(22)00258-4/h0065
http://refhub.elsevier.com/S2095-9273(22)00258-4/h0065
http://refhub.elsevier.com/S2095-9273(22)00258-4/h0070
http://refhub.elsevier.com/S2095-9273(22)00258-4/h0070
http://refhub.elsevier.com/S2095-9273(22)00258-4/h0075
http://refhub.elsevier.com/S2095-9273(22)00258-4/h0075

	Progress and perspective on the growth of two-dimensional single crystals
	Conflict of interest
	Acknowledgments
	References


