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Introduction

Graphene research has experienced tremendous growth in the
past 13 years because of its unique fundamental properties and
prospects for very promising applications.! Techniques for the
preparation of large-area graphene films at the centimeter
or even meter scale, especially by chemical vapor deposition
(CVD) of carbon precursors on catalytic substrates, have seen
rapid progress.? Graphene formation on catalytic substrates,
especially metals such as Ni, Co, Ru, Pt, Rh, Pd, and Ir, has
been the subject of several studies for more than 50 years.?
Rather than synthesizing graphene, many of these studies
were concerned with poisoning the metal’s catalytic activity
(i.e., metal catalysts lose their activity due to the formation of
graphitic layers on their surface).*

Following the rediscovery of graphene by Novoselov and
Geim in 2004,! researchers have deliberately developed methods
to produce large-area graphene films by revisiting existing
carbon/metal systems such as Ru and Ni (Figure 1a—c).5*®
These systems, however, show difficulty in isolating graphene
from the metal substrates or controlling the thickness unifor-
mity. Li et al. introduced Cu in 2009 as a catalytic substrate
for graphene growth by CVD from methane (Figure 1d—f).>1°
Since then, Cu (sometimes alloyed with other metals such as Ni)
has emerged as a good choice for graphene synthesis due to its
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Because of its unique properties and promising applications, graphene has attracted great
interest from both academia and industry in the last decade. For studies on graphene as well
as for applications, it is essential to develop techniques to prepare graphene in a controllable
way. Graphene can be produced in the form of nano-/microflakes using a top-down method
by the exfoliation of graphite or the reduction of graphene oxide, or in the form of a film
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kinetics, control of the number of graphene layers and their stacking order, engineering of
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advantages of being able to grow large-area and high-quality
graphene with maximum control. Other graphene-film prepa-
ration techniques have also been developed, such as growing
graphene on dielectric substrates'! and the growth of graphene
foam."?

Understanding graphene growth on nonmetal substrates,
especially the catalytic activity, is still in its infancy and there-
fore is not reviewed in this article. We focus on metal catalytic
substrates for graphene growth by CVD, including graphene
growth mechanisms and kinetics, control of the number of
graphene layers and stacking order, engineering of large-area
graphene single crystals, low-temperature growth, and associ-
ated challenges and prospects.

Graphene growth mechanisms and kinetics

Generally, graphene growth on metals by CVD can be divided
into the following steps (see Figure 2): (1) Carbon precur-
sors are transported to the metal surface; (2) the precursor
is adsorbed and catalytically decomposed into active C spe-
cies; (3) the active C species diffuse on the surface or into
the bulk; (4) C aggregates on the surface for nucleation;
(5) C attaches graphene nuclei for growth; (6) catalytic decom-
position of C precursors terminates once the substrate is fully
covered with graphene; and (7) more graphene layers form by
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Figure 1. Graphene growth on metal substrates. (a) Ultrahigh vacuum-scanning electron
microscope (SEM) image of a Ru(0001) surface after first-layer graphene (dark islands)

growth. Reproduced with permission from Reference 5. © 2008 Nature Publishing Group.

(b) SEM image of as-grown graphene film on 300-nm Ni film and (inset) 1-mm Ni

foil. (c) Optical microscope image of the graphene film in (b) transferred onto SiO,/Si
(800-nm-thick oxide layer). The color contrast indicates thickness differences, as marked
by the colored dots: black, monolayer; red, bilayer; green, trilayer; blue, >4 layers. The
inset atomic force microscope image shows typical rippled structures. (b—c) Reproduced
with permission from Reference 8. © 2009 Nature Publishing Group. (d) SEM image
of monolayer graphene on a Cu foil with a few adlayer flakes. (e) Optical microscope
image of graphene in (d) transferred onto SiO,/Si (285-nm-thick oxide layer). Red circle,
monolayer (1L); blue circle, bilayer (2L); green arrow, trilayer (3L). Reproduced with
permission from Reference 9. © 2009 AAAS. (f) SEM image of monolayer graphene on
Cu with no adlayers after optimization. Reproduced with permission from Reference 10.
© 2009 American Chemical Society.

(U]
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Figure 2. Schematic of graphene growth kinetics. (1) Gas phase transportation, (2) surface

adsorption and decomposition of gas molecules, (3) diffusion on the surface and in the

bulk of decomposed active species, (4) graphene nucleation, (5) graphene growth,
(6) termination of catalytic decomposition of gas molecules, and (7) graphite precipitation.

On the other hand, if C solubility in a metal is
high (such as in Ni), graphene growth follows a
C dissolution-segregation-precipitation (DSP)
process (C first dissolves into the metal. When
the whole metal, or the region near the surface,
is saturated, a monolayer graphene forms on
the metal surface by surface segregation. Then,
more graphite layers precipitate out due to
the decrease of C solubility with temperature
decrease),' which can be used to grow mul-
tilayer graphene.!* However, both monolayer
and multilayer graphene can be grown by either
surface mediation or DSP processes with appro-
priate kinetic control.

Control of layer number and
stacking order

Few-layer graphene with a specific stacking
order (e.g., AB-stacking) has unique electronic
and optoelectronic properties as compared to
monolayer graphene.'> Adlayer flakes or mul-
tilayer graphene can grow on a metal with
a low C solubility by surface mediation via
three possible mechanisms, schematically shown
in Figure 3—synchronous growth,'®!” on-top
growth,'3?! and underneath growth.?'*° In syn-
chronous growth, all layers nucleate and grow
simultaneously. In the case of on-top growth,
graphene grows layer by layer on top of pre-
vious layers or multiple layers grow from the
same nucleation site, although the upper ones
grow more slowly. For underneath growth, the
lower layers grow more slowly. In this case, C
for the growth of the bottom layers is mainly
supplied by catalytic decomposition of the C
precursor on the catalyst surface that is not cov-
ered with graphene (see Figure 3d). for new layer
growth the decomposed C species, mainly C
atoms, diffuse across the graphene edges® 2* or
through the substrate into the interface between
existing graphene layers and the underneath sub-
strate to occur.”?® Tt has also been theoretically
proposed that C may penetrate graphene layers,
but to the best of our knowledge, there has been

C precipitation during the cooling process due to supersatura-
tion of C in the metal.

The main issues with graphene growth are the control of
the number of layers (and stacking order) and crystallinity.
When C solubility in a metal is low (such as in Cu), there is
almost no C precipitation (step 7) and graphene growth is sur-
face mediated, preferentially growing monolayer graphene.
Monolayer graphene growth also benefits from a self-limited
growth mechanism (i.e., once the metal surface is fully cov-
ered by graphene, it loses its catalytic activity for C precursor
decomposition and thus limits more graphene layer growth).'®
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no experimental proof of this phenomenon.*

Both hydrogen and oxygen play important roles in multi-
layer graphene growth. Hydrogen may passivate a graphene
edge to prevent its bonding to the metal surface so as to
lower the barrier for C atoms diffusing across it.* Oxygen
is also crucial in helping hydrocarbon precursors to com-
pletely dehydrogenate in order to provide C atoms.?® A high
purity Cu substrate with a smooth surface and C precursors
with low partial pressure are preferred for monolayer growth
with almost no adlayers. Otherwise, multilayer growth may
result.’!-3?
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Figure 3. Schematics of multilayer graphene growth models. (a) Synchronous growth—
all layers nucleate and grow simultaneously. (b) On-top growth—graphene grows layer
by layer on top of previous layers or multiple layers grow from the same nucleation
site, although the upper ones grow more slowly, and (c) underneath growth—the lower
layers grow more slowly. The upper diagrams are perspective views and the lower ones
are cross-sectional views. The numbers in (b) and (c) represent the growth sequence of
graphene layers. (d) Schematics of possible paths for C reaching the bottom layers.

Engineering of large-area graphene

single crystals

Normally, graphene nuclei on metal surfaces
are not aligned. These misaligned nuclei grow
and finally merge together, resulting in a poly-
crystalline graphene film with grain boundaries
containing pentagonal and heptagonal carbon
rings.'** To improve its crystallinity, one
straightforward strategy is to reduce the nucle-
ation density and achieve a large-area single
crystal from one nucleus. The nucleation den-
sity can be reduced using a Cu substrate with
high purity and a smooth surface, a low carbon
precursor partial pressure, and a high growth
temperature.*° Oxygen can also significantly
suppress graphene nucleation while increasing
graphene growth rate.** Both centimeter-
sized graphene single crystals (Figure 4a)*!
and rapid graphene lateral growth of 60 pm/s*
have been achieved with the assistance of
oxygen. A Cu substrate alloyed with Ni also
showed rapid growth.* By tuning C solubility
in the alloy, an appropriate amount of C can be
dissolved in the near surface region and then
quickly attached to the graphene nuclei. This is
much faster than C supplied from the gas phase

It should be noted that in contrast to the unambiguous
identification of the underneath growth sequences, there
is still lack of direct experimental proof for the synchronous
growth and on-top growth models, and these need to be fur-
ther investigated.

On the other hand, the number of layers of graphene
grown by the DSP process can be controlled kinetically. For
example, C solubility in the substrate can be tuned by tem-
perature or metal alloy composition;** the amount of dis-
solved C can be controlled by the thickness of the substrate;®
and C precipitation can also be controlled by its concentration
gradient from the surface to the inner bulk and the cooling
conditions.®337

followed by the adsorption-dehydrogenation-
diffusion process.? By locally feeding the car-
bon precursor, a ~1.5-in. (3.8-cm) graphene single crystal was
grown on a CugNi s substrate (Figure 4b).%

Morphologies of grown graphene crystals depend on both
the growth conditions and the substrate crystallographic ori-
entation.*® Typically, they are compact hexagons with sharp
edges (Figure 5a) or four- or six-lobed shapes with protrud-
ing branches or dendritic edges (Figure 5b), whose growth
involves two mechanisms. The sharp-edge hexagons, arising
from the kinetic Wulff construction (which gives a shape of
the crystal with its minimized surface Gibbs free energy) have
zigzag edges and grow by an edge-attachment-limited growth
mechanism. That is, graphene growth is limited by the rate

Controlling the stacking order of multilayer
graphene is crucial as well. However, current
understanding of their formation is superficial,
and results in the literature are contradictory.
Ta et al. suggested that graphene flakes grow-
ing on top of the first full layer are non-AB-
stacked, while those grown by the underneath
growth mechanism are highly oriented AB-
stacked.?! On the other hand, most of the other

work reported a high degree of AB-stacked
order comes from the suggested on-top growth
mode,'®?* while bilayer graphene through
the underneath growth model shows non-AB-
stacked order.?*%

Figure 4. Growth of large-area graphene single crystals from individual nuclei. (a) Centimeter-
sized graphene domains (pale area) on Cu (orange area). Reproduced with permission
from Reference 41. © 2013 AAAS. (b) Left: schematic of the local gas feed; right: optical
image of the ~1.5-in. (3.8-cm) graphene single crystal (pale area) grown on Cug;Ni;s

at 1100°C in 150 min. Reproduced with permission from Reference 45. © 2015 Nature
Publishing Group.
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with a low decomposition or a high adsorption
energy such that the adsorbed carbon pre-
cursors can have enough time to decompose
before desorption.’! Various carbon precur-
sors other than methane have been explored,
such as aromatic hydrocarbons (e.g., benzene
and p-terphenyl),’!** aliphatic gases with low
decomposition energy (e.g., acetylene),’*¢
liquid oxygenated carbon (e.g., methanol and
ethanol),”” and polymers (e.g., poly (methyl
methacrylate).”> Growth temperatures from
100-1000°C have been reported. However,
it should be noted that when using liquid or

Figure 5. Scanning electron microscope images of graphene single crystals with
(a) sharp edges and (b) dendritic edges. Reproduced with permission from Reference 41.
© 2013 AAAS.

solid carbon precursors, they may adsorb onto
the inside wall of the reaction chamber. When
running the system, even without deliberately

of C incorporation into its lattice rather than C supply by dif-
fusion from the surrounding environment, a diffusion (mass
transport)-limited process, which results in the protruding
branches and the dendritic edges.*! 78

Another strategy is to grow aligned graphene nuclei, which
then grow and merge seamlessly to form a large single crys-
tal. The advantage of this strategy is the much faster growth
rate when many graphene nuclei grow simultaneously versus
growth from a single nucleus. For example, because the lat-
tice mismatch between graphene and Cu(111) is small (4%),
with appropriate conditions, compact hexagonal graphene

introducing carbon precursors, the desorption
of those adsorbates may interfere with subsequent graphene
growth, as it has been demonstrated that even a trace amount
of carbon may promote graphene growth.*® Besides, some of
the studies require a high-temperature annealing process for
the substrate before graphene growth at low temperature.’'
The whole process is not a true low-temperature process
because a high-temperature process is still involved. In addi-
tion, as just mentioned, the system may be contaminated by
the liquid or solid carbon precursors, which also probably pro-
mote graphene growth during the high-temperature “anneal-
ing” process rather than during the expected low-temperature

nuclei can epitaxially grow on Cu(111) with
edge alignment parallel to {101).% With the
development of a technique to produce a large-
area Cu(111) single-crystal foil, a graphene
single crystal with size up to 5 cm x 50 cm
has been achieved, demonstrating a promising
solution for the preparation of large-area graph-
ene single crystals (Figure 6).%°

Low-temperature growth

Considering the high growth temperatures
(>1000°C), which are normally required in the
previously mentioned conventional route to
obtain high-quality graphene, low-temperature
growth is desired to reduce energy consump-
tion and the associated cost, improve system
safety, and more importantly, integrate with
present semiconductor manufacturing tech-
nologies, or grow graphene directly on flexible
substrates.

Two issues need to be resolved to
achieve high-quality graphene growth at low
temperatures—an efficient supply of active C
species and an appropriate attachment of inter-
mediate species to a graphene crystal to form an
ordered structure. The efficiency of the C supply
can be improved by using carbon precursors

ol e o[
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Figure 6. Synthesis of large-area graphene single crystals by seamless stitching of
aligned graphene domains. (a) Schematic of the experimental design for the continuous
production of a single-crystal Cu(111) foil with a hot temperature zone at the central area
of a furnace tube. The temperature gradient provides the driving force to move Cu grain
boundaries from the low-temperature region to the high-temperature region. In practice,
the continuous motion of grain boundaries can be realized by continuously moving the
substrate. (b) The schematic evolution of the Cu(111) grain growth, which starts from a
single nucleus at the tapered end of the foil. (c) Photograph of a 5 cm x 50 cm single-
crystal Cu(111) foil. (d) Representative low-energy electron diffraction patterns from six
different regions as marked with the number in (c) show aligned orientation. (e) Optical
image of graphene domains on the Cu(111) surface. The parallel dotted lines indicate all
the graphene domains have aligned orientation, which ensures a seamless stitching of
these domains to form a single crystal. Reproduced with permission from Reference 50.
© 2017 Elsevier.
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“growth” process. Another strategy is to use a substrate with
a high catalytic activity such as Ni, which is more active than
Cu in cracking the hydrocarbons.*** Energy-assisted CVD
techniques such as plasma-enhanced CVD can also help to
decompose hydrocarbons.®

To continue perfecting the graphene structure, a mixture of
polycyclic aromatic and aliphatic hydrocarbons were used. It
was suggested that the aliphatic carbon species could incorpo-
rate small carbon fragments into defect sites to decrease defect
density. It was also reported that high-quality graphene can
be achieved with a slow growth rate, which allowed the inter-
mediate hydrocarbon species attached to graphene crystals to
have sufficient time to reorganize or shed hydrogen atoms.
If the growth rate is too fast, these disordered intermediates
can be trapped in the crystal, leading to local disruptions of the
lattice or coordination defects.®

Challenges and prospects

Despite the advances in graphene synthesis achieved in the
last few years, there are still many challenges. Neither the uni-
formity nor the stacking order of multilayer graphene can be
easily achieved by kinetic control unless one grows a large-
area multilayer graphene single crystal, which is limited to the
submillimeter scale.’*?® Defect control is another challenge.
Although tuning the graphene nucleation density, and hence
the number of grain boundaries, can solve this problem to
some extent, there is still a lack of knowledge on the forma-
tion and control of many other defects such as vacancies, a
distorted/disordered lattice in the grains, wrinkles, and func-
tional groups. Quality degradation and a cost increase because
of a necessary transfer process are also issues, and direct
growth on target substrates is always preferred.
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