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Abstract

There has been continuous progress in the development of different synthesis methods
to readily produce graphene at a lower cost. Compared with the other methods, chemical
vapor deposition (CVD) is an effective and powerful method of producing graphene and
has attracted increased attention during the last decade. In this way, we can obtain good
uniformity with a multitude of domains, excellent quality, and large scale of the pro-
duced graphene. Meanwhile, it is also helping for large-area synthesis of single-crystal
graphene. In the CVD method, precursors are typically absorbed on the surface followed
by pyrolytic decomposition, which leads to the generation of absorption sites on the sur-
face and promotes the growth of continuous thin films.

Keywords: chemical vapor deposition, graphene, large-scale synthesis, growth
mechanism

1. Introduction

Graphene (shown in Figure 1), as a versatile two-dimensional material [1], has attracted great
interest in the research community owing to its high mechanical stiffness [2], great flexibility
[3], and stable chemical properties [4—6]. Based on the properties of graphene and its nano-
scale thickness, it has been selected as a material for various applications in electrical, chemi-
cal, mechanical, optical, and catalysis industries [7-11]. Hence, it is very critical to propose
methods for preparing high-quality graphene film.

Compared with other methods, such as mechanical exfoliation of graphite [12-14], liquid-phase
exfoliation [15, 16], and reduction of graphene oxide (GO) [17, 18], chemical vapor deposition
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Figure 1. The schematic diagram of graphene.

(CVD) is regarded as the most promising way for large-scale graphene production at a large
scale with low defects, good uniformity, and controlled number of graphene layers, which has
attracted intense research attention during the last decades [19-22]. CVD involves the activation
of gaseous reactants and the subsequent chemical reaction, followed by the formation of a stable
solid deposit over a suitable substrate such as Ni [6, 23], Cu [5, 24, 25], Fe [26], Pt [27, 28], or their
alloys [29, 30]. As early as 1969, Robertson et al. [31] discovered that chemical vapor deposition in
the presence of methane produces a layer of graphite on some transition metal surfaces. However,
even if the prepared graphene displays excellent performance, it cannot be applied to the related
devices due to the limitations of deposition on the metal surface. The advent of poly(methyl
methacrylate)-mediated nanotransfer printing technology [32] enabled the successful transfer of
graphene from the growth substrate to any other substrate, and it also completely changed the
status of chemical vapor deposition methods in the preparation method of graphene.

It is worth mentioning that, compared to exfoliated graphene obtained from natural graphite,
the CVD graphene still shows a lower carrier mobility ranging from 100 to 1000 cm?/(Vs), due
to the presence of growth defects and boundaries [33]. Therefore, a feasible route to improve
graphene film quality lies in increasing the domain size that enables to avoid the side effect of
graphene domain boundaries.

Now, large-area graphene synthesized have generally been single crystalline, and related
research is aimed to control the domain size, defects, number of graphene layers, and so
on. With regard to desired graphene, there are many effect parameters including hydrogen,
oxygen, gas flow rate, and residence time.

Figure 2. Image of meter-size single-crystal graphene. Reproduced with permission of ref. [34].
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In addition, great success has been achieved in the fabrication of large-area, single-crystalline
graphene. Different teams have published reports on the single crystals. We also summarize
these experimental results.

There are already many comprehensive articles published about increasing the size of gra-
phene. Among these articles, a publication by Xu et al. [34] reports the fabrication of meter-
size single-crystal graphene. The authors developed an innovative method to achieve the
ultrafast epitaxial growth of meter-sized single-crystal graphene on a commercially available
Cu foil (shown in Figure 2).

In this chapter, we talk about the preparation of high-quality graphene in recent years, effect
of experimental parameters, challenges of preparation of high-quality graphene, and timeline
of graphene production. Finally, development trend and application prospect of CVD gra-
phene are described.

2. Preparation of graphene

Great effort has been given to the synthesis of graphene with controlled size, morphology, edge
structures, and layer numbers [22, 35-40]. Studies into the dynamics of CVD graphene growth on
copper foils have chiefly focused on monolayer films that develop under vacuum conditions. Up
to now, the preparation methods of graphene are usually divided into two ways: physical and
chemical (shown in Figure 3). With respect to physical method, mechanical exfoliation [12-14]
and liquid-phase exfoliation [15, 16] are always used. With respect to chemical methods, they
include CVD, reduction of graphene oxide (GO) [17, 18], epitaxial growth on various substrates.

2.1. Mechanical exfoliation

The mechanical exfoliation method can provide the highest quality graphene sheets, which
strips the graphene layers from the surface of graphite crystals by mechanical force. It is not
suitable for mass production, however, because of the difficulty in controlling the number of
layers and the size of sheets.
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|
I I 1
Mechanical Liquid-phase Chemical Epitaxial

CvVD

exfoliation exfoliation synthesis growth

}

Reduction of
graphene oxide

Figure 3. Classification of graphene synthesis techniques.
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2.2. Liquid-phase exfoliation

Liquid-phase exfoliation cannot produce graphene films with high electronic quality, where
scatter graphite to specific solvents or surfactants, and strip the single layer or multilayer
graphene through ultrasonic energy to get graphene dispersions [15, 41].

2.3. Reduced graphene oxide (RGO)

With regard to RGO methods, first, the graphite is oxidized by treatment with KMnO,,
NaNQ,, and so on. Second, GO prepared from flake graphite can be readily dispersed in
water and has been used on a large scale for preparing large graphitic films, but it would
result defects in graphene [42].

2.4. Chemical vapor deposition

In comparison, CVD is an effective and powerful method of producing graphene. CVD pro-
cesses typically involve two steps: the activation of gaseous reactants and the chemical reaction
of forming a stable solid deposit over a suitable substrate [43, 44]. The deposition process con-
sists of two types of reactions: homogeneous gas-phase reactions, occurring in the gas phase,
and heterogeneous chemical reactions that occur on a heated surface. Therefore, CVD method
is the use of carbon source (gas, liquid, and solid) decomposing in the high-temperature reac-
tion zone, the release of carbon atoms in the metal substrate, eventually it forms a continuous
graphene membrane. And many researchers use CVD method to prepare the high-quality and
large-area graphene, as Li et al. [45] pointed (shown in Figure 4). Subsequently, CVD can be
divided into two types: (I) thermal CVD and (II) plasma-enhanced CVD.
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Figure 4. Schematic diagram of growth mechanism of graphene on the metal substrate. Reproduced with permission
of ref. [45].



Large-Area Synthesis and Growth Mechanism of Graphene by Chemical Vapor Deposition
http://dx.doi.org/10.5772/intechopen.79959

2.5. Epitaxial growth on substrates

Obviously, the term “epitaxial growth” means ordered or arranged atomic growth in single
crystalline manner over a single-crystalline substrate. When the substrate deposited materi-
als are the same as the substrate, it is called homoepitaxial growth. Oppositely, it is defined
as hetero epitaxial growth if substrate differs from the deposited materials. And epitaxial
growth of graphite on semiconducting substrates (SiC) was known to us since 1975 [46].
Berger’s group successfully synthesized epitaxial graphene sheet [47] by using Si terminated
face of single-crystal 6H-SiC by thermal desorption of Si. To summarize, although it is still an
expensive approach, this is a promising method and possibly be scalable commercially.

3. CVD synthesis mechanism and the choice of carbon source

Chemical vapor deposition has been used to prepare inorganic materials in recent years.
Besides, it also can be applied to produce graphene. CVD is the process of using gaseous
matter to react on a solid surface and form solid deposits. The thermal decomposition and
thermal synthesis of the deposition techniques are carried out at high temperature. As for the
synthesis of graphene, three steps are generally required:

1. avolatile precursor,
2. transport of volatile matter to the precipitation area, and

3. chemical reaction on the substrate to produce a solid substance.

Two phenomenological growth mechanisms have been proposed based on an isotope label-
ing experiments [12] to understand the graphene growth. It is very easy to form a metal-
carbide phase due to the strong interaction between carbon and metal [45, 48-50], following
the precipitated growth mechanism. During the subsequent cooling process, the pyrolytic
carbon atoms from the carbon sources firstly dissolve into the catalyst and then deposit at
the metal surface to form graphene layers. On the other hand, the pyrolytic carbon atoms
could only diffuse on the catalyst surface as the cases are shown with Cu and Au when the
interaction between metal and carbon is fairly weak [22, 51], where both the nucleation and
growth of graphene are dominated by the surface diffusion of the decomposed carbon atoms.
Multi-layered graphene film formation normally follows the sedimentary growth mechanism
and the number of graphene layers can be controlled by adjusting the dissolved C atoms in
the metals or the thickness and composition of the substrate or by slowing down the cooling
rate. Obviously, only single-layer graphene can be formed in the diffusive growth because the
feedstock cannot get access to the graphene covered area of catalyst surface.

Meantime, SLG (shown in Figure 5) has been synthesized from solid and liquid hydrocarbon
sources at different temperature (400-1000°C). Li et al. [52] adopted polymethyl-methacrylate
(PMMA) and polystyrene as solid hydrocarbon and benzene as a liquid hydrocarbon source
to grow graphene at temperatures lower than 1000°C on copper foil. Jang et al. [53] tried to
remove remaining oxidizing impurities (oxygen-free APCVD, which is shown in Figure 6)
before graphene deposition by using pumping and purging. This method leads to continuous
SLG with full coverage of the substrate.
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Figure 5. HRTEM image of single-layer graphene.

Figure 6. The schematic diagram of APCVD. Reproduced with permission of ref. [54].

As for the multilayer graphene (MLG), the high solubility of carbon in catalysts results in
the dissolution of carbon into the bulk at high temperatures, leading to multilayer graphene
(MLG) during the cooling process [33, 54-56].

4. Toward high-quality graphene: effect of experimental parameters

4.1. Choice of metal base material

Up to now, a large number of research have been done about the growth of graphene on
the metal surfaces. CVD graphene growth is strongly dependent on the catalyst. Due to the
different catalytic activity and atomic packing, the growth behavior of graphene on catalyst



Large-Area Synthesis and Growth Mechanism of Graphene by Chemical Vapor Deposition
http://dx.doi.org/10.5772/intechopen.79959

surfaces, such as quality, continuity, and layer number, is different in each case. The catalyst
plays an important role in the CVD process. We generally use Cu [5, 24, 25], Ni [6, 23], Pd [49],
Ru [57], and Ir [58], as the metal base material for the preparation of graphene. As we know,
different metal base materials have a different effect on the preparation of graphene, so the
metal substrate is the key factor to determine the growth of graphene.

The mechanism of growth of graphene by chemical vapor deposition in copper and nickel
substrate is different. Studies have shown that the growth of graphene on other metal
substrates can also be basically classified into the growth mechanisms of copper and
nickel substrates. On a metal substrate with high soluble carbon content, such as nickel,
the carbon atoms produced by the carbon source cracking are infiltrated into the metal
matrix at high temperature. When the temperature drops, the core is precipitated from
the inside, then the graphene is formed. It is difficult to control the precipitation of carbon
atoms during the cooling process because the solubility of carbon atoms in nickel increases
with temperature, so it has a negative effect on the preparation of graphene. In the case
of copper, the solubility of carbon atoms in copper is relatively low at high temperature;
therefore, compared with other catalysts, Cu is currently the most widely used catalyst
material [22, 45].

4.2. Effect of hydrogen

Hydrogen is often involved in CVD graphene synthesis. Thus, hydrogen has a great impact
on graphene reducing substrate surface contamination and defects in the annealing process
[59], controlling the graphene domain shape [40, 60, 61], nucleation [62], and layer number
[63]. And excess hydrogen could etch graphene to destroy the integrity of the lattice and make
the quality of graphene worse [64]. It also affects the adsorption, stability, thickness [65-67],
population of active species on the catalyst surface [68, 69] and the morphology [70-79] of the
grown graphene. Luo et al. [72] determined the effect of hydrogen on the shape and orienta-
tion of graphene using DFT calculation (shown in Figure 7). High hydrogen concentration
is required to synthesize large single-crystal monolayer graphene domains [40, 80]. Besides
the low carbon concentration, etching by hydrogen is also an obstacle to short-time graphene
growth [81].

4.3. Effect of oxygen

It is known that oxygen plays an important role in each step of graphene synthesis, especially
on copper. The effect of surface oxygen or pre-adsorbed oxygen on methane decomposition
on Cu and that on the transition metal surface such as Ni and Pd is different [33].

The strong binding of active carbon species with catalyst surface is crucial for nucleation
of graphene. The adsorption of active species on the catalyst surface becomes higher in the
presence of oxygen. Hao et al. [82] found that the graphene edge with H-termination is bet-
ter than a bare edge on Cu. In addition, oxygen plays a vital role in reducing the nucleation
density not only in the bulk but also on the surface [83].For example, oxygen could remove
the unwanted carbon from Cu bulk, [84] which results in unintentional nucleation.
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Figure 7. Schematic diagram of Etching-controlled growth mechanism of CVD. Reproduced with permission of ref. [71].
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Figure 8. Raman spectra (a) and Gand 2D peaks (b) of the graphene films grown under various methane fluxes.
Reproduced with permission of ref. [85].

4.4. Effect of gas flow rate

The gas flow has been considered as a crucial factor during graphene synthesis. Optimizing
the flow rate of CH, and H, could improve the quality of graphene. Therefore, Li et al. [22]
described the CVD growth of graphene single crystals up to 0.5 mm in size in a quasi-static
flow regime, using a copper enclosure in LPCVD. Meantime, Wang et al. [85] have used a H,
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flow rate of 20 sccm adopt, at 80 Pa, and 1000°C, in their CVD method for graphene growth.
The methane flow was varied systematically between 0.4 and 15 sccm. The graphene was
characterized by Raman spectroscopy, and the results were shown in Figure 8. The study
found that the ratio of IG/IZD peak ratio did not increase with the increase of methane flow and
is less than 0.5. This indicates the formation of single layer graphene and no dependence on
methane flow rate. They reported that the methane flow has a significant effect on the struc-
ture of graphene and determined the optimal flow rate of methane as 5 sccm. At 0 sccm, /L,
peak intensity ratio has a minimum value (0.0395) yielding graphene with the least defects.

5. Timeline of graphene production

Lietal. [22] synthesize large-area graphene grown by low-pressure chemical vapor deposition
in copper-foil enclosures using methane as a precursor single crystal with dimensions of up to
0.5 mm on a side. While Hao et al. [82] enabled repeatable growth of centimeter-scale single-
crystal graphene domains to attain 1 cm single-crystal graphene by controlling of surface oxy-
gen. Correspondingly, Wu et al. [29] prepare a similar to 1.5-inch-large graphene monolayer
in 2.5 h by locally feeding carbon precursors to a desired position of a substrate composed of
an optimized Cu-Ni alloy. Besides, Nguyen et al. [86] have fabricated the 6 x 3 cm® graphene
film without grain boundaries on polished copper(111) foil by Seamless stitching of graphene
domains. However, a foundation of the modern technology by Xu et al. [34] that using single-
crystal silicon improve the growth of high-quality single-crystal graphene with diameters up
to 12 inches or larger.

In 2004, micron-sized graphene was obtained by exfoliation, which was not scalable. In 2006,
the scientists obtained graphene by thermal deposition of SiC, which is an expensive process.
In 2009, researchers first used Cu-CVD method to get graphene, and subsequently, this CVD
method was extended to using other metals as substrates.

The graphene can be transferred using a wet method [32]. The process involves (1) coating
a protective layer (e.g.,, PMMA) on one side, (2) etching graphene on the other side, (3) etch-
ing away the copper and then rinse with water, (4) transferring to target substrate, and (5)
removal of protective film, by typically using solvent to dissolve it. With the development
of graphene production, there are many ways to transfer graphene, including R2R ([87-89],
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Figure 9. Schematic diagram of roll to roll production of graphene. Reproduced with permission of ref. [89].
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shown in Figure 9) with thermal release tape, R2R with epoxy [90], and bubbling transfer
[91]. These developments have led to much more controllable graphene synthesis [19, 33, 89].

6. Development trend and application prospect of CVD graphene

As for the graphene synthesis by CVD, it is beneficial to maximize the scale while maintaining
the homogeneity of large-area films, as indicated by Bae et al. [89]. A creative approach to the
CVD synthesis of ultra large-area graphene based on selective Joule heating was reported by
Kobayashi et al. [92]. Since the first growth on copper foil a decade ago, inch-sized single-
crystal graphene has been achieved. For most industrialized applications, large single-crystal
graphene films are promising for top-down processing. In recent decades, the SCG island
size has increased more than four orders of magnitude, from micrometers to inches. Xu et al.
[34] have made large-area graphene film (5 cm x 50 cm) within 20 min, which is almost 99%
ultra-highly oriented grains and is, to the best of our knowledge, the largest graphene area
synthesized and demonstrated by far. The growth steps are described as follows: (1) manufac-
turing substrate with meter-sized single-crystal Cu(111) foil; (2) epitaxial growth of graphene
grains on the Cu(111) surface; (3) seamless merging of graphene domains into a film with
high-single crystallinity; and (4) the growth of graphene film in an ultrafast fashion.

At present, the process of preparing graphene by chemical vapor deposition has matured to the
point of large-scale production and has been applied to electric ink, lithium battery additives,
coatings and composite materials additives, touch screen, and other low-end applications [93].

For lithium battery applications, graphene as a conductive additive can also solve the contradic-
tion between the high-voltage real ratio and the battery performance of the cathode materials
such as lithium cobalt oxide [94]. Graphene has extremely high thermal conductivity, high ther-
mal radiation coefficient, and high specific surface area, so that a surface coating of graphene
as auxiliary heat dissipation has great potential for application [95]. Graphene can be used as
the main filling material for new conductive ink and plastics [96], and it can also be mixed with
nanometer silver powder into a new type of conductive adhesive or ink, and the resistivity and
adhesion properties of conductive ink can be adjusted by changing the filling ratio of graphene.
The two-dimensional structure of graphene allows for conductive thermal channels in graphene-
based anticorrosive paint coating and forms a tight labyrinth of physical barriers to prevent
corrosion related exposure. Graphene could be applied to improve performance on graphene
capacitive screen [96]. Similarly, carbon nanowalls [97] described as a graphite nano-structure
with edge structure and arranged perpendicularly to the matrix on a sheet of graphite have been
synthesized by the CVD and is widely used in electrochemical devices, catalyst carriers, etc.

7. Summary and outlook

With excellent prosperities of graphene, there are tremendous amount of research on digging
out its exceptional prospect in future applications. But challenges including the growth rate
of graphene growth, defects, stacking order, and transfer still remain. Nevertheless, more and
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more scientific communities are making efforts to achieve the industrialization of graphene.
Undoubtedly, the graphene industry is growing at a fast rate. In the next 5-10 years, the tech-
nology for graphene-based conductive additives, anticorrosive coatings, touch screen would
be mature, along with the industrialization of high-end applications such as super capacitors,
sensors, and electronic chips. But mono-crystalline graphene films are extremely difficult to
prepare. At present, they can only be made in millimeter size, and they are still quite far away
from the practical crystal size, which is difficult to break in the short term. We need to achieve
a balance between the advantages and disadvantages of graphene in order to create a fast and
healthy way for the sustainable development of graphene. Chemical vapor deposition (CVD)
is the most promising preparation technique. The preparation by chemical vapor deposition
has become a major method for preparing semiconductor, thin film materials, and industrial
production of high-quality graphene materials in large quantity. Meantime, for the CVD
method, considerable efforts have been exerted to get low cost on any arbitrary substrate, but
it is still a long way to make it.
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