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Abstract: A common belief proposed by Peierls and Landau that two-dimensional material cannot
exist freely in a three-dimensional world has been proved false when graphene was first synthesized
in 2004. Graphene, which is the base structure of other carbon materials, has drawn much attention
of scholars and researchers due to its extraordinary electrical, mechanical and thermal properties.
Moreover, methods for its synthesis have developed greatly in recent years. This review focuses on
the mechanism of the thermal growth method and the different synthesis methods, where epitaxial
growth, chemical vapor deposition, plasma-enhanced chemical vapor deposition and combustion
are discussed in detail based on this mechanism. Meanwhile, to improve the quality and control
the number of graphene layers, the latest research progress in optimizing growth parameters and
developmental technologies has been summarized. The strategies for synthesizing high-quality and
large-scale graphene are proposed and an outlook on the future synthesis direction is also provided.

Keywords: graphene; epitaxial growth; chemical vapor deposition; plasma; combustion

1. Introduction

The wide knowledge that a strictly two-dimensional crystal cannot exist was disproved when
graphene was first isolated by Geim and Novoselov at the University of Manchester in 2004 [1-4].
Thus, the carbon family consists of each dimensional material: fullerene in zero dimensions [5];
carbon nanotube in one dimension [6]; graphene in two dimensions (2D); and graphite in three
dimensions (3D). Graphene, a one-atom thick layer of sp? hybridized carbon atoms arranged into
hexagonal crystal, has been a topic of interest in nano-science due to its excellent properties and the
prospect of industrial applications [7-10]. Owning to its unique structure, the charge carrier mobility
of graphene exceeds 2.0 x 10° cm?-V~1.s~1 at room temperature which is 100 times higher than that
of silicon [11]. Moreover, graphene is one of the strongest materials in the world and its Young’s
modulus is more than 1 TPa [12]. Graphene also shows a good thermal conductivity of 5000 W-mK !
and optical performance with an opacity of 2.3% per layer [13,14]. However, obtaining graphene with
high quality and large scale is still a difficult problem to solve.

Since the “scotch tape method” [4] which helps to study the properties of graphene, various
kinds of strategies have been developed to synthesize this 2D carbon material. These methods could
be divided into “top-down” stripping methods and “bottom-up” synthesis methods. The stripping
method consists of peeling the stacked graphene sheet from graphite through external force, such as
normal stress and sheer stress. When the external force is bigger than the Van der Waals’ force between
the molecular layers, graphene can be peeled (see Figure 1) [15]. Conversely, the synthesis method relies
on the recombination of carbon atoms. The stripping method mainly comprises of mechanical cleavage
and the oxidation-reduction method. Although graphene achieved by mechanical cleavage method has
better quality and is an easier manufacturing technique, the product only just meets the experimental
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requirement. The oxidation-reduction method can produce graphene with high yield, however the
graphene always has many structure defects. The synthesis method, such as chemical vapor deposition
(CVD) and epitaxial growth, can output high-quality and large-scale graphene. Moreover, graphene
achieved in this way meets the needs of the electronic and optoelectronic industries [16,17].
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Figure 1. Mechanism of stripping method.

Chemical vapor deposition and epitaxial growth are not economic. However, with the
improvement of production process, synthesizing high-quality and large-scale graphene at low
cost is possible. The thermal growth method, as one of the synthesis approaches, has been widely
discussed before. This review provides the research progress of graphene production, studying
not only the thermal growth technology itself, but also the thermal growth mechanism in detail.
Furthermore, the conclusion of the thermal growth method and the development prospects for
producing high-quality and large-scale graphene at low cost are introduced.

2. Thermal Method for Growing of Graphene

The thermal method for growing graphene has the potential to produce high-quality and
large-scale graphene compared to the stripping method. The thermal method is always high yield and
meets requirements of various industries. However, it is expensive, and more complicated equipment
is often needed. The difficult transfer process and high temperature also constrain the development
of the thermal method. Hence, if we want to get high-quality and large-scale graphene with high
benefits, this growth process should be well understood. The mechanism of the thermal method is
shown in Figure 2. Carbon atoms always link with other atoms in different chemical bonds, such as
sp> bonds. In order to achieve graphene, individual carbon atoms should be released initially through
exerting extra energy, and then they nucleate with others in the structure of benzene ring through sp?
bonds. After that, the nucleation grows into graphene. In brief, the mechanism of the thermal growth
method is the split of molecules and recombination of atoms. It should be stated that this mechanism
is adapted to the thermal method for growing of graphene illustrated later, and the only difference
is the way of destroying the molecular bond. based on this growth process, three main methods to
synthesize graphene are proposed and summarized in Table 1.
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Figure 2. Mechanism of thermal method for growing of graphene.
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Table 1. A summary of three different methods to synthesize graphene.

Method Advantage Disadvantage
Epitaxial growth High qu‘ahty; highly compatible with High costs of SiC wafers; Low yield;
electronics Hard to transfer
Conventional Large graphene films; Possible to
chemical vapor transfer onto multitudes of materials; Required substrates are often expensive;
Chemical vapor deposjtion ngh quahty and large-scale production Complicated synthetic and transfer
deposition process; Introducing new defects in the
Plasma-enhanced .
. Relative low temperature; Short transfer process
chemical vapor L
I, reaction time
deposition

Combustion method Simple facility; Quick synthetic process; Hard to control the combustible process;

Non-uniform distribution; Low quality

2.1. Epitaxial Growth of Graphene

It was reported in 1962 [18] that when silicon carbide (SiC) is heated to a certain temperature,
the silicon carbide shows graphitization and the product always contains amorphous carbon and
multilayer graphite. With the development of the epitaxial technique, graphene can be achieved while
putting the etching SiC substrate into a high temperature and ultra-high vacuum vessel for a relatively
long time. Figure 3 shows the theory of epitaxial growth of graphene. It can be observed that carbide
decomposes in the experimental process, and then the carbon atom recombines while non-carbon
atoms evaporate. This method is almost based on the SiC substrate, thus the products have a good
compatibility with integrated circuits. 6H-SiC and 4H-SiC are often selected to act as the original
carbon sources, because both of them have the same Si-C bilayer structure [19,20]. Table 2 is a summary
of the epitaxial growth method and the main properties of the synthesized graphene.
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Figure 3. Mechanism of epitaxial growth of graphene.

Table 2. A summary of epitaxial growth method and the properties of the synthesized graphene.

Substrate Pre(c;;l;sor Pressure (Torr) Tem(}lecr)ature Char(gcin Ea:,rielr i\étl):)lhty Squa:‘le( (I;/ess‘;tance Ref.
6H-SiC - 1% 10710 1450 1100 (4 K) 1.54K) [21]
4H-SiC - ultra-high vacuum - 2.5 x 10* (2490 K) 1.41 (30 K) [22]

Ni/6H-SiC - 4.5 x 10710 950 - - [23]
6H-SiC - 4.5 x 10710 1300 - - [24]
6H-SiC Argon 750 1550 2000 (27 K) - [25]

Beger and his team [21,26] found that the ultrathin graphene can be synthesized on the surface
of 6H-SiC in ultra-high vacuum with about 1 x 1071 Torr and high temperature that changed from
1250 °C to 1450 °C. The low-energy electron diffraction (LEED) pattern was used to characterize the
different growth states of graphene in situ, as shown in Figure 4. It can be seen that with the increase in
temperature, the SiC first changes from 1 x 1 pattern to /3 x /3 transition structure, and then a 6,/3
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1.1

X 6,/3 unit cell is achieved. Finally, the graphene with charge carrier mobility 1100 cm?-V~1.s~1 at

4 K is achieved.

(@) (b)

SiC’

(c) Graphite (d)

Figure 4. LEED patterns in different temperatures and times (Reproduced from [21] with permission;
Copyright 2004 American Chemical Society). (a) 1050 °C, 10 min; (b) 1100 °C, 3 min; (c) 1250 °C,
20 min; (d) 1400 °C, 8 min.

In order to control the quality of produced graphene, plenty of researchers are dedicated to
various kinds of studies on epitaxial growth, such as the investigations of experimental parameters
and detection means [23,27,28]. The quality of produced graphene in the ultra-high vacuum is
hard to master and has more defects. Meanwhile, excessively high or low temperature also leads
to the reduction of graphene quality. When the temperature is excessively high, the number of
graphene layers increases. The reflective high energy electron diffraction (RHEED) and the atomic
force microscope (AFM) were chosen to study the influence of annealing time, and the results showed
that the number of graphene layers is related to the annealing time [24]. The growth pressure was
well-controlled by introducing argon (Ar) as a buffer gas into the experimental environment, and the
growth mechanism was also discussed by Seyller et al. [25]. They found the charge carrier mobility of
the obtained product can reach 2000 cm?-V~1.s~! at 27 K and explained that the Ar could not only
decrease the growth rate and guarantee the growth temperature, but also decrease the vapor rate of
silicon atoms.

The graphene could be also synthesized by another carbide, such as titanium carbide (TiC) [29]
and tantalum carbide (TaC) [30]. However, these carbides are little studied due to the needs of
particular crystal structures and far higher experimental temperature. With the development of other
2D material, hexagonal boron nitride (h-BN) [31] is also regarded as a substrate to epitaxial growth,
which is a new idea for further research. The expensive materials and complicated transfer process
limit the mass production of graphene. Thus, more attention should be paid to the new carbide than
the existing materials, or the manufacturing technique should be changed to maximize profits.

2.2. Chemical Vapor Deposition Mechanism

Chemical vapor deposition (CVD) has the potential to synthesize high-quality graphene that
can satisfy the needs of industry. Table 3 shows the typical graphene properties for various kinds of
chemical vapor deposition.
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Table 3. Typical graphene properties for various kinds of chemical vapor deposition.

Method Substrate Precursor Gas  Temperature (°C)  Number of Layer  Size (cm?) Ref.

CHy; Hy 900; 1000 1-12 2 [32]

Ni CHy; Hp; Ar 1000 1-10 4 [33]

Soyb: 800 - 4 34

Conventional chemical vapor deposition oybean 341
CHy; Hy 1000 1-3 1 [35]

Cu CHy; Hy 1000 1 30 (inch) [36]

Polystyrene; Hp;
‘Ar 1000 1 1 [37]
Various CHy; Hy 700 4-6 - [38]
Pl -enh d
e o® Micro-wave-assisted  Cu CHy; Hy <420 1 1.04 [39]
P P Non C,H50H; Ar - - - [40]
eposition

Arc-discharge - Hp; graphite; Ar - 2-4 - [41]

Various kinds of materials can be used as substrate to synthesize graphene. Traditional materials,
such as copper (Cu) foils and nickel (Ni) are widely employed. Most recently, researchers have
paid much attention to other 2D materials, including h-BN [42—44] and molybdenum disulfide
(MoS,) [45,46]. Cu and Ni can be seen as the representative of low carbon soluble and high carbon
soluble materials, respectively. The mechanism to grow graphene on Cu is illustrated in Figure 5.
Figure 5a,b show that the surface is etched by hydrogen (H,) at high temperature until there are no
obvious scratches. After that, the carbon source and buffer gas are introduced into the reactive system
(Figure 5¢,d). When the carbon source contacts the Cu at the high temperature, it dissociates into atoms
and carbon atoms deposit on the Cu surface. However, because of the low carbon solubility in Cu with
0.008 wt % in 1084 °C [47], the carbon atoms will not further permeate into the Cu. These deposited
carbon atoms combine with others to form “graphene islands”; the islands enlarge and further unite to
graphene, shown in Figure 5d1,d2.
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Figure 5. Mechanism of CVD growth graphene on Cu: (a) before etching; (b) after etching by
hydrogen; (c) introducing buffer gas and carbon source; (d) synthesis process; (d1) before annealing;
(d2) after annealing.

The high-quality carbon nanotube was grown on the Ni surface using CVD [48]. It was not until
2009 that graphene synthesized on Ni by CVD through improving the experimental parameters and
conditions was reported [32,33]. The mechanism is similar to that of growth on Cu, and the difference
is shown in Figure 6. Graphene growth on Cu is mainly dependent on self-limiting; however, for Ni it
is mainly caused by separating out of the carbon atoms due to the relatively high carbon solubility
in Ni with 0.6 wt. % at 1326 °C [47]. It is clear that a carbon source decomposes at high temperature
when it contacts the Ni surface. After that, the splitting carbon atoms permeate into Ni to form a solid
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solution with Ni. Finally, the supersaturated carbon atoms separate out and synthesize graphene on
the Ni surface after annealing.
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Figure 6. Mechanism of CVD growth graphene on Ni.

2.2.1. Conventional Chemical Vapor Deposition Growth on Ni

Researchers at the Massachusetts Institute of Technology have systematically studied the growth
of graphene on the polycrystalline Ni substrate. Two temperatures, 900 °C and 1000 °C, were studied
in different concentrations of methane (CHy) and Hj. In addition, the Ni surface was analyzed by
transmission electron microscopy (TEM) [32]. As shown in Figure 7, it is clear that the deposited
products are graphene and the number of films mainly range from 1 to 8. In subsequent experiments,
the coverage of about 87% of monolayer and bilayer graphene were achieved in the ambient pressure
by controlling the CH4 concentration and cooling speed of polycrystalline Ni substrate [49]. Ar was also
introduced into the CVD method as a buffer gas and a cooling gas [33]. The 300 nm thick nickel layer
on the Si wafer was put in the atmosphere of mixed gases (Ar, H, and CH,) and high temperature of
1000 °C, then the substrate was quickly cooled down to about 25 °C. The number of obtained graphene
layers was less than 10. They found that the quality of produced graphene is positively related to the
cooling rate. Optical image and Raman spectrum were used to identify the film after being transferred
to SiC, as shown in Figure 8. The typical feature for graphene in Raman spectrum is characterized with
a G peak (~1580 cm 1), D peak (~1345 cm~!) and 2D peak (~2700 cm~!). In addition, the number of
graphene films can be deduced by the ratio of the intensities of 2D peak and G peak [32].

(@)

Figure 7. TEM images of graphene films grown on the Ni substrate: (a) 1 layer, (b) 3 layers, (c) 4 layers,
(d) 8 layers. (Reproduced from [32] with permission; Copyright 2009 American Chemical Society.)
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Figure 8. Optical image (a) and Raman spectrum (b) of graphene films growth on the 300 nm-thick-nickel
layer on the Si wafer. (Reproduced from [33] with permission; Copyright 2009 Nature.)

Other parameters have also been discussed in recent years. The difference of grain of Ni was
reported by Zhou et al. [50]. They found that because of the atomically smooth surface of single
crystalline Ni, the area of monolayer or bilayer graphene deposited on single crystalline Ni (91.4%)
is much bigger than that for polycrystalline Ni (72.8%) [50]. Choi et al. [51] systematically studied
the mechanism of wrinkle formation and provided optimized parameters to synthesize graphene on
single-crystalline Ni through changing the proportion of precursor gases, experimental temperature
and deposited time. In order to decrease the cost, various kinds of carbon sources, such as soya-bean
oil [34], have been presented.

2.2.2. Conventional Chemical Vapor Deposition Growth on Cu

It is possible to produce high-quality graphene with fewer layers using Cu foil as substrate.
Ruoff et al. [35] have synthesized monolayer graphene on the 25 pm thick Cu foil in high temperature
conditions (1000 °C) and mixture gases (CH4 and Hy). The number of graphene layers is lower than 3,
and the area of monolayer graphene is more than 95%.

Since then, various research has discussed the effect of experimental parameters to deposit
uniform graphene films on the Cu foils, including experimental pressure, time and carbon sources.
At a pressure of 340 Pa, graphene is grown on the surface of Cu foil in different times, i.e., 20 min,
80 min, 120 min and 180 min [52]. The optical images in Figure 9 show that with the increase in
experimental time, the substrate surface becomes much smoother, thus the growth of bilayer graphene
is suppressed and large-scale monolayer graphene is achieved. [46]. Vlassiouk and Smirnov [53]
paid much attention on growth temperature and pointed out that the experimental temperature,
which is similar to the melting point of Cu foil, contributes to the synthesis of high-quality graphene
in the atmospheric pressure. They [53] explained that the sublimation of Cu atoms are restrained
and more energy is used for desorption of carbon clusters in that temperature. The influences of
growth temperature, CH, flow rate and annealing temperature were intensively studied to synthesize
high-quality graphene at ambient pressure. The results showed that higher annealing temperature and
lower growth temperature contribute to the synthesis of monolayer graphene [54]. In order to obtain
graphene at a large scale, roll-to-roll production technology was introduced into the CVD system.
In addition, graphene in one 30-inch layer was produced on the ultra-large copper substrate, which can
be seen in Figure 10 [36]. Polystyrene was chosen to produce carbon atoms, and monolayer graphene
with a coverage of 97.5% on the substrate was achieved in a short time (about 3 min) [37].
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Figure 9. Mechanism of graphene deposition on the Cu in different times and its corresponding optical
images. (a) Mechanism illustration; (b) Optical image after growing 20 min; (c) Optical image after
growing 80 min; (d) Optical image after growing 120 min; (e) Optical image after growing 180 min.
(Reproduced from [52] with permission; Copyright 2014 Elsevier.)

39 inch

Figure 10. Synthesized progress when introducing roll-to-roll technology into CVD. (a) CVD;
(b) Roll-to-toll technology; (c) Graphene with 30-inch. (Reproduced from [36] with permission;
Copyright 2010 Nature.)

Meanwhile, researchers focused on the measurement means for exploring the growth progress
to produce high-quality graphene [55-58]. For example, the isotope-labelling method and nano
angle resolved photoelectron spectroscope (Nano-ARPES) were employed by Ruoff et al. [55] and
Asensio et al. [57], respectively. Different substrates, including platinum (Pt) [59], iridium (Ir) [60] and
germanium (Ge) [61,62] have also been mentioned. It was first reported that the graphene deposited
on the Co/MgO substrate has better application prospects for molecular electronics and polymer
composites [63]. To reduce energy consumption and deposit graphene directly on the electronic device,
using low temperature to synthesize graphene has become a research hot spot. Various kinds of CVD
methods, including hydrogen-free chemical vapor deposition (HFCVD) [64], carbon-enclosed chemical
vapor deposition (CECVD) [65], plasma enhanced chemical vapor deposition (PECVD) [66], ultra-high
vacuum chemical vapor deposition (UHVCVD) [67] and oxygen-free chemical vapor deposition
(OFCVD) [68] method, are presented. Cho and Hong et al. [64] tried to decrease the experimental
temperature, however the temperature only reduced from 1000 °C to 970 °C. Jang et al. [68] developed
an oxygen-free chemical method which removed the oxygen and successfully used low activation
energy benzene as carbon source to synthesize graphene on Cu foils at atmospheric pressure at 300 °C.

2.2.3. Plasma-Enhanced Chemical Vapor Deposition

Graphene can be achieved by conventional chemical vapor deposition, and different CVD methods
are explored that have been previously mentioned. Based on the development of plasma technology
and requirements of low energy [69], the plasma-enhanced chemical vapor deposition method has
been studied [70,71].
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In the microwave-assisted deposition progress, high-energy electrons can provide enough
activation energy. Once the plasma gases collide with carbon sources, bands of reactive gas are
broken and the chemical activity of precursor gases increases. Thus, the experimental temperature
decreases. Following this, some atoms recombine with other atoms before coming into contact with
the substrate, and some carbon atoms may deposit on the surface of the substrate or permeate into the
substrate. After annealing, graphene is synthesized on the substrate surface.

Graphene has been successfully synthesized by microwave-assisted deposition technology at
low experimental temperature. For example, a few layers of graphene can be synthesized in the
phenomenon of CHy and H,; when the temperature is 700 °C [38]. The synthesized graphene is
vertically grown on the substrates, and the number of obtained graphene layers are mainly within
the range of 4 to 6 [38]. Moreover, Boyd et al. [39] used Cu foil as a substrate to grow graphene in
a relative low temperature (below 420 °C) and the deposition time was just a few minutes. Just as
with conventional chemical vapor deposition, different materials that are used as carbon sources are
discussed in the studies. Tatarova et al. [72] chose ethyl alcohol as a carbon source to deposit graphene
on the surface of a cavity wall and found that the contents of monolayer graphene decrease when the
wall’s temperature increases from 60 to 100 °C. In addition, when the temperature is 60 °C, the ordered
crystal edges are observed. However, with the temperature increasing to 80 °C, the contents of
monolayer graphene are clearly reducing. Furthermore, researchers have also paid much attention to
various kinds of growth substrates. For example, Song et al. [73] attempted to grow a few graphene
layers on metal and nonmetal substrates at low temperature.

The size of graphene limits its further application, and large-scale graphene is desperately needed
in many industries. Yamada et al. [74] combined roll-to-roll technology and microwave-assisted
chemical vapor deposition technology to build a new graphene preparation system. The mixed gases
(CHgy, Hy and Ar) flowed into this system, and graphene film with dimensions 294 mm x 480 mm was
achieved at 400 °C. Dato at the University of California, Berkeley proved [40,75,76] that graphene can
be synthesized without substrate through presenting a novel microwave-assisted equipment, as shown
in Figure 11. Ethanol droplets flowed through the Ar plasma and graphene was collected in the upper
nylon filter. The deposition velocity reached about 2 mg/min. They also found that this method
is not fit for CH4 and isopropanol, and lower velocity contributes to the synthesis graphite instead
of graphene.

Reaction products to
membrane filter

Microwave guide

- -

Quartz tube —p»

Argon e=p —

Alumina tube ——p

Argon + ethanol

Figure 11. Schematic of a novel microwave-assisted equipment. (Reproduced from [40] with
permission; Copyright 2008 American Chemical Society.)
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The arc discharge method is another plasma technology that attracts researchers” attentions.
Two graphite electrodes are regarded as the carbon source and arc plasma is generated between the
two graphite electrodes in the presence of Ar, helium (He) or H,. Finally, graphene is deposited
on the cathodic electrode, reactor wall or special substrates. Nowadays, graphene is successfully
synthesized by arc plasma technology, but the control progress should be improved. Rao et al. [41]
used direct current arc to vapor anode graphite rod in the phenomenon of Hy, and the number of
produced graphene layers was less than 4. They also found that the present of H; suppresses the
product, changing from graphene to carbon nanotubes. In order to conveniently distinguish the
carbon nanotubes from graphene, magnetic fields were introduced by Ostrikov et al. [77,78]. Figure 12
shows the schematic diagram of the arc plasma method in the magnetic field. It can be observed that
the carbon nanotubes and graphene are deposited on different area of a magnet. The effects of the
experimental parameters are also discussed. The effect of pressure changing from 400 Torr to 1000
Torr was reported in 2010 and the results showed that with the increase of experimental pressure,
graphene with higher quality would be achieved [79]. In addition, the effect of buffer gas, which acts
as coolant, has already been studied [80]. As mentioned before, the control mechanism should be
further investigated to meet the needs of industrialization.

\

\-/

Vacuum pump )
s
N

Chamber

Anode

Figure 12. Schematic diagram of arc plasma method in the magnetic field. (a) Carbon nanotubes;
(b) Graphene; (c) Experimental structure; (d) Real equipment; (e) Local image. (Reproduced from [77]
with permission; Copyright 2010 The Royal Society of Chemistry.)

2.3. Combustion Method

The combustion method is regarded as one of the greatest potential technologies for producing
carbon materials at a large scale. A homemade set-up was built to synthesize graphene, the mixture
gases of oxygen and ethylene were injected into a hydrostatic column with a press-seal of a maximum
capacity 16.6 L, and then the spark plug was ignited for combustion. After that, graphene was
achieved. Moreover, the different mixture ratios of oxygen and ethylene were investigated, and the
ideal ratio was 0.6. When the combustion temperature is below 4000 K, the synthesized product is
charcoal instead of graphene [81,82]. A much simpler experimental facility was invented in Tsinghua
University, and this set-up consisted of alcohol burner and butane lamp. The alcohol burner was used
to provide a protective flame atmosphere, meanwhile the carbon atoms and the needed temperature
were produced by butane lamp. The graphene finally deposited on the surface of Ni substrate in a
short time [83]. The experimental facility was improved by Tse et al., and the much lower oxygen
content graphene was synthesized [84].

Another combustion method has been studied by Xiao et al. [85], who put magnesium (Mg) into
a carbon dioxide (CO,) atmosphere. After combusting, the black product was analyzed by TEM and
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Raman spectrum and the material was proved to be graphene with fewer than 10 layers, as shown in
Figure 13. The mechanism is discussed and the reactive progress is shown as Equation (1). Graphene
can also be achieved by combustion of calcium (Ca) in the presence of CO; and the mechanism is
shown in Equation (2) [86].

2Mg + CO, =2MgO + C (€))
2Ca + CO, =2Ca0 + C (2)
15000
(e)
"-band
12000 ,)‘ ™~ o

9000

Intensity (a.u.)

6000

3000 " A " 1 " 1 "
1000 1500 2000 2500 3000
Raman Shift (cm'1)

Figure 13. Characterized images of graphene via combusting Mg in the CO, atmosphere. (a—d) TEM
images under different scales; () Raman spectrum. (Reproduced from [85] with permission; Copyright
2011 The Royal Society of Chemistry.)

How to choose these three methods is also a question, thus a comparison of experimental
temperature, energy cost, throughput and electrical properties of different synthesis methods is given
in Table 4. This table is beneficial for further consideration of the cost and the return on investment in
different methods.

Table 4. A comparison of each growth technique in comprehensive condition.

Method Temperature Energy Cost Throughput Electrical Property
Epitaxial growth Medium High Low High
CCVD Medium High Low High
CVD PECVD Low Medium Low High
discAlf;rge High Low High Low
Combustion method High Low - Low

3. Conclusions

The progress in synthesis of high-quality and large-scale graphene is worthy of praise, especially
in the field of fundamental research. However, the challenge still exists in the real world. The structural
controllability and membrane homogeneity are big puzzles that researchers are faced with. In this
paper, the mechanism of the thermal growth method has been discussed in detail and three different
thermal growth methods have been presented. These methods are all based on splitting decomposition
of molecules and recrystallization of atoms. Epitaxial growth of graphene, which synthesize
graphene in relative high quality, is widely used in electronic products due to the possibility of
graphene being directly grown on SiC. Chemical vapor deposition possesses the unique advantage
of producing large-scale graphene, and becomes a research priority. The combustion method has the
lowest requirement for experimental facility and an open experimental environment, which catches
investigators’ attentions. However, the quality of graphene made by this method is very poor.
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Nowadays, new 2D materials, such as h-BN and MoS2, have been used to act as a substrate
to synthesize graphene, and these products have much better performance. That is to say, proper
optimizing experimental parameters, such as deposition time and temperature, can improve the
quality of graphene. The introduction of plasma and roll-to-roll technology has proved that new
technology may promote the development of graphene synthesis. Researchers should pay attention
not only to the existing methods, but also to the latest technologies. Novel combinations of existing
technologies are needed. In order to reduce cost and improve the quality of transferred graphene,
it is better to synthesize graphene on target substrates, or a new and undamaged transfer technology
should be presented. More efforts should also be made on the reduction of energy consumption and
the simplification of equipment.
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