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ABSTRACT

Since the first isolation of graphene over a decade ago, research into graphene
has exponentially increased due to its excellent electrical, optical, mechanical
and chemical properties. Graphene has been shown to enhance the performance
of various electronic devices. In addition, graphene can be simply produced
through chemical vapor deposition (CVD). Although the synthesis of graphene
has been widely researched, especially for CVD growth method, the lack of
understanding on various synthetic parameters still limits the fabrication of
large-area and defect-free graphene films. This report critically reviews various
parameters affecting the quality of CVD-grown graphene to understand the
relationship between these parameters and the choice of metal substrates and to
provide a point of reference for future studies of large-area, CVD-grown
graphene.
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Introduction graphene, which was first realized via extraction

from graphite by Geim and Novoselov in 2004 [2].

Graphene is a unique carbon allotrope and has a
distinct hexagonal shape with a carbon atom at each
vertex. The idea of graphene was first proposed by
Wallace, who suggested that it should be possible to
obtain a 2D structure of carbon [1]. However, it took
more than 60 years to experimentally obtain
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Graphene has been cited as a “wonder material” due
to its superior properties of high charge carrier
mobility, high optical transmissivity, high tensile
strength and excellent thermal conductivity, among
others [3]. Due to these exceptional properties,
researchers have been diligently studying graphene
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for various applications, such as field effect transis-
tors (FETs), solar cells, organic light emitting diode
(OLED) display technologies and sensors [4-7].

Due to limitations in the fabrication process of
defect-free and high-quality graphene, most applica-
tions for graphene are still only achievable on the
laboratory scale. The simplest way of producing
graphene is mechanical exfoliation, as demonstrated
by Geim and Novoselov using the Scotch tape tech-
nique. This technique provides the highest quality
graphene, i.e.,, monolayer and defect free. However,
this method is only applicable to small-area produc-
tion. There are a variety of other methods for pro-
ducing graphene aimed at achieving large-area and
high-quality graphene growth. These methods
include chemical exfoliation [2], electrochemical
exfoliation [8, 9] chemical synthesis [10, 11] and
thermal chemical vapor deposition (CVD) [12, 13],
among which the CVD method is the most promising
synthetic method.

This method can produce large-area, monolayer
graphene and is one of the most established methods
of producing graphene [9, 10, 14-16]. The CVD syn-
thesis of graphene was pioneered by Reina et al. and
has been shown to produce large-area, monolayer
graphene [17]. Though the preparation of graphene
by the CVD method was established in 2009 by Li
et al. [18], there are various parameters that still need
to be optimized to obtain high-quality graphene. This
review article aims to summarize the various factors
that affect the synthesis of graphene.

Mechanism of graphene growth via CVD

As explained previously, the CVD technique is one of
the preferred methods of producing graphene due to
its ability to produce high-quality, large-area gra-
phene on various substrates while still maintaining a
low production cost, which is attractive from the
viewpoint of industry [19, 20]. Typically, metals such
as copper (Cu), nickel (Ni), platinum (Pt) and gold
(Au) are used as the catalyst [21-24]. The air in the
chamber is first purged using an inert gas such as
nitrogen or argon to remove impurities in the reactor.
Next, the reaction chamber is supplied with the
precursor gas, such as methane or ethane, which acts
as the carbon precursor through thermal decompo-
sition. The chamber is heated to a high temperature,
approximately 1000 °C, and then cooled to room
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temperature, where carbon deposits on the surface of
the substrate to form graphene.

Deposition of graphene onto a substrate is very
complex and it involves many reactions that proceed
simultaneously which sometimes even compete
against each other. It is easier to divide the reactions
into two categories. First, gas-phase reactions occur-
ring as the carbon source, usually hydrocarbon such
as methane, undergo decomposition reactions to
form various active species. Second, these reactive
species adsorb onto the catalyst surface and undergo
dissolution as well as further reactions which form
graphene on the surface.

Several reports exist on the gas-phase decomposi-
tion or pyrolysis of methane for the deposition of
carbon [25, 26]. These reports highlight the complex
nature of the decomposition. At high temperatures,
methane undergoes pyrolysis to form various mole-
cules and radical species which then recombines to
form heavier hydrocarbons such as tar and carbon.
Many reaction models have been proposed, with the
most detailed discussions on gas-phase kinetics
including more than 900 reactions that involves
above 200 species. Not all reactions during pyrolysis
will lead to the formation of graphene as there are
parallel reactions that form other heavier hydrocar-
bons which also compete for the source methane.
Currently much research is in progress to provide a
model that accurately simulates graphene growth
from hydrocarbon gases.

Such species formed during pyrolysis as well as
unreacted methane will then adsorb onto the catalyst
surface at which point additional reactions will hap-
pen. Here, the growth mechanisms for graphene on
metal substrates differ from metal to metal depend-
ing on a wide range of parameters. Dissociative
adsorption of methane and other species could still
happen at this point which forms more reactive
species on metal substrate [27]. Dehydrogenation
then occurs, leaving only the carbon species adsorbed
on the metal surface. These carbon species then will
diffuse on the metal surface which leads to the
supersaturation of carbon atoms as portrayed by a
metal-carbon solubility diagram in Fig. 1a [28]. The
supersaturation happens when the solvus line was
either horizontally crossed as carbon content increa-
ses at constant temperature under continuous
hydrocarbon feed (isothermal growth) or vertically
crossed at certain carbon concentration during
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Figure 1 a Metal—carbon solubility diagram. b Detailed mecha-
nism of graphene growth in CVD during isothermal growth
process. [28] Published by The Royal Society of Chemistry.

cooling process which leads to reduction in carbon
solubility (precipitation/segregation).

In isothermal growth, supersaturation of carbon
atoms should reach a critical point (cp,c) for graphene
domain to nucleate and grow as shown in Fig. 1b
[29]. Once carbon concentration level is lower than
Cnuc, NO New domains will be produced whereby only
further growth of existing graphene domain will
proceed. This growth process will proceed until
supersaturated carbon has reached its equilibrium
level (ceq). Depending on the amount of supersatu-
rated carbon left after the nucleation, the graphene
domains will either coalescence to form a continuous
polycrystalline film, or stop growing to produce
partially covered graphene which could be controlled
through the hydrocarbon gas concentration and
exposure time.

Crystallinity and morphology
of the substrates

Crystallinity

Properties of metallic substrates are greatly influ-
enced by its bulk structure. Atomic arrangements
determine the crystal lattice forming various planes
which become the surface lattice orientation at the
crystal surface. These lattice orientations play an
important role in controlling the growth of graphene
deposits.

In a detailed study by Wood et al. [30], the facet of
the Cu structure was shown to affect the quality of
the synthesized graphene. Graphene grown on Cu
(111) tended to form a monolayer with few defects
compared to graphene grown on Cu with other

Reprinted (adapted) with permission from [29]. Copyright (2017)
American Chemical Society.

facets, and the growth rate was found to be faster
[31, 32]. This is due to the Cu (111) crystal facet
having a hexagonal shape similar to graphene,
although Cu atoms are significantly larger than car-
bon atoms. There is a less mismatch of the two
structures compared with other copper facets, which
is approximately 3.8% for Cu (111) as opposed to
19.9% for Cu (100). The slight mismatch between the
graphene layer and the underlying metal substrate
was measured using an atomic Moiré interferometer
[33]. Several Moiré patterns can be obtained
depending on the crystallographic structure of the
metal [34, 35]. In addition, Cu (111) has a lower sur-
face energy than other Cu crystal orientations, and
thus, monolayer and homogenous carbon nucleation
are favorable on this surface [36]. Figure 2 shows the
origin of the mismatch between graphene and the
underlying metal crystal structure. The difference in
the crystallographic orientation also allows, to some
extent, a different growth mechanism, as in the case
of Cu (111) where the growth of graphene is surface
diffusion limited, whereas for Cu (100), monomer
attachment to graphene is restricted [37]. The lattice
mismatch can be calculated using the following
equation (Eq. 1), which in the case of Cu (111) is
written as

V3aew 1\ | 100
V3ag

where ac, is the Cu (111) lattice constant and ag is the
graphene lattice constant as defined by the Miller
indices, as shown in Fig. 2 with the calculated values
summarized in Table 1. However, reports have
shown that annealing the copper substrate at high
temperature changes its crystal structure [38]. It was

(1)
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Figure 2 Comparison of the graphene unit cell and different
copper crystallographic orientations. Adapted from [45], with the
permission of AIP Publishing.

shown that at a temperature of up to 350 °C, Cu (111)
is dominant, and upon increasing the temperature to
500 °C, the structure begins to change to Cu (100)
[39]. This will inadvertently affect the quality of
graphene during synthesis.

A similar observation was made for the Ni sub-
strate, where the facet most similar to the Ni (111)
orientation is homogeneously covered with fewer
graphene layers compared to other facets, which is
due to the lower binding energy on the Ni (111)
crystal orientation and smaller lattice mismatch [40].
Table 1 summarizes the calculated lattice mismatch
values for Cu, Ni and several other metals. It is
believed that in the case of a metal alloy, the (111)
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orientation is still the preferred metal surface for the
growth of high-quality graphene, as it is still the
lowest index facet [41]. However, Robinson et al.
reported that the crystal orientation of Cu-Ni alloy
changed from (110) to the midway between (100) and
(111) after annealing [42].

During the synthesis of graphene, hydrogen gas is
flowed through the furnace. Not only this gas is
important for the formation of graphene but it also
works to suppress the formation of different copper
crystal facets. Liu et al. [46] reported that annealing
the copper substrate in the presence of hydrogen
reduces the possibility of forming the Cu (200) crystal
structure, as opposed to annealing the substrate in
the absence of hydrogen gas, as evidenced from the
XRD data. The oxygen from CuO reacts with the
hydrogen gas, forming water vapor when annealed
at high temperature leaving behind metallic copper.
Due to this reaction, the copper substrate reorganizes
its structure to form a smoother and cleaner copper
substrate, which allows for the growth of large-area
graphene [47].

Early research on the CVD growth of graphene
employed polycrystalline metals due to the lower
cost of production. Polycrystalline substrates possess
domains with different crystal orientations and hence
grain boundaries that act as nucleation sites [48]. It
has been shown that the graphene growth conforms
to the structure of the grain boundaries, meaning that
the more grain boundaries that a metal possesses, the
smaller the size of the graphene domain and the more
defects in the synthesized graphene [49].

Zhang et al. [50] performed a comparative study
using single-crystalline and polycrystalline Ni sub-
strates and found that more multilayer graphene is
formed on the polycrystalline metal substrate than on
the single-crystalline Ni substrate. This result was
further supported by Bae et al. [51] who showed it is

Table 1 Summary of the
graphene—metal separation and

Graphene—metal separation (nm) [43]

Lattice mismatch (%) [44]

lattice mismatch

Co (0001) 0.21
Ni (111) 0.21
Cu (111) 0.33
Ru (0001) 0.21
Pd (111) 0.25
Ag (111) 0.33
Ir (111) 0.34
Pt (111) 0.33
Au (111) 0.33

- 2.0
- 1.2
— 3.6
4.8
32
- 18
4.6
2.5
- 1.6
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possible to prepare large-area, monolayer graphene
via roll-to-roll processes and found that the graphene
domain sizes correspond to the size of the grain
boundaries. Notably, several other studies have
shown the synthesis of single-crystal graphene on
noble metals such as Pt and Ru [52, 53]. Figure 3
shows a schematic diagram representing the growth
mechanism on single-crystalline and polycrystalline
Ni substrates. Furthermore, it has been suggested
that in the case of polycrystalline Ni substrates, the
dissolution and segregation processes are inhomo-
geneous due to different crystal domains, and hence,
multilayer graphene flakes are formed [54].

While single crystals could produce defect-free
graphene, due to the high cost of producing single-
crystalline metals, the growth of graphene on
monocrystalline substrates is rather limited. How-
ever, research by Ago’s group has shown that it is
possible to grow single-crystalline metals on top of
sapphire or MgO at a much lower cost, and graphene
grown on these substrates was shown to be single-
layer graphene [55, 56]. While cost could be drasti-
cally reduced by this epitaxial growth of single
crystals, the increase in additional steps further adds
to the complexity and time required for producing
graphene.

In addition to graphene synthesis on single-crystal
and polycrystal metal substrates, some studies have
used liquid metal, which is in the amorphous form
during the synthesis of high-quality graphene,
despite the material lacking a crystal lattice [57, 58].
The formation of high-quality single-layer graphene
results from the liquid metal providing a highly
defect-free and ultra-smooth surface for graphene

Figure 3 Schematic diagram
showing the comparison of

Monolayer graphene
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growth [59]. The increased carbon solubility in liquid
metal has also been cited as one of the factors that
improve the formation of graphene [60]. As the dis-
tance between the atoms constantly changes, the
space within the liquid metal also changes, allowing
for the trapping of more carbon atoms. When the
liquid metal cools, the surface starts to solidify, while
the inside is still in the liquid phase, and hence, the
carbon is homogenously dispersed. The solidified
surface of the liquid metal blocked the diffusion of
carbon atoms and at the same time reduced the
nucleation sites, thus forming a uniform layer of
graphene at the surface [61]. This method is espe-
cially beneficial for metals with low carbon solubility,
although it comes at the cost of extremely high tem-
perature (> 1100 °C) compared with the typical gra-
phene growth temperature. The reaction rate of
graphene on liquid metal has also been found to be
very fast due to the movement of carbon being faster
in a liquid than on a solid [62]. Figure 4 shows the
schematic diagram of the carbon solubility in a metal
for solid and liquid Cu.

Surface morphology

In addition to the crystal facet of the substrate, the
surface morphology of the substrate is also an
important parameter that influences the quality of
graphene [63, [64]. It has been well established that
the nucleation of carbon starts at regions containing
defects, such as dislocations, grain boundaries and
kinks. This is due to the defects and kinks having
lower energy barriers for nucleation than the smooth
surface [29]. Although the presence of nucleation

Multilayer

graphene growth on a single-
crystalline and

b polycrystalline Ni substrates.
Adapted with permission from
[54] by Springer.

(@ Single crystal (111)

(b) Polycrystalline
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sites is necessary to initiate graphene growth, nucle-
ation sites in the form of defects are not necessarily
beneficial, as they tend to introduce defects in the
graphene structure, leading to the formation of poor-
quality graphene [65].

A study by Polat et al. [66] found that graphene
synthesized on a smooth copper substrate was defect
free and continuous compared to graphene synthe-
sized on a rough substrate containing holes and
cracks. Figure 5 compares the quality of graphene
synthesized on smooth and rough copper substrates.
It has been shown that when the CVD process is
performed at low pressure, the surface morphology
of the substrate plays an important role in deter-
mining the growth rate of graphene, as the sublima-
tion of copper affects the desorption rate and
nucleation rate [67].

The surface morphology of the substrate can be
improved through electropolishing, which reduces
up to 99% of the surface roughness and hence
enhances the mechanical and electrical properties of
the synthesized graphene [68]. Pre-treatment of the
copper substrate, which includes pre-annealing the
substrate in a hydrogen environment and etching
with nitric acid, has been shown to remove impurities
and modify the surface roughness [69, 47]. Pre-
treatment results in an improved coverage of mono-
layer graphene.

In a simulation study using DFT, Gao et al. [70]
showed that nucleation growth is preferred near the
edge of the Ni substrate, rather than at the step, due
to the significantly low energy barrier. Figure 6a
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shows the nucleation rate at the terrace and step edge
as a function of temperature. However, this is not
applicable when the synthesis is performed on a very
smooth substrate surface at high temperature. A
detailed nucleation growth mechanism has been
proposed which was derived from classical nucle-
ation theory that showed that the nucleation rate of
graphene at the terrace or step edge can be written
using the following equation (Eq. 2)

Rnuc = ]Oexp(fG*/kB T) (2)

where Jj is the nucleation rate pre-factor, G* is the
nucleation barrier, kg is the Boltzmann constant and
T is the reaction temperature [71]. Several other
studies have observed similar results, where nucle-
ation growth is more prevalent at the step edge than
at the terrace [72, 73].

Figure 6b shows the nucleation rates on different
defects, which act as nucleation sites, as a function of
temperature. To achieve high-quality graphene, a low
nucleation rate is preferable, which can be obtained at
lower annealing temperature.

A direct way of reducing the nucleation density
near the step edge of the substrate is by surface
modification. Suzuki et al. [74] detailed a threefold
atmospheric pressure CVD process that removes
traces of Si impurities originating from the furnace
and promotes the formation of wider terraces on Cu
foils without having to change the CVD growth
parameters. Zhang et al. developed a method for
controlling the nucleation process on a CuO substrate
by regulating the hydrogen flow in the furnace [75]. It
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has also been reported that oxygen can form oxide
nucleation sites for graphene growth under high
hydrogen partial pressures to produce single-layer
graphene [76, 77]. The two-step CVD process pro-
posed by Pham et al. [78] successfully realizes 5-mm-
large graphene domains by separating the graphene
nucleation and growth processes. The suppression of
the nucleation process is attributed to the passivation
of the active sites by oxygen, the lower energy barrier
for the attachment of different graphene islands and
the improved bulk diffusion of carbon within the
copper bulk.

Alternatively, nucleation can be controlled by
limiting the concentration of carbon used for growth.

In a very detailed study by Kraus et al. [79], con-
trolling the carbon content in copper substrates was
found to affect the nucleation growth and thus the
quality of the synthesized graphene. There is also a
report on the competition between graphene nucle-
ation and hydrogen-induced etching, which starts at
the nucleation site, as the site has a lower energy
barrier [80]. This work lays the foundation for the
synthesis of graphene with a desired morphology
and shape. Another way of overcoming the issue of
high nucleation density is through the use of a
sandwiched Ni-Cu-Ni substrate, as shown by Ding
et al. [81], where the nucleation sites on the Cu sub-
strate can be selectively controlled. The perforated

@ Springer
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top Ni substrate acts as a mask that allows the pat-
terning of single-layer graphene due to Ni (higher
carbon solubility) reducing the concentration of the
carbon source, which in this case was CH,.

It is still possible to synthesize large-area graphene
using polycrystalline metal substrates. One method
of addressing this issue is through melamine pre-
treatment of the polycrystalline Cu substrate, which
suppresses the activation sites and thus controls the
nucleation process [82]. Suppression of the nucleation
density can also be achieved by mildly oxidizing the
Cu substrate, resulting in reorganization of the
nucleation sites for graphene growth [83]. Since gra-
phene growth is governed by the size of the under-
lying crystal structure, it is also important to control
the crystal domain size of the metal substrate [84].
Edwards et al. [85] published a review paper sum-
marizing the different polycrystalline metal sub-
strates that have been used to synthesize large-
domain graphene. According to the paper, it is pos-
sible to synthesize graphene on a wide range of
polycrystalline transition metal substrates. However,
different synthetic conditions are required to obtain
large-area graphene depending on the properties of
the metal substrate.

It can be seen that the physical properties of the
substrates greatly affects the growth of graphene. In
physical terms, high-quality graphene growth favors
a substrate that is very smooth and single crystalline
in nature. The challenges in achieving this kind of
physical properties are obvious in terms of time and
cost. Therefore, a much feasible path forward is
through the treatment of metal substrates by
annealing and also surface pre-treatments to limit the
defects that is caused by properties intrinsic to the
crystallinity and surface morphology of the substrate.

Catalytic property, carbon solubility
and substrate affinity

Another factor influencing graphene growth is the
chemical properties of the metal substrates. Chemi-
cally, the metal substrates serve as a catalyst to pro-
mote the growth of graphene where without its
presence, formation of graphene requires a large
amount of energy, has a very slow formation rate or
has a very low selectivity.

It might be beneficial to first discuss carbon—-metal
interactions. Carbon in the form of coal has long been
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used in the steel industry. In a carbothermic reaction,
carbon is used as the reducing agent to reduce metal
oxides to pure metal [86]. In the case of copper (II)
oxide, the oxide material is reduced to pure copper
metal by carbon, producing carbon dioxide gas at the
same time. The chemical reaction is given as follows
(Eq. 3):

2Cu,0 + C — 4Cu + CO, (3)

Calculating the Gibbs free formation energy shows
that the value is negative, meaning that the reaction is
spontaneous. This reaction requires high temperature
to break the Cu-O bonds and form new C-O bonds.
The reactivity of metal oxides to undergo carbother-
mic reaction can be determined from the Ellingham
diagram (Fig. 7), which shows the stability of metal
oxides as a function of temperature. The lower the
position of the metal in the plot, the more stable the
metal oxide, which means that NiO is more
stable than CuO or CuyO. However, it possible to
remove the oxide layer through reaction of the metal
with carbon. The rate of reduction increases with
temperature, as observed from the plot, as the slope
is negative for the reduction reaction. The Ellingham
diagram is a purely thermodynamics assessment and
does not consider the reaction kinetics. Despite this
phenomenon being well known in the steel industry,
in the synthesis of graphene, this effect has not been
considered. It would be prudent to investigate the
interplay between the metal substrate and carbon
when attempting to produce high-quality graphene.

While reduction in copper oxides by carbon is
thermodynamically spontaneous, a report has
demonstrated the formation of highly decoupled
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Figure 7 The Ellingham diagram showing the change in the
Gibbs formation energy with temperature for different metal
reactions. Graph plotted using the data obtained from [129].
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graphene on copper oxide with good electronic
properties [87]. This reduces the need to employ a
complex graphene transfer process, which will incur
extra costs in mass production. Nevertheless, the
report did not mention the thickness of the oxide
layer, which is also an important parameter since
there is a limit to the carbon solubility in oxide
materials. In addition, the presence of oxygen units
on the surface of the copper substrate reduces the
number of nucleation sites, which eventually allows
for the formation of large graphene crystals, rather
than small multi-domain graphene deposit [88].
However, a contradicting report states that oxygen
units are preferable nucleation sites, citing the ease of
carbon adsorption onto oxygen units on the copper
surface [89]. This shows that the role of oxygen in the
synthesis of high-quality and large-area graphene is
still under debate and will remain an open-ended
question for the foreseeable future. Nickel oxide has
also been found to be advantageous for graphene
synthesis, where a thin sub-oxide layer can reduce
the graphene growth temperature down to 700 °C
and promote the surface diffusion, rather than the
bulk diffusion, of carbon atoms [90].

Another factor that affects the nucleation growth of
graphene is the competing interaction between car-
bon-carbon (C-C) bonds and carbon-metal (C-M)
bonds at the surface of the substrate at the graphene-
metal interface [91]. The C-C bonds are responsible
for the aggregation of carbon atoms, whereas the C-
M bonds determine quality and structure of gra-
phene. Comparison of C-C bond lengths on various
metals calculated through ab initio method is sum-
marized in Table 2. This comparison is a good indi-
cator of whether C—C or C-M bonds will dominate
during growth. C-C bonds have a length of 1.208 A
for a triple bond and 1.333 A for a double-bonded
carbon. C—C bonds of deposited carbon remain short
if C-C bond dominates over C-M and gets longer
when C-M bonds are more preferred than C-C
bonds. Zhong et al. [92] investigated the nucleation
growth on various metals and found that C-C inter-
actions are strong on metals such as Au, Ag and Cu,
while C-M interactions are stronger in the case of Ru,
Rh, Ir and Pt.

It has been reported that NizC is highly unsta-
ble and that CusC does not exist due to the anti-
bonding orbitals being filled and the splitting of the p
orbitals of carbon being small [93]. On the other hand,
transition metal carbides are several orders of
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Table 2 C—C length on various substrates based on ab initio
studies [92]

Metal substrate C—C length (A)

Ag 1.284
Au 1.297
Cu 1.302
Co 1.345
Ru/Pt 1373
Rh 1.387
Ir 1.400

magnitude more stable than NizC due to the presence
of empty d shells, which allow for the formation of
metal-carbide bonds [94]. Despite the strong inter-
actions between transition metal and carbon atoms, it
is still possible to synthesize graphene with high
quality due to the suppression of carbon segregation
and precipitation [95].

Another parameter related to the carbon affinity of
metals is the carbon solubility, also known as the
catalytic property of metals. The catalytic activity
refers to the decomposition of hydrocarbons on
metals. During the decomposition of hydrocarbons,
activated carbon species are produced. These active
species are responsible for lowering the activation
energy for decomposition of the precursor gas. In
other words, these active species affect the reaction
temperature. As an example, graphene can be grown
on a Pt substrate at temperatures as low as 750 °C,
compared to the very high temperature of approxi-
mately 1000 °C required for graphene growth on a
Cu substrate. Pt has a carbon solubility around 2% at
1000 °C [96]. This indicates that Pt substrates have a
stronger catalytic ability for the dissociation of
methane than Cu substrates [52]. From this fact, we
can deduce that the lower the carbon solubility of a
substrate, the weaker its catalytic ability for the dis-
sociation of hydrocarbons. Pd substrates, similar to
Pt, have a high carbon solubility around 4% at
1000 °C. Pd is well known for its “carbon-sponge”
ability since it allows a very high amount of carbon
diffusion [97]. The lower carbon affinity of Cu com-
pared to other metal substrates is understandable, as
catalytic activity occurs due to electron transfer from
the C-H bonds to the 3d orbitals of the catalyst. Ni,
for example, has two 3d unpaired electrons, while Cu
has only one unpaired electron for the reaction [98].
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Hence, the low reactivity of Cu is due to its filled
electron shell, which is the most stable configuration.

This concept of isothermal growth only happens to
low carbon solubility metal like Cu while additional
precipitation process happen when the metal has
larger amount of carbon solubility such as Ni. Due to
the carbon solubility differences between Cu and Ni,
the growth mechanism on these substrates differs
with each other. In the case of a Ni substrate, carbon
atoms dissolve and diffuse into the metal. As the
temperature is reduced, the dissolved carbon atoms
slowly segregate to the surface of the substrate due to
the decreasing carbon solubility. The carbon atoms
then diffuse to the surface of the substrate, where the
carbon atoms attach to one another, forming a
nucleation site that grows into graphene. However, in
the case of the Cu substrate, the carbon atoms do not
undergo the dissolution and segregation process.
Studies using isotopic labeling have clearly shown
the difference of the growth mechanism between
metals high carbon solubility and low solubility [13].
Methane source with 'C and '>C was used alter-
nately during deposition, and Ni shows graphene
with both isotopes mixed due both carbons dissolv-
ing into the metal substrate. Whereas on Cu, gra-
phene displays a distinct region as it can only grow
from the only available carbon isotope. Figure 8§
shows the different growth mechanisms of graphene
on Ni and Cu substrates.

The carbon solubility of different metals at 1000 °C
and the carbide formation energy are summarized in
Table 3. The solubility of carbon in metals is gov-
erned by the following equation (Eq. 4):

H,
Sp = Sp() exp <kB—;_|) (4)

where Sp, is the entropic pre-factor, Hp is the heat of
precipitation, kg is the Boltzmann constant and T is
the absolute temperature [99].

To emphasize the importance of metal catalysts in
graphene fabrication process, a review by Ning [101]
highlighted various studies employing the direct
graphene growth on dielectric substrates such as
5i0,, alumina and diamond. It is crucial here to point
out that although graphene is successfully grown on
these dielectrics, the growth process requires the
assistance of metal catalyst to enhance the carbon
atoms diffusion on the substrate surface.

Previous accounts reported that growing graphene
on dielectric substrates without metal catalyst proved
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to be inefficient due to the very high pyrolysis tem-
perature of the carbon precursor used [102-104]. For
example, Kaplas et al. [105] apply the de-wetting
ability of a pre-deposited Cu catalyst to facilitate
carbon on a SiO, substrate. Using laser ablation
method, the substrate surface is modified to change
the melt pattern of the Cu catalyst thus resulting in
the formation of rectangular, few-layer graphene
without any transfer process.

Etching of Cu catalyst using acid has also been
employed to produce graphene on dielectric sub-
strates. Using commercial diamond substrate, Ueda
et al. [106] annealed the Cu/diamond layers at
900-1000 °C under low pressure. Interestingly, this
step resulted in the transformation of the diamond
topmost layer to graphene through the catalytic effect
of Cu. The Cu catalyst is then etched away by using
diluted nitric acid.

Choi et al. [107] devised a unique experimental
setup to grow single-layer graphene on SiO, sub-
strate. In this study, a piece of rolled Cu is suspended
above the substrate in a way that it is not in contact
with each other. By doing this, the catalytic ability of
the Cu foil can be utilized to grow graphene on SiO,
without any transfer process.

Ni can also be used as catalyst for direct growth of
graphene on dielectric substrate. Wang et al. [108]
successfully grew graphene nano-ribbons on SiO,
using shadow mask-assisted thermal evaporation.
Graphene grown on Ni is then etched to remove the
surface graphene film, leaving graphene micro-rib-
bons on the dielectric substrate.

Hart et al. [109] successfully produced graphene on
5i0,/Si substrate using cold-wall CVD. In this study,
Ni and SiO, are stacked together prior to graphene
growth. As carbon source is supplied, the carbon
atoms will diffuse through the Ni crystal and along
its grain boundaries. Then, the Ni layer is exfoliated
using adhesive tape. They successfully produced
graphene on SiO,/Si substrate using cold-wall CVD.
Ni and SiO, are stacked together prior to graphene
growth. As carbon source is supplied, the carbon
atoms will diffuse through the Ni crystal and along
its grain boundaries. Then, Ni substrate is exfoliated
mechanically using adhesive tape.

Thus, from the studies gathered, it is agreed that
graphene growth on dielectric substrates requires
metal catalysts to help lower the precursor gas dis-
sociation temperature. Nevertheless, an exception
can be made by using plasma-enhanced CVD as
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Table 3 Carbon solubility and carbide formation energy of dif-
ferent metals

Metal Carbon solubility at Carbide formation energy
1000 °C (at.%) [43] (kJ mol™") [100]
Co 3.41 - 10
Ni 2.03 -5
Cu 0.04 21
Ru 1.56 -4
Rh 0.89 0
Pd 5.98 5
Ag 0.01 33
Re 4.39 -5
Ir 1.35 1
Pt 1.76 5
Au 0.01 37

reported by Munoz [110] and Jacob [111]. However,
this study will not focus on that issue.

Bulk and surface diffusion

The kinetics and mechanisms of carbon diffusion into
metal is a well-established area in the field of metal-
lurgy. Bulk carbon diffusion depends on several

factors, including the carbon concentration, the
structure and orientation of the crystal and temper-
ature [112]. The bulk diffusivity of carbon into metals
is also related to the carbon solubility. For a metal
with low diffusivity, the carbon saturation is also
low. Carbon will be accumulated on the surface of the
metal, leading to the formation of multilayer gra-
phene. Bulk diffusion is found to decrease with an
increase in the dissolved carbon since there is a cer-
tain limit on how much a metal can contain carbon. A
study by Wiltner et al. [113] has shown that for Ni
substrates, the diffusion of carbon is improved along
the (100) direction compared to the (111) crystal ori-
entation. They explained that this is due to surface
reorganization and the lower surface activation
energy in the (100) direction [114]. The carbon solu-
bility and thus diffusion can be affected by thermal
annealing, where the formation of a barrier layer of
oxide can suppress the diffusion of carbon in and out
of the metal substrate [115]. Moshkalev et al. [116]
determined that the shape of the catalytic substrate
affects the solubility of the carbon atoms and the
solubility is the highest on the arched surface and the
lowest near the hollow surface. Using atomic mod-
eling, Elliot et al. [117] found that at room
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temperature, surface diffusion is much more prefer-
able, whereas bulk diffusion occurs at high
temperature.

Unlike bulk diffusion, which occurs due to the
interstitial diffusion of carbon atoms throughout the
host metal, surface diffusion occurs due to adatom
adsorption at the interface of the metal. As the metal
substrate cools, it shrinks in size, releasing trapped
carbons to the surface of the metal. Surface diffusion
is more important than bulk diffusion, as surface
diffusion governs the domain size of the resultant
graphene. This was reported by Hofmann et al. [118],
who found that the energy barrier for surface diffu-
sion is lower than that of bulk diffusion both in the
case of Ni (111) and Co (111). Surface diffusion is also
affected by the crystal facet, where certain crystal
orientations are more favorable for diffusion. In the
case of Cu, the preferential surface diffusion of car-
bon adatoms is in the Cu (111) direction due to the
lower energy barrier [119]. This agrees with the pre-
vious section, which emphasized the favored (111)
orientation of Cu in graphene synthesis. In the case of
Si, which is an insulating material, despite the low
carbon solubility, the diffusivity of carbon is rather
high and can reach 10" atoms cm ™2 [120, 121]. It has
been reported that the surface diffusion rate is higher
than the bulk diffusion rate in Si [122]. After diffusing
in Si to substitutionally form the SiC alloy at high
temperature, the carbon atoms out diffuse to the Si
surface, and then, segregation occurs to form gra-
phene [123]. As expected for Si, the (111) orientation
has a higher rate of diffusion than the (100) orienta-
tion due to the larger activation energy of carbon
diffusion [124].

To evaluate the suitability of a metal to be used as a
substrate, several parameters, such as the surface and
bulk diffusivity, must be taken into account. These
parameters affect the growth kinetics of the synthe-
sized graphene. The diffusivity of carbon in metals is
given by the following Arrhenius equation (Eq. 5):

Dy = Dyexp(— Ep/kgT) (5)

where Dr is the diffusion constant at temperature T,
Dy is the entropic pre-factor, Ep is the diffusion
activation energy and kg is the Boltzmann constant.
The carbon diffusion length, L, can be determined
from the following equation (Eq. 6):

L=2vDt (6)
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where Dy is the carbon diffusion at temperature T
and 7 is the diffusion time [99]. A theoretical, com-
prehensive study by Yazyev et al. [125] derived the
activation energy for different metals, which can be
related back to the surface and subsurface diffusion
of carbon atoms.

Changes in the metal composition through alloying
also alter the graphene growth. Shin et al. reported
that alloying Cu with Ag resulted in the diffusion of
Ag into Cu, which altered the activation energy for
the formation of graphene and at the same time
suppressed multilayer nucleation [126]. Depending
on the alloying ratio, the rate of nucleation or growth
can be controlled by changing diffusivity of the C
atoms, as in the case of the Cu-Ni alloy [127]. With an
optimized Cu-Ni alloy ratio, the growth rate can be
expedited while still maintaining the high quality of
graphene, owing to the high carbon segregation rate
in Ni and excellent catalytic properties of the alloy
[128].

Conclusion

In this review, the various factors affecting the
growth of large-area, monolayer, CVD-grown gra-
phene were discussed. These factors are related to the
physical and chemical properties of the substrate,
which then determine the growth mechanism of the
graphene film. Knowledge of the reaction parameters
allows for the control of the graphene quality
depending on the type of metal substrate. It can be
concluded that the (111) crystal orientation is the
favored crystallographic structure for all metals, as
this orientation possesses the lowest activation
energy regardless of the type of metal. In addition,
the crystallinity, i.e., single crystalline or polycrys-
talline, of the catalyst affects the growth quality,
where a single-crystalline catalyst results in a better
graphene film. This is attributed to the growth
mechanism of graphene, which tends to start near the
grain boundaries and, since polycrystalline metals
have many grain boundaries, the synthesized gra-
phene will have a smaller domain size on top of a few
layers.

Better control of the nucleation rate can be
achieved through the use of a smooth surface with
fewer defects, which is responsible for the growth of
single-crystalline graphene. It has been shown that
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defects and impurities can act as nucleation sites,
thus improving the surface properties of the metal
substrate, which is beneficial for graphene synthesis.
The choice of metal will determine the quality of the
synthesized graphene since different metals have a
different carbon solubility, carbon affinity, bulk dif-
fusion and surface diffusion. For a metal with low
carbon solubility, it is ideal to have a low carbon
affinity because higher affinity will result in the
stable formation of carbide compounds, and thus, the
formation of hexagonal graphene will be hindered.
Surface diffusion affects the growth rate of graphene,
where better surface diffusion tends to promote
large-area growth and hence shorter reaction times.

As seen previously, despite the contradicting
opinions on the effects of hydrogen gas on the quality
of graphene, the advantages clearly outweigh the
disadvantages of using hydrogen, either through the
etching of graphene or the promotion of CHy
decomposition. Although, excess hydrogen gas will
have a deleterious result on the condition of the
graphene sample. The effect of the cooling rate was
also reviewed, where graphene formation will only
begin when the temperature is low enough for a
carbon atom to attach to another carbon atom. A
faster cooling rate tends to produce few-layer gra-
phene with high coverage, although too fast of a
cooling rate will result in the formation of bilayer
graphene. Overall, it is important to understand the
growth mechanism to realize high-quality, single-
layer graphene, and furthermore, it is clear that no
one parameter is responsible for the synthesis of
large-area graphene, but instead, a variety of differ-
ent parameters are important.
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