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Abstract—  Graphene as a promising
nanomaterial with diverse potential applications in
electrical, optoelectrical, biomedical, and energy
storage devices, has gained wide attention in
industrial and research communities. Much
research is being carried out to implement the
large-scale production of high-quality graphene.
Chemical vapor deposition (CVD) has emerged as
the most promising method. This review presents
the chemistry of graphene and its structure,
properties, and applications. Major CVD methods
used for graphene growth, include hot-wall, cold-
wall, and plasma-enhanced approaches. The role
of substrate, reactant gases, and other parameters
in the CVD processes for graphene growth are
reported. This review also summarizes the
limitations of the CVD methods of graphene
growth and the advantages of CVD-grown
graphene over other techniques.
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. INTRODUCTION

Graphene - a two-dimensional crystalline

nanomaterial - has gained widespread attention in the
research community ever since its first isolation from
graphite in 2004 (1).Graphene is an allotrope of carbon
comprising of carbon atoms arranged in a hexagonal
shape (Figures 1&2). The promising nanomaterial has
been discovered to significantly improve the efficiency
of photovoltaic devices and reduce their cost of
production (2-5). Other areas in which graphene has
reportedly been known to have possible applications,
include electronics, biomedical, pharmaceuticals, and
biosensors (1,6), with more still undergoing
experimentation. The increasing advancement in
modern technology to satisfy the present demand and
meet future needs has led to progressive innovation in
semiconductor industries. Although silicon has been
regarded as the most prominent semiconductor in
recent decades (7), new reports shown by the
International Technology Roadmap for
Semiconductors and International Roadmap for
Devices and Systems revealed that Moore’s law (the
number of transistors in an integrated circuit doubles in
about every two years) will shortly be exhausted by the
limitation imposed by the diameter of the silicon atom.

Because the efficiency of technological device is
constantly improved on while the sizes are getting
smaller, the need to create a smaller chip becomes
inevitable. To avert these future limitations, graphene
is being progressively researched as a potential
substitute, with its efficiency surpassing silicon.
Graphene, with its unique attributes is known to attract
electric charges and has been successfully integrated
into an electronic circuit. Graphene nanoribbons—
short, thin strips of graphene— have been proposed
as an option because of their size and semiconductive
properties and can be integrated into transistors (8-
12). The wide application of graphene has not been
entirely commercially successful because of the
limitation of its mass production. The three primary
graphene production methods include chemical vapor
deposition (CVD), chemical or plasma exfoliation from
natural graphite, and mechanical cleavage from
natural graphite. CVD is the most used technique
(13,14).

Multiple layers of graphene, known as epitaxial
graphene, have also been developed primarily to
achieve a direct layering of graphene on readily
available  semiconductor  materials. However,
graphene epitaxy is distinctively different from
graphite (15-17). Epitaxial graphene comprises
multiple graphene layers, with the electrons of the first
layer doped by a built-in electric field while other
layers are left undoped. Conversely, graphite is a
naturally occurring multiple graphene layer comprising
delocalized electrons with high mobility in-between
graphene layers (18). Neeraj et al (16) gave a brief
overview of the recent development of graphene
epitaxy grown on silicon carbide by thermal
decomposition. The group speculated that this
technique would likely bring graphene potentialities
into implementation.

Chemical vapor deposition is a process carried out
in a vacuum vapor phase to synthesize thin films and
nanomaterials on a solid material known as a
substrate. Even though the technology requires high
temperatures and a high vacuum, it is largely used by
semiconductor industries for thin film production. CVD
has wide applications in materials technology and has
been used for depositing metallic, non-metallic, and
semiconductor materials (19). A recent overview of the
CVD technique revealed the production of high-quality
graphene and the direct growth of graphene on any
substrate (20). While continuous effort is being
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exerted in the research community and the industry to
explore the potentialities of graphene and its
applications fully, production techniques need to be
examined to ensure the consistent availability of
graphene for commercial purposes. This review first
summarizes the chemistry of graphene, and its
structure, properties, and applications. Secondly, a
brief overview of the chemical vapor deposition
process, and various CVD methods of graphene
growth, applications, and limitations will be discussed.
Lastly, the advantages of chemical vapor deposition
over other methods of graphene growth will be
reviewed.

II. GRAPHENE

Graphene is a 2-dimensional nanostructure
material made of layers of carbon atoms covalently
bonded in a hexagonal pattern. The atoms are
attached by a single or double bond to three
surrounding carbon atoms (Figures 1 & 2). It is an
allotrope of carbon in which each carbon atom is SP2
hybridized with a molecular bond length and thickness
of about 0.142 and 0.335 nm, respectively (21).
Graphene can be referred to as a single layer of
graphite. It is the essential underlying component of
carbon allotropes such as graphite, carbon nanotubes,
and fullerenes (Figure 1).

Graphene

Fullerene Nanotube Graphite
- .

(d)

(b)

Figure 1. Schematic structure of graphene (a), graphite (b),
carbon nanotube (c), and fullerene (d) (22).

Figure 2: Chemical structure and shape of graphene (23).

Graphene, however, is different from other graphitic
forms of carbon, due to its unique properties as an
allotrope carbon and a semiconductor material.
Furthermore, graphene is known to exhibit a shorter
bond length, higher boiling and melting points, greater
tensile strength, and higher modulus properties than
diamond. In addition, the covalent bond in the lattice
structure of graphene makes it stronger and stiffer than
diamond (24).

A. Chemical Properties of graphene

Graphene generally demonstrates non-metallic and
semiconducting properties. Each carbon atoms
possess a free electron in the p-orbital. Also, the lattice
structure contains delocalized double bonds, giving
room for electrical conductivity in two dimensions. The
melting point of graphene was formerly estimated to be
4510 K. In contrast, a recent computational study
shows that the bonded atoms of a graphene sheet
survive melting at the temperature. In contrast, bond
breaking, an indicator of melting, was observed at
about 5000 K. However, experimental studies are
being anticipated to establish this prediction (25). A
single layer of graphene has a surface area of 2630
m2/g; the surface area of the reduced form of
graphene has also been investigated (26-28).
Graphene can be chemically modified due to the high
reactivity of the edge atom i.e, pi-delocalized electrons
located on edge (Figure 2). The SP2 hybridization of
the unsaturated carbon atoms allows graphene
reactions with hydrogen, fluorine, oxygen, acids, and
free radical atoms. The reactive edge atoms enable
further modification of graphene molecules with OH,
COOH, CHO, and polymers (29). Recent research has
revealed the chemical modification of 2-D graphene to
a 3-D honeycomb-like structure, and the
electrochemical reactions of graphene have also been
investigated (30). Furthermore, different sorts of
porosity inside the sheet, which are exceptionally
normal, increase its chemical reactivity.

B. Mechanical Properties of Graphene

Graphene is known to possess excellent mechanical
properties among other carbon nanomaterials. It is
light weighted, flexible, and recognized as the thinnest
nanomaterial. Graphene demonstrates ultimate tensile
strength (the maximum stress a material can bear
before breaking when it is stretched or pulled) of above
1 TPA or 130 GPA (31,32). A theoretical study by Bao
et al. shows that a single graphene layer has better
mechanical properties than networks of the graphene
layer (33). On the other hand, a study by Kumar et al.
shows that the increase in the mechanical properties
of graphene is directly proportional to the number of
layers (34). Recently, computational research was
conducted by Gamboa-Suarez et al. to investigate the
effects of high temperature on the mechanical
properties of graphene. The novel study revealed the
resistance of graphene sheets to stiffness degradation
at an ultra-high temperature below the melting point
(32). The mechanical property of graphene is
extraordinary and, as such, can essentially improve
the quality of numerous composite materials.

C. Electronic Properties of Graphene

The fundamental electrical property of graphene is
attributed to the zero gaps in its band structure.
Carbon, as the elemental constituent of graphene
structure, has four valence electrons; three valence
electrons are bonded to other carbon atoms in the 2-D
plane, leaving one free electron in the 3-D plane
available for electronic conduction. These free
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electrons, also known as pi electrons, are situated at
the top and bottom of the graphene sheet (Figure 1)
and foster carbon-to-carbon bonding. These attributes
make graphene behaves like a metal, and the
difference in the energy level of the valence electron
band (bonding) and conduction electron band
(antibonding) determines the electronic conductivity of
graphene (35).

ENERGY

Figure 3: Band structure of a single-layered graphene (36)

The electronic properties of graphene can be modified
by doping, i.e., introducing excess electrons and holes
into graphene crystals. This approach is being used to
create a band gap in graphene. A recent study
revealed an improvement in the electronic properties
of graphene because of subjection to photochlorination
(37). Another study showed that the oxidized form of
graphene exhibits poor electronic conductivity;
however, graphene oxide can be reduced to improve
its electrical conductivity (38,39).

D. Optical Properties of Graphene

One of the unique features of graphene is its ability
to absorb electromagnetic radiation over a wide range
of wavelengths. Graphene is known to exhibit varying
optical responses at each region of the
electromagnetic spectrum. This property is attributed
to the zero-band gap and how the region interacts with
the Dirac fermions of graphene. Also, the graphene
monolayer absorbs over 2.3% of the visible light
spectrum (40,41). Graphene can also generate some
optical transitions when an electric field is applied
close to the Dirac point, which causes a shift in the
Fermi level. This technique is employed to adjust
optical source transmission in electrical circuits.
Furthermore, functionalized graphene's linear and non-
linear optical properties have been investigated. A
study shows that the optical properties of graphene
can be impacted by the edge length and SP3 domain
of a reduced or oxidized form of graphene (42).

E. Applications of Graphene

Because of its distinctive chemical and exceptional
mechanical strength and electronic and optical
properties, graphene has gained wide applications in
biomedical and electronic devices in solar and energy
conversion and as a semiconducting material.
Graphene and graphene-based materials are used in
photodetectors, light-emitting diodes (LED), and other
optoelectronic devices due to their wide spectral
ranges and high optical transmissions (42,43).
Grahene based materials have reportedly been used
as transducing materials in  electrochemical
biosensors for cancer biomarker detection (44-46).
Furthermore, graphene-based materials are also used
as active materials in energy storage devices such as
supercapacitors, lithium-ion batteries, sodium-ion
batteries, fuel cells, and also in thermal energy
storage systems such as solar cells (47-50).
Environmental applications of graphene involve using
functionalized graphene-based materials to remove
toxic chemical species in environmental components.
In wastewater treatment, graphene-based materials
are used to adsorb toxic compounds because of their
large surface area. They are also used for
electrochemical treatments of wastewater due to their
oxidative-reductive abilities (51). A study by Zafar and
Jacob revealed that graphene is a good material for
oil-water separation because of its hydrophobic oil
affinity (52). Graphene has also gained wide attention
in agricultural management, according to an overview
presented by Chen et al. The review stated that the
oxidized form of graphene (Graphene Oxide) is an
ideal material for water conservation due to the water-
loving affinity of the graphene’s oxygen atoms.
Graphene treatment can improve water used by
plants, thereby promoting photosynthetic activities in
green plants (53). Another review mentioned the use
of graphene nanocomposites for plant disease
treatment, also as an effective fertilizer coating
material that minimizes eutrophication (54). Much
research is still ongoing to unveil the more potential
applications of graphene and graphene-based
materials.

I1l.  CHEMICAL VAPOR DEPOSITION

Chemical vapor deposition is a technique used for
depositing thin film materials on a heated solid
material. The process employs a thermochemical
reaction for making nanomaterials. It is a popular
technique adopted in materials technology for
semiconductor processing. The CVD process is
carried out in a vacuum at a high temperature. Before
the main chemical reaction of material deposition on
substrates in the reactor, the precursor gases are
homogenized in a gas mixer and then transferred into
the reactor through the gas inlet system. The gaseous
by-products exit the system through the gas outlet
(Figure 4).
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Figure 4: Schematic diagram of a chemical vapor
deposition system55

The efficiency of a CVD process is determined by the
substrate and the process parameters such as
temperature, precursor gas ratio, pressure, gas flow
rate, and so on (6,56). In the CVD process, the
precursor gas serves as the starting material, which
undergoes several reaction phases to form the
expected product. The purity, ratio, flow rate, and
injection mode of the precursor materials can impact
the reaction process. Hydrocarbon molecules (C-H)
are the major sources of graphene growth, where
gaseous hydrocarbons are commonly used as
precursors. In addition, liquid hydrocarbons such as
benzene, toluene, and xylene and solid hydrocarbons
such as polymethylmethacrylate and polystyrene have
also been used. Liquid and solid precursors for
graphene growth alleviate high-temperature demands.
The mechanism also proposes a less sophisticated
and inexpensive process for commercial production
(57-59). Likewise, alcohol precursors such as 2-
phenyl ethanol and ethanol have also been
experimented with as carbon sources in the CVD
process of graphene growth. The study revealed a
successful growth of single and multiple layers of
graphene (60). Temperature is another factor that
plays a vital role in the CVD process; it supplies the
heat energy needed to facilitate material deposition on
substrates; however, the temperature range varies at
different reaction phases. The temperature gradient of
graphene wool synthesized by the CVD process
shows a rapid temperature increase at the initial stage,
an equilibrium temperature at the intermediate reaction
phase, and a gradual temperature decrease at the
completing stage (61). Selecting a suitable substrate
also determines the performance of CVD growth,
substrates does not only provide support for material
deposition, but it also has a catalytic effect on CVD
growth. Because of the great catalytic abilities of
copper (Cu) and nickel (Ni), they have been selected
among other transition metals as good fits for
graphene growth; however, some difficulties are
accompanied by using metal substrates. One of the
major setbacks of Ni substrate is the formation of
multilayer graphene films. At high temperatures, more
carbon atoms become soluble and absorbed by Ni
during graphene synthesis, which then isolates to form
multiple layers of graphene films upon cooling (62).

and high-quality graphene film on a large scale,
however, the deposited graphene films need to be
transferred which can lead to contamination or
damage (63,64). Graphene growth on solid non-metal
substrates is considered advantageous as the process
offsets the possibilities of contamination caused by
graphene transfer. Some of the developed non-metal
substrates for CVD-grown graphene, as reviewed by
Shi et al. include metal oxides such as SiO,, Al,O3,
MgO, Ga203;, TiO,, and ZrO, with the oxides providing
the catalytic effect needed for the reaction. In addition,
graphene growth on insulated glass materials e.g,
quartz, flexible non-metallic substrates such as mica,
polyimide, and polydimethylsiloxane (PDMS) were also
discussed (65,66). Single and multiple layers of
graphene grown on sapphire substrates have also
exhibited high stability and are predicted as a good fit
for electronic devices (67—69). In an experimental
study carried out to investigate the significant process
parameters of graphene growth, and quartz substrate
was used to grow graphene materials by APCVD. The
precursors (CH; and H,) flow rates, temperature,
growth time, and cooling rates were controlled to
monitor the effects of each parameter on graphene
synthesis. At a relatively low temperature, graphene
growth was inhibited due to CH, inability to
decompose to form carbon atoms needed for
nucleation. Contrarily, CH, decomposition was
enhanced at high temperatures leading to more carbon
atoms being generated for nucleation to take place.
Rapid cooling and high H, flow rate were reported to
have positively contributed to graphene homogeneity.
The CH, flow rate was varied from 20 to 200 sccm
(represents standard cubic centimeters per minute),
and homogenous flake-like graphene was produced at
a maximum flow rate of 100 sccm while increasing the
flow rate resulted in a non-homogeneity. The study
showed that temperature and precursor flow rates play
a significant role. At the same time, other process
parameters, such as cooling, and growth time, only
contribute to the quality of synthesized graphene (65).
CVD is a multifaceted and powerful technique with a
consistent exploration of its applications. The research
communities and industries are constantly working on
advancing CVD technology to widen its scope of
applications. CVD technology is widely used in the
semiconductor industry for thin film synthesis. The
technique is preferred over other fabrication processes
due to its cost-effectiveness and allows large-scale
production. Unlike physical vapor deposition
techniques such as sputtering and evaporation, the
CVD process generates quality thin film with high
purity and density and good coating performance. In
addition, CVD techniques require cost-effectiveness; it
is widely used in the semiconductor industries for
large-scale thin film production (20,56,70).

A. Methods of CVD

CVD technology can be categorized based on the
variable process parameters such as substrates
heating (cold-wall and hot-wall), temperature (low-
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temperature), precursors (metal-organic and
inorganic), pressure (atmospheric pressure, low-
pressure and ultra-vacuum), activation techniques
(thermal, plasma-enhanced, laser-induced, photo,
combustion, and catalyst-assisted). The widely used
CVD methods for laboratory and commercial purposes
include: 1) hot-wall CVD - the reactor is first heated at
a uniform temperature which in turn heats the
substrate and also facilitates precursor decomposition,
2) cold-wall - the reactor remains cold while only the
substrate is heated up, 3) low-pressure CVD (LPCVD)
— the vacuum chamber is operated at a pressure
below atmospheric pressure, 4) ultra-high vacuum
pressure — the vacuum chamber is operated at
relatively high pressure, 5) plasma-enhanced CVD -
precursor gases are passed through electrodes and
becomes ionized by radio frequency current or electric
current form a plasma, the energy generated drives
the chemical reaction and enhance material deposition
on the substrate at a low temperature (6, 20). A
general applicaton of CVD methods will be
summarized concerning their principles, features, and
applications.

B. Hot-Wall CVD of Graphene

In a hot-wall CVD technology (Figure 5), the substrate
is first heated by the radiation from the reactor, after
which liquid or gaseous precursors are then introduced
into the reaction chamber through the gas delivery
system. In the reaction chamber, the temperature is
increased to supply the heat energy required to
facilitate the chemical reaction. The introduced gas
becomes heated up and adsorbed on the substrate
surface; a heterogenous chemical reaction takes place
between the gaseous materials and the surface.
Consequently, the reactive gaseous molecules
decompose and become deposited on the substrate
while the unreactive molecules exit the system through
the gas outlet (21). In a study carried out by Gausden
et al., where hot-wall CVD was used to grow graphene
on a copper substrate, the copper foil was first
preheated in the reactor to a temperature of about
1050 °C at 20 °C/min ramp rate. The precursor gases
(CH,; and H,) were then introduced at a varied flow
rate using nitrogen as the carrier gas (71). Another
study on 3D graphene growth using hot wall CVD
revealed that the dissociation rate of precursor gases
in a hot wall CVD is catalyzed by temperature, thereby
increasing the graphene growth rate (72).

Precursors
Carrier-gases » — [Ochanst

x Substrate
{otating graphite
SUSCe)

Figure 5: Schematic diagram of hot-wall CVD (73).

In another experiment, a carbon nanotube was grown
directly on a silicon substrate using the hot-wall CVD
technique. The substrate was pretreated before
heating in the reactor; methane was used as a carbon
source carried by H, gas into the reaction chamber.
The reaction was carried out in a large reactor to
demonstrate the possibilities of a large-scale
deposition. The chemical properties, morphology, and
structure of deposited carbon materials were
characterized with nano equipment. The study
reported that carbon materials produced in a hot-wall
CVD, even though on a large scale, are a better fit for
microelectronics applications when compared with
other CVD methods due to a good mixture of precursor
gases (74). Hot-wall CVD has shown to be
advantageous as it offers a homogenous coating of
materials. It is widely used in depositing materials with
thick layers needed for high-voltage supply equipment
(75). However, the major drawback is the risk of
material deposition on the reactor wall and frequent
cleaning of the reactor.

C. Hot-Wall CVD of Graphene

The substrate is only heated in a cold wall CvD
system while the reaction chamber is maintained at
atmospheric temperature. The substrate is selectively
heated up in the reactor chamber by placing it on a hot
surface or passing an electric current through it. This
method is considered advantageous because it
provides fast growth, requires a less complex set-up,
and is cost-effective. In addition, particulate
contamination is prevented, thereby generating a
good-quality graphene film. Likewise, regular cleaning
of the reaction chamber is alleviated as there is no film
deposition on the reactor wall (21). However, this
method is not commonly used for graphene growth
due to low throughput caused by the inability to
accommodate multiple substrates. Wasyluk et al.,
efficiently accomplished graphene growth on a cobalt-
chromium substrate with the cold wall CVD technique.
The result from the study indicated a promising
method for coating medical devices as excellent
mechanical properties were observed; also, the coated
material shows resistance to pro-coagulation (76). A
computational analysis was conducted using a fluid
dynamics simulation technique to experiment cold wall
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CVD method of graphene growth theoretically. The
study revealed that low temperature keeps the gas-
phase reaction, which improves the quality of
graphene produced. Hence, cold wall CVD is a good
technique for the large-scale production of high-quality
graphene film. The study also proposed further
research on the gas-phase reaction of other CVD
methods of graphene growth to improve the mass
production of an immaculate graphene film (77).
Furthermore, the cold wall CVD method is attractive for
transferring graphene grown on copper substrates to
SiO,/Si surface. In an investigation by Soriadi et al.,
graphene monolayers were successfully grown with no
crystal defect (78) Sarno et al., had previously
demonstrated a successful transfer of graphene grown
on copper foil to a polyethylene tetra phthalate (PET)
substrate with the possibility of employing the process
to develop a transparent electrode and act as a
protective device against oxygen degradation in solar
cells (79). Likewise, graphene monolayers were
successfully grown on Ni substrate by Faisal et al.
using cold wall CVD. The study revealed that higher-
quality graphene monolayers were produced
compared to other CVD methods. The improvement in
guality was attributed to a better-controlled process of
the physical parameters in cold wall CVD and the fast-
cooling process (80).

D. Plasma-Enhanced CVD of Graphene

Plasma is considered the fourth state of matter; it is
generated when a gaseous molecule becomes ionized
when it is subjected to extreme heat or intense
electromagnetic radiation. This plasma-enhanced CVD
(PECVD) method of graphene growth provides an
advantage of a faster deposition rate at a low
temperature. In a PECVD set-up (Figure 6), the
precursor gases pass in between a grounded and an
energized electrode; the gaseous molecules become
ionized by the electrode to form a plasma, which
generates a reaction with the product being deposited
on the substrate. The energized electrode introduces
radio frequency, microwave, or a direct current to
excite the molecules (21).

_______

Pump

___________\

____________

Carbon source: CH,, C,H,,
CO, C,Fg, ... Microwave ~GHz

Carbon etchants: H,, NH;, Radio frequency “MHz
0, ..
Direct current

Inert Gas: Ar, N, ; ‘
Figure 6: Schematic diagram of plasma enhanéed CVD (81)
Lu et al., demonstrated graphene growth on copper ink

and copper substrate using a single-step PECVD
method with a microwave as the plasma generator. In

the study, CH; and H, were used as the precursor
gases, while nitrogen served as the carrier gas. The
partial pressure of the precursor gases was monitored
before the plasma formation. Graphene growth on the
copper ink and substrates was confirmed using Raman
spectroscopy after the reaction, while surface
topography and roughness were characterized before
and after the process. Some of the advantages the
PECVD technique provides from the study include an
improvement in the quality of copper ink, elimination of
graphene transfer after growth, elimination of
graphene annealing, and formation of graphene flakes
on copper substrates (82). Duan et al., in their study
on PECVD graphene growth on a copper substrate
using radio frequency as a plasma generator,
highlighted the drawback of low substrate temperature
in the PECVD process. Their study demonstrated a
solution to this shortcoming by keeping the reactant
gases at a low temperature and atmospheric pressure
during the reaction while the copper substrate was
being heated up at the same time. In addition, a
mixture of CH, and H, was compared to pure CH, to
examine the anti-corrosive properties of the
synthesized graphene. At a lower temperature (<200
°C) and longer time (>900 min), both tests showed an
equivalent anti-corrosiveness. At the same time, pure
CH, exhibits a superior anti-corrosive property
between 200 °C — 300 °C (83). Similarly, Yen et al.,
had previously revealed in their study that H, gas
restricts the nucleation and growth mechanism of
graphene in the PECVD technique with a radio
frequency energizer (84). Furthermore, Hong et al.,
displayed in their study on graphene growth using
inductively coupled plasma CVD that the etching effect
resulted from the increase in the partial pressure of
hydrogen radicals caused by an increase in the
plasma generator power, and a low-power power can
alleviate the effect. From the study, the overall growth
rate was observed to increase with plasma power.
However, high-quality, uniform graphene film was
produced at a lower plasma power of about 50 W (85).
Even though PECVD is efficient in graphene growth
rate, the technique also compromises the quality of
graphene film produced. Graphene film grown by
PECVD exhibits higher nucleation density, thereby
impairing the electronic application. Li et al,
demonstrated in their study that the nucleation density
of graphene film synthesized with the PECVD
technique could be reduced by using a Faraday cage
(86). In the experiment, the copper substrate was
pretreated and placed in a Faraday cage- before the
in-flow of the precursor gases. The essence of the
cage is to protect the electric field and control the
reactant's flux without taking part in the reaction. This
procedure reduces the nucleation density and
deposition rate of graphene film; also, long graphene
grains were produced with high electronic conductivity.

E. Limitations of CVD

Although CVD is regarded as a good technique for
large-scale synthesis of graphene film, the promising
techniques also exhibit some drawbacks. One of the
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major problems is the generation of toxic by-products.
During the CVD process, the reaction between the
reacting gases and substrate generates some
secondary gaseous species which do not take part in
the reaction. These by-products are removed through
an exhaust system (81). The thermal CVD technique
requires high temperature for the operation, which is
energy and cost-consuming. In addition, graphene
grown using this method exhibit minimal applications in
electronic and optoelectronic devices as the process
requires a low temperature (87). Another drawback of
this CVD method is the inefficiency in depositing
graphene film on a thin-metal substrate. Because the
process requires heating the reaction chamber and the
substrate at a high temperature, some metal films
become vaporized during the heating process (88). On
the other hand, graphene is grown using the CVD at a
low temperature, and atmospheric pressure
compromises the film quality. For instance, Hong et al.
compare the thermal CVD and PECVD methods of
graphene growth using CH,; as the carbon source.
From the investigation, CH, remains undissociated in
the gas phase at the commonly used temperature for
graphene growth in thermal CVD. In PECVD, even
though the process is carried out at a low temperature,
the generated plasma provides activation energy, and
more than 80% of CH, dissociated to form H, H,, CHs,
CH,, and C,Hs,.

Meanwhile, the increasing hydrogen molecules
increase the nucleation density, causing etching on the
graphene, thereby reducing the uniformity and quality
of the graphene film generated (89). To improve the
quality of graphene produced using PECVD, Li et al.,
proposed using a Faraday cage, which significantly
decreased the nucleation density of synthesized
graphene, as demonstrated in their study.86 Aside
from the enormous cost involved; further research is
stil needed to provide more information on the
effectiveness and feasibility of synthesizing high-
quality graphene with PECVD.

F. Advantages of CVD Graphene Growth Over Other
Methods

Among the three popular methods of producing
graphene — chemical vapor deposition, chemical or
plasma exfoliation from natural graphite, and
mechanical cleavage from natural graphite- CVD is
the most viable method of large-scale production of
graphene film. Mechanical exfoliation involves the
cleavage of graphene layers from natural graphite. It
requires using scotch tape to peel off graphene layers
from graphite. Similarly, chemical exfoliation consists
of the intercalation of graphite in an acidic solution to
enhance the easy peel-off of graphene layers from
graphite. It is the simplest method for graphene
growth; however, the process is time-consuming and
produces thick graphene with no uniform quality
(90,91). Likewise, these methods' industrial
application of graphene has not been ascertained.
Another method of graphene growth is epitaxial
growth on silicon carbide. In this method, SiC is
heated up at a very high temperature, Si molecules

sublime while the carbon atoms condensed to from
graphene layers. The major disadvantage of this
techniqgue is the difficulty in transferring the
synthesized graphene film from one substrate to
another (92). CVD method is widely recognized as a
large-scale synthesis of high-quality graphene film.
Graphene grown using the CVD technique is
transferrable from one substrate to another. It is cost-
efficient with wide industrial applications, especially for
film deposition in semiconductor industries. In
addition, CVD methods generate high-quality
graphene film with excellent uniformity. The films are
used in biomedical, energy storage devices,
electrochemical sensors, electronics, and
optoelectronics devices.

IV. SUMMARY

With its diverse potential applications, graphene
needs to be produced on a large scale for industrial
purposes. Chemical vapor deposition has emerged as
a promising technique for the commercial production
of quality graphene film. The chemical, mechanical,
electrical, and optical properties of graphene were
discussed. Various CVD methods of growing
graphene were also considered in this review. Hot-
wall CVD requires heating the reactor chamber and
substrate at a high temperature and generates
uniform graphene coating on metal substrates. Cold
wall CVD requires heating the substrates only while
maintaining the reaction chamber at a low
temperature; it requires a less complicated setup and
a fast deposition rate. The PECVD method is
facilitated by plasma generated from electromagnetic
radiation while the reaction is maintained at
atmospheric pressure and a low temperature.
Generally, CVD methods is widely recognized as
techniques for large-scale synthesis of high-quality
graphene film. However, the viable approach still has
some shortcomings. Further research on minimizing
the by-product generated during the CVD process is
recommended. In addition, more investigation should
be carried out on efficient graphene transfer from
substrate to another, and high-quality graphene
synthesis using PECVD method.
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