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Abstract: The purpose of this paper is to highlight CVD techniques and methods used in the
synthesis of graphene. Graphene can be synthesized using this technique and by the help of
carbon precursors that can either be in liquid form, gaseous form or solid form. Graphene
produced by this technique is of the highest possible quality and gives the opportunity to grow
large surface area graphene on the desired substrate. Several techniques involving CVD have
been used over the years and as such the method of CVD keeps getting fine tuned and refined.
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1. Introduction

Graphene is a two-dimensional allotrope of carbon which is made up of a one-atom-thick
planar sheet of sp>-bonded carbon atoms densely packed in a honeycomb crystal lattice. It
has been attracting a lot of attention because of its excellent structural and electrical
properties [1], such as high values of Young’'s modulus (~ 1100 GPa) [2], fracture strength
(125 GPa) [2], thermal conductivity (~ 5000 W m™ K*) [3], mobility of charge carriers
(20,000 cm2 V-'s?) [4] and specific surface area (2630 m? g*) [5]. Moreover, the high electron
mobility and tuneable band gap of graphene makes it a potential material for electronics
and sensing applications. It is well known that graphene is a semimetal where the charge
carriers behave as Dirac fermions [1], which gives rise to extraordinary effects such as
mobilities up to 2 x10° cm?/V s [4], ballistic transport distance of up to a micron at room
temperature [6], half-integer quantum Hall effect [7] and absorption of only 2.3% of visible
light [8]. These properties make graphene be widely applied in high frequency electronics
[9], high performance chemical- and bio-sensors, transparent conductors, optoelectronics,
flexible flat panel displays [10] etc. These applications urge establishing synthetic routes
to obtain graphene films of large area and high quality (crystallinity). Several methods
are used to produce graphene, e.g. chemical synthesized graphene, silicon sublimation
from SiC crystals [11-13], and chemical vapor deposition (CVD) using transition metal
catalysts [14-17]. The CVD method is the most suitable among them for commercial
graphene production, as it can create large area graphene films with low cost. Copper
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system is the most promising, as this system produces monolayer/multilayer graphene
selectively, while many of the other transition metal systems create multilayer graphene
films with un-uniform thickness which is intractable for device application [18-20 & 16].
Current key issues are how to form a single-crystalline graphene film by Cu-CVD, because
a CVD graphene film is usually a patchwork of independently grown graphene islands
taking random orientations [21-24]. A possible countermeasure to this problem is to
carefully control carbon atom nucleation and graphene nucleus growth by process
parameters of CVD, such as temperature, pressure, gas-flow, etc. [25, 26].

2. Experimental Details

In general, for any CVD technique following components are always used; (a) CVD furnace
with inlets and outlets for gases, (b) piping for the supply of gases into the furnace, (c)
flowmeters and flow control valves. Although, there are various combinations that are
used, they all achieve the synthesis of graphene on a desired substrate. In 2009, it was the
first time that CVD growth of monolayer graphene films was realized by using
polycrystalline Cu foil as substrate [27]. CVD was recognized as a proficient method for
graphene synthesis, and since then, there have been a lot of studies and experimentations
aiming at further improving the process. Cu as catalyst has many advantages compared
to other transition metals including ease of transfer, economical cost and good control of
number of layers. Growth mechanism by Cu has been proven to be a surface adsorption-
mediated process [28-30]. The used carbon precursor can be, a priori, in the form of gas,
liquid or solid. However, it always needs to be in the form of gas as it reaches the metal
catalyst surface. The most widely used gaseous carbon precursors are hydrocarbons such
as methane (CH4) and acetylene (C2H2). The mechanism of graphene synthesis by Cu
can be divided into three stages. At first stage, the carbon precursor molecules collide on
the metal substrate surface. They can either adsorb on the surface, scatter back to the bulk
gas phase or directly progress to the next stage of the reaction process. At second stage,
the carbon precursor molecules dehydrogenate, partially dehydrogenate or remove
noncarbon elements so that it can form active carbon species. Lastly, during third stage,
these active species coalesce, nucleate and grow into graphene islands on top of the metal
substrate [31]. These graphene islands enlarge until full coverage. If the used carbon
precursor is under the form of liquid or solid, a supplementary stage precedes the collision
phenomenon. Numerous CVD setups have been successfully developed to synthesize
graphene, especially from gaseous carbon precursors. Following figure 1 illustrates the
various types of CVD setups used in labs.

3. Carbon Precursors

The most popular carbon precursors used are Methane (CH,), acetylene (C,H,) and ethylene
(C,H,). One main reason for the popularity of methane is that it has strong C-H bonds
that makes it less likely to undergo any chemical reaction. In the case of methane, operating
temperature for synthesizing graphene is 1000 °C [32, 33]. Recent study in 2016 by Sun et
al. [40] showed the feasibility of directly form large-area high-quality graphene on solid
glasses using methane with I, /1 value from 1.6 to 2.5. Even if the defect level [67] of the
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as-produced graphene was quite high (I,/1.<1), their work demonstrates the great potential
of cheaper and scalable production route for graphene on insulating solid glasses.

All the setups have their own advantages and drawbacks depending on the used
starting reactants and materials. For liquid precursors with elevated boiling point that do
not readily evaporate like ethanol, an external source of heating is required to vaporize
the precursor. The common procedure consists in heating up the catalyst until it reaches
the desired reaction temperature; then, the region with the liquid precursor is heated
above its boiling point. A flow of N2 and H2 carries the gaseous precursor to the metal
substrate location for graphene growth. It is vital that the pathway from the external
heating point to the heated catalyst zone is above the boiling point of the liquid precursor.
Otherwise, the vaporized precursor might return to its original form and deposit onto the
hot quartz tube. This represents an additional lead time as the contaminated quartz tube
will need to be cleaned before a new experimental run can be performed.

4. Liquid Carbon Precursors

In the early years of graphene research, aliphatic linear hydrocarbon like methane has
become the mainstay as it is easy to set up and very stable at elevated temperature. Once
the theoretical groundwork was confirmed, the emergence of liquid and solid precursors
becomes more apparent. It is expected to change the landscape of the graphene synthesis
using CVD method, as liquid carbon precursors are easy to use and relatively inexpensive
as compared to conventional gaseous one [34]. Srivastava et al. [35] involved the use of
hexane (C6H14) with which large-area continuous and uniform graphene films were
formed. This novel method has also allowed an easier way to dope graphene by using
various organic solvents as liquid precursors containing dopant atoms. Since monolayer
graphene has zero band gap, many researchers have identified the use of dopant to
construct a band gap of its own. The use of organic solvents as liquid precursors containing
the desired dopant atoms would allow a better process maneuverability in addition to a
safer and cheaper synthesis route. Li et al. [36] used benzene as liquid hydrocarbon source
and obtained monolayer graphene flakes at a very low reaction temperature of 300 °C.
Benzene molecules were suggested to only need dehydrogenation before it can interconnect
with each other on top of the metal substrate Cu to form graphene. However, no graphene
was found due to insufficient energy at 200 °C, probably temperature is too low to remove
hydrogen and form any graphene. This finding implies that benzene basic structure has
an instrumental impact toward the process of graphene synthesis. A recent publication
by Seo et al. [37] has been touted to be the solution for low-cost synthesis of graphene.
Here, soybean oil was used as the carbon source for graphene synthesis while the main
emphasis was on exploiting the ambient air as the filler for the CVD. Normally, highly
purified compressed gases such as N2, Ar and H2 were used to create a highly controlled
environment for graphene growth. However, single to few layers of continuous graphene
films were converted from a renewable natural precursor in the form of soybean oil. The
CVD technique is significant since it opens a new avenue to other types of renewable
precursors that may also have the potential to be used similar to soybean oil. Other than
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soybean oil, there have been several other complex carbon precursors reported in the
field of graphene synthesis such as waste chicken fat [38], commercial palm oil [39] and
refined cooking palm oil [40]. Among them, waste chicken is very promising as it represents
a huge portion of the waste from the poultry processing industries. The technology to
convert waste materials to high-quality product is always a good way to maximize a
process earning potential with existing resources. The use of liquid precursor is opening
a new frontier in the field of graphene synthesis. By simple observation, although the
most commonly used liquid carbon source for graphene growth is ethanol, the super-
effectiveness of benzene has made it much more popular in recent times. It certainly raises
some very interesting questions regarding the feasibility of liquid benzene as a solution
for low-cost graphene production and the mechanism behind its unique properties
compared to other carbon sources. Liquids require a means to convert the liquid precursor
into gaseous form before it reaches the active metal catalyst region as opposed to gas
precursors. Some of the liquid precursors are volatile organic compounds (VOC) and
carcinogenic in nature making it quite harmful to human health. Hence, high-end safeguard
system is also compulsory to safeguard the well-being of the operators. Liquid precursors
such as benzene and pyridine can synthesize graphene at around 300 °C without the need
of plasma-enhanced CVD. Reduction in the graphene growth reaction temperature directly
lessens the cycle time of graphene CVD and the overall energy that is required to reach
the standard reaction temperature for methane which is around 1000 °C, especially if it is
a hot-wall CVD. Of course, benzene and pyridine also come with their own baggage in
that they are human carcinogens. As long as the drawbacks can be managed, liquid
precursors seem to have a bright future in low-cost largescale production of high-quality
graphene.

From the above tables we can get a clear picture of the available liquid precursors for
graphene synthesis. However, the mechanism by which actual growth of graphene takes
place over the metal substrate can be understood by figure 2 which illustrates a simple
schematic diagram for CVD of graphene from HCB. The presence of Cu in the reaction
can efficiently enhance de-chlorination phenomenon during the process. The drastically
decrease in the reaction temperature to 300 °C [41, 42] was attributed to its basic structure
forming a C6 ring after de-chlorination.

We can see an almost similar mechanism while using simple benzene in CVD processes.
This can be seen in figure 3.

5. Future Prospects

At the moment, many carbon source materials have been tested and they prove to be able
to grow graphene. The expertise and knowledge regarding carbon precursors for graphene
synthesis by CVD still has a long way to go. There are a number of issues and challenges
that need to be continually investigated for the synthesis of graphene via the CVD method:

I. The use of suitable carbon precursor with the right conditions can improve the
production cost. Aromatic compounds epitomize the simplicity of solving the major
stumbling block for graphene commercialization. If a similar setup were used for
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Figure 2: Schematic of graphene flake CVD growth by using hexachlorobenzene. Stage I: Cuand HCB react
and prompt the de-chlorination of HCB; Stage II: HCB molecules entirely dechlorinate to form the
media product C, rings and CuCl,; Stage IIl: The produced media C, rings assembled together
and form graphene on Cu surface
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Figure 3: Schematic diagram of growth mechanism on a Cu surface from benzene by (a) LPCVD; (b) normal
APCVD; (c) oxygen-free APCVD.
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II.

III.

V.

benzene and methane, the graphene growth reaction temperature used for benzene
would be significantly lower than that used for methane, reducing the amount of
energy, lead time and cost of the overall process. However, aromatic compounds
are well known to be carcinogenic in nature. Hence, the safety aspect of the
production setup needs to be in top-notch condition. This issue is something that
can be solved with continuous effort of research. After all, there are a lot of chemical
processes which involved the use of hazardous materials.

Another issue is regarding the transport of carbon precursor through the reaction
chamber. A two-furnace setup for graphene synthesis required while using liquid
and solid carbon precursors are not an ideal setup as it reduces the efficiency of
the process considering the length of the quartz tube that is longer to accommodate
the extra furnace. Some researchers have proposed the use of spray CVD for liquid
precursors. Though, this method requires an extremely high-precision spray
mechanism considering the amount of carbon precursor required for graphene
growth since 1 atom thick is considerably low. Not to mention the gas that will be
used as the external force needs to be inert and not react chemically once it
has gone inside the reaction chamber. A more innovative solution is required so
that graphene can reach its full potential as the next-generation material of the
future.

Recently, new techniques of graphene synthesis besides CVD have been reported.
Laser ablation-induced transformation of graphite into graphene [43],
electrochemical exfoliation [44] and plasma-enhanced arc discharge [45] are some
of the most popular new techniques for graphene synthesis. Is it the sign of CVD
is getting less popular? On the contrary, the rise of new techniques other than
CVD seems to stem from the saturation of CVD research and development. CVD
has been explored for quite some time now. In fact, there are already few papers
that have investigated the feasibility of large-scale production of graphene via
CVD [46]. Development of new techniques allows identifying their advantages
and disadvantages compared to CVD, and this is the whole graphene production
area that makes progress. In the end, the best graphene synthesis method would
probably be a combination of these new techniques with CVD.

The research in this field is somehow overlooked as most researchers are
concentrating efforts on research areas such as plasma etching, laser ablation,
catalyst modification and electrochemical bubbling for graphene transfer. The
research regarding carbon precursors for graphene growth by CVD might seems
simple, but their impact on the graphene growth is not negligible. Recent study
has shown that oxygen-free APCVD using benzene as carbon precursor can grow
graphene (~ 1 cm?) at 300 °C with a surface coverage of 100%, a field-effect mobility
of 1900-2500 cm?/V /s and an optical transmittance of 97.6% [47]. This result is
remarkably better than most graphene produced by plasma-assisted CVD, which
are normally damaged by the bombardment of the plasma energy. Moreover,
plasma-enhanced CVD incurs some cost increase due to the energy that it consumes.
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Unlike PECVD, natural carbon precursors are available in abundance and a cheaper
solution in every sense.

6. Conclusion

Graphene is a super material with extraordinary properties that can be the catalyst for the
evolution of the next-generation devices, and CVD seems to be the most prominent
production route for large-scale production of graphene. After an extensive and
comprehensive investigation on various carbon precursors used to grow graphene, it
appears that the state (liquid, solid and gas) of the carbon precursor does not fully correlate
with the graphene growth conditions. Instead, the chemical structure of the precursor
seems to play the vital role in determining the graphene synthesis. In particular, aromatic
compounds for which the structure is similar to the fundamental network of graphene
appear as interesting precursors. However, more studies that are more thorough need to
be performed so that precise control of graphene growth can be achieved.
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