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Abstract:

This chapter provides an overview of methods used to synthesize single-walled carbon
nanotubes (SWNTs) and graphene. Synthesis methods of commercially available
SWNTs are reviewed first, followed by common in-house methods. Historically
important approaches are discussed, but the focus is primarily on chemical vapor
deposition (CVD). The first part ends with some discussion on how SWNTs can be
tailored to photonics applications at the synthesis stage. Primary routes for graphene
synthesis are described next, in addition to a bit of background regarding the relatively
recent discovery of this two-dimensional material. Exfoliation of bulk graphite into
single-layer graphene is described first, followed by synthesis routes involving reduction
of graphene oxide and epitaxial growth from carbides. The chapter ends with an
overview of CVD synthesis of graphene on metal substrates.
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2.1 Introduction

In this chapter we describe the most common methods for synthesizing single-walled
carbon nanotubes (SWNTs) and graphene. As discussed in the previous chapter, the
physical properties of both SWNTs and graphene are largely determined by their
structure, thus should be independent of synthesis method. However — particularly for
nanotubes — this is not the case. Not only does chirality determine the properties of the
SWNT, but many other factors such as environment, morphology, and presence of
defects can also influence SWNT properties. Basic properties of graphene, such as
electron mobility, are also strongly influenced by the environment, thus control over
external influences is a critical issue. Numerous synthesis methods have emerged over
the years, each having different merits and demerits. Some of these methods will be
introduced and described here, but this will not be a thorough review of the subject.
References are not intended to be comprehensive, but only highlight the first and/or
highly influential works on the topic. We note that it is common to refer to a material by
the way in which it was synthesized, such as HiPco nanotubes or CVD graphene. Lastly,
due to their limited use in photonics — and for the sake of brevity — we omit any
discussion on the synthesis of multi-walled carbon nanotubes.

2.2 Synthesis of single-walled carbon nanotubes (SWNTs)

Methods for synthesizing SWNTs can be roughly categorized into high temperature
(above 2000 °C) and moderate temperature (between 500 and 1500 °C) approaches. In
high temperature approaches, SWNTs condense during the cooling phase of a hot plasma
of sublimated carbon. Such a plasma is typically generated by discharging a powerful
electric arc between two graphite electrodes or by ablating a graphite target using an
intense laser pulse. The former is known as the arc-discharge method, and had been used
for fullerene synthesis (Kratschmer et al., 1990) before leading to the discovery of
SWNTs in 1993 (lijima and Ichihashi, 1993; Bethune et al., 1993). A schematic of an
arc-discharge apparatus is shown in Fig. 2.1. The latter method is known by various
names, including laser ablation, laser furnace, and laser oven. This method is also a
descendant of fullerene research, as it was modified for SWNT synthesis by Richard
Smalley (Guo et al., 1995) shortly before he was awarded the Nobel Prize in Chemistry
for the co-discovery of Cgo (Kroto et al., 1985). In the laser oven method, a graphite
target is placed inside an electric furnace, as shown in Fig. 2.2. The cooling rate is
controlled by keeping the reaction chamber at a moderately high temperature (above

800 °C). As is the case with fullerene synthesis, the cooling rate of the carbon plasma is
critical to forming quality SWNTs, and changing the furnace temperature to adjust the
cooling rate has been found to influence the mean diameter of the resulting SWNTs
(Bandow et al., 1998).

In both of these high temperature methods, the presence of a small amount (a few atomic
per cent) of transition metal in the anode (Bethune et al., 1993; Journet et al., 1997) or in
the target (Guo et al., 1995; Thess et al., 1996) is necessary for the formation of SWNTs.
Nickel was initially regarded as the metal best suited for SWNT synthesis, but bimetallic
mixtures such as Ni/Y for arc-discharge (Shi et al., 1999) and Ni/Co or Rh/Pd for laser
ablation (Kataura et al., 2000) later showed to increase the nanotube yield. Laser ablation
generally results in higher SWNT yield and offers better control over synthesis
parameters than the arc-discharge method, but the prohibitive cost of the requisite high
power laser makes this method less popular than arc-discharge or more economical



alternatives.

High temperature synthesis methods generally produce SWNTs with excellent
crystallinity, but due to the extreme conditions during synthesis and lack of substrate for
catalyst support, they offer little or no control over SWNT location or orientation.
Catalytic chemical vapor deposition (CVD) offers such control, thus is an attractive
alternative to high-temperature methods. Not only does CVD allow for the use of
patterned substrates, but the method is also easily scalable, as evidenced by its
widespread use in the semiconductor industry. CVD is also a more economical
alternative than the aforementioned high temperature approaches because it requires
neither high-power lasers nor high vacuum, and systems can even be operated at
atmospheric pressure. Due to these advantages, CVD has become the synthesis method
of choice for the nanotube community.

The term CVD encompasses a wide range of methods that share the same underlying
principle. In the CVD process, SWNTs are synthesized via a chemical reaction between a
carbon-containing precursor and a catalyst nanoparticle (Dai et al., CPL 1996). The
reaction typically occurs at temperatures between 500 and 1000 °C, and the catalyst
nanoparticles are typically transition metals. A schematic of a substrate-supported CVD
system is shown in Fig. 2.3. Unsupported ‘floating catalyst’ or fluidized bed approaches
are also common, in which a metal-containing precursor such as Fe(CO)s (iron
pentacarbonyl) or Fe(CsHs), (ferrocene) is injected along with the carbon feedstock gas.
The catalyst nanoparticles form in situ via decomposition of the metal-containing
precursor, and subsequently react with the available carbon to form SWNTs before the
gas flow carries them out of the high-temperature region (Satishkumar et al., 1998;
Cheng et al., 1998). Using various CVD approaches, SWNTSs have been synthesized
from a number of feedstock gases including carbon monoxide (Dai et al., 1996; Hafner et
al., 1998), simple hydrocarbons (Kong et al., 1998a; Cassell et al., 1999; Hafner et al.,
1998), and alcohol (Maruyama et al., 2002).

Despite its widespread use in the arc-discharge and laser oven method, Ni has proved to
be a relatively poor catalyst for SWNT synthesis by CVD. The reason for this is not
entirely clear, but Fe, Co, and their compounds have thus far proved to be much more
effective. The majority of CVD methods also utilize MgO, Al,Os, or zeolite as a catalyst
support. Synthesis of SWNTs from catalyst nanoparticles directly deposited on quartz
was demonstrated by Murakami and co-workers (2003), but in most cases of
substrate-supported growth, catalyst support layers are still employed to enhance SWNT
yield.

Although CVD-synthesized carbon fibers have been commercially available since before
the discovery of SWNTs, synthesis of SWNTs has proved much more difficult than
simply scaling down the carbon fiber process. In order to realize SWNT generation,
arc-discharge, laser-over, and new CVD methods needed to be developed. After two
decades of research into SWNT synthesis, a number of well-developed synthesis
methods have emerged. As a result, the cost of SWNTs has dropped to the point where
purchase of commercially available SWNTs is now an economically feasible option.
Interestingly, however, recent CVD methods still resemble the decades-old process used
for carbon fiber generation (Endo, 1988). There have been considerable advancements,



however, in preparation of nanoscale metal catalyst particles and control of the growth
reaction. Researchers developing photonics applications are perhaps more likely to
purchase SWNTs than to synthesize their own, so we describe next the major types of
commercially available SWNTs.

2.2.1 Commercially available SWNTs

A quick Internet search will return a growing list of distributors supplying SWNTs
produced by some of the methods described above, but here we limit our discussion to a
couple of widely available and historically important processes.

The most thoroughly studied SWNT material has been produced by high-pressure
disproportionation of carbon monoxide, or the HiPco® process (Nikolaev et al., 1999),
which was developed by Richard E. Smalley’s group at Rice University. In this process,
gas-phase carbon monoxide and iron pentacarbonyl, Fe(CO)s, are combined under very
high pressure (~30 atm) and temperatures between 900 and 1100 °C (Bronikowski et al.,
2001). The Fe(CO)s decomposes to form iron clusters, which nucleate SWNTs.
Selectivity to SWNTs by the HiPco method is not perfect, so the as-produced material
contains various carbon nanostructures as well as a considerable amount of metal catalyst.
Hence, the SWNTs are generally purified by chemical post-processing, but the
as-produced material is also available. HiPco SWNTs have a somewhat narrow diameter
distribution, ranging from 0.8 to 1.2 nm. Carbon Nanotechnologies Inc. (CNI) brought
the HiPco process to market in the year 2000; it was later acquired by Unidym, the
current producer of HiPco nanotubes. The HiPco process was the first method capable of
producing SWNTSs on a gram-per-day scale. From a research standpoint, quite a lot can
be done with a gram of SWNTs, and HiPco nanotubes were made available to
researchers throughout the nanotube community. This significantly accelerated the pace
of nanotube research by allowing for direct comparison of results from laboratories
around the globe. As a result, HiPco nanotubes became the de facto standard against
which characterization methods and other SWNT properties were compared.

The second most widely available commercial SWNT is known as CoMoCAT®. Similar
to HiPco, CoMoCAT is based on the CO disproportionation reaction. Different to HiPco,
however, the COMoCAT process utilizes a bimetallic cobalt-molybdenum catalyst, and
the reaction takes place at a somewhat lower pressure (~5 atm). Elevated pressure is still
necessary, however, to drive the CO disproportionation reaction away from equilibrium
to produce solid carbon. CoMoCAT nanotubes have a narrow diameter distribution, with
a mean diameter of only 0.8 nm and a high selectivity for the chirality (6,5). The
CoMOoCAT process was originally developed by Daniel Resasco's group at the University
of Oklahoma (Kitiyanan et al., 2000), and was later incorporated into the business
venture SouthWest NanoTechnologies, Inc. (SWeNT).

A third well known method is alcohol catalytic CVD (ACCVD, Maruyama et al., 2002).
Although SWNTs synthesized by the ACCVD method are commercially available
through the University of Tokyo, this fact is not widely known so we introduce the
ACCVD method in the following section addressing in-house methods.

2.2.2 In-house SWNT synthesis methods
Since the optical transition energies of SWNTs are inversely proportional to their



diameter (Kataura et al., 1999), small-diameter SWNTs such as CoMoCAT may be
suitable for some optical applications. For other uses however, attributes such as broad
diameter distribution, controlled morphology, or high-purity of pristine material may be
desirable. Since there is little option to custom-order commercially available SWNTs,
laboratory-scale synthesis methods are still under active development.

The majority of in-house synthesis methods are based on CVD. Due to the flexibility of
the CVD process, there is a huge parameter space to explore, including myriad catalysts,
substrates, carbon precursors, and pressure and temperature ranges. Among these
methods, ACCVD is one of the simplest, and is known to produce very clean,
high-quality SWNTs (Fig. 2.4). The low cost and ease of handling ethanol makes
ACCVD an attractive option, particularly when combined with wet catalyst preparation
methods that do not require expensive vacuum equipment. Two approaches often used
with ACCVD involve loading catalyst nanoparticles onto support materials either by
impregnating the nanoparticles into zeolite (Mukhopadhyay et al., 1999, Maruyama et al.,
2002) or by dip-coating onto flat substrates (Murakami et al., 2003). When synthesized
on zeolite, SWNTs produced by ACCVD have a diameter distribution slightly narrower
than HiPco, but when grown on Si or quartz substrates they have a broad diameter
distribution centered on 1.9 nm. Although the diameter is larger in the
substrate-supported case, the produced SWNTSs are vertically aligned (Murakami et al.,
2004). Catalyst conditions suitable to SWNT synthesis are considerably different to those
resulting in growth of multi-walled nanotubes (Kakehi et al., 2008), and alcohol has
shown to have a high selectivity toward producing SWNTs. The absolute yield, however,
is somewhat lower than other methods.

Perhaps the most well known non-commercial method is the so-called ‘super-growth’, or
water-assisted CVD method (Hata et al., 2004). Ethylene or acetylene precursors are
very widely used to grow nanotubes from Fe catalyst nanoparticles, which form at high
temperature from an alumina-supported Fe thin-film. The water-assisted CVD method
adds to this recipe a small but well-controlled amount of water (~140 ppm). This small
addition was found to significantly enhance both catalyst activity and catalyst lifetime
(Futaba et al., 2005; Hasegawa and Noda, 2011), resulting in very high yield of
substrate-supported SWNTs (Fig. 2.5). Various substrates have been used with this
method, including Si wafers, quartz plates, and metal foils (Hiraoka et al., 2006), but
exceptionally precise control and monitoring of the partial pressures of the high-purity
precursors is critical to successfully reproducing this method (Noda et al., 2007). The
mean diameter of SWNTs synthesized by water-assisted CVD is a rather large 3.0 nm,
and some double-walled nanotubes are also present (Futaba et al., 2006a). The
importance of oxygen in the CVD process was brought to light by the ACCVD method,
where oxygen is present in the alcohol’s hydroxyl group. The water-assisted CVD
method further revealed the importance of oxygen, in this case present as water. The
critical role of oxygen in SWNT synthesis was later clarified in a comprehensive
follow-up study by Futaba and coworkers (2009).

2.3 SWNT synthesis for photonic applications

Due to their quasi-one-dimensional structure, many SWNT properties are highly
anisotropic. Making use of this anisotropy requires that the SWNTs be preferentially
oriented on a macroscopic scale, but SWNTs tend to grow in random directions, forming



a bundled mat of nanotubes. Certain substrates or synthesis conditions, however, can
help tame this naturally disordered system.

2.3.1 Horizontal alignment

Some early success in achieving horizontally aligned growth was obtained by applying
an external electric field (Y.G. Zhang et al., 2001; Joselevich and Lieber, 2002), which
exploited the highly anisotropic polarizability of SWNTs (Benedict et al., 1995). Aligned
growth was also realized by using the flow of the feedstock gas itself (Huang et al.,
JACS, 2003), a method that has produced cm-long SWNTSs (Zhou et al., 2006). The
nanotube density achieved by these methods, however, is generally very low. Ismach and
coworkers (2005) demonstrated the strong influence a substrate could exert on a SWNT’s
orientation by discovering that SWNTs grew along step edges on the surface of slightly
mis-cut quartz crystal. After investigating a variety of crystal surfaces, high-density
aligned growth was found to occur on sapphire (Han et al., 2005; Ago et al., 2005) as
well as on ST-cut crystal quartz (Kocabas et al., 2005). The cause of alignment on
sapphire was quickly obvious, but the latter remained a puzzle for many years because of
the inhomogeneity in the ST-cut surface. It was recently shown that the crystal quartz
R-plane is responsible for the alignment (Chiashi et al., 2012), and the mechanism is
similar to that of aligned growth on sapphire. Some aligned SWNTs grown by these
methods are shown in Fig. 2.6. Highly aligned SWNTs with average linear densities
exceeding 20 SWNTs/um have been achieved (Hong et al., 2010).

2.3.2 Vertical alignment

Orientation perpendicular to the substrate surface is another desirable morphology. This
was first reported in early 2004 (Murakami et al., 2004), and was followed shortly
thereafter by several other reports using numerous CVD methods. Synthesis of vertically
aligned SWNTs (VA-SWNTs) is now a common practice, and various morphologies can
be obtained by patterning the deposited catalyst. One example of this is shown in Fig. 2.7,
where periodic VA-SWNT walls were grown and then knocked over in order to obtain
high-density horizontally aligned SWNTSs (Pint et al., 2008; Hayamizu et al., 2008).

The low volume density (3—5 wt.%) of the VA-SWNT array is attractive for a number of
reasons. The sparse structure means the array has a very high specific surface area
(>1000 m?/g), yet can be compressed while preserving or improving the alignment
(Futaba et al., 2006b). Some applications proposed for such materials are catalyst support
materials and electrodes for super-capacitors or fuel cells. From an electrical/optical
standpoint, it has been shown that the vertically aligned SWNT array is essentially a bulk
material whose properties are determined by those of the constituent one-dimensional
SWNTs (Kramberger et al., 2008). This is attributed to the low extent of bundling within
the array (Einarsson et al., 2007), which preserves the unique properties of the SWNTs
that arise from their one-dimensional structure.

VA-SWNT arrays also offer the advantage of being transferable. Millimeter-scale arrays,
such as that shown in Fig. 2.5a, can be removed from their growth substrate simply by
picking them off with tweezers or scraping them off using a razor blade (Hata et al.,
2004). VA-SWNT arrays as short as 1 um can be removed from the underlying substrate
by submerging the substrate into hot water (Murakami and Maruyama, 2006), provided
the arrays are hydrophobic. The floating array can then be transferred onto any arbitrary



surface — including thin optical fibers (Song et al., 2007) — whilst preserving the
alignment. Additional methods exist that involve, for example, chemically etching away
the substrate to release the vertically aligned SWNT array (Zhang et al., 2005).

2.3.3 Tailoring diameter and chirality distribution

Despite having some control over the SWNT morphology on a large scale, all current
synthesis methods still produce SWNTs with various diameter ranges (Fig. 2.8) and
contain a distribution of chiralities. The mean SWNT diameter can often be tuned by
modifying the catalyst amounts and relative concentrations (e.g., Xiang et al., 2012;
Thurakitseree et al., 2012a). In the case of ACCVD, the mean diameter of vertically
aligned SWNTs could be reduced to less than 1 nm by the addition of a few per cent
acetonitrile (CH,CN) into the ethanol feedstock (Thurakitseree et al., 2012b). Attempts at
reducing the number of chiralities present in a sample usually are based on reducing the
average diameter, but chirality-selective growth has seen limited success. However, a
number of post-processing methods have been developed by which single-chirality
SWNTSs can be extracted. A recent method based on gel chromatography (Liu et al.,
2011) is very promising because it exhibits tremendous potential for large-scale
separation. However, the most common method by which SWNTs are separated is
density gradient ultracentrifugation (DGU). DGU relies on wrapping the SWNTs with
either a surfactant (Arnold et al., 2005) or DNA (Zheng et al., 2003). This wrapping
enhances the minuscule density differences of SWNTs having slightly different
diameters. DGU is capable of separating the SWNTs, but the difficulty associated with
removing these wrapping agents limits the potential uses of the separated SWNTs. An
example of single-chirality extraction is shown in Fig. 2.9. DGU has also seen
widespread use for separating SWNTs based on electronic character (Arnold et al., 2006).
DNA wrapping is perhaps the most effective method to extract single-chirality SWNTs
(Tu et al., 2009), but the yield is extremely low and the procedure is prohibitively
expensive.

While a number of separation methods have been developed, the problem of how to
directly synthesize semiconducting, metallic, or SWNTs of the same chirality remains
unsolved. There have been a number of reports on preferential synthesis of
semiconducting (Y. Li et al., 2004; Qu et al., 2008) or metallic (Harutyunyan et al.,
2009) SWNTs, but work continues in this area. A number of post-processing methods
have also been reported, in which semiconducting or metallic nanotubes are selectively
etched to obtain SWNTSs with a dominant electronic character (G.Y. Zhang et al., 2006;
Miyata et al., 2006). Wet post-processing methods have proved quite effective at
separating metallic and semiconducting SWNTs (not chirality selective), and
type-separated SWNTs can be purchased from Nanolntegris Inc., and Meijo Nano
Carbon Co., Ltd.

2.4  Graphene synthesis

Although the discovery of graphene involved some degree of serendipity, it did not come
entirely out of the blue; the isolation of a single atomic layer of carbon had actually been
pursued for some time. The use of ultra-thin graphite crystals as an ideal support
membrane for high-resolution electron microscopy was suggested more than 50 years
ago (Fernandez-Moran, 1960), but researchers could not manage to obtain anything
thinner than a few nanometers. In fact, despite decades of trying, a single graphene layer



had been so elusive that many assumed it was thermodynamically too unstable to
actually exist, and would instead roll itself into a cylindrical or spherical structure (Kroto
and McKay, 1988; Robertson et al., 1992). Although this explains fullerene formation,
and is generally true in the absence of a supporting surface, we learned in 2004 that
single graphene layers can indeed exist (Novoselov et al., 2004).

2.4.1 Mechanical exfoliation of graphite

As described in the previous chapter, graphene is a planar, single atomic layer of
sp>-bonded carbon. Multiple layers of graphene stacked atop one another is the very
common form of carbon known as graphite. Hence, it should come as no surprise that
single-layer graphene was first obtained by exfoliating these layers from a bulk piece of
graphite.

The Van der Waals interaction between two graphene layers corresponds to a force of
approximately 2 eV mm%, which can be overcome by applying a normal force of
approximately 300 nN to a 1 pm’ piece of graphite (Y.B. Zhang et al., 2005). This weak
force can easily be overcome simply by rubbing a piece of graphite against another
surface, a phenomenon we observe every time we write or draw with a pencil. Many
researchers attempted in this way — with varied degrees of success — to shear off a single
layer of graphene. In 1999 The Ruoff group clearly demonstrated the potential of this
approach to obtain a single layer (Fig. 2.10), but were ultimately unsuccessful (Lu et al.,
1999). The Kim group attempted to improve upon Ruoff’s attempt by essentially scaling
down the pencil. They attached a tiny piece of graphite onto the tip of an atomic force
microscope (AFM), in hopes that they could adjust the applied force to an appropriate
magnitude that would cause the shearing of individual layers (Y.B. Zhang et al., 2005).
This approach was also promising, but they were unable to obtain anything thinner than
10 nm. What was eventually successful, however, was conceptually an equally simple
approach.

Anyone who has used or seen a demonstration of an AFM or scanning tunneling
microscope (STM) is probably familiar with the hexagonal surface of highly oriented
pyrolytic graphite (HOPG). In order to obtain a flat surface for clear imaging, the
topmost layers of the HOPG sample are cleaved from the bulk by simply attaching a
piece of adhesive tape and peeling it off. The freshly cleaved HOPG is then placed on the
sample stage while the piece of tape is discarded. One day, a group of researchers at
Manchester University turned their attention to the piece of tape and decided to see how
far they could scale down the cleaving process.

Novoselov and co-workers fixed small ‘mesas’ of HOPG atop a glass substrate by
embedding them in a photoresist. These graphite mesas were then made increasingly thin
by repeatedly cleaving with adhesive tape. Eventually, single layers of graphene
remained in the photoresist, and were released by dissolving the resist with acetone and
rinsing with water. After capturing the floating graphite and graphene layers by dipping a
silicon wafer into the solution, they were faced with the more difficult task of finding the
atomically thin layers. Purely by chance, the researchers had captured the floating
graphene using a silicon wafer coated with a 300 nm thick oxide layer; this turned out to
be extremely fortunate.



Since the surface of the Si wafer was far too large an area to survey using scanning probe
methods, and graphene is nearly invisible inside an electron microscope, the researchers’
only choice was to manually search using an optical microscope. It turns out that at the
wavelength where the human eye is most sensitive (550 nm), a single layer of graphene
will provide maximum contrast when sitting atop a silicon wafer coated with an oxide
layer either 90 or 300 nm thick (Blake et al., 2007). The reason is that the system forms a
Fabry-Perot multilayer cavity, in which ‘the oxide surface reflects a rainbow of colours,
and the interference pattern produced by layers of graphene on the oxide provides a faint
but visible contrast, much like the fringes in an oily puddle’ (Geim and MacDonald,
2007). This contrast can be clearly seen in the optical image in Fig. 2.11. The
serendipitous choice of substrate therefore meant single-layer graphene was first detected
by the human eye.

The method described above (Novoselov et al., 2004) was subsequently simplified into
what is now known as the ‘Scotch™ tape method’ or ‘drawing method’ (Novoselov et al.,
2005). As its name implies, one cleaves the topmost layer from a piece of HOPG, and
then cleaves that thin layer repeatedly using the same adhesive tape. Statistically, a 1 um
flake should be reduced to one atomic layer after cleaving a dozen times. The tape is then
gently rubbed against a substrate suitable for locating graphene, i.e., a Si wafer coated
with an oxide layer 90 or 300 nm thick. One then searches for the thinnest flakes using
an optical microscope (a green filter facilitates the process). This simple method, which
basically requires nothing more than a typical optical microscope and your favorite brand
of sticky-tape, is capable of producing graphene flakes hundreds of square micrometers
in size (Novoselov et al., 2005). Videos demonstrating the process are also readily
available online.

2.4.2 Chemical exfoliation of graphite

Chemists had also been attempting to obtain individual graphene layers for many years,
but of course doing so in solution. Their primary approach was to generate a reaction that
would splinter a piece of graphite into its component atomic layers by intercalating a
material in between the layers and then reacting the intercalant. The most common
method is known as Hummers method (Hummers and Offeman, 1958), and involves
intercalation of potassium permanganate into a graphite crystal. This process alone does
not separate the individual graphene layers, but dramatically increases the interlayer
spacing. One can then splinter apart the expanded graphite by heating it extremely
rapidly, e.g., at more than 2000 °C/min (Schniepp et al., 2006; Stankovich et al., 2007).
This causes the intercalant to decompose, generating CO, at a rate faster than the gas can
escape, and essentially blows the graphite apart. The product of chemical exfoliation
methods such as Hummers method is not pristine graphene but a functionalized form
known as graphene oxide (GO). An optical image of GO obtained by fluorescence
quenching microscopy is shown in Fig. 2.12 (J.M. Kim et al., 2010). In GO, most of the
sp’-bonded planar structure has been converted into an sp>-bonded material. This step
must somehow be undone by completely reducing the GO. Determining how to do this
effectively is the goal of a very active research community, a review of which is beyond
the scope of this chapter. We suggest the interested reader look for recent review articles
on the subject, such as those by Park and Ruoff (2009), Eda and Chhowalla (2010), or
Loh et al. (2011).



An alternate chemical method for obtaining graphene is by exfoliating and dispersing
graphite in an organic solvent such as N-methyl-pyrrolidone, or NMP (Hernandez et al.,
2008). This method may be of particular interest to those in the photonics community, as
organic solvents such as NMP have been used for dispersing SWNTSs without the need
for surfactants (Furtado et al., 2004). A similar approach has also been effectively used
with carbon nanotubes and graphene to fabricate broadband optical limiters (Riggs et al.,
2000; Lim et al., 2011). The graphene layers are not oxidized by this method thus should
have fewer defects and be usable directly after deposition. Intercalation by an
electron-donor such as potassium prior to dispersion charges the graphene sheets to the
point that the charged graphite spontaneously delaminates when placed in NMP; no
sonication required (Vallés et al., 2008).

Although generally defect-inducing and thus avoided, sonication can have its merits. As
is the case with SWNT dispersions, ultrasonication of graphene dispersions can induce
significant defects and even break up the material. Very aggressive sonication can thus

be a means to obtain small fragments or ribbons of graphene (X.L. Li et al., 2008), which
become semiconducting if the nanoribbon has a width of less than ~20 nm (Nakada et al.,
1996). Some progress on ‘unzipping’ carbon nanotubes to obtain graphene nanoribbons
has also been reported (Kosynkin et al., 2009; Jiao et al., 2009).

2.4.3 Epitaxial growth of graphene

Methods described in the previous two sections share one common drawback, and that is
the difficulty in placing the obtained graphene in a specified location. One method by
which graphene can be synthesized in precisely controlled locations is epitaxial growth
of graphene directly from a carbide surface. In this approach, the carbide is heated to a
temperature that is sufficiently high to evaporate the non-carbon atoms from the surface,
leaving a pure carbon surface behind. Under appropriate conditions, the remaining
carbon atoms reorganize themselves into graphene. It has been found that this thermal
process considerably roughens the surface when performed in vacuum, typically
resulting in multiple layers of poorly formed graphene (Hass et al., 2008). Under an
argon atmosphere, however, well-formed single-layer graphene can be formed on a
Si-terminated SiC surface. Sublimation of the Si from the surface requires temperatures
above 1500 °C, but the resulting graphene is of very high quality and is well suited for
wafer-scale processing (Emtsev et al., 2009). Patterning the SiC surface also allows one
to control the size, shape, and location of graphene with the precision necessary to
fabricate graphene integrated circuits (Berger et al., 2006, Sprinkle et al., 2010, Lin et al.,
2011), as shown in Fig. 2.13. Despite the advantages of epitaxial growth, the scalability
is poor due to the high processing temperature and cost of SiC wafers. As was the case
with SWNTs, researchers have thus changed their focus to the less costly, more scalable
CVD method.

2.4.4 Graphene synthesis by chemical vapor deposition

By building on a decade’s worth of literature on nanotube synthesis, graphene synthesis
by CVD has progressed very rapidly. It turns out the choice of precursors is much less
restrictive than for SWNTs, as graphene has been synthesized from everything from
methane to ordinary table sugar (Sun et al., 2010). Regardless, methane is very widely
used and is well suited for producing high-quality single-layer graphene (K.S. Kim et al.,
2009; X.S. Li et al., 2009a). A wide range of transition metal substrates can also be used,
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with reports of growth on iridium (Coraux et al., 2008), ruthenium (Sutter et al., 2008),
platinum (Sutter et al., 2009), copper (X.S. Li et al., 2009a), nickel (K.S. Kim et al.,
2009), and palladium (Murata et al., 2010). Among these, Ni and Cu have been the most
thoroughly studied, and it turns out the graphene growth mechanism on these metals is
quite different. The following two mechanisms have been identified by isotopically
labeling the carbon precursors used during CVD and then evaluating the Raman spectra
of the resulting graphene (X.S. Li et al., 2009b).

Carbon has very limited solubility in copper, so it is believed that carbon supplied during
CVD primarily adsorbs onto the Cu surface and assembles into a planar sp” network.
This exclusively surface process suggests the growth on Cu is self-limiting, with excess
carbon having little influence on the final product. On the other hand, carbon has an
appreciable solubility in nickel, thus carbon supplied during CVD can dissolve into the
bulk Ni. When the temperature begins to decrease from the growth temperature (typically
900 °C or higher) a portion of the dissolved carbon segregates out of the bulk, forming a
graphitic layer on Ni(111) free surfaces (Odahara et al., 2011; Takahashi et al., 2012). As
the temperature decreases further, however, the carbon that is still dissolved in the Ni
will precipitate out of the bulk and form additional layers of graphitic carbon on the
surface (Shelton et al., 1974; Eizenberg et al., 1979). Terminating the CVD process with
a fast cooling (quenching) step has been widely used to limit the precipitation and obtain
single-layer or few-layer graphene on nickel (K.S. Kim et al., 2009), but is not necessary
when using copper substrates. As segregation only occurs on Ni(111) surfaces, the use of
single-crystal substrates becomes necessary for synthesis of uniform, high-quality
graphene on nickel (Y. Zhang et al., 2010). In addition to surface precipitation, dissolved
carbon can also exit the bulk by emerging from step edges present on the Ni surface
(Weatherup et al., 2011). The carbon can then extend out across the surface, forming an
sp” network (Gamo et al., 1997). This process is illustrated in Fig. 2.14, and is
reminiscent of earlier findings by the same group regarding nanotube wall formation
(Hofmann et al., 2007).

CVD-grown graphene can be easily patterned (Reina et al., 2009), and various methods
for post-CVD transfer of graphene have been reported (e.g., Reina et al., 2009; K.S. Kim
etal., 2009; X.S. Li et al., 2009a). The electrical properties of CVD-grown graphene are
still inferior to those of graphene obtained by exfoliation methods, but the optical
properties of CVD graphene can be uniform over large areas (Fig. 2.15). Roll-to-roll
production of transparent electrodes using CVD-grown graphene has already been
realized, demonstrating the scalability of CVD methods.

Raman spectroscopy has proved to be an invaluable tool for the study and
characterization of graphene. The primary reason Raman spectroscopy is used to
characterize graphene is that the 2D band (the overtone of the D band, also called G’) is
sensitive to the number of graphene layers (Ferrari et al., 2006), as shown in Fig. 2.16.
This allows one to distinguish single-layer graphene from multi-layer or even bi-layer
graphene using a simple, nondestructive spectroscopic measurement. Furthermore, the D
band feature, which arises from symmetry breaking often due to the presence of defects,
has been found to come primarily from crystallite edges (Pimenta et al., 2007). The ratio
of the D band intensity to the G band intensity can thus be used to estimate the crystallite
size (Cangado et al., 2006).
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Much has been learned about CVD synthesis of graphene, but one thing that has recently
become clear is that the product is usually not the single atomic layer of carbon we
imagine. In graphite, the graphene layers are stacked atop one another with some relative
orientation. The lowest energy case is known as Bernal (or AB) stacking, and in this
configuration the graphene unit cells are offset in such a way that the atoms in the upper
layer are concentric with the hexagons of the layer below. Significant interlayer coupling
in this configuration modifies the m electron dispersion relations near the K point in the
Brillouin zone. This leads to additional double-resonance Raman scattering processes,
which cause the 2D (G’) Raman feature to become broader and asymmetric, allowing
one to distinguish between single-layer and bi-layer graphene (Ferrari et al., 2006; Castro
Neto et al., 2009). CVD-grown graphene often exhibits the simple, symmetric lineshape
associated with single-layer graphene, but recent findings shows this may have been
misleading.

When stacked graphene layers are offset from this AB configuration, a moiré pattern
appears and the interlayer coupling weakens. This makes the Raman spectra of
multi-layer graphene nearly indistinguishable from that of single-layer graphene
(MacDonald and Bistritzer, 2011). However, a decreased Fermi velocity in such
offset-stacked graphene should cause a slight shift in the position of the 2D Raman line
(dos Santos et al., 2007; Ni et al., 2008). It turns out that many processes believed to
have produced single-layer graphene had been incorrectly identified. Furthermore, when
graphene is synthesized on SiC, the first one or more layers are strongly bound to the
underlying SiC, thus do not exhibit the 2D lineshape associated with single-layer
graphene (Hass et al., 2008). Due to a strong carbon-nickel interaction, the bottom-most
graphene layer grown on nickel is similarly Raman silent (Takahashi et al., 2012).
Interestingly, however, moiré patterns are generally not found for graphene grown on Cu
substrates. This has been explained by copper’s self-limiting surface-adsorption growth
mechanism described above (X.S. Li et al., 2009b). In light of this new information, the
focus of the graphene synthesis community has recently shifted to obtaining not only true
single-layer graphene, but also single-crystal graphene by CVD (X.S. Li et al., 2011;
Gao etal., 2012, Yan et al., 2012).

2.5 Summary and outlook

Synthesis of SWNTs has been thoroughly investigated over the past two decades. In the
resulting body of scientific literature, much of the parameter space has been explored and
we are now able to select suitable precursors, catalysts, and growth conditions to
synthesize high-quality SWNTs in appreciable amounts. There are a number of methods
available by which we can exert control over the properties or morphology of the
synthesized nanotubes, but the challenges of precisely controlling diameter and chirality
remain. Regardless of these challenges, the maturity of CVD as an affordable, reliable
synthesis method has made SWNTs increasingly available. Further advances in diameter
and chirality control will be of particular interest to the photonics community.

The scientific community has also made great strides in its ability to synthesize graphene,
whether using novel or revisited approaches. The variety in synthesis methods — from
simple tabletop procedures to large-scale wet-chemical processes — offers flexibility in
choosing the appropriate method for a desired application. Mechanical exfoliation, for
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example, generally provides graphene flakes with the best crystallinity and the largest
domain size. Chemical reduction of graphene oxide, on the other hand, can produce
uniform graphene over large areas. Precise patterns of graphene can also be grown
directly on the face of SiC. Synthesis by CVD, however, hopes to realize patternable,
highly crystalline graphene. It seems copper has emerged as the substrate of choice for
graphene synthesis by CVD, and improvements in quality and post-processing in this
fast-moving field will undoubtedly facilitate the development of many novel electronic
and optoelectronic applications in the near future.
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Figure 2.1

Schematic of the apparatus used to synthesize SWNTs by the arc-discharge method.
Fullerenes are formed in the soot, and SWNTs can be nucleated by adding a small
amount of metal in the negative electrode. Adapted with permission from X. Zhao et al.
(1996). Copyright 1996, Meijo University.
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Figure 2.2

Schematic of the apparatus used to synthesize SWNTs by the laser ablation method. A
graphite target containing a few atomic per cent of transition metal sits inside an electric
furnace. SWNTs are synthesized by ablating the target with a pulsed laser under flowing
argon. SWNTs are collected on a cooled piece of copper located downstream. Reprinted
from Guo et al. (1995) with permission from Elsevier (recreated for clarity).
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Figure 2.3

Simplified schematic showing a CVD system in which the catalyst is supported by a
substrate. Various carbon-containing precursors can be used to synthesize SWNTs under
a wide range of temperatures and pressures.

Figure 2.4

Transmission electron micrograph showing the clean, high-quality SWNTs synthesized
from ethanol vapor. Reprinted from Maruyama et al. (2002) with permission from

Elsevier.
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Figure 2.5

(a) Photograph of 1.5 mm nanotube forest synthesized by the water-assisted CVD
method. (b) Low-resolution and (c) high-resolution TEM micrographs of the SWNTs.
Adapted with permission from Nishino et al. (2007), J. Phys. Chem. C 111,
17961-17965. Copyright 2007, American Chemical Society.
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Figure 2.6

Scanning electron micrographs showing aligned SWNTs synthesized on (a) crystal
quartz, and (b) sapphire substrates. (a) is reprinted with permission from Hong et al.
(2010). Copyright 2010, Wiley-Blackwell. (b) is reprinted with permission from Ago et
al. (2010), J. Phys. Chem. C 114, 12925-12930. Copyright 2010, American Chemical
Society.

24



Figure 2.7

Scanning electron micrograph showing an array of SWNTs patterned into thin walls.
Inset shows a higher magnification image of the wall. Reprinted with permission from
Pint et al. (2008), ACS Nano 2, 1871-1878. Copyright 2008, American Chemical
Society.
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Figure 2.8
Approximate diameter ranges for SWNTs produced by various methods.
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Figure 2.9
Photoluminescence excitation map of dispersed pristine SWNTs (left) and (6,5) SWNTs
selectively extracted by density gradient ultracentrifugation (right). Adapted with

permission from P. Zhao et al. (2010), J. Phys. Chem. C 114, 4831-4834. Copyright
2010, American Chemical Society.

Fig 2.10
Scanning electron micrographs of (a) a thin graphite flake next to an HOPG island on a
Si(001) surface, and (b) several thin flakes sheared off from one HOPG island. Reprinted

with permission from Lu et al. (1999), Nanotechnology 10, 269-272. Copyright 1999,
IOP Publishing.

26



Figure 2.11

Optical image of graphene sitting atop a silicon wafer with 300 nm silicon oxide layer. A

single layer is visible near the center of the image, and overlapping layers considerably

darken the appearance. Adapted with permission from the University of Manchester.
Copyright 2012, the University of Manchester.
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Figure 2.12

Left: preparation of graphene oxide flakes for imaging by fluorescence quenching
microscopy. Right: optical image of graphene oxide flakes visibly enhanced by a
removable dye coating. Adapted with permission from J.M. Kim et al. (2010), J. Am.
Chem. Soc. 132, 260-267. Copyright 2010, American Chemical Society.
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Figure 2.13

Optical micrograph of graphene transistor array obtained by patterned synthesis on SiC.

Inset shows the source (S), drain (D), and gate (G) electrodes. Channel length is 7 um,
and density is 40,000 devices per cm®. Adapted with permission from Macmillan
Publishers Ltd: Nature Nanotechnol. 5: 727-731, copyright 2010.

Figure 2.14
Graphene growth mechanism proposed by Hofmann and co-workers in which the
precursor (1) dissociates, (2) diffuses through the Ni, (3) re-emerges at a step edge, and

(4) extends the sp” graphene network. Reprinted with permission from Weatherup et al.

(2011), Nano Lett. 11, 4154-4160. Copyright 2011, American Chemical Society.
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Figure 2.15

(a) Roll-to-roll process by which CVD-grown graphene is transferred onto a transparent
polymer sheet. (b) A 30-inch (76 cm) graphene film after transfer. Adapted with
permission from Macmillan Publishers Ltd: Nature Nanotechnol. 5: 574-578, copyright
2010.
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Figure 2.16

(a) Comparison of Raman spectra for bulk graphite and graphene at 514 nm excitation.
Spectra have been scaled to have similar 2D peak intensities (at ~2700 cm™). (b,c)
Evolution of the 2D feature with layer number for (b) 514 nm and (c) 633 nm excitation.
Reprinted with permission from Ferrari et al. (2006) Phys. Rev. Lett. 97, 187401.
Copyright 2006 by the American Physical Society.
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