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Abstract

Graphene, the atomically thin sheet of sp? hybridized carbon atoms arranged in hon-
eycomb structure, is becoming the forefront of material research. The chemical vapor
deposition (CVD) process has been explored significantly to synthesis large size single
crystals and uniform films of monolayer and bilayer graphene. In this prospect, the
nucleation and growth mechanism of graphene on a catalytic substrate play the fun-
damental role on the control growth of layers and large domain. The transition metals
and their alloys have been recognized as the active catalyst for growth of monolayer and
bilayer graphene, where the surface composition of such catalysts also plays critical role
on graphene growth. CVD-synthesized graphene has been integrated with bulk semicon-
ductors such as Si and GaN for the fabrication of solar cells, photodetectors, and light-
emitting diodes. Furthermore, CVD graphene has been integrated with hexagonal boron
nitride (hBN) and transition metal dichalcogenides (TMDCs) for the fabrication of van
der Waals heterostructure for nanoelectronic, optoelectronic, energy devices, and other
emerging technologies. The fundamental of the graphene growth process by a CVD tech-
nique and various emerging applications in heterostructure devices is discussed in detail.

Keywords: graphene, CVD synthesis, atmospheric and low pressure, catalyst, graphene
heterostructure

1. Introduction

Graphene was first introduced in 2004 by Prof. Andre Geim and Prof. Konstantin Novoselov
by exfoliation of graphite using scotch-tape [1]. Prior to this ground breaking work, Peierls
and Landau have predicted that the two-dimensional (2D) layered materials are thermody-
namically unstable and difficult to find in nature [2—4]. The advent of atomically thin gra-
phene revolutionized the 2D materials in physics, chemistry, and engineering fields, opening
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enormous potential applications [5-10]. Considering the pioneering work on graphene, the
2010 Nobel Prize in Physics was awarded to Prof. Geim and Prof. Novoselov. Graphene can
be considered as the main building block of various other forms of sp? hybridized carbon
atoms (Figure 1). One of the most well-known allotrope is buckminsterfullerene also called
as buckyball or fullerene (C,)), which was discovered in 1986 by R. F. Curl, H. W. Kroto and
R. E. Smalley [11]. The soccer ball look-alike buckyball with a diameter only of 7.1 A and
consisting of 12 pentagons and 20 hexagons carbon rings. Its existence had been predicted
earlier in 1970, by the Japanese theoretician Eiji Ozawa et al. [12]. Similarly, carbon nanotubes
(CNTs), another form of carbon, have generated significant interest in the research fraternity
due to their fascinating properties such as a one-dimensional (1D) structure [13]. In contrast
to a buckyball, the CNTs can be considered as a rolled sheet of graphene forming 1D tubular
structure. A rolled single sheet graphene will form single walled CNTs, while multiple rolled
graphene sheet will create multi-walled CNTs. Graphene quantum dots (GQDs) and nanorib-
bons are also explored considering their unique characteristics [14, 15]. The discussed various
forms of crystalline carbon in different dimensions (i.e., zero, one, two, and three dimensions)
exhibit contrasting physical and chemical properties and are prominent materials for wide
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Figure 1. 2D graphene sheet is the building block of other forms of sp* hybridized carbon in all other dimensions. The
graphene sheet can be wrapped to form fullerene (zero dimension), rolled into nanotubes (one dimension), or stacked
into graphite (three dimension). [Reprinted with permission from Ref. [9]].
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range of applications. Various physical phenomena and structure-related properties have
been explored or discovered, while graphene can be ideal form of the materials to understand
the various other forms. In the chapter, we focused on graphene growth process on catalyst
substrates by the low and atmospheric pressure CVD process. Subsequently, we emphasize
on different possible catalysts for graphene growth and their surface structures for selective
growth of monolayer, bilayer, and large single crystal domains. Recent development and
emerging applications of CVD graphene for the fabrication of heterostructures with bulk
semiconductor and van der Waals heterostructures with other two-dimensional (2D) materi-
als were introduced and explained.

2. Crystal structure and basic properties of graphene

The unit cell of graphene contains two carbon atoms and the graphene lattice can be con-
sidered to be made of by two sublattices, A and B (Figure 2(a)). The A and B sublattices are
triangular Bravais lattices; therefore, the graphene honeycomb lattice can be viewed as a
triangular Bravais lattice also called as hexagonal lattice with a two-atom basis (A and B).
Figure 2(a) shows the honeycomb lattice of graphene. The vectors 9,, d,, and d, connect near-
est neighboring carbon atoms, separated by a distance of a = 0.142 nm. The vectors a, and a,
are basis vectors of the triangular Bravais lattice. The reciprocal lattice of the triangular lattice
with primitive lattice vectors a*, and a*, is presented in Figure 2(b). In the center, the shaded
region represents the first Brillouin zone, with its center I, and the two inequivalent corners K
(black squares) and K’ (white squares). The m-bands electronic dispersion relations for the 2D
honeycomb crystal lattice of graphene under the tight binding (TB) approximation is shown
in Figure 2(c). Plots are shown for the electron energy dispersion for w and 7'-bands in the
first and extended Brillouin zones as contour plots at equidistant energies and as pseudo-3D
representations for the 2D structures. Electronic band structure can be simply presented by a
Dirac cone, where the valance and conduction band touch at Dirac point [16]. The cone-shape
energy band structures present linear electronic dispersion and density of states (DOS) of
graphene, which significantly differ from conventional metals and semiconductors.

The quantum confinement of the electrons in absence of a third dimension provides graphene
various exciting properties. Electrons in graphene behave as massless relativistic fermions at low
temperatures, which is an unusual behavior for condensed-matter system [16]. Graphene shows
an unusual (relativistic) quantum Hall effect with an applied perpendicular magnetic field at a
temperature as high as room temperature [6]. The massless Dirac fermion (i.e., charge carrier)
of graphene moves at ballistic speed in submicron length, close to relativistic speeds. It has been
estimated that the intrinsic carrier mobility of graphene is as high as 200,000 cm? V-'s! [18]. The
2D graphene sheet is also known to be an excellent current conductor; the sustainability of current
density is six orders higher than of normal Cu [9]. Graphene also shows exceptional mechani-
cal strength, with breaking strength of ~40 N/m and the Young’s modulus of ~1.0 TPa [8]. The
thermal conductivity of a suspended graphene sheet at room temperature has been measured
as in the range of 4.84 x 10°-5.3 x 10° W/mK [19]. The absorption coefficient of graphene has been
determined from the fine structure constant (a = €*/fic), which signifies that the absorbance and
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Figure 2. (a) Two graphene sub-lattices (A and B) and unit cell. (b) Reciprocal lattice of the graphene lattice, presenting the
Brillouin zone, and (c) -bands electronic dispersion relations for a 2D honeycomb crystal lattice of graphene under the tight
binding (TB)approximation (http://demonstrations.wolfram.com/GrapheneBrillouinZoneAndElectronicEnergyDispersion).
(d) Electronic band structure and presentation of Dirac point of 2D graphene crystal.

transparency of graphene is independent of wavelength. A monolayer graphene absorb 2.3 +0.1%;
of the incident light with a negligible reflectance of <0.1% [7]. Graphene, with only one atomic
layer, has a high surface area-to-volume ratio without affecting much of the mechanical proper-
ties. In the chemistry point of view, graphene sheets can be functionalized with other elements to
achieve heterogeneous chemical and electronic structures. The basic properties of graphene-based

material are summarized in Table 1.

Properties  Graphene References
Electrical * Band structure for Graphite r/I]?)IrlZ;f)\Eth]al. (18]
e Carrier mobility~200,000 cm? V-'s™ Zhang et al. [6]
¢ Unusual (relativistic) quantum Hall effect Geim and Novoselov [9)]
e Excellent conductor (Can sustain 6 orders higher current than Cu)
Optical e Graphene absorb 2.3 + 0.1% of light (From fine structure constant), = Nair et al. [7]
independent of wavelength
Thermal Thermal conductivity~4.84 x 10° to 5.3 x 10° W/mK Balandin et al. [19]
Mechanical ~Breaking strength of ~40 N/m and Young’s modulus of ~1.0 TPa Lee et al. [8]
Chemical Functionalization with various functional groups Loh et al. [20]

Table 1. Properties of graphene 2D crystals.
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3. Synthesis of graphene-based materials

The first demonstrated process to derive graphene was exfoliation of graphite by using a
simple scotch tape technique [21]. The repeated exfoliation on a substrate surface enabled to
derive a very thin sheet consisting of few-layers graphene. The unique physical properties of
the exfoliated 2D graphene sheet led to several outstanding innovations in graphene deriving
and synthesis process. Mechanical exfoliated graphene has been widely studied to investigate
physical properties of graphene and electronic device fabrication [8-12, 21]. The scotch tape
technique produces only a few micron sheet, which has only limited application prospective.
Again, the technique is time consuming and basically depends on trial and error approach
with difficulties to locate with repeatability. The other well-known approach explored in the
very beginning of the graphene research is epitaxial growth on silicon carbide (5iC). Graphene
on SiC has been synthesized by high temperature annealing process (>1300°C) in high vacuum
chamber [22, 23]. In the annealing process, top layer of SiC undergoes thermal decomposition,
where Si atoms desorb and carbon atoms remain on the surface rearranging and bonding to
form sp? hybridized graphene structure. The main drawback of graphene growth on SiC is
small domain structures with the presence of steps and terrace edges. Again, the high cost
of SiC substrate and high processing temperature in vacuum chamber make less industrial
attractive. The other alternative approach is reducing of chemically exfoliated graphene oxide
(GO) to derive large quantity of graphene flakes [20, 24]. GO has been synthesized at around
room temperature by a modified Hummer method that involves rigorous oxidation of pure
graphitic materials [25, 26]. The oxygen-related functional groups enhance the interlayer dis-
tance of graphene sheets of graphite, which make it possible to exfoliate readily with reduce
van der Waals interaction between the layers. GO is an insulating graphene sheet containing
epoxy and hydroxyl oxygen functional groups on the basal plane and at the edges [27-29].
GO-based materials are electronically hybrid material that features both 7 state of sp? carbon
and the o state of sp* bonded carbon with oxygen. Controlling the sp? and sp* hybridized
carbon atoms ratio with oxidation and reduction process the desirable optical and electronic
properties can be achieved [20]. However, significant structural defects are induced in the
graphene lattice with reduction of GO, which considerably effect the mechanical and electri-
cal properties. Although the chemical exfoliation and reduction process can be carried out at
room temperature to synthesize a large quantity of graphene, it does not satisfy the norms
for electronic grade materials. Nevertheless, there are various possibilities for composite and
electrode materials for energy conversion and storage devices.

In the above-discussed point of views, the CVD process is one of the most prominent approaches
for the synthesis of high quality graphene with a controlled number of layers in large area. In
the CVD approach, hydrocarbons are decomposed and catalyzed to form sp? hybridized car-
bon for lateral growth on a substrate. Graphene can be synthesized with desired structures
depending on the CVD process, catalyst substrates, nature of precursors, base pressure, and
gas composition. Recent significant development of high-quality and single crystal graphene
synthesis by the CVD technique on metal substrates opens up new possibilities for applications
[32-37]. In the following, we discuss in detail about the CVD synthesis process and growth
mechanism of graphene on various catalyst substrates.
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4. Development of chemical vapor deposition process

Growth of the graphitic layer on a transition metal substrate owing to atomic carbon segrega-
tion has been well known for many years [30]. Synthesis of planar nanographene (PFLGs) was
demonstrated by Somani et al. by a simple CVD technique [31]. The graphitic structure included
about ~35 layers of graphene, due to high segregation of carbon atoms on the Ni foil. The pro-
cess was further developed to achieve control growth of monolayer, bilayer, and few layer gra-
phene on the Ni-deposited SiO,/Si and Ni foil [32, 33]. The main challenge of CVD graphene
structure is to remove and transfer on an insulating substrate for physical properties character-
ization. In the later stage, transfer process of CVD graphene onto an arbitrary substrate without
disturbing the intrinsic properties has been developed [34]. Transferring of a CVD graphene
can be achieved by wet or dry etching of the catalytic layer and placing on a desirable substrate
surface. The CVD process has been significantly explored to grow large size single crystals and
high quality wafer-scale monolayer and bilayer graphene. In this prospect, the nucleation and
growth mechanism of graphene on a catalytic substrate play the fundamental role in the for-
mation of large domains and number of layers. The transition metals, alloys, and liquid metals
have been recognized as the catalyst for growth of monolayer and bilayer graphene, where the
surface composition of solid catalyst substrates also plays critical role on graphene growth.
The thermodynamic and kinetic parameters are also crucial in graphene growth process, where
pressure and temperature are both key factors [32-39]. The graphene growth mechanisms are
discussed for the atmospheric and low pressure CVD technique in the following section.

5. Atmospheric and low pressure CVD technique

The atmospheric pressure chemical vapor deposition (APCVD) system consists of horizontal
quartz tube connected to gas inlet and outlet [40]. Figure 3(a) and (b) presents schematic of two
different possible APCVD and low pressure CVD (LPCVD) system depending on the precur-
sor materials. Gaseous precursors can be supplied from external sources, while solid and liquid
precursors can be directly inserted in the CVD chamber for graphene growth. The growth cham-
ber pressure in graphene growth has been significantly explored to control the nucleation den-
sity and number of layers [41-45]. It has been observed that the activation energy of nucleation
dramatically affects by the pressure i.e., different for the APCVD and LPCVD techniques. The
effect of chamber pressure on graphene nucleation has been explored on Cu catalyst substrate,
considering the self-limiting behavior for monolayer graphene growth on Cu [43-45]. It has
been observed that the graphene nucleation density affected by several fundamental processes
occurred on the Cu surface. These are: (i) precursor adsorption, (ii) formation of active carbon
species (dehydrogenation), (iii) diffusion of active carbon on the surface, and (iv) critical size
nuclei formation that competes with (v) desorption. Now, most of these processes are affected by
the background pressure of CVD and responsible for the difference between the low and atmo-
spheric pressure growth of graphene [45]. The overall pressure significantly affects desorption of
various species from the catalyst surface. It has been explained that due to the collisions with the
buffer gas in the diffusion layer close to the surface, the desorbed species have a higher returning
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rate to the surface at higher pressures. The effect is inversely proportional to the background pres-
sure, making the evaporation rates at atmospheric pressure more than 3 orders of the magnitude
lower than at reduced pressures. In LPCVD process, diffusion of the gas decreases proportionally
to the reciprocal of the pressure. The pressure for LPCVD system is typically ~10-1000 Pa, while
the standard atmospheric pressure is 101,325 Pa. If the pressure in the CVD process is reduced
from atmospheric pressure to about 100 Pa the diffusion will decrease by almost 1000 times [46].
Hence, the velocity of mass transport will reduce to the substrate surface inside growth chamber,
allowing uniform and homogenous growth of graphene. Thus, graphene growth is less depen-
dent on mass transport velocity in the LPCVD process [45, 47].

It has been reported that the carbon atoms adsorption energies on a Cu surface vary within
4.1-7.5 eV range, where graphene nucleation on the catalyst substrate significantly depends
on desorption/etching of small active carbon species. It has been also reported that the Cu
evaporation rate in vacuum is significantly high, which is around 4 pm/hour at 1000°C [48].
The high evaporation rate of Cu in a LPCVD process promotes desorption of carbon species
adsorbed on top of the catalyst, leading to a lower nucleation density. The reported activation
energy of nucleation, E, ~3—4 eV at low pressures and temperature >950°C [45, 47]. On the
other hand, sublimation of Cu in the APCVD process is significantly less, which lead increased
activation energy for Cu atoms desorption as well as desorption energy of carbon atoms from
the catalyst surface (E__~9 eV) [45]. Thus, graphene nucleation and growth significantly dif-
fer depending on the pressure of the CVD chamber affecting absorption and desorption of
carbon atoms (Figure 4). Along with Cu, various other catalyst substrates have been explored
for uniform monolayer or bilayer graphene growth in the CVD process as discussed below.
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Figure 3. Two different possible CVD systems depending on the precursor materials. (a) External supply of gasses
precursor and (b) Directly inserted solid and liquid precursors in APCVD and LPCVD modes.
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Figure 4. Activation energy differ for low and atmospheric pressure CVD. At low pressure, evaporation of Cu is
significant which limits nucleation of graphene (E  _~ 4 eV). Cu evaporation is less at atmospheric pressure CVD, where
nucleation activation energy is higher (E__~9 eV). [Reprinted with permission from Ref. [45].
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6. Catalysts for CVD process

6.1. Single transition metal catalyst

The CVD growth of graphene has been mostly investigated on transition metal catalysts
(Ni, Cu, Co, Pt, Ag, Ru, Ir, Pd, etc.) [31-39, 49-53]. Growth of pyrolytic carbon films or lay-
ers of graphite have been first observed on Ni catalyst with introduction of hydrocarbon or
evaporated carbon materials [30, 54]. Almost at the same time, the formation of graphitic
layers on single crystal Pt and Ru was observed in catalysis experiments. The formation of
graphitic layers can be explained with diffusion and segregation of carbon impurities on
the metal surface during the annealing and cooling process. At an elevated temperature,
hydrocarbons were thermally decomposed and surface absorption/desorption or segre-
gation of carbon occur depending on carbon-metal solubility for graphene growth. The
above-discussed (Section 5) absorption/desorption of carbon atoms for particular catalyst
substrate can significantly differ, depending on carbon solubility on metal surface. Again,
the metal catalyst can be polycrystalline or single crystalline in nature. The grain boundar-
ies, crystallographic orientation of grain can significantly influence the absorption/desorp-
tion or segregation of carbon atoms, which leads diverse morphologies of graphene on
different metal catalysts. In the following, we discussed two simple model of graphene
growth process on highly carbon soluble Ni and low carbon soluble Cu catalyst. The sta-
bility and the reactivity of Ni at high temperatures, as well as its high carbon solubility
(0.6 weight % at 1326°C), have been explored for graphene growth in the initial stage of
CVD research [55]. The lattice constant of Ni is 3.52 A and its first-neighbor distance in
the bulk is 2.49 A, which is almost identical to the lattice constant of graphene 2.46 A [55,
56]. Figure 5(a) shows the growth model of graphene on the Ni catalyst. Bulk diffusion
of carbon atoms can be dominant depending on the CVD growth conditions for high car-
bon soluble transition metal catalysts (Figure 5(a)). The nonequilibrium process leads to
the carbon precipitation on the surface and the formation of graphene during the cooling
down process [56-59]. It is difficult to obtain uniform graphene films with minimal micro-
structural defects on polycrystalline Ni, owing to multiple nucleation and unpredictable
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quantity of segregated carbon. Contrary to the Ni catalyst substrate, Cu has a filled 3D
shell that results in a low carbon solubility (0.008 weight % at 1084°C) and reduces the
tendency for adsorbing hydrocarbons onto the Cu surface [60-62]. This favors an extensive
surface migration of carbon adatoms on the Cu surface and a minimum diffusion into
the bulk of Cu. The low affinity of carbon for Cu is also shown in the absence of carbide
formation. The lattice constant of Cu is 3.61 A and its first-neighbor distance in the bulk is
2.56 A, which is slightly different than the lattice constant of graphene which is 2.46 A. The
lattice mismatch is around 3.7%, larger than of between Ni and graphene (1.2%), which
indicates favorable growth on the Cu surfaces but with easier transfer due to the weaker
interactions between graphene and Cu substrate. The carbon source precursor molecules
are decomposed before being adsorbed by the Cu catalyst where the dehydrogenation of
the molecules takes place, followed by the surface migration and the growth (Figure 5(b))
[62-64]. Growth conditions and substrate grain orientations of Cu also influence the
growth of the graphene crystals. Considering the effect of catalyst substrate polycrystal-
line nature, epitaxial growth of graphene on single crystal Ni (111) and Cu (111) has been
also explored [65-67]. Graphene can be grown with a preferred orientation on Cu(111),
and even seamless sticking of graphene domains on Cu(111) substrates has been obtained.
Thus, unidirectional alignment of nucleated graphene crystals on a single-crystal metal

Figure5. (a) Graphene growth process on highly carbon soluble metal substrate (e. g., Ni). Decomposition, dehydrogenation,
bulk diffusion, and segregation process determined the graphene nucleation and growth. (b) Graphene growth process
on a low carbon soluble metal substrate (e.g., Cu). Decomposition, dehydrogenation, and surface adsorption/desorption
process determined the graphene nucleation and growth.
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substrate can be the perfect solution to grow uniform graphene films. However, Synthesis
of graphene on a single-crystal metal substrate is not suitable for large-scale production
owing to the high cost and the difficulty of preparing single-crystal metal. Significant effort
has been also made to synthesis large single crystal graphene on the metal catalyst to
overcome the limitation of smaller graphene domain and polycrystalline nature [68-74]. In
this prospect, modification of the Cu substrate surface by oxidation has enabled to reduce
nucleation density, which allows large-area lateral growth of the same crystal (Figure 6)
[72]. The processing of the Cu substrate surface is critical as well as the growth of kinetic
parameters determine the size and shape of the single crystals. The main challenge toward
this research prospect is to produce continuous large-area film with the same large size
single domains in a less growth duration.

6.2. Binary transition metal catalyst

One of the important aspects, we learn from the above discussion, is that the traditional
polycrystalline or single-crystalline metal catalysts have enabled the growth of uniform
graphene film by complex pretreatments or precise parameter controlling. Rational design-
ing of a binary catalyst can be significant to control nucleation density, number of layers,
solubility of carbon and dopant, which will provide significant control in the CVD growth
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Figure 6. Oxidizing treatment of Cu for large domain growth. (a) Photographs of Cu foils after the annealing treatment
in Ar and H, atmospheres. (b) XPS spectra of the Cu surface at different stages of the annealing. (c) SEM images of a large
graphene domain (~510 um). (d) Formation of millimeter scale structures with merging of two graphene domains (560
and 825 pum). [Reprinted with permission from Ref. [72].
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process. Bilayer graphene with AA, AB stacking and rotation stacking fault is interesting
prospect to observe novel physical properties (Figure 7(a)) [75-77]. It has been demon-
strated that applying a vertical electric field in bilayer graphene-based field effect transistor
(FET), a bandgap of the order of 0.2-0.3 eV can be observed [78]. Significant research effort
has been given for control growth of bilayer graphene using a binary alloy catalyst to adjust
the solubility of the carbon atoms. The solubility of carbon species at high temperature in
Cu and Ni is significantly different, which leads to distinct growth behavior as discussed
in Section 6.1. Growth of bilayer graphene can be achieved on Cu-Ni alloys with more than
90% coverage adjusting the Ni concentration in the alloy [79]. Synthesis of a highly uniform
bilayer graphene film by the CVD process has been also achieved on an epitaxial Cu-Ni
(111) binary alloy catalysts [80]. In the case of the epitaxial Cu-Ni alloy also the relative
concentration of Ni and Cu as well as the other thermodynamic and kinetic parameters
such as temperature, cooling profile, and gas composition strongly influence the unifor-
mity of bilayer graphene growth. The other metal alloy such as Ni-Mo, Au-Ni, Co-Cu, etc.
also can be significant to achieve control growth of graphene in a CVD process [81-84].
The present challenges toward this direction are selection of proper metal for alloy, com-
position, and alloy preparation techniques for further development. Significant effort has
been also made to design alloy-based catalyst to achieve faster growth of larger graphene
domains [85]. The binary alloy catalyst also facilitates to control the solubility of carbon
and dopant atoms to achieve substitutional doping. Remi et al. have demonstrated that

13-CH, (a) 12-CH, AB-stacked bilayer (P)
Rop Rudedodt
NI -
Cu-Ni
Melamin.e ;
%)

s . Nitrogen doped bilaye‘rgF;phene 1200 1700 2200 2700
®Cu ®Ni «C N Raman shift (em)

Figure 7. Graphene growth on the Cu-Ni binary alloy catalyst substrate by a CVD technique. (a) and (b) Schematics of
the CVD growth process of AB stacked bilayer graphene on the Cu-Ni alloy. (c) Transmission electron microscopy (TEM)
and diffraction analysis of the graphene. [Reprinted with permission from Ref. [76]]. (d) and (e) Schematic of nitrogen-
doped bilayer graphene growth on the Cu-Ni binary alloy using a melamine solid precursor and (f) Raman spectra of
the bilayer domain. [Reprinted with permission from Ref. [86]].
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large nitrogen-doped bilayer graphene domains can be synthesized on the Cu-Ni binary
alloy as shown in Figure 7(b) [86].

6.3. Liquid metal catalyst

Unidirectional nucleation and growth can be achieved on a liquid metal in the absence of
a crystalline lattice and amorphous atomic structure, which is truly homogeneous [87, 88].
The quasi-atomically smooth surface of the liquid to avoid defects or grain boundaries
such as those found in solid metals can be perfect choice for single layer graphene growth
in the CVD process. The perfectly smooth liquid surface supports uniform nucleation and
growth of graphene. The growth of graphene governed by a self-limited surface cata-
lytic process and is robust to variations in CVD growth conditions [89, 90]. Homogenous
monolayer graphene growth on liquid metals has been achieved using the CVD pro-
cess. The p-block element, such as liquid Ga, has been also demonstrated as an attrac-
tive option for large high-quality graphene growth and expanding the catalyst family
for graphene growth beyond d-block transition metals. Growth of monolayer graphene
on liquid indium (In) and gallium (Ga) has been demonstrated, without the formation of
sublayers as shown in Figure 8 [90]. Thus, the development of various catalysts for the
CVD process and achieving growth of graphene with desired numbers of layer, crystalline
structure, and morphology with the highest quality will enable commercial applications.
The comparison of various catalyst types for the graphene growth process is summarized
in Table 2.
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Figure 8. Typical growth results on liquid metal substrates. (a—c) Optical microscope images of graphene grown on
liquid Cu, In and Ga respectively, which demonstrates the excellent uniformity of the single-layer graphene. (d-f)
Layer distribution determined by RGB color analysis of the corresponding optical microscope images [Reprinted with
permission from Chem. Mater. 2014; 26(12): 3637-3643].



Fundamentals of Chemical Vapor Deposited Graphene and Emerging Applications
http://dx.doi.org/10.5772/67514

Type of catalysts Merits Demerits
Polycrystalline metal 1. Low cost 1. Nonuniform growth
2. Easy processability 2. Multilayer growth
3. Simple CVD approach 3. Defect in grain boundaries
Single crystal metal 1. Unidirectional nucleation 1. Difficult to produce large area
graphene

2. Uniform monolayer
2. High processing cost for single
crystal metal preparation

Binary alloy 1. Control layer growth 3. Alloy preparation technique
2. Controllable doping of graphene 4. High processing cost

Liquid metal 1. Uniform single layer graphene 1. Handling and processability

2. Transfer process (for example,
transferring from liquid Ga
surface)

Table 2. A comparison of catalyst types for various graphene growth process.

7. Heterostructure of CVD graphene with other semiconductors

The heterostructure of CVD graphene with other bulk and two-dimensional (2D) semicon-
ductors has been developing extremely fast. Novel heterostructure devices are in main focus
for solar cell, light-emitting diodes, photodetectors, gas sensors, tunneling transistors, reso-
nant tunneling diodes, etc. [91]. This has enabled to utilize and integrate the properties of dif-
ferent materials to fabricate new highly efficient device architecture. Graphene with excellent
electrical conductivity, tunable work function, doping to obtain p-type and n-type and high
optical transparency has significant potential to combine with other semiconductor to fabri-
cate novel devices. In the earlier stage, graphene considered to suitable transparent conductor
for touch panel devices and as an alternative to metal oxide-based transparent conductors.
Recently, applications of graphene have spread into many other areas, such as nanomechani-
cal systems, nonvolatile memory, optoelectronics, interconnections, thermal management,
and bioelectronics. Among these applications, graphene-based solar cells, photodetectors,
light-emitting diodes are the most interesting because of their remarkable performances as
transparent electrodes and active layers for photoelectric devices, which make them promis-
ing solutions for fast-response and energy-efficient applications. In the following sections, we
discuss elaborately various CVD graphene-based heterostructures.

7.1. Graphene-Si heterostructure

Heterojunction of CVD graphene and Si has been extensively studied for solar cells and
photodetector applications [92]. The transparency of CVD graphene in a wide wavelength
range makes it possible to fabricate a broad wavelength range photodetector and utilize
much higher solar light to achieve high conversion efficiency. Again, the density of state
(DOS) for graphene significantly differs than that of conventional metals. It can be observed
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that conventional metal has a finite DOS near Fermi energy, whereas graphene has a zero
DOS at the Fermi energy (as discussed in Section 2). The unusual optoelectronic properties
of graphene open new opportunities in device engineering than that of conventional metal-
semiconductor-based devices. The CVD graphene on n-Si can create a Schottky junction with
a large build-in potential due to its suitable work function as well as prospect to tune the bar-
rier height. CVD synthesized a large-area monolayer or few-layer graphene has been trans-
ferred on the n-Si or p-Si substrate to create a heterojunction [94]. The CVD graphene film
coated on the patterned Si substrate with an insulating and metallic layer attached perfectly
with excellent contact (Figure 9). Excellent rectification diode characteristic can be observed
for the graphene/n-Si device. The low leakage current can be attributed to uniform contact of
the graphene film on Si surface. Photovoltaic action has been observed with illumination of
white light. The exciton dissociation can be achieved to obtain a photovoltaic action by creat-
ing a suitable barrier height in the graphene/Si heterojunction [92-94]. Recent studies show
more than 10% conversion efficiency of CVD graphene/n-Si Schottky junction solar cells [95].
The interesting fact is that by chemical or substitutional doping of graphene allows to tune
the electronic state to make p-type or n-type as well as changing the work function. There are
enormous potential in this device technology for various optoelectronics application. Such a
simple device structure with easy fabrication process can be ideal to integrate for wafer scale
production within the existing Si solar cell manufacturing process.
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Figure 9. (a) Schematic of fabricated graphene-Si heterojunction. (b) Optical microscope image of silver nanoparticles
(AgNPs) coated graphene/Si heterostructure. (c) Current-voltage curves for AgNPs-graphene/n-Si solar cell. (d)
Photoresponsivity at 550 nm wavelength. [Reprinted with permission from Ref. [94]].
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7.2. Graphene-GaN heterostructure

Integration of CVD graphene with wide bandgap semiconductors has also attracted sig-
nificant attention for optoelectronic device applications. GaN is one of the most promising
wide bandgap semiconductors for applications in optoelectronic and other electronic devices
such as light-emitting diodes, laser diodes, solar cells, and high-electron-mobility transistors
[95-99]. The transparency of metal oxide conductors is poor in the UV and near UV region,
which affects the photodetectors efficiency and brightness of LEDs. In this prospect, a high
transparent conductor in the UV region can be the only solution and CVD graphene is the
ideal candidate. Another important aspect is low thermal conductivity of metal oxide trans-
parent conductors, reduces the diffusion efficiency of the heat generated during the operation
of LEDs. Graphene/GaN heterojunction can be most chemically robust and nondegradable
under harsh conditions. The conventional metals like Ni, Pt, and Pd have been used for the
fabrication of Schottky junction with GaN. However, diffusion of the metal into semiconduc-
tor at elevated temperatures enhances the tunneling of the carriers across the barrier, causing
a decrease in thermionic emission current, i.e., lowering of the barrier and hence restricts the
high temperature operation of the device. Graphene has been combined with n and p type
GaN in lateral and vertical heterostructure to fabricate light emitting diode and photodetec-
tors (Figure 10) [98]. The fabrication of light emitting diode has been demonstrated using a
tunnel junction configuration such as graphene/n-In Ga, N/p-GaN. Similarly, a graphene/
GaN-based Schottky UV photodetector has been investigated for higher and faster response
than the conventional detectors. UV photodetector device has been fabricated with monolayer
CVD graphene. High photoresponsivity has been achieved in the wavelength below 360 nm,
corresponding to the band edge absorption of GaN [99]. The current ratio with and without
luminescence has been achieved as high as 1.6 x 10% Similarly, multi-layer CVD graphene
has been also investigated for photodetector or light-emitting diodes. A method of directly
growing graphene films on GaN by the CVD process can be also favorable for fabrication pro-
cess compatibility. Nevertheless, there are many challenges in graphene-GaN heterojunction
fabrications and interface engineering. The important aspect is to understand the graphene/
GaN interface physics and transport mechanism for carriers transporting across it. There is
plenty of scope to develop 2D (graphene)-3D (Si, GaN, GaAs and other bulk semiconductors)
heterostructure for fabrication of energy-efficient devices.

7.3. Graphene-hexagonal boron nitride heterostructure

Significant research interest has been given to develop atomically thin 2D heterostructure of
graphene and hexagonal boron nitride (hBN) [100]. hBN can be considered as a structural
analogue of graphene, which is composed of alternating boron and nitrogen atoms in a hon-
eycomb lattice rather than the carbon atoms. Graphene with a zero bandgap is a semimetal-
lic as discussed in Section 1, while hBN with a bandgap of ~6 eV is insulating [100-107].
Significant carrier mobility of graphene has been achieved on atomically flat hBN as a dielec-
tric layer for the FET device. hBN with no dangling bond and charge traps make an ideal
dielectric material for graphene electronics [104]. It has been also observed that a measur-
able bandgap can be induced in graphene using hBN as a substrate, opening a new prospect
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for the FET fabrication. Recent studies have also revealed that an obvious bandgap can be
introduced by in-plane hBN and graphene heterostructures fabrication with a relatively high
carrier mobility [106]. In these prospects of vertical heterostructures, the hBN and graphene
layer can be transferred individually to fabricate a stack of layers, while a growth process
is unavoidable for in-plane heterostructure fabrication. Various CVD approaches have been
developed for the fabrication in-plane hBNC hybrid or hBN-graphene heterostructures on
the catalyst substrate (e.g., Cu) [106, 107]. These approaches are one-batch growth and two-
step patching growth models. Ajayan et al. have demonstrated the synthesis of hBNC film
and observed significant influence on electronic property, such as the electrical conductivity
and opening a bandgap attributing to the quantum confinement effect or spin polarization at
specific C-BN boundaries (Figure 11) [106]. Subsequently, hydrogen-induced etching process
of graphene or hBN layer has been developed for lateral epitaxial growth of h-BN/graphene
structure with sharp interfaces [107]. Temperature-triggered chemical switching growth of
in-plane and vertically stacked heterostructures has been also achieved in the same growth
process [108]. There are significant potential to control the etched structure and domain for-
mation in an hBN-graphene heterostructure to realize a considerable bandgap. The control in
size, shape, interface, and domain structure will be critical for further development of both
in-plane and vertical hBN/graphene heterostructure.
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Figure 10. (a) Schematic diagram of graphene-GaN device. (b) and (c): Energy band diagram of graphene/p-GaN and
graphene/n-GaN junctions. (d) and (e): Forward current-voltage (I-V) characteristics for p-, n-GaN/graphene junctions,
respectively; insets of (d) and (e) present the corresponding reverse I-V curves. [Reprinted with permission from Ref. [98]].
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Figure 11. Synthesis of hBNC film by a CVD approach to introduce a bandgap in the hybrid structure. (a) AFM image
of the uniform hBNC transferred onto SiO,/Si substrates. (b) High resolution TEM images presenting the section view of
the hBNC film. (c) Moiré patterns of a two layer packing in the hBNC film. (d) EELS spectrum of the hBNC films showing
three K-shell excitation edges of B, C and N respectively. (e) UV-Vis absorption spectra of pure hBN, graphene, and
hBNC hybrid. (f) Atomic models for the hBNC film. [Reprinted with permission from Ref. [106]].

7.4. Graphene-transition metal dichalcogenides heterostructure

The monolayer transition metal dichalcogenides (TMDC) materials have received significant
attention due to the presence of a direct bandgap. TMDCs, such as molybdenum disulfide
(MoS,), tungsten disulfide (WS,), thenium disulfide (ReS,), tungsten diselenide (WSe,), etc.,
are the family of compound materials with the generalized formula MX,, where M is transi-
tion metal and X is a chalcogen such as S, Se, or Te. The individual layer of TMDCs consists of
three atomic layers in which the transition metal is sandwiched between two chalcogens. The
electronic and optoelectronic components fabricated using TMDC-layered materials, such
as FET, sensors, and photodetectors, have the potential to substitute conventional Si-based
electronics and organic semiconductors [109-111]. TMDC-layered materials have been
derived by mechanical exfoliation, liquid exfoliation, solvothermal process, and sulfuriza-
tion of transition metal-based precursors [112-115]. Among various approaches, the CVD
technique is one of the most suitable approaches to obtain wafer-scale uniformity for device
fabrication [113, 115]. TMDC materials synthesis by the CVD process is independent of cata-
lyst in contrast to the graphene and hBN CVD synthesis. TMDC layers have been combined
with graphene and hBN for the fabrication of transistors, photodetectors, solar cell, sensors,
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etc. by exploiting their discrete physical properties [116, 117, 119]. Graphene and TMDCs,
such as MoS,, WS, etc., have been combined to fabricate a heterojunction photodetectors.
Various other novel devices have been proposed or developed based on heterostructures
formed between MoS, and graphene. Electronic logic and memory devices have already
been constructed from graphene-MoS, hybrids [114]. The graphene-MoS, heterostructures
have also been adopted to demonstrate an extremely high photo-gain and the ultrasensitive
sensors fabrication [118, 119]. Considering the significant potential, efforts have been made
to grow graphene-TMDCs hybrid structures by a CVD technique (Figure 12). Direct synthe-
sis of TMDC layer on graphene has been developed; such large-area van der Waals hetero-
structures show a significant improvement in photoresponse. In-plane or vertically oriented
growth of TMDCs on graphene also has great potential in the hydrogen evolution reaction
and sensing device applications.

The beauty of these material systems is that we can design and develop accordingly to
achieve something unexpected. Various other layered materials and their heterostructures
are emerging with intriguing properties for possible practical nanoelectronics, optoelectron-
ics and energy conversion and storage devices. We expect that the further development of
the CVD method will be the forefront of research area to develop graphene and other 2D
materials.
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Figure 12. CVD synthesis of monolayer MoS, on graphene. (a) TEM images and electron diffraction pattern suggests the
Van-der-Waals epitaxy of MoS,/graphene layers. (b) Raman spectra of the MoS,/graphene heterostructure. [Reprinted
with permission from Ref. [119]].
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8. Summary

In the very outset of the chapter, we have discussed the background of graphene research devel-
opment leading to a new area of research in physics, chemistry, and engineering of 2D crys-
tals. The crystal structure and basic optical, mechanical, electrical, and thermal properties of
graphene were presented. Deriving or synthesis of graphene by various approaches was intro-
duced. Among the synthesis processes, a CVD approach has been extensively explored for con-
trolled growth of high quality and large-area graphene for electronic device applications. The
thermodynamic and kinetic parameters have a critical role in graphene nucleation and growth
process in the CVD method. The pressure and temperature are both key factors for graphene
growth, where the kinetic factors, such as gas flow, precursor flow rate, and gas composition
pressure also play important roles on graphene quality and structural morphology. We intro-
duced the atmospheric and low pressure CVD technique and growth dynamics of graphene
continues film and large single crystals. Catalyst also plays a significant role on the quality of
graphene synthesized by the CVD process. We have discussed about the polycrystalline and sin-
gle crystalline transition metal catalysts and their effect on graphene growth. The surface modi-
fication, such as oxidation, plays an important role to reduce nucleation density and thereby
achieving centimeter scale single crystal graphene growth in a CVD approach. We also intro-
duced the monolayer graphene growth behavior on a liquid metal catalyst. Next, we discussed
about the emerging application of the CVD graphene and fabrication of various heterostructure
and hybrid materials. CVD graphene has been integrated with bulk semiconductor such as Si
and GaN for fabrication of advanced device structure for solar cell, photodetector, and light-
emitting diode applications. In-plane and vertical heterostructures of hBN-graphene have been
developed by the CVD process. The control in size, shape, and interface of domain structure will
be critical for further development of both in-plane and vertical hBN/graphene heterostructures.
Further, graphene and TMDCs (MoS,, WS, etc.) based van der Waals heterostructures have been
developed by the CVD process for nanoelectronic, optoelectronic, energy storage, and conver-
sion applications. We expect further development of the CVD method, which will be one of the
forefronts of research area to develop graphene and other 2D materials in the coming years.
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