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Abstract

Graphene because of its unique electrical (electron mobility = 2 x 10° cm?V™s™), mechanical (E
= 1 TPa), optical, thermal and chemical properties has generated a lot of interest among the
research community in recent years. One of the most notable methods of synthesizing large area
pristine graphene sheets, which are several 100 micrometers wide, is through thermal chemical
vapor deposition (CVD). But very little has been known about the effects of heating and cooling
rate of the substrate on the quality of graphene produced. Hence we varied various growth
parameters to understand the process of graphene growth on Cu and Ni substrates when
subjected to fast heating and quenching. This allowed optimization of the CVD process to

achieve large-area graphene films consistently and repeatedly.

This work provides new insights on synthesis of graphene at atmospheric pressures and the effect
of (a) fast heating and fast cooling of substrates, (b) catalyst type and (c) gas flow rates on
quality of the graphene produced. A carbon nanotube CVD furnace was restored and modified to

accommodate graphene synthesis.

We started with synthesis of graphene on Cu substrate following procedures already available in
the literature (heating rate ~ 15 °C/min and cooling rate ~ 5 °C/min; total processing time 7
hours). This provided a good reference point for the particular furnace and the test setup. The
best results were obtained for 15 minutes of growth at a CH,4:H, ratio of 1:30 at 950 °C. SEM
images showed full coverage of the substrate by few layer graphene (FLG), which was indicated

by the relatively high I,p/lg ratio of 0.44.

The furnace was further modified to facilitate fast cooling (~4 °C/sec) of substrate while still

being in inert atmosphere (Argon). The effect of growth time and concentration of CH, was



studied for this modified procedure (at H, flow rate of 300 SCCM). SEM images showed full
coverage for a CH, flow rate of 10 SCCM in as little as 6 minutes of growth time. This coupled
with the fast cooling cycle effectively reduced the overall time of graphene synthesis by 7 times.
The Iyp/lg ratio in Raman spectrum was 0.4 indicating that the quality of graphene synthesized

was similar to that obtained in conventional CVD.

This modification also facilitated introduction of catalyst substrate after the furnace has reached
growth temperature (fast heating ~8 °C/sec). Hence, the overall time required for graphene
synthesis was reduced to ~6 % (30 minutes) when compared to the traditional procedure. SEM
images showed formation of high concentration few layer graphene islands. This was attributed
to the impurities on the catalyst surface, which in the traditional procedure would have been
etched away during the long heating period. The optimum process parameters were 30 minutes
of growth with 20 SCCM of CH,4 and 300 SCCM of H; at 950 °C. The Raman spectrum for this

condition showed a relatively high l,p/lIg ratio of 0.66.

We also studied the effect of Ni as a catalyst. Similar to Cu, for Ni also, traditional procedure
found in the literature was used to optimize the graphene growth for this particular furnace. Best
results were obtained for 10 minutes of growth time with 120 SCCM of CH,4 in 300 SCCM of H,
at 950 °C. SEM images showed large grain growth (~50 um) with full coverage. The Raman

spectrum showed formation of bi-layer graphene with a I,p/l¢ ratio of 1.03.

Later the effect of growth time and concentration of the hydrocarbon precursor for Ni substrate
subjected to fast heating (~ 8 °C/sec) was studied. It was found that because the process of

graphene synthesis on Ni is by segregation, growth period or gas flow rate had little effect on the



quality and size of the graphene sheets because of the presence of impurities on the substrate.

This procedure yielded multilayer graphite instead of graphene under all conditions.

Future work will involve study of changing several other parameters like type of hydrocarbon
precursor and pressure in the chamber for graphene synthesis. Also various other substrates like
Cu or Ni based alloys will be studied to identify the behavior of graphene growth using this

novel procedure.
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Chapter 1 - Introduction

Nanotechnology is defined as the study of engineering functional systems at the molecular scale.
The term nanotechnology deals with a size range between 1 to 100 nm. Nano comes from
“nanos”, a Greek word meaning dwarf. Although this is a relatively new concept, the
development of the core concept happened over a longer period of time. The development of
nanotechnology was guided by the invention of scanning tunneling microscope in 1981 and the
discovery of fullerenes in 1985 by Harry Kroto, Richard Smalley and Robert Curl, who together

won the 1996 Nobel Prize in chemistry.

The field of nanotechnology is divided into three major categories, (i) zero-dimensional (0D)
nanostructures (e.g., quantum dots); (ii) one dimensional (1D) nanostructures (e.g., hano-tubes,
nano-wires, nano-rods); and two-dimensional (2D) structures (e.g., graphene, boron nitride,
molybdenum sulfide and tungsten sulfide nanosheets). Carbon emerges as one of the most
remarkable elements found in a significant number of compounds. Nanostructures of carbon are
the most studied of all other elements due to the ease in synthesizing these thermodynamically
stable carbon structures. Graphene, a single atomic layer of carbon, has attracted considerable

interest after the material was isolated in 2004 by Novoselov et al.

1.1 Morphology of graphene

Graphene is a mono layer of sp’-bonded carbon atoms tightly packed in a two dimensional
honeycomb lattice. The carbon bond length in graphene is about 0.142 nm. Graphene layers

stacked together forms graphite with an inter-planar spacing of 0.335 nm, which means that a



stack of three million sheets would be only one millimeter thick. Bilayer and few layer graphene
consist of 2 and 3 to 10 layers of these 2D sheets, respectively. These carbon atoms can be
arranged in a Bernal (AB) stacking or ABC stacking. Each carbon atom is bonded in-plane
together with ¢ bonds, providing a solid hexagonal network while the out-of-plane © bonds

accomplish the weak interaction between different graphene layers.

o bond 7 bond

N

Figure 1.1 (A) Artistic representation of graphene. The image clearly shows the hexagonal
structure of graphene. It more or less looks like a chicken mesh with the nodes made of
carbon atoms. Each carbon atom is covalently bonded with three other carbon atoms
forming this very high strength structure. Graphene can be stacked in two possible
arrangements: (B) Bernal or AB stacking and (C) rhombohedral or ABC stacking. (D)
Schematic of in-plane 6 bonds and & orbitals perpendicular to the plane of graphene sheets

[Source: Ref no.55].



1.2 Discovery of graphene

Graphite is the most common form of carbon, which consists of stacked layers of carbon which
are covalently bonded in a hexagonal structure. It had been known to exist for centuries. In1996
Nobel Prize in chemistry was awarded for the discovery of C60 otherwise called as Bucky balls.
It is made up from 20 hexagons and 12 pentagons which along the surface to form a sphere.
Another form of carbon the nanotubes were known to exist for several decades and the Single

Walled Carbon nanotubes (SWCNT) since 1993.

It is well known that stable three-dimensional graphite crystals are composed of stacked
graphene layers that are weakly coupled by van der Waals forces. However, it was proved
theoretically and experimentally that it becomes thermodynamically unstable at finite
temperatures when the thickness of the crystal was brought down to a few layers®® as it
decomposed and segregated into islands as the melting temperature of thin films rapidly
decreases with thickness. This theory was disproved when free-standing graphene was created in
2004 by Novoselov et al., * through the "micromechanical cleavage" of highly-oriented pyrolytic

graphite (HOPG).

The technique involved repeated peeling of HOPG with scotch tape until atomically thin sheets
are obtained. The reason why this was not discovered earlier because of the inability to locate the
monolayers even thought they were tried many times unsuccessfully by other groups ® ’. The
breakthrough that made it possible to locate it was the discovery that
monolayers of graphene give good optical contrast when they are deposited on a SiO; substrate

with a specific oxide thickness of 300 nm. Graphene was detected when AFM was used to scan



regions on substrates where this optical effect occurred. The isolation of graphene led to

significant amount of interest in the study of graphene because of its remarkable properties.
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Figure 1.2 A single sheet of graphene can be rolled up to form C60 (Bucky balls) and

carbon nanotubes. Multiple layers of this single sheet can form graphite [Source: Ref no.5].
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Figure 1.3 Timeline showing the occurrence of different events in the history of graphene

It is surprising to know that every one of us have synthesized graphene some time or the other.

Whenever we draw a line using a pencil, which is made of graphite, we end up cleaving the

graphite crystals into little flakes of graphite. A small fraction of these thin layers may even

contain single layers of graphene.

Thus it is understood that it is not difficult to fabricate the graphene structures but it is the

isolation of these structures in large quantities in order to study and characterize the graphene

and verify its amazing two dimensional properties.



1.3 Properties of graphene

Graphene possesses a number of unique electronic properties. Electrons travel sub-micron
distances without scattering, even at room temperature® & @ 1% on the surface of graphene
electrons behave mass less, thus they can move through space near the speed of light> ®*°. Due to
this, charge carriers in graphene have exhibited mobility of 2 x 10° cm? V* s, For comparison,
electrons travel through Si and GaAs at 1500 and 8500 cm® V' s* respectively’. The
corresponding resistivity of graphene is 10° Q cm. This is less than the resistivity of silver, the
lowest resistivity substance known at room temperature. The mobility is nearly independent of
temperature which implies that the dominant scattering mechanism is defect scattering.
Furthermore, charge carriers can be tuned continuously between electrons and holes in
concentrations® up to 10" cm™. Graphene also possesses superior mechanical and thermal
properties; defect-free graphene exhibits a Young's modulus of 1 TPa, a third-order elastic
stiffness of -2 TPa, and an intrinsic strength of 130 GPa, making it the strongest material ever
measured'’. The breaking strength of graphene is 200 times greater than steel. It is also unique
because it is highly pliable but fractures like glass at high strains, and it is also impermeable to
gases (including He) °. The material exhibits an extremely high room temperature thermal
conductivity'® of 5300 W m™ K™, which is superior to that of single-walled carbon nanotubes
(3500 W m™ K™) and diamond (2000 W m™ K™), which is the best bulk crystalline thermal
conductor'?. Graphene's unique optical properties produce an unexpectedly high opacity for an
atomic monolayer, with a startlingly simple value: it absorbs za ~ 2.3% of white light. This is
because of the unusual electronic structure of monolayer graphene where the electron and hole

conical bands meet each other at the Dirac point.



1.4 Potential applications of graphene

Numerous electronic applications have been envisioned for graphene. The electronic property of
graphene and the size makes it a suitable candidate for replacing silicon in the semiconductor

industry®. Other materials like GaAs and InP> 3 °

, Which are currently used in making ultrahigh-
frequency transistors could be replaced by graphene. Graphene being one atomic layer thick is
flexible, which makes it a potential candidate for electronic appliances like touchscreens and

transparent sensors'®, Other proposed electronic applications for graphene include super-

capacitors, batteries, interconnects, and field emitters®.

Researchers are studying the possibility of making composites using graphene to create
electrically-conducting plastics** and sensors capable of detecting individual gas molecules® and
DNA'. There has been growing interest in the use of graphene as a base material for nano-
electromechanical systems, since graphene-based resonators offer low inertial masses, ultrahigh
frequencies, and low resistance contacts . Graphene can be utilized as a supporting membrane for
bacteria and other living microbes in transmission electron microscope (TEM) because the

material is highly transparent and wraps around it thus protecting it from ultrahigh vacuum®'.

1.5 Synthesis techniques

Graphene was first synthesized by chemical vapor deposition in 1975 by Morgan et al., ¥ who
used single crystal platinum as the metal substrate. Unfortunately, this process was abandoned
because of lack of reproducibility in the results and unavailability of methods to transfer
graphene onto an insulating substrate. In the same year van Bommel et al., *° described the

epitaxial sublimation of silicon from single crystal of silicon carbide (0001). At high temperature
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and high vacuum monolayer flakes of carbon consistent with the structure of graphene were
obtained. No further investigation was done. There were many other attempts to synthesize
pristine graphene by chemically exfoliating graphite to transform it into graphite oxide®.
Graphite oxide consists of oxidized graphene sheets, which have epoxide and hydroxyl groups
attached on the surface and carboxyl and carbonyl groups attached at the edges. Thus
functionalization of graphite makes individual layers hydrophilic, and thus water can readily
intercalate into the layers and sonication of the intercalated sheets exfoliates the bulk material
into individual graphene oxide layers. But this material comes with a lot of inherent defects and
disorders. And also the functional groups are not completely removes which makes the sheets to

behave non- metallic?.

A more repeatable and pristine graphene yielding process was realized by Novoselov et al., * in
2004. This technique has been applied since then, along with efforts to produce large scale

graphene. A few physical and chemical methods to produce graphene are presented here.

1.5.1 Mechanical exfoliation

There are several mechanical methods for synthesis of graphene. In 2004 Novoselov et al., * used
Highly Oriented Pyrolytic Graphene (HOPG), which consists of many layers of graphene bonded
weakly together by Van der Waals force. HOPG was crushed and the small flakes were attached
to a scotch tape and repeated sticking and peeling with another piece of tape yields graphene.
Afterwards, the tape is gently rubbed on top of a substrate with a soft tweezers to prevent

damaging the graphene flakes and the tape is removed carefully.



Figure 1.4 Optical image showing graphene transferred onto SiO; substrate. The varying
thickness of graphene can be identified by the contrast in color of the optical image. On the
silicon wafer with an oxide thickness of 300 nm a monolayer of graphene will a faint violet-

blue color. But as the thickness increases the color shifts towards blue [Source: Ref no.1].

This process is highly efficient in producing monolayers of graphene but the size and the yield
that this process produces has to be compromised to the high structural and electronic quality
flakes. The other method is intercalating graphite with lithium and on introduction of water the
intercalated lithium ions forms hydrogen gas which in-turn rips open the layers of graphite into

layers of graphene?*.



1.5.2 Epitaxial growth

Some of the important properties of graphene were identified in graphene produced by this
method. For example, the electronic band-structure (so-called Dirac cone structure) has been first
visualised in this material. Very large and temperature independent mobilities have been
observed in SiC epitaxial graphene. The limitation of this method is the cost of the source
material. In this method SiC is annealed to a high temperature (>1250 °C) in ultra-high vacuum

(UHV) *° or argon atmosphere 2.

Due to the intense heat the silicon evaporates off the surface to leave behind a carbon rich
surface, resulting in the growth of high quality graphene. There are two factors which determine
the number of layers: decomposition temperature and the amount of Si evaporated. Three layers
of carbon needs to collapse to form a single layer of graphene. The major drawbacks of this
process is the cost of the base material and the strong interaction between graphene and SiC
makes it difficult to transfer onto another substrate. Also the difference in the thermal expansion

coefficient makes it difficult to make exact electrical measurements®®,
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Figure 1.5 Schematic of a silicon carbide structure in which three carbon layers of SiC have
collapsed upon the evaporation of Si to form a single layer; ‘ C atoms of monocrystalline

graphite top layer; O C atoms resulting for the collapse of three layers of SiC [Source: Ref

no.19].
1.5.3 Unzipping carbon nanotubes

Most recently graphene nano-ribbons are made by opening up a multi-walled carbon nanotube
(MWCNT) in the longitudinal direction. This has been realized in different approaches®**®. The
more easy approach is to partially coat the nanotube with polymer and expose it to plasma
etchant which unzips the carbon nanotubes into graphene nanoribbons®. The high quality and
well-controlled widths of graphene nano-ribbons can be used for device fabrication purposes.
This method is particularly useful because of a number of reasons: (1) It gives a larger yield than

any other synthesis methods, (2) the process is fast and there is no lack for availability of
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nanotubes, (3) It does not have any residue or solvent like liquid phase exfoliation which requires
more processes to eliminate, (4) The quality of graphene obtained is pristine. But a drawback is
that the graphene sheets with only a certain width can be obtained. Sheets with all large

dimensions cannot be obtained.

Another method is to suspend MWCNT in a concentrated solution of sulfuric acid followed by
treatment with 500 wt% KMnO,4 . The mechanism is the oxidation of alkenes by permanganate
in acid. The first step is the manganate ester formation which oxidizes the alkenes in the acid
medium. Juxtaposition of the oxide distorts the B3, y-alkenes thus making them prone to further
attack. Thus once an opening has been initiated the tubes just opens up or unzips. This could
occur in a longitudinal cut or in a spiral manner depending upon the initial site of attack and the

chirality of the nanotube.

Figure 1.6 Graphical representation of the method of initiation and propagation of the
unzipping process that happens when nanotubes are treated by sulfuric acid and KMnO,4

as proposed by Novoselov et al., [Source: Ref no.25].
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1.5.4 Liquid phase exfoliation

Recently, carbon nanotubes have been successfully exfoliated in a small number of solvents such
N-methylpyrrolidone (NMP) *"#. Such exfoliation occurs because the strong interaction between
solvent and nanotube sidewall means that the energetic penalty for exfoliation and subsequent
solvation becomes small. Similar effects occur between these solvents and graphene. Hernandez

l., * made a detailed study of the effect of these solvents on graphene. They made dispersions

eta
of graphite powder in NMP by sonication. After sonication a grey solution consisting of a

homogeneous phase and large number of macroscopic particles.

“as-obtained” TEM
Graphite

Sediments

—> —>

90 min 90 min (1500 rpm)
sonication Centrifuging —_—

Floating
graphene + graphite

Suitable Solvent
(1 mg/mL)

Figure 1.7 Shows the procedure for liquid phase exfoliation of graphite in suitable solvents.
After sonication a homogeneous mixture is obtained which is centrifuged so that the large

graphitic particles get settled down.
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Table 1.1 Solvents sorted by the fraction of graphene/graphite remaining after

centrifugation [Ref. no. 33].

. Percentage
Surface tension .
Solvent (mJ/m?) remaining after
Centrifugation
Benzyl Benzonate 45,95 8.3
NMP
o 40.1 7.6
(1-Methyl1-2-pyrrolidinone)
GBL
46.5 7.6
(y-Butyrolactone)
DMA
_ ) 36.7 7.2
(N,N-Dimethylacetamide)
DMEU
_ _ o 42.5 7.2
(1,3-Dimethyl-2-Imidazolidinone)
NVP
) o 42.7 6.6
(1-Vinyl-2-pyrrolidinone)
N12P
- 34.5 5.4
(1-Dodecyl-2-pyrrolidinone)
DMF
. . 37.1 4.5
(n,n-Dimethylformamide)
DMSO
. . 42.98 4.1
(dimethyl sulfoxide)
IPA
_ 21.66 3.4
(isopropanol)
N8P
_ 345 2.6
(1-Octyl-2-pyrrolidone)
Acetone 25.2 2.5
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As with any dispersion these aggregates was removed by centrifugation, giving a homogeneous
dark dispersion. It was observed by them that only a slight amount of sedimentation occurred in
the solution which on the longer period of time remained as a good dispersed liquid. They
postulated that the reason for the successful dispersion of graphite in the solvent was the
difference in net energetic cost for the exfoliation process is expressed in enthalpy. Enthalpy of
mixing depends on the graphene and solvent surface energies. The surface energy is defined as
the energy per unit area required to overcome the Van Der Waals forces when peeling off two

sheets. Enthalpy of mixing is minimized when the surface energies of flake and solvent match.

The same procedure were repeated by Coleman et al., ** for other solvents known to successfully
disperse nanotubes: N, N-Dimethylacetamide (DMA), y-butyrolactone (GBL), 1,3-dimethyl-
2-imidazolidinone (DMEU) and more. The twelve best solvents were characterized by the
fraction of graphite/graphene remaining after centrifugation. This was calculated by measuring
the absorbance after centrifugation and using the measured absorption coefficient, <oggo>=2460
Lg™'m™, to give concentration after centrifugation. The drawback of this method is that the size
and position of the graphene sheets is uncontrollable. Also the graphene sheets are in a solution

from which it is hard to separate off and deposit on the required substrate.

1.5.5 Chemical vapor deposition (CVD)

Graphene monolayers can be synthesized on surface of transition metals using Chemical Vapor
Deposition (CVD) process. It is the most inexpensive and readily available method for graphene
synthesis is chemical vapor deposition (CVD) onto transition metal substrates like Ni**, Pd*,

Ru®, Ir¥” or Cu®. The first method for synthesis of graphene using CVD was realized by Morgan
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and Somorjai in 1975 who used low-energy electron diffraction (LEED) to investigate the
adsorption of various gases like CO, C,H,, C;H4 onto a platinum (100) surface at elevated
temperatures. In the later year May et al., * deduced the data from the experiment and postulated
that layers of a material that features a graphitic structure were present as a result of these
adsorption processes. It was shown that the first monolayer of graphene reduces the energy of
adsorption on each of the studied faces of platinum. Later studies by Blakely and co-workers
reported an extensive series of adsorption of mono- and multilayer graphene on various metal

surfaces including Ni (100) and (111), Pt (111), Pd (100) and Co (0001)***°.

Of the other synthesis methods available metal-assisted thermal CVD method is most promising
because of a number of reasons: (1) it allows large area graphene synthesis with a high level of
uniformity and low defects, (2) it facilitates discovery of large variety of transition metals as
catalysts thus exploring the possibility of producing large area graphene in large scale and (3) it
allows the integration with the high volume semiconductor industry. This method generally
involves introduction of carbonaceous gaseous species at high temperatures (900-1100 °C) in the
presence of metal thin films/foils, which serves the purpose of being a catalyst for the
decomposition of carbonaceous gas to carbon and also in acting as a site for nucleation for the
growth of graphene lattice. The mechanism of growth depends on several factors: (1) solubility
of carbon in the metal, (2) the crystal structure of the metal, (3) the metals lattice plane and (4)
other thermodynamic parameters like the temperature, cooling rate, pressure of the system and
the amount of flow of gasses in the system. The main factor of them is the carbon solubility in
metals. In case of very low carbon solubility metals (<0.001 atomic %) such as Cu, the
mechanism of synthesis of graphene is limited to the interaction to the surface of the catalyst,

and in the case of intermediate-high solubility (>0.1 atomic %) metal catalysts like Co and Ni,
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graphene synthesis is due to a combination of diffusion into the metal thin film at growth
temperature, and segregation of carbon at the surface of the metal upon cooling after CVD

synthesis.

Target substrate

Quartz boat

Oven (furnace)

Figure 1.8 Schematic of a CVD furnace. The major components are: (1) gas controller
which precisely measures the amount of gas to supply as instructed by the controller, (2)
heating element which heats up the quartz tube that is inside the furnace to required

temperature and (3) loader which is used to load the sample into the core of the furnace.

The epitaxial growth of graphene layer is possible on Ru (0001)*® substrates by using the
phenomenon of temperature-dependent solubility of interstitial carbon in transition metals.
Carbon gets absorbed into Ru at around 1200 °C and when it is cooled slowly to 800 °C the
carbon solubility lowers which brings it out to the surface. This result in formation of very large
islands of graphene with domains over 100 um. Large area graphene can be synthesized using

this process. But graphene on Ru is hard to separate as the carbon forms a strong bond with the
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metal. Graphene grown on iridium on the other hand is very weakly bonded, uniform in
thickness, and can be made highly ordered. Like on many other substrates, graphene on Iridium
is slightly rippled. Due to the long range of ripples, generation of mini-gaps in the electronic

band-structure (Dirac cone) becomes visible*’.

Graphene segregation at surfaces and grain boundaries of metal has been studied in detail for a
long time*®. There are several methods which showed that mono-layered or few layered graphene
films can be segregated on the surface of metals and metal carbides*® *° held at high
temperatures in an equilibrium segregation process™" **. But this cannot be preserved because of
the non-equilibrium segregation of carbon while cooling down. The cooling rate determines if
the graphene is synthesized or not. Fast cooling rejects carbon atoms from the substrate. Very
slow cooling rate causes the carbon to be diffused into the metal®’. So Nickel substrate requires
very accurate cooling rate. However the synthesis is dependent on the quality of the underlying
Ni film, and the graphene thus produced had non-uniform number of layers and large number of

patches which was primarily due to the irregularity of the underlying Ni layer.

Initially for synthesizing graphene with nickel as substrate involves the e-beam evaporation of Ni
onto SiO,/Si substrates, which is then followed by annealing thus making a thin Ni film with
microstructures consisting of single-crystalline grains with sizes from 1 to 20 um? 3**. This is
then placed in a CVD furnace where a the substrate is subjected to a highly dilute mixture of
hydrocarbon flow under ambient pressure at 1000 °C, which results in the formation of
monolayer graphene films or graphene with few layers. However the synthesis is dependent on

the quality of the underlying Ni film, and the graphene thus produced had non-uniform number
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of layers and large number of patches which was primarily due to the irregularity of the

underlying Ni layer. Thin nickel sheets can also be used to synthesize graphene.
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Figure 1.9 Graphical representation of the different mechanisms in which carbon forms

graphene layers: (A) surface adsorption process at Cu surface (B) segregation process at Ni

surface [Source: Ref no.54 and 51].

Recently, lots of study has been carried on graphene synthesis on copper foil. At very low

pressure, the growth automatically stops after a single graphene layer forms, and arbitrarily large

graphene films can be created. But in atmospheric pressure CVD growth, multilayer graphene

may form on copper®”. Large are graphene synthesis using Cu catalyst in a LPCVD process has

attracted widespread attention since it was first reported in 2009 **. The mechanism of graphene

growth on Cu is a surface phenomenon as discussed earlier. Copper acts as a catalyst and

disassociates the carbonaceous gas to from carbon atoms which then are attracted by the
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substrate surface. The growth begins with the nucleation of growth sites on the surface and then
growing with the addition of carbon to the edge of these growth domains. This is the reason why
this mechanism provides a uniform mono-layer of graphene on the surface which is not true in
the case in which segregation occurs. The domains keep growing till it joins with other domains
thus forming a large graphene sheet. The temperature plays an important role in the growth
process. Results shows that increasing the temperature while holding the growth time constant
results in larger domains when compared to graphene grown at lower temperature®. It also
showed that complete coverage of high quality graphene was achieved due to the high

temperature.

The pressure of the gas was also found to affect the growth mechanism of graphene®. They
assumed that there is a stagnant boundary layer due to the steady state gas flow close to the
surface of the catalyst. So the carbon species first has to (1) diffuse through the boundary layer
and reach the surface and the (2) get adsorbed on the surface, (3) disassociates to form active
species, (4) diffuse into or on the surface of the catalyst and from graphene lattice planes, (6)
inactive species like hydrogen gets desorbed and (6) are removed by the bulk gas flow through
the boundary layer. The mechanism of graphene growth on the surface of Cu is governed by two
regions which is dependent on where the reaction occurs as mass transport region, depends on
the diffusion through the boundary layer and surface reaction region. The surface process is
mainly influenced by the temperature of the substrate. Therefore there exist two parameters that
determine the growth rate: flow of carbon through the boundary region and the rate at which
carbon is consumed at the surface of the catalyst to form the graphene lattice. It was
mathematically shown that at growth temperature under ambient pressure conditions the mass

transport through the boundary layer is the rate limiting factor and surface reaction at ultrahigh
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vacuum. This essentially means that at ambient pressure conditions the surface geometry,
position of the substrate and the amount of active species all varies the thickness of the boundary
layer thus causing thickness non-uniformity on the surface. Also it was shown that due to the
high rate of flow of gasses in the chamber gaseous reactions occur which deposits particulates on
the surface of graphene/catalyst resulting in a higher defect density. Thus to control the thickness
of graphene the only parameter which has to be changed is the rate of flow of active species
(hydrogen and methane). To avoid this it is necessary to conduct the experiment in the surface
reaction regime. This is achieved by lowering the pressure of the system. Lower pressure means
there is less number of active species present which translates to a smaller boundary layer thus
diffusion through the boundary layer in enhanced. So as long as the temperature is maintained

constant throughout the surface the catalyst the thickness of the graphene is uniform.

v,

2 Bulk
‘el |1 Boundarylayer
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Figure 1.10 Schematic illustrating the different processes involved during graphene
synthesis in Cu catalysts, which is a low solubility metal, in a CVD process [Source: Ref

no.52].



Various other sources of carbon were also tried. The solid carbon source®, in this case Poly-
methyl meth acrylate (PMMA) ~100 nm, was spin coated on a thin film of Cu. At elevated
temperatures and under low pressure conditions and on passing a reductive gas flow of hydrogen
and argon, a single uniform layer of graphene was formed on the surface of the substrate. They
showed that the thickness of graphene layers could be easily controlled by changing the growth
temperature, thickness of the polymer solid carbon source and the pressure of the system. The
same group went on to make graphene for “girls scout cookies”. Another group coated a-Carbon
on copper substrate and annealed it to grow graphene®. They studied the effect of hydrogen in
the system at the growth temperature. It was showed that due to the presence of hydrogen the
carbon feedstock that was on the surface of copper reacted and was activated. The active carbon
species then reacted with the surface of the catalyst forming graphene lattices. They also placed a
neat Cu foil upstream and downstream to the a-C coated Cu foil and found the presence of
graphene in those pieces also. They postulated three possibilities for the reaction to occur: (1)
carbon atom diffusion through the Cu foil, (2) carbon atoms/clusters being transported
downstream and upstream as gaseous species and/or (3) hydrocarbon acting as the critical
precursors. The first two solutions were highly unlikely because (1) the Cu foils are not in
contact and (2) if a-C atoms or clusters are formed then it should rapidly react with hydrogen in
stream forming CHs" or CH,4" and serves as precursor for reaction to occur. All this shows that

numerous other carbon sources could be used to synthesis graphene through the CVD process.

Once the graphene is grown on the catalyst the graphene sheets needs to be transferred to another
substrate/insulator to do further processing. The procedure is almost the same for both Cu and Ni
catalyst. The substrate, which has graphene on the surface after growth is completed, is spin

coated with a very thin layer of polymers like poly (methyl methacrylate) (PMMA) or
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polydimethylsiloxane (PDMS). The substrate is then baked for about 10 min in an oven
maintained at 120 °C. The side that was not spin coated it blazed with oxygen plasma so that the
graphene in the other side is etched away. This foil is then placed in a ferric chloride copper-etch
solution. Once the copper is etched away the PMMA is scooped out of the solution and is rinsed
with DI water a couple of time and is scooped out onto the required substrate. Once the substrate
is dry then it is rinsed with acetone to dissolve the PMMA. Then the chip is dried to obtain a

clean layer of graphene on the desired substrate.

1. 6 Thesis organization

In the first part of chapter 2, the theory of Raman scattering is introduced both in the classical
and quantum picture. A detailed description of the different Raman modes of graphene is
presented. Later the chapter goes into the theory of operation of Scanning Electron Microscope
(SEM) and Raman spectrometer. The final part of the chapter discusses the CVD equipment used
in the experiments. A detailed description of the standard “as obtained” equipment and the
modified equipment is provided at the end of the chapter. Chapter 3 focuses on synthesis of
graphene with copper substrate using standard growth procedure. Important results obtained by
studying the effects of various parameters used in the CVD process are discussed. Chapter 4
provides an insight into the modified growth procedure which is introduced for the first time.
Later part of the chapter presents the results for the two modified procedures: (A) fast cooling,
(B) fast heating and fast cooling. Chapter 5 looks into synthesis of graphene using Ni as
substrate. The modified procedure has been employed to this new material and the results are
discussed. Finally, Chapter 6 summarizes the main results presented in the thesis and talks about

the future work to be carried out in the synthesis of nano particles.
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Chapter 2 - Experimental setup

After synthesizing graphene it is very essential to unambiguously prove that it is graphene. It
requires a combination of characterization techniques. There are three things which need to be
determined to characterize the sample: (1) quality, (2) number of layers and (3) size of the sheet.
Transmission electron microscopy (TEM) imaging and scanning electron microscopy (SEM)
imaging provides the means to determine the size of the graphene sheets. But Raman
spectroscopy is required to accurately determine the number of layers and degree of disorder in

the sheets.

2.1 Raman spectroscopy

Raman spectroscopy provides a unique method for identifying a broad range of carbon material.
It is the most important of the characterization techniques as it provides a unambiguous, high
throughput, nondestructive identification of graphene layers. There are other methods of
identifying the number of layer in graphene like atomic force microscopy and quantum hall
probing. The former takes a lot of time to give results and gives inaccurate thickness due to edge
effects and the later requires processing and ohmic contacts. This chapter briefly describes the
science of Raman spectroscopy, followed by a description of the characteristic peaks in

graphene.
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2.1.1 Classical theory of Raman scattering

A photon is described as an electromagnetic wave with frequency v, which induces a dipole on

the molecule. The strength, P, of the induced dipole moment is given by,

P=aF (2.1)

Where o is called polarizability and E is the electric field produced by the incident
electromagnetic wave. Polarisability depends on the shape, size of the molecule and the nature of
the bond. In an electric field the electron cloud of a large molecule which has a large amount of
electron is polarized more easily than a small and compact small molecule which has less

number of electrons.

The electric field of an electromagnetic wave fluctuates with time, t:

E=FEpcos 2mvp t) (2.2)

Thus substituting egn (2.1) in egn (2.2) we get,

P=aFEycos (2mvot) (2.3)

If the molecule is vibrating with a frequency of vy, the physical displacement dQ of the atoms

about their equilibrium position is written as

dQ = Qo cos(2mvmt) (2.4)
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If the displacement is small, the polarizability can be written as
a=ao+ ()0 dQ (2.5)

Here, ay is the polarizability at equilibrium position, and (g—g)o is the rate of change of a with

respect to change in distance which is evaluated at equilibrium position.
Combining egn (2.3) and eqgn (2.4) into eqn (2.5), we get

18a

P=ayEpcos (2nvo t) + 2 500

Qo Eo [cos (2 (Vo + Vi) t) cos (Vo - v)t)] (2.6)

The first term of the equation has the same frequency as that of the exited photon which accounts

for Rayleigh scattering while the second term determines the anti-Stokes and Stokes processes of
Raman scattering. From the equation it is clear that the (g—g)o should be non-zero for Raman

scattering. This means that only if the change is polarizable then the motion is Raman-active.
2.1.2 Quantum theory of Raman scattering

In quantum physics Raman scattering occurs when in an inelastic scattering process a photon is
annihilated and creates a phonon and a Strokes photon. Inversely, it also happens when a photon
together with a annihilated phonon creates an anti-Stokes photon. According to quantum theory,
for a transition between two energy levels in an electronic band occurs due to an emission or
absorption of photons. Thus the photons are considered to have energy and mass. An energy

transfer occurs when the Bohr’s frequency condition is satisfied
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AE = hvy

(2.7)

As a result, the electrons can pass only to the states which have a difference in energy equal to

the transfer energy.

AE=E-Ep

Energy

Rayleigh

Strokes

anti-Strokes Resonance

(2.8)

15t exited
electronic states

Virtual energy
levels

1t exited
vibrational states

Ground state

Figure 2.1 General picture of Rayleigh, Strokes, anti-Strokes and resonance scattering

[processes.

In the quantum picture that explains the Raman scattering, the virtual states are considered as

intermediate states between the ground state and the first exited state. What happen in a Rayleigh

scattering process is that the electrons gets energized and falls back to the ground state by

emitting a photon with the same frequency as that of the incident radiation., whereas in a Strokes

scattering the electron starts from the ground state and lands on a higher energy level, and vice-

versa for anti-Strokes scattering. This Raman shift represents the different vibrational level
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which corresponds to the phonon’s energy which depends on the material and is independent on

the frequency of the emitted photon.

2.2 Peaks in the plot of graphene

Graphene consists of sp? carbon hexagonal networks, in which the carbon atoms are bonded by
strong covalent bonds. Raman spectroscopy makes use of the electron-phonon interaction to

uniquely capture the electronic structure of single, bi and few-layer graphene.

The number of graphene layers in a flake can be determined by studying the 2D peak of the
Raman spectrum. Ferrari et al., showed that a flake of graphene which has few layer graphene
exhibit similar 2D peak as that of HOPG * 2, while the bi-layer graphene exhibit an asymmetric
peak which is at 2700 cm™. They also showed that for a single layer graphene exhibit a 2D peak

that is symmetric and down-shifted to 2680 cm™.

Using Raman spectroscopy we can also determine the quality of graphene. This technique is
used to determine the presence of disorder and defects in the graphene sheets. The two common
Raman peaks D and G peak positioned near 1350 and 1580 cm™ respectively is produced by all
major allotropes of carbon like graphene, graphite, carbon nanotubes, carbon soot, carbon fiber,
coal, etc **°. The structure and the position of these peaks provide information on the degree of
disorder in the structure. In a typical HOPG crystal shows a minimal D peak at 1350 cm™ and a

sharp G peak at 1580 cm™,
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Figure 2.2 (a) Raman spectrum of 1-LG (one layer graphene-red), 2-LG (two layer
graphene-blue), 3-LG (three layer graphene-red) synthesized by CVD process on Ni
substrate and then transferred to a SiO,/Si substrate. (b) Raman spectrum of 1-L.G (one
layer graphene-red), 2-LG (two layer graphene-blue), 3-LG (three layer graphene-red)
prepared by mechanical exfoliation technique from HOPG, shown for comparison. (Source

Ref no. 13)
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The letter D denotes defects in the graphitic structure®. As the amount of defect increases, so
does the intensity of the D peak®™®. This increases the ration of intensities of the D and G peak
also (Ip / Ig). In addition to that the Full Width and Half Maximum (FWHM) of the D peak
increases but the peak remain at 1350 cm™, while the FWHM of G peak also increases and
displaces to higher values in excess of 1600 cm™ as the number of defects increases. Pristine
graphene which is mechanically exfoliated from HOPG show no D peak and a sharp and narrow
G peak’ and thus a pure sheet of graphene should have the (I/ 1) ratio of zero. Graphene sheets
synthesized by other approaches which do not yield pristine graphene has shown strong and
broadened D peak, wide and upshifted G peak and (Ip / Ig) ratio that is close to one or greater

than one.

2.3 Raman instrumentation

The Raman spectra were obtained by using a LabRAM ARMIS Raman spectrometer operated by
the Bioengineering Research Center, University of Kansas, Lawrence, KS. The instrument was
manufactured by HORIBA Jobin Yvon (Edison, New Jersey). The laser source was a HeNe laser
(I = 633 nm, a laser power of 17 mW) was used. The instrument setup was as follows: 200 um
confocal hole, 150 um wide entrance slit, 600 gr/mm grating and 100x objective lens. The data
processing was performed using LabSPEC 5 (HORIBA Jobin Yvon) software. The samples were
mounted onto the sample holder in the microscope which was in a computer controlled, high-

precision x-y stage.
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Figure 2.3 General schematic showing individual components of Raman spectrometer used

to characterize graphene specimen in this work.

2.4 SEM imaging

Once the quality of the graphene sheets and the number of layers had been identified by Raman
spectroscopy determining the size of the sheets is the next step in characterizing the graphene
sheets. There are three imaging techniques used to image the structure Transmission Electron
Microscopy (TEM), Scanning Electron Microscopy (SEM) and optical microscopy. Scanning
electron microscopy provides a fast and easy method of determining the size of the graphene

sheet.
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Figure 2.4 General schematic showing individual components of EVO MA15 Scanning
Electron Microscope. The high energy electrons emitted from the electron source are

collimated into a narrow beam by a series of condenser and objective lenses.

The principle of operation of SEM is by electron rastering across the sample surface and
collecting either secondary electrons or back scattered electrons. The electron beam is controlled
by a series of lenses which are as shown in the Figure 2.4. The intensity of the incident electron
beam could be anywhere from a few hundred eV to 30KeV. When an electron is incident on the
sample, secondary electrons are generated by inelastic collisions between the electron beam and

electrons surrounding atoms in the sample. These collisions result in low energy electrons to
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escape from the surface of the sample and are detected by the detector. The secondary electrons
are low energy electrons, so only electrons from the top few nm of sample escape the surface.
This means that these electrons are very sensitive changes in the composition and topography of

the sample surface.

Backscattered electrons are basically incident electrons that are reflected back from the nuclei of
atoms in the sample. A backscattered electron is a high energy electron and it can penetrate very
deep into the sample. Also the amount of backscattered electrons is equal to the atomic number

of the substance. Thus if the sample has heavy elements in them then it would appear bright.

2.5 SEM instrumentation

Images of the synthesized materials were obtained using a Carl Zeiss EVO MA10 system. The
electron source is a tungsten electrode. The incident voltage of the electron could be varied from
5 KV to 30 KV. The chamber is kept at a constant low pressure of 5 x 107 Torr using a
combination of two vacuum pumps. The image accusation and processing was performed in
SmartSEM (Carl Zeiss) software. Even though the system was equipped with both back scattered
electron detector and secondary electron detector, only the back scattered electron detector was

used to obtain the images.
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2.6 Chemical vapor deposition (CVD)

A Chemical Vapor Deposition (CVD) is a chemical process in which hot volatile precursors are
exposed to a catalytic substrate thus producing the desired deposit. The precursors usually
chemically react and/or decompose at elevated temperatures. The catalyst also becomes active at
high a temperature which leads to volatile by-products being produced, which are removed by
the carrier gasses that flow through the tube furnace. The atmosphere for the reaction is usually
kept inert using noble gasses as the substrate or the reaction gasses will react with gasses in
atmosphere like oxygen, etc. Thus there lies three main parts in a CVD process: (1) substrate, (2)
precursor gasses and (3) inert carrier gas. The substrate temperature is a critical condition in the
reaction because the substrate acts as a catalyst which requires appropriate temperature to
activate. There are many CVD processes available which are used extensively in semiconductor
industry. Of these the once which are prominently used in the field of nanotechnology are (1)
Atmospheric Pressure Chemical Vapor Deposition (APCVD), (2) Low Pressure Chemical VVapor
Deposition (LPCVD), Plasma Assisted Chemical Vapor Deposition (PACVD) or Plasma
Enhanced Chemical Vapor Deposition (PECVD). APCVD is the process that is used to
synthesize graphene in this work. The advantage of APCVD over others is that it is a simple
setup. But it involves strict control over the process parameters like the gas flow rate, growth
time and temperature because of the high volume of reactions gasses present at the growth

temperature.
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2.6.1 Description of the chemical vapor deposition reactor before modifications

A general structure of a CVD reactor consists of the following parts: (1) gas delivery system- for
supply of precursors to the reaction chamber, (2) reactor chamber- within which deposition takes
place, (3) substrate loading mechanism- a system of introducing and removing substrate from the
reaction chamber, (4) energy source- energy that is required to get the precursor to react and
decompose, (5)vacuum system- a system for removal of all other gaseous species other than
those required for the reaction/deposition, (6) exhaust system- a system for removal of volatile
by-products from the reactor chamber, (7) exhaust treatment system- in some situation the by-
products may not be suitable for release into the atmosphere and may require some treatment
and/or conversion to safe/harmless compounds, and (8) process control equipment- gauges,
controls, etc., to monitor process parameters such as pressure, temperature and time. Alarms and

safety devices would also be included in this category.

In this system, as it is an APCVD, there are three gas flow controllers for the three gasses,
hydrogen, methane and argon, each with a maximum range of 500, 200 and 10000 respectively.
The flow controllers are manufactured by MKS systems with an accuracy of +1%. The controller
has a stop valve which is operated by a pneumatic system which is actuated with compressed
nitrogen. It has a solenoid operated pressure control valve, which delivers the right amount of

gas as specified in the program.
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Figure 2.5 (A) Chemical Vapor Deposition setup used in the experiment to synthesize
graphene. (B) Graphical representation of the actual CVD furnace used in the experiments.
The quartz tube is placed inside a box furnace. The sample is placed in the sample tray that
slides into the tube using a loader. The furnace is fitted with specific fixtures to install the
mass gas flow controller and all other electronic control system which makes the furnace a

complete stand-alone CVD system.
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The reactor chamber is an alumina insulated cylindrical chamber with a quartz tube of 48 cm
internal diameter which is supported only at the ends. The means of heating inside the chamber
is convection heating and the reactor chamber is completely insulated which helps in maintaining

the temperature in a steady constant rate inside the chamber during reaction.

The energy source is thermal energy produced by the resistance heating of the current carrying
coils inside the reactor. The amount of current is constantly monitored. According to the
temperature inside the chamber and the target input temperature the current in the coil it varied
thus heating the furnace. The next component is the loader assembly. In this system the loader is
operated by a stepper motor with limit switches at the ends. As for the vacuum system, it is not
required as it is an APCVD. The pressure inside the furnace is at the ambient pressure. The
reactants decompose and they mainly form hydrogen and carbon which are harmless but
hydrogen is volatile. Also because the volume of these gasses in the chamber is not so large it is
perfectly safe to keep the exhaust open to the atmosphere for it to reduce the concentration of the
gasses. But as the system is place in a closed room in this condition the exhaust is safely
removed through the fume hood. Ass these different components are controlled by a program
which is written in labview. There are various different safety locks in the software for each of

the components which are used to prevent any mishap from occurring.
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Figure 2.6 (A) Picture of a typical graphical user interface (GUI) in the CVD furnace.
Image (A) is the front page of the GUI with the warning lights located at the right of the
screen. (B) The recipe build area allows operator to build a new recipe by identifying the

steps. It also offers to save and use the recipe for the future use.
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2.6.2 Description of the chemical vapor deposition reactor after modifications

The system is almost the same as the stock system that was purchased from the company. But
instead of a flat loader the system is provided with a cylinder which has a smaller diameter than

the quartz tube in de furnace.

This provides an opportunity to introduce or remove the substrate from the reactor at any given
time. Due to this a very high cooling and/or heating rate is achieved which opens new areas of
studying the mechanism of reaction in the synthesis of graphene. To achieve this, the direction of
flow in the furnace has been changed. This is done to ensure that the full volume of gasses flow
through the substrate and no amount of gas is leaked before the substrate to give a precise control

over the flow.
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Figure 2.7 Graphical representation of the modified furnace. Instead of the sample tray the
system is fitted with another smaller inner tube which acts as the sample holder. The gas
delivery and the exhaust system were modified to accommodate the changes. This makes it
easy to cool the sample as the inner tube slides out of the hot zone while still maintaining

the inert atmosphere around the specimen.
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Chapter 3 - Synthesis of graphene: Chemical vapor deposition using

copper as catalyst

The preferred way to synthesize pristine graphene with minimum defects is mechanical
exfoliation of highly oriented pyrolytic graphite (HOPG). Even though these are pristine the size
of graphene sheets cannot be scaled up above a certain limit. To obtain graphene in sheets of
large size, suitable for industrial production, chemical vapor deposition (CVD) is used. Initially
only single crystal transition metals like Pt were used as catalyst > % Alternatively poly
crystalline materials like nickel * # and copper * ° foils have been used as substrate to produce

large scale graphene sheets through CVD.

This chapter focuses on synthesis of graphene on copper substrate. First the experimental
procedures like cleaning and process flow charts are discussed. This is followed by discussion on
initial results of graphene which is grown following a similar procedure provided by Reina et al.,
%, This chapter ends with a discussion of the transfer techniques from metallic to insulating

substrate.

3.1 Literature review

In 2009, Ruoff and co-workers® were the first to successfully develop a graphene chemical vapor
deposition (CVD) growth process on copper foils. The graphene that they synthesized were
predominantly monolayer with only < 5 % of the area having two- or three-layer graphene
flakes. Towards the end of 2010, Tour and co-workers® showed a controllable growth of pristine

PMMA-derived graphene films on Cu substrate. The also used other carbon sources like fluorine
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and sucrose. In 2011 Ruoff and co-workers’ explored the possibility of synthesizing graphene
from amorphous carbon on a thin Cu foil. They studied the effect of hydrogen flow in the
graphene growth process. They concluded that the mechanism of graphene growth on Cu is by
surface chemistry on the catalyst. The presence of hydrogen converts the carbon source to
hydrocarbons like CH4 or CH3" and then later these hydrocarbons reacts with the Cu catalyst

forming graphene. Cho et al., °

investigated the effects of thermal annealing on ex-situ
chemically vapor deposited sub-monolayer graphene islands. They showed that low-temperature
annealing of graphene islands on Cu foil showed striped Moiré patterns, which proved the week
interaction between graphene and its underlying substrate. These experiments showed the
impenetrable nature of graphene and its potential application as a material that prevents
corrosion. In the same year Chen et al., *° showed experimentally the excellent performance of

graphene as a passivation layer. They proved that the layer of graphene is inert to oxidation and

liquid solutions which opened a wide variety of applications.

3.2 Experimental procedure

3.2.1 Cleaning procedure

The cleaning procedure involves two parts: (1) cleaning the quartz tube and (2) cleaning the
substrate. Before running the CVD system, the quartz tube has to be cleaned to reduce the
amount of contaminants in the system. This process has to be repeated after four or five cycles to
get consistent results as contaminants are known to affect the growth process. Due to the

chemical process that occurs during the process, there is a possibility of carbon residue being
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collected on the surface of the quartz tube. Thus to ensure optimum results, cleaning must be

performed after a couple of runs.

The tube is first cleaned with acetone to remove any solid impurities. Then the clean cycle is
executed. This is a preinstalled application in the system. In the clean cycle the quartz tube is
baked in air at a temperature of 1000 °C and cooled down to room temperature. The loader is

kept open during this process.

Commercially available Cu foil (Alfa Aesar item no. 13382) is used as the catalyst. To remove
contaminates like packing residue, oil and dust particles the substrate is cleaned with acetone or

isopropanol by ultra-sonication. After this the substrate is blown dry in air.

3.2.1 Steps involved in growth of graphene using CVD

The first step is to key in a program in the software. Values for different parameters like rate of
heating, time of annealing and the flow rate for various gasses involved in the different steps of
the process are keyed in. Once the program is keyed in the loader open command is executed
using the software. Then a clean Cu foil is placed on the loader and closed. Once the loader is

closed the run command is executed.
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Table 3.1 Typical growth parameters used in the standard procedure.

Start End )
Time Argon Methane Hydrogen
Process temperature  temperature _
. . (min) (SCCM) (SCCM) (SCCM)
(°C) (°C)
Soak 0 0 5 2000 0 0
Timed ramp 0 950 65 2000 0 300
Soak 950 950 20 2000 0 300
Soak 950 950 10 1000 10 300
Cool 950 0 200 3000 10 300
1200- Annealing G.rowth Cooling Quench

O / - o - Temperatureg 3000 E
p 800- \ — Hydrogen O
Q@ / N -Methane 2000 O
5 / - —Argon [ 9,
il / ~

E 400+ / T~ o 3
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Figure 3.1 Plot of the growth parameters in the standard growth procedure used for

synthesis of graphene on Cu substrate (temperature and flow rate) as a function of time.

At this point the valves for the gasses are opened and the system is checked to see if the different

interlocks are in place. A typical growth procedure starts with purging of argon gas into the tube

52



for 5 mins. This effectively creates an inert atmosphere inside the quartz tube. Then the furnace
is heated up to desired temperature, up to 1000 °C in the presence of argon and hydrogen. The
temperature is stabilized for 5 mins to facilitate the actual temperature inside the furnace to
become constant. At this growth temperature the precursor gas, CHy, is passed into the furnace.
And after a specified amount of time the furnace is cooled down to room temperature in presence
of hydrogen, argon and hydrogen. It should be noted that cooling rate is not a critical factor for

graphene growth on Cu.

3.3 Methodology

The quality and the coverage of graphene sheets vary from one CVD system to another. The

main growth parameters that contribute to the CVD process are:

(1) Precursor used,

(2) Gas flow rate,

(3) Growth temperature,

(4) Pressure before, during and after growth,

(5) Growth period,

(6) Type of catalyst.
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Of these, this chapter focuses on the effect of growth temperature, duration and gas flow rate.

The samples are characterized using Raman spectroscopy and SEM.

3.4 Effect of growth temperature

One of the critical factors in synthesis of graphene is temperature because high energy is
necessary to dissociate methane so that it reacts with the catalyst. Figure 3.3 shows the effect of
temperature on the growth of graphene while keeping time and flow rates of gasses constant. The
SEM images show that density and size of growth domains increases because of increase in the

activity of the precursor at high temperature.

The Raman spectroscopy for each growth temperature is shown in Figure 3.2. It is noticed that
the 2D peak is blue-shifted with increasing growth temperature while the G peak remains at the
same place. This is a result of the uniform biaxial strain due to compression of Cu during cooling
process which causes stress on the graphene sheet. This hypothesis is referred from the report by

Novoselov et al., !

, Where uniaxial strain is applied on exfoliated graphene. In Raman
spectroscopy, tension and compression induces a shift in 2D peak and also, the G peak splits into
two due to the distortion of the hexagonal lattice structure. The two possible phonon modes of

the in-plane bond stretching of a pair of carbon atoms are represented by the G peak.
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Table 3.2 Parameters used to study the effect of change in growth temperatures.

Temperature (°C) Time (min) CHyrate (SCCM) H;rate (SCCM)  Ip/lg I/l
1000 20 30 300 0.46 0.39
950 20 30 300 0.20 0.19

2715.75

35
s 1000°C
>
»
8 2706.37
£ 950°C S
1500 2000 2500 3000

Raman shift cm-1)

Figure 3.2 Raman spectra for each growth temperature. The samples were prepared using
parameters stated in Table 3.2. The shift in location of the 2D peak is due to the strain on

the graphene sheet due to shrinkage of copper when cooling.
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Figure 3.3 SEM images of synthesized graphene for (A) 950 °C and (B) 1000 °C. The
change in contrast between the two images shows the increase in number of layers due to
the high activity of carbon at higher temperatures. Other growth parameters are as shown
in Table 3.2.

It is known that compression induces a larger Brillion zone as well as a narrow cone in the linear
dispersion resulting in a low Fermi velocity. Including this the double resonance process is
employed to explain the induced shift in the 2D peak. Figure illustrates the Raman process of
unstrained graphene and compared it with compressed graphene. In an unstrained graphene, the
2D peak arises due to the emission of two phonons with a frequency of q,. Under compression
the frequency of phonon increases to g~ which results in a shift of the 2D peak to a higher
frequency. As for the G peak, the hexagonal structure is kept intact under uniform biaxial strain

which results in no shifting or splitting of G peak.
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For unstrained graphene the 2D peak is located at 2680 cm™. In the data recorded the 2D peaks
are located well above this value. Which is quiet normal as there is bound to be a certain amount

of strain at any given temperature.

3.5 Effect of growth period

With experimental conditions as shown in Table 3.3, it is seen that the graphene growth is a
quick process. The Figure 3.4 shows the evolution of graphene growth with respect to time of
growth ranging from 3 minutes to 20 minutes at 950 °C with methane flow rate of 10 SCCM and
hydrogen flow rate of 300 SCCM. The Raman spectrum proves that the majority of growth

domains have coalesced to form graphene in 3 minutes.

But from the SEM images it is seen that the layers formed are all not uniform and there are spots
where the bare copper is exposed. These empty spots seem to get covered as the duration of
growth increases and at 20 minutes the entire surface of the copper foil is covered with graphene.
This shows that the carbon atoms actively move in and out of the edges of the graphene sheet till
all the growth domains are linked, forming a solid and stable graphene sheet. Longer growth
durations give similar results. The Raman spectrum shows that the density of defects decreases
as the time increases suggesting that it takes almost 10 minutes for the graphene to cover the
entire area. But at higher duration the density of defects starts to increase suggesting that
multiple layers starts to grow which is typical of an APCVD device. Thus the optimum growth

duration is from 10 to 15 minutes.
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Table 3.3 Parameters to study the effect of various growth time.

Time (min) Temperature (°C) CH,rate (SCCM) H;rate (SCCM)  Ip/lg I/l
3 950 10 300 0.28 0.38
10 950 10 300 0.23 0.44
20 950 10 300 0.51 0.26

]
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Figure 3.4 Raman spectra corresponding to each growth period. The samples were

prepared using parameters as stated in Table 3.3. Complete coverage was observed for as

little as 10 minutes.
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Figure 3.5 SEM images of synthesized graphene layers on Cu substrate grown for (A, D) 3
minutes, (B, E) 10 minutes and (C, F) 20 minutes with growth parameters as indicated in

the Table 3.3. The grain size and the number of graphene layers increases as the time

increases.
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3.6 Effect of gas flow rate

The Raman spectrum shown in Figure 3.7 shows  the effect of flow rate of CH; when the
temperature and time are kept constant. To study this, the growth conditions used were as

indicated in the Table 3.4.

The amount of precursor present actively greatly determines the quality of graphene produced.
The Raman spectrum shows that as the flow rate increases the intensity of the 2D peak
decreases. A possible explanation for this could be that as the flow rate of CH, increases, the gas
density in the mixture increases. This increases the rate of catalytic reaction on the surface of

copper thus forming multiple layers.

Table 3.4 Parameters to study the effect of different rate of flow of CH,4 keeping flow rate

of H, constant at 300 SCCM.

CH, rate (SCCM) Temperature (°C) Time (min) H, rate (SCCM) I/l loo/le
10 950 10 300 0.229973 0.44
20 950 10 300 0.535587 0.31
30 950 10 300 0.462042 0.2
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Figure 3.6 Representative Raman spectra collected for samples grown under varying CH,
flow rates ranging from 10 SCCM to 30 SCCM (rate of flow of H, was constant). The
samples were grown using parameters stated in Table 3.4 with standard growth procedure.
Higher concentration of CH, increased the number of layers of graphene formed. This is

indicated by the decrease in intensity of 2D peak as the flow rate of Ch, increases.
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Figure 3.7 SEM images showing an evolution of multi-layer formation of graphene with
increasing CH, flow rates. The bright empty spots are clearly seen which are indicated by
the arrow. The amount of empty spots decreased as the flow rate increased. The graphene
films were synthesized with (A, D) 10 SCCM, (B, E) 20 SCCM and (C, F) 30 SCCM of CH,4

with all other parameters as state in table 3.4.
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Table 3.5 Parameters to study the effect of various flow rates of H..

H, rate (SCCM) Temperature (°C) Time (min) CH, rate (SCCM)
0 950 3 10
100 950 3 10
300 950 3 10
500 950 3 10

To observe the effect of H,, the flow rate of CH, is kept constant at 10 SCCM. The growth
conditions are as indicated in the Table 3.5. H, is employed to prevent the Cu from oxidizing due
to the oxygen found in CH,. The SEM images show the effect of rate of hydrogen flow rate in
the experimental procedure. Whit no CH,4 flow during cooling cycle the H, etched away the
carbon atoms starting from the graphene edges and serves as secondary nuclei to coalesce the
graphene islands. This is shown in the SEM images where the bare copper shows up as bright
spots in the image. With low rate of H, flow, the effect of etching is very less and it results in
formation of multiple layers of graphene. The fourth image shows the effect of surplus amount
of hydrogen that leads to a dominant etching effect, preventing the synthesis of graphene. The
first and the fourth image are similar with more bare copper than graphene. This proves that not
only the presence of hydrogen is essential in maintaining chemical equilibrium in the reaction at

the surface of the catalyst but also that surplus hydrogen etches the synthesized graphene.
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Figure 3.8 SEM images showing the effect of hydrogen flow rate in synthesis of graphene
using CVD. The graphene films were synthesized with (A) 0 SCCM, (B) 100 SCCM, (C)

300 SCCM and (D) 500 SCCM.
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3.7 Steps involved in transfer of graphene to non-metallic substrates

Graphene on metallic surfaces is not suitable for any interesting application. Thus it is very
necessary to transfer the material to an insulating or non-metallic surface. Graphene cannot
remain on its own without any supporting layer or it will curl up. The substrate, which has
graphene on the surface after growth is completed, is spin coated with a very thin layer of
polymers like poly(methyl methacrylate) (PMMA) or Polydimethylsiloxane (PDMS). The
substrate is then baked for about 10 min in an oven maintained at 120°C. The side that was not
spin coated it blazed with oxygen plasma so that the graphene in the other side is etched away.
This foil is then placed in a ferric chloride copper-etch solution. Once the copper is etched away
the PMMA is scooped out of the solution and is rinsed with DI water a couple of time and is
scooped out onto the required substrate. Once the substrate is dry then it is rinsed with acetone to
dissolve the PMMA. Then the chip is dried to obtain a clean layer of graphene on the desired

substrate.
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Figure 3.9 (A) Image showing the surface of copper before and after synthesis: Specimen
on the right is bare copper and the specimen on the left has a layer of graphene on it. (B)
Digital image of graphene coated with PMMA floating in FeCl; etchant solution after the
under lying copper was etched. (C) The image shows a layer of graphene + PMMA after it
was transferred to SiO; for optical imaging and copper grid for TEM imaging. (D) Optical
image of the transferred graphene. The variation in contrast in the film is due to the
difference in number of layers of graphene. (E) Raman spectrum of the transferred

graphene.
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Chapter 4 - Synthesis of graphene: Chemical vapor deposition using

copper as catalyst I1

The effect of change in temperature, gas flow rate and growth duration on synthesis of graphene
has been studied extensively. In this chapter we study the effect of cooling rate on graphene
growth on Cu foil and effect which also includes change in annealing temperature. The first part
of the chapter deals with the effect of rate of cooling in the graphene CVD process. In this the
rate of cooling is reduced exponentially i.e. the Cu foil is quenched after the duration of growth
is complete. And the second part of the chapter we discuss the effect of rate of cooling along

with reduction in the annealing time.
4.1 Experimental procedure

4.1.1 Steps involved in growth of graphene using CVD 11

The steps for this experiment are very similar to that of the normal CVD growth of graphene on
Cu foil but with minor variations. In the first experiment the typical growth procedure used in the

experiment is shown in the Figure 4.1.
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Table 4.1 Typical growth parameters used in the modified procedure (Type 1).

Start End )
Time Argon Methane Hydrogen

Process  temperature temperature _
(min) (SCCM) (SCCM)  (SCCM)

(°C) (°C)
Soak 0 0 5 2000 0 0
Timed ramp 0 950 65 2000 0 300
Soak 950 950 20 2000 0 300
Soak 950 950 10 1000 10 300
Cool 950 0 5 3000 10 300
1200- Annealing iGrowth j\Quench’ 3000 E
— i i -
o i o
— ” : :
800- i— Temperatug
o ~Z i Hydrogen | 12000 N
= 7’ — Methane
) _ - — Argon \ 2
S 400- - ]
S _ : Ji f1000 =
g_ P : | g
S TE= . o I
0 30 60 90

Time (mins)

Figure 4.1 Plot of growth parameters following the modified growth procedure (Type I) for

synthesis of graphene on Cu substrate (temperature and flow rate) as a function of time.
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The only difference between this procedure and the standard growth procedure is the rate of

cooling. The sample is quenched after the growth process is complete. The cooling rate is kept at

approximately 4 °C/sec.

Table 4.2 Typical growth parameters used in the modified procedure (Type I1).

Start End _
Time Argon Methane Hydrogen
Process temperature temperature ]
. . (min)  (SCCM) (SCCM) (SCCM)
°C) °C)
Soak 950 950 5 2000 0 300
Soak 950 950 20 2000 0 300
Soak 950 950 10 1000 10 300
Cool 950 0 5 2000 10 300
Annealing Growth Quench
120 : —_
o +3000 (E)
) T O T T 2 e i
— 900 — Temperature | O
o —Hydrogen 2000 @,
2 600- -Methane Q
© — Argon : Tc'
o 300 : gl Y 1000 =
Qo PN 3
£ o —rr o
o B : : : : : — 0 TH
= 0 5 10 15 20 25 30

Time (mins)

Figure 4.2 Plot of growth parameters the modified growth procedure (Type II) for

synthesis of graphene on Cu substrate (temperature and flow rate) as a function of time.
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In the second experiment the typical growth procedure used in the experiment is shown in the
Figure 4.2. In this procedure the duration of annealing is eliminated or is reduced very less. The
sample is introduced into the furnace at the elevated temperature of 950 °C. And after the growth
process is completed the sample is quenched. Because the temperature of the furnace remains

constant all through the cycle there is no time lag between multiple consecutive samples.

4.2 Methodology

This chapter focuses on the effect of growth period and gas flow rate. The rate of cooling is kept

as a constant. The samples are characterized using Raman spectroscopy and SEM.

4.2.1 Graphene grown on Cu with a fast rate of cooling (Modified procedure type 1)

4.2.1.1 Effect of growth period

As stated in the previous chapter, the growth period is a very important factor in the synthesis
procedure of graphene. The Figure 4.4 shows evolution of graphene growth from 3 minutes to 20
minutes. In the standard CVD process as discussed earlier it was stated that the optimum
graphene growth period is from 10 to 15 minutes. But the Raman spectra show that the intensity
of D peak and that of the 2D peak does not vary much with respect to the G peak over time. One
reason for this phenomenon could be that the quality (density of defects) and the number of layer

of graphene do not change much over time.
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Table 4.3 Parameters to study the effect of varying duration of growth.

Time (min) Temperature (°C) CH, rate (SCCM) H; rate (SCCM) I/l loo/ls
3 950 10 300 0.45 0.33
10 950 10 300 0.5 0.39
20 950 10 300 - -
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Figure 4.3 Representative Raman spectra showing the effect of growth time. The samples

were prepared using parameters as stated in Table 4.3 with modified growth procedure

(Type I). The intensity of the 2D peak did not vary much with time indicating that number

of layers remained constant.
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Figure 4.4 SEM images of the synthesized graphene layers on Cu substrate, showing
evolution of graphene growth for (A, D) 3 minutes, (B, E) 10 minutes and (C, F) 20 minutes.
Other growth parameters are as stated in Table 4.3. The arrows indicate empty spots

which get covered as the growth time increases.
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But in the SEM images it could be seen that there are more bright empty spots on the copper
surface at 3 minutes, which means smaller grain size. This results in the formation of thinner
layer with empty spots. But as the time increases the grain size increases as there is time for
more amount of carbon to react with the surface. But these empty spots seem to be covered at 10
minutes growth time. But in the standard experimental procedure complete coverage was
achieved at around 15 minutes of growth. One possible explanation could be the absence of
cooling cycle. In the standard experiment cooling cycle is a long period and at lower
temperatures the carbon atoms are not so active but the hydrogen continues to etch away the

deposited carbon.

But the number of layers does not seem to change which is shown in the 2D peak of the Raman
spectra which is constant for both the growth period. This suggests that at the nucleation stage
itself the carbon forms multiple layers and as the graphene sheet grows it covers the entire
surface with the same number of layers. Thus for the new experimental procedure the optimum
growth period is around 6 or 7 minutes which is approximately half than that of the standard

procedure.

4.2.1.2 Effect of gas flow rate

The Raman spectrum shown in Figure 4.5 shows  the effect of flow rate of CH, when the
temperature and time are kept constant. To study this, the growth conditions used were as
indicated in the Table 4.4. In the previous chapter it was discussed that the as the flow rate of

CHy, increases, the gas density in the mixture increases.
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Table 4.4 Parameters to study the effect of varying CH, flow rates.

CH, rate (SCCM) Temperature (°C) Time (min) H, rate (SCCM) I/l loo/ls

10 950 10 300 0.5 0.4
20 950 10 300 0.30 0.25
30 950 10 300 0.41 0.34
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Figure 4.5 Representative Raman spectra collected for samples under varying CH, flow

rates ranging from 10 SCCM to 30 SCCM (flow of H; constant). The samples were grown

using parameters stated in Table 4.4 with the modified growth procedure (Type I). The

decrease in intensity of the 2D peak as the flow rate increases. This indicates that it forms

more layers as the concentration increases.
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This increases the rate of catalytic reaction on the surface of copper thus forming multiple layers.
But in the Raman spectra shown in Figure 4.6, the intensity of the 2D peak relative to the G peak
remains constant, which is also noticed in the SEM images in Figure 4.6. That is, the number of
layers remains constant. But this was not the case with standard procedure where the number of
layers increases with increase in CH, flow rate. This suggests that the CH,4 flow rate does not
have a predominant effect in determining the number of layers. This is because the duration of
gas flow is very less when compared to that of the standard procedure. Thus the optimum flow
rate is below 10 SCCM for around 10 minutes. Because anything above 10 SCCM for as little as

10 minutes gives complete coverage and similar results.
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Figure 4.6 SEM images showing the synthesized graphene with varying CH, flow rates of
(A, D) 10 SCCM, (B, E) 20 SCCM and (C, F) 30 SCCM with other growth parameters

stated in Table 4.4. The coverage and the number of graphene layers remains the same.

78



4.2.2 Graphene grown on Cu with a fast rate of cooling and fast rate of heating

(Modified procedure type I1)

4.2.2.1 Effect of growth period

In this procedure as previously stated, the sample is introduced for at the growth temperature
which effectively decreases the annealing time. The Raman spectra were obtained for samples
with experimental conditions as shown in Table 4.5. It was previously stated in the first part of
the chapter that increase in growth time increases the number of layers after a certain period of
time because of the decreased effect of hydrogen etching due to the absence of a cooling cycle.
But in this procedure it is seen that the 2D peak intensity when compared to that of the G peak
intensity is higher for the sample with 20 minutes of growth time than that of the sample with 10
minutes of graphene growth. This is contradictory at first to that stated in the first part of the
chapter. But it should be noted that this procedure is completely different form that of the

previous one.

Table 4.5 Parameters to study the effect of varying growth times.

Time (min) Temperature (°C) CH, rate (SCCM) H; rate (SCCM) I/l loo/le
10 950 30 300 0.24 0.24
20 950 30 300 0.51 0.66
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Figure 4.7 Representative Raman spectra showing the effect of growth time ranging from
10 minutes to 30 minutes. The samples were grown using parameters stated in Table 4.5

with the modified procedure (Type II).

In the modified procedure type I, there was hydrogen flow all through the cycle of annealing
which cleaned the copper surface prior to that of the growth time. But in the modified procedure
type Il there is no period of annealing. So annealing occurs during the period of growth. This
could be one of the possible reasons for the increase in quality of graphene with extended period
of time. This is also proved by the SEM images. In the Figure (B) it can be seen that the size of
graphene grain is very small even for 20 minutes which could be greatly due to the presence of
impurities which are indicated by the arrows. At 10 minutes there are only certain numbers of
graphene grains which are limited greatly by the presence of impurities. But at 20 minutes the
size of graphene sheets increases as more copper surface becomes available for graphene growth.
And the surface also looks more rugged and course because of the complete absence of

annealing.

80



Figure 4.8 SEM images of the synthesized graphene layers on Cu substrate, show evolution
of graphene growth by modified procedure (Type I1) for (A, C, E) 10 minutes and (B, D, F)

20 minutes with other parameters as stated in Table 4.5.
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4.2.2.2 Effect of gas flow rate

The growth parameters used to study this effect are as stated in the Table 4.6. The Raman spectra
of these samples show a trend that is opposite to the one shown by samples which have the same
parameters as in the ones in the standard procedure. In the Raman spectra, the ratio of intensity
of 2D peak with respect to the G peak (lop/lg) decreases as the rate of flow of CH,4 increases.
This means that the number of layer of graphene decreases as the flow rate increases. In the SEM
images shown in the Figure 4.10, the image A and D are ones with 10 SCCM. There is
nucleation of graphene but a major part of the substrate remains empty. In the second set of
images the grain size of graphene increases thus providing the proof of higher flow rate. In the
third set of images there are very few empty spots on the surface. This is also proved by the
intensity of D peak with respect to the G peak (Ip/lg) in the Raman spectra. The Raman spectra
of graphene will have higher intensity of D peak also when the size of the grain is small due to
edge effect. As the grain size is small the intensity of D peak is high in the lower flow rate and
the intensity decreases as the flow rate increases indicating that the grain size gradually

increases.
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Table 4.6 Parameters to study the effect of different flow rates of CH,.

(Cs'é“crlﬁ‘/tl)e Tem?fé;"t“re Time (min) (g'é(r:a,\t/f) ol o/l
10 950 20 300 055 029
20 950 20 300 063 039
30 950 20 300 051 066
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Figure 4.9 Representative Raman spectra collected for samples grown under varying CH,

gas ranging from 10 SCCM to 30 SCCM (flow of H, constant). The samples were grown

using parameters stated in Table 4.6 with the modified procedure (Type IlI). As the CH,

flow rate increases the 2D peak intensity increases indicating that fewer layers of graphene

as obtained for higher concentrations. This pattern is opposite to the one observed in the

previous procedure.
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Figure 4.10 SEM images showing the synthesized graphene with varying CH, flow rates of
(A, D) 10 sCCM, (B, E) 20 SCCM and (C, F) 30 SCCM using the modified procedure
(Type I1) with other growth parameters as stated in Table 4.6. The empty spots are

indicated by the arrows.
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Chapter 5 - Synthesis of graphene: Chemical vapor deposition using

nickel as catalyst

It has been known for a long time that CVD of hydrocarbons on reactive nickel or transmission
metal carbides can produce layers of graphene. The mechanism of synthesis of graphene on
nickel is very different from copper. The technique of synthesis of graphene on nickel was
studied before that of copper. The study of graphene growth on nickel lost interest because of the
lack of control over the number of layers on the substrate. But today it has again come under the
spot light because of the new found knowledge that the rate of cooling plays an important role in
the segregation process. This chapter focuses on the synthesis of graphene on nickel substrate.
First the experimental procedures like process flow charts are discussed. This is followed by
discussion on the initial results of graphene which is grown following the standard procedure of
heating, growth and cooling. This is followed by the discussion on the results of graphene
growth on nickel whose duration of annealing is very low. This chapter ends with a discussion of

the transfer techniques from metallic to insulating substrate.

5.1 Literature review

Segregation of graphene on nickel surface has been studied for a long time®. It has been proved
that thin graphite with well controlled thickness (including monolayers) and low defect density
can segregate from metals and metal carbides® 3, held at high temperatures in an equilibrium
segregation process. In 2008 Pei and co-workers* showed the effect of rate of cooling and how is
it important in forming the graphene sheet on the surface of nickel. Li et al., > in 2009 postulated
the mechanism of graphene growth on nickel surfaces by carbon isotope labeling. In the same
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year Kim et al., ® synthesized graphene on a thin layer of graphene deposited on SiO/Si
substrates using an electron-beam evaporator. This was done to reduce the number of graphene
layers that were formed on the surface as thicker nickel implies more carbon absorbed and more

will be the occurrence of segregation of carbon on the surface.

5.2 Experimental procedure

5.2.1 Steps involved in growth of grapheme using CVD

The steps are very similar to that of the graphene growth on Cu. But because the segregation
process is dependent on the rate of cooling, the substrate is cooled at a rate of ~4 °C/sec after the

growth process is completed. The growth parameters used would be similar to Figure 5.1.

Table 5.1 Typical growth parameters used in the standard procedure.

Start End .
Process temperature temperature Time Argon Methane Hydrogen
°C) °C) (min)  (SCCM) (SCCM) (SCCM)
Soak 0 0 5 2000 0 0
Timed ramp 0 950 65 2000 0 300
Soak 950 950 20 2000 0 300
Soak 950 950 10 1000 120 300
Cool 950 0 5 3000 120 300
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Figure 5.1 Plot of growth parameters following the traditional growth procedure for

synthesis of graphene on Ni substrate (temperature and flow rate) as a function of time.

In the second experiment that is discussed in the second part of the chapter, the sample is
introduced at the growth temperature. The cooling rate is the same as the previous procedure (~4
°C/sec) but the heating rate is increased to ~8 °C/sec. The growth procedure used in the
experiment is shown in the Figure 5.2. This practically removes the process of annealing on the
sample. Because the temperature of the furnace remains constant all through the cycle there is no

time lag between multiple consecutive samples.
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Table 5.2 Typical growth parameters used in the standard procedure.

process temperature  temparature T1MS Argon - Methane - Hydroger
Q) Q)

Soak 950 950 5 2000 0 0

Soak 950 950 20 2000 0 300

Soak 950 950 10 1000 120 300

Cool 950 0 5 3000 120 300

Annealing Growth : Quench
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o . : ; -3000 g
3 e i
— 900 — Temperature O
o ' —Hydrogen i | 12000 &
S 600- — Methane _ O
-~ | Y )
E — Argon ©
5 300- : o 1000 &
Q. - H \ ;
E 0 » - “ == 2
(7 e : N -0 T
= 0 5 10 15 20 25 30

Time (mins)

Figure 5.2 Plot of growth parameters following the modified growth procedure used for

synthesis of graphene on Ni substrate (temperature and flow rate) as a function of time.
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5.3 Methodology

The methodology for Ni is not very much different from that of Cu. The main growth parameters
that contribute to the CVD process are: (1) Precursor used, (2) Gas flow rate, (3) Growth

temperature, (4) Growth period, (5) Type of catalyst, (6) Rate of cooling.

Of these, this chapter focuses on the effect of growth period and gas flow rate. Rate of cooling is
a very important parameter which determines the quality of grapheme. The samples are

characterized using Raman spectroscopy and SEM.

5.3.1 Graphene grown on Ni using Traditional growth procedure

5.3.1.1 Effect of growth period

The period of growth is an important parameter in synthesis of grapheme using Ni substrate also.
As previously stated the method of graphene growth on Ni is by segregation. The parameters for

studying this effect are as stated in the Table 5.3.
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Table 5.3 Parameters to study the effect of varying duration of growth.

Time (min) Temperature (°C) CH, rate (SCCM) H; rate (SCCM) I/l loo/ls
10 950 120 200 0 1.03
20 950 120 200 0 0.55
30 950 120 200 0 0.78
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Figure 5.3 Representative Raman spectra showing the effect of time ranging from 10

minutes to 30 minutes. The samples were grown using parameters as stated in Table 5.3

with standard procedure of growth. The number of layers decreased for lesser amount of

time which is indicated by the increasing intensity of the 2D peak.
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Figure 5.4 SEM images showing the synthesis of graphene on Ni-substrate grown for (A, D)
10 minutes, (B, E) 20 minutes and (C, F) 30 minutes with growth parameters as stated in

Table 5.3. The grain boundaries are indicated by arrows.
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The experiment is conducted by changing the time of growth while keeping temperature and the
rate of flow of H, and CH,4 constant. The Raman spectra as shown in the Figure 5.3 show a trend
in which with increasing growth time, the peak position of the 2D peak up-shifts, while the
intensity of the 2D band decreases. One possible explanation is that more time of growth leads to
more absorption of carbon into the substrate which leads to more number of layers of graphene
being formed. The SEM images shown in the Figure 5.4 also prove that as the time of growth
increases the layers of carbon increases which is revealed by the increase in prominence of
graphene boundary layer. Thus to minimize the amount of carbon being absorbed into the

substrate, the time of growth has to be 10 minutes or less.

5.3.1.2 Effect of gas flow rate

The Raman spectrum shown in Figure 5.5 shows  the effect of flow rate of CH; when the
temperature and time are kept constant. To study this, the growth conditions used were as
indicated in the Table 5.4. Unlike to copper, the increase in CH,4 decreases the number of layers
formed. The Raman spectra, as shown in the Figure 5.5, the 2D peak increases with increase in
CH, flow rate. This is because the rate of cooling determines greatly the number of layers
segregated to the surface. It is also noticed from the SEM images in Figure 5.6 that increase in

flow rate increases the grain size.
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Table 5.4 Parameters to study the effect of different rate of flow of CH,4 keeping H; flow

rate constant.

CH, rate (SCCM) Temperature (°C) Time (min) H, rate (SCCM) I/l loo/ls
10 950 10 200 0 0.68
50 950 10 200 0 0.87
120 950 10 200 0 1.03
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Figure 5.5 Representative Raman spectra collected for samples grown under varying CH,
flow rate ranging from 10 SCCM to 120 SCCM keeping the rate of flow of H;, constant. The
samples were grown using parameters as stated in Table 5.4 with standard growth
procedure. The relative intensity of 2D peak indicates formation of bi-layer graphene for a
CH, flow rate of 120 SCCM. It also shows that the number of layers decreases as the flow
rate increases indicating lesser number of layers are formed for increasing concentration of

CHas,
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Figure 5.6 SEM images of synthesized graphene layers on Ni-substrate grown with varying
CH, flow rates of (A, D) 10 SCCM, (B, E) 50 SCCM and (C, F) 120 SCCM with growth
parameters as stated in Table 5.4. The increase in grain size (~10 um to ~100 pm) is

indicated by the dotted line.
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5.3.2 Graphene grown on Ni using modified growth procedure

5.3.2.1 Effect of growth period

With experimental conditions as shown in Table 5.5, it is seen that the graphene growth is a
quick process. The Figure 5.8 shows the evolution of graphene growth with respect to time of
growth ranging from 10 minutes to 30 minutes at 950 °C with methane flow rate of 120 SCCM

and hydrogen flow rate of 300 SCCM.

Changing the duration of growth seems to have no effect on the number of layers of graphene
which is shown by the intensity of the 2D peak in the Raman spectra as shown in the Figure 5.5.
Similar to the first part of the chapter, where graphene is grown on Ni using standard procedure,
the prominence of grain boundary increases with time. This is because with more time more
carbon is absorbed into the substrate and during cooling process more carbon is segregated to the
surface. This is interesting because there is a period of annealing before the growth process starts
in the standard procedure but not in the modified procedure. It is also noted that the surface of
the substrate is found to be rough when compared to the sample used in the normal procedure.

This is also because of the absence of period of annealing before growth.
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Table 5.5 Parameters to study the effect of varying growth times.

Time (min) Temperature (°C) CH, rate (SCCM) H; rate (SCCM) I/l loo/ls
10 950 120 200 0 0.51
20 950 120 200 0 0.34
30 950 120 200 0 0.78
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Figure 5.7 Representative Raman spectra collected for samples grown under varying time
ranging from 10 minutes to 30 minutes. The samples were grown using parameters as
stated in Table 5.5 with modified procedure. The shape of the 2D peak indicates that this

procedure yielded only multilayer graphite instead of graphene for all flow rates.
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Figure 5.8 SEM images showing synthesis of graphene on Ni-substrate grown for (A, D) 10
minutes, (B, E) 20 minutes and (C, F) 30 minutes with growth parameters as stated in

Table 5.5. The prominence of graphene grain is indicated by the structure of grain.
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5.3.2.2 Effect of gas flow rate

The Raman spectrum Figure 5.9 shows the effect of flow rate of CH4 when the temperature and

time are kept constant. The growth conditions used were as indicated in the Table 5.6.

The intensity of the 2D peak in the Raman spectra as shown in the Figure 5.9 are very low when
compared to that of the G peak suggesting that the graphene formed is composed multiple layers.
This suggests that the segregation of carbon is so extensive that instead of forming few layers of
graphene they combine and form graphite. One possible explanation could be the very low rate
of H, used in the experiment and the second one could be the presence of impurities on the
surface. As it is a surface segregation process, the presence of impurities affects the growth in
nickel more radically when compared to growth over copper. The impurities cause the graphene
to grow as islands thus segregating more carbon at the same area forming graphite. Also the
amount of carbon segregating to the surface is determined by the rate of cooling and not the flow
rate of CH, during the growth process. Thus minimum flow rate is optimum as the results are the

same for increasing carbon rates.
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Table 5.6 Parameters to study the effect of different rate of flow of CH,.

CH, rate (SCCM) Temperature (°C) Time (min) H, rate (SCCM) I/l loo/ls
10 950 10 200 0 0.49
50 950 10 200 0 0.41
80 950 10 200 0 0.15
120 950 10 200 0 0.51
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Figure 5.9 Representative Raman spectra collected for samples grown under varying CH,
flow rates ranging from 10 SCCM to 120 SCCM (flow rate of H, was constant). The
samples were grown using parameters as stated in Table 5.6 with the modified procedure.
The relative intensity of the 2D peak indicates that this procedure yielded only multilayer

graphite instead of graphene for all flow rates.
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Figure 5.10 SEM images of synthesized graphene layers on Ni-substrate grown with
varying CH, flow rates of (A, E) 10 SCCM, (B, F) 50 SCCM, (C, G) 80 SCCM and (D, H)
120 SCCM with growth parameters as stated in Table 5.6. The images show that the grain

size, indicated by box, did not show dependence on CH, flow rate.

100



5.4 Steps involved in transfer of graphene to non-metallic substrates

Transfer of grapheme from Ni to an insulating substrate is very similar to that of transfer from
Cu substrate. In a similar method as that of the copper process the substrate, which has graphene
on the surface after growth is completed, is spin coated with a very thin layer of polymers like

poly(methyl methacrylate) (PMMA) or Polydimethylsiloxane (PDMS).

The substrate is then baked for about 10 min in an oven maintained at 120 °C. The side that was
not spin coated it blazed with oxygen plasma so that the graphene in the other side is etched
away. This foil is then placed in a ferric chloride etch solution. Once the nickel is etched away
the PMMA is scooped out of the solution and is rinsed with DI water a couple of time and is
scooped out onto the required substrate. Once the substrate is dry then it is rinsed with acetone to
dissolve the PMMA. Then the chip is dried to obtain a clean layer of graphene on the desired

substrate. The difference is the use of ferric chloride for etching the nickel.
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Figure 5.11 The schematic illustrates transfer process of graphene from copper to an

arbitrary substrate.
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Chapter 6 - Conclusion and Future work

The thesis provides a reference for growth of large-area graphene films and their
characterization. It acts as a good starting point in producing high quality graphene using
APCVD. All through the thesis Raman spectroscopy was utilized to ascertain the quality of
graphene as well as to confirm the presence of strain and disorder in the graphene sheet. In this
work, a carbon nanotube CVD furnace was modified to mass produce, large area graphene using

fast heating and fast cooling hence reducing the overall time required for graphene synthesis.

Experiments on CVD grown graphene showed the importance of different growth parameters.
First set of experiments involved synthesis of graphene using standard growth procedures
available in the literature. Graphene synthesized at higher temperature caused an increase in
density and size domains of graphene. Raman of the samples had a blue shift of the 2D peak
which was attributed to isotropic compressive strain induced by copper while cooling. Double
resonance theory was also employed to explain this effect. Secondly, under prevailing conditions
the growth of graphene had achieved coverage of the entire area at around 15 minutes of growth.
Longer growth time ended with similar results. Finally, the effect of flow rate of gasses was
discussed. It was shown that higher flow rates of CH, resulted in an increase in the number of
layers which was correlated by Raman spectroscopy. The effect of flow rate of hydrogen was
also discussed. Very high flow rate resulted in etching of carbon atoms from the ends of

graphene.

Second set of experiments were conducted following fast heating/cooling. The growth period for

the modified procedure (type 1) in which the sample was quenched from 950°C to room
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temperature as soon as the growth period is completed was studied. It was found that the carbon
forms multiple layers at the stage of nucleation itself and as the time of growth increases the size
of grain increases. Thus the optimum growth time was around 6 minutes. The gas flow rate do
not have a predominant effect in determining the number of layers of graphene. Because of the
lack of period of cooling, the time of flow of gasses is reduced down to the period of growth
only. The Raman spectra and also SEM images did not show any difference in the number of
layers or the grain size of graphene. A flow rate of below 10 SCCM is enough to cover the entire

surface of the catalyst.

Next the growth of graphene on copper using the modified procedure-type Il (fast
heating/cooling) was studied. The results were not at all similar to previously obtained results.
Because of the reduction of annealing time in the new modified procedure annealing of substrate
occurs during the period of growth. Because of the presence of impurities the growth of graphene
layers gets interrupted and they form small islands of multiple layers. Because of the absence of
annealing cycle and also cooling cycle the growth period is the only time at which the gasses are
reactive, which results in lack of gasses during the growth process. Thus higher flow rate of CH,4

is required to optimize the growth of graphene.

In the fifth chapter of the thesis, nickel a material well known to be capable of synthesizing
graphene using CVD was studied. In the first part of the chapter, standard procedure which
involved annealing the substrate was studied. Results showed that high temperature, high
hydrogen-gas content of sources and shorter growth times were the key factors for low-defect,
few layer graphene growth. Later, the modified procedure was employed to study the effect of

duration of growth and CH, flow rate for samples that did not go through the annealing cycle in
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the CVD process. It was observed that the above mentioned parameters had little or no effect on
the quality of graphene synthesized using the modified procedure. This may be due to the fact
that the method of synthesis of graphene on Ni is by surface segregation and the presence of
impurities on the surface of the substrate, unlike Cu substrate, greatly affected the synthesis

process.

Thus, in conclusion we have studied synthesis of graphene on copper extensively using the
standard procedure and two modified procedures and have shown that the growth of graphene on
copper is actually a very short process. The optimum process parameters for few layer controlled

growth of graphene were found to be as follows.

e Procedure — Modified procedure (Type 1)

e Temperature — 950 °C

e Time — 30 minutes

e CH, flow rate — 20 SCCM

e H, flow rate — 300 SCCM

This knowledge provides a fast method which could be used to synthesize graphene on an

industrial basis using batch process by which high quality graphene films can be mass produced.

In terms of graphene growth on nickel, it was found that it was very important for nickel

substrate to be annealed before the growth process could begin. So, more experiments have to be
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carried out to study the effect of change in parameters in the modified procedure to produce high

quality graphene films.

Based on the modified procedures, the study on growth of graphene can be expanded to include
other source of carbon like ethylene or solid carbon sources like sugars, carbon black, etc. Each
of these new sources would provide the knowledge that might lead to a large scale production of
graphene using the modified procedure. It has been known that synthesis of graphene under low
pressure yields mono-layered graphene. With this knowledge, the modified procedure could be
extended to the Low Pressure Chemical (LPCVD) to synthesis mono-layered graphene in
industrial quantities. Effect of fast heating and cooling will also be studied on Cu and Ni based

alloys.
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