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Chapter-1

Introduction

Science has been an indispensable part of human civilization. Science built the modern world, that
in turn shaped modern culture. The founder of the history of science discipline said that science
was only a truly cumulative and progressive activity of humankind. It has impacted all aspects of
human life, such as healthcare, communication, travel, food, etcetera. In the process of evolution
of the scientific revolution, physics was the one branch of science that played a vital role among
others. Physics saw a paradigm shift during this period as it delved into quantum physics from
classical physics to understand the quantum phenomena in nature. However, simultaneously, the
usage of materials also contributed to human civilization. In the early days, humans prepared
material from natural deposits like iron, copper, and many more. Moreover, the evolution of human
civilization occurred through the stone, bronze, and iron ages and finally arrived at the silicon age,

which began with the discovery of semiconductors.

After the discovery of semiconductors and advancements in fabrication technology, transistors are
built into smaller places. Understanding the transistor's functionalities assisted with the technology
led to the exponential growth of integrated circuits (ICs), electronic devices, and other relevant
applications. Millions of transistors were fabricated onto the same IC to increase the efficiency
and speed of the devices. However, Moore's law predicts the number of transistors on a Si chip to
double every year, and this was followed till the device started to scale down to the nanoscale [1-
3]. When the channel width of the FET made of existing three dimensional material is reduced to
the nanoscale results in low device performance due to the quantum effects. The source to drain
tunneling would also be high, leading to less gate control. Thus, it is difficult to use conventional
materials for the high performance of devices when they are scaled down to the nanoscale. There

was a need to search for alternative materials to overcome these limitations.

In the context of modern science and engineering, understanding material systems is important for
broadening the horizons of technology. The physicochemical properties of bulk or macroscopic
materials are determined mostly by their chemical constituents. However, when the material's
dimensions are reduced to the nanoscale, the size and shape play an essential role in determining

the properties. It is often said that the materials properties depend on what the material is made up



of. However, it has been proven that a material's behavior relies on its size and dimensionality. It
is true for some materials when their size is reduced to the nanoscale. There will be a Paradigm
shift in the properties at the nanoscale compared to the counter bulk parts. This unique behavior
of materials and being able to observe these characteristics with advanced technology made us

dive into nanomaterials; currently, we are in the nano age.

Nanoscale refers to the object's size that has a length of a nanometer (10° meters). The materials
having at least one of the dimensions at the nanoscale are called nanomaterials. The scientific study
that deals with nanomaterials are termed nanoscience. Based on their dimensionality, materials are
divided into zero-dimensional (0D), one-dimensional (1D), and two-dimensional (2D) materials.
Bulk material has three dimensions (3D), having more than the nanoscale range. If one of the
dimensions is restrained to nanometers out of three dimensions produces a 2D material similar to
a sheet structure. Similarly, when the two dimensions are restrained, called 1D material, and if the
three of them are confined to the nanoscale, called 0D materials [4].

Nanomaterials are alternative materials for addressing the limitations produced by 3D materials.
2D materials are the potential candidates among the nanomaterials as they can easily integrate into
devices. However, until the 20th century, scientists believed that 2D materials cannot exist due to
their instability because thermal fluctuations arrest long-range crystallinity at a finite temperature
[5]. Geim and Novasolev discovered graphene in 2004 [6]for which they were awarded the Nobel
Prize in 2010 [7]. Graphene has become the first 2D material to be discovered that consists of a
sheet of carbon atoms with atomic thickness. It was isolated with scotch tape from highly ordered
pyrolytic graphite (HOPG), as shown in figure 1.1. Usage of Graphite as a source material for
exfoliation because it is a layered material in which many graphene layers are stacked vertically
with van der Waals forces.

The valence and conduction bands of graphene being in contact result in the semi-metallic
behavior, and its charge carriers act as Dirac fermions with zero effective mass. This characteristic
feature resulted in unique properties such as high charge carrier mobility, half-integer quantum
hall effect, micrometer-scale ballistic transport, and more than 97% optical transmittance [9-12].
Because of these properties, graphene is expected to replace silicon for ultra-fast nanoelectronics.

Indeed, it is the thinnest material, flexible, and mechanically strong. Consequently, graphene has



become a suitable candidate for flexible electronics, medicine, defence, and consumer goods,

among others.

Figure 1.1 Isolation of graphene from graphite flakes using the scotch tape technique [8].

The intriguing properties and easy isolation of graphene stimulated the researchers to find other
2D materials from the existing layered materials. The family of 2D materials is shown in figure
1.2. An exponential rise in 2D materials discovery has occurred, and a recent prediction is that
there are about 5600 layered compounds in which more than 1800 can be potentially exfoliable
[13]. Some of the 2D materials of different groups that have undergone intensive research besides
graphene are hexagonal BN, Mxenes, transitional metal dichalcogenides (TMDs), and black
phosphorous. This family of 2D materials covers the whole spectrum of properties from metallic
to insulator, superconductivity to magnetism, etc. New physical effects also have been observed
for the same layers when they are arranged with some twist angle. Synthetic materials can be

fabricated by stacking the different 2D crystals might lead to unpredictable properties.



Figure 1.2 Schematic representation of the rise of various 2D materials after graphene discovery
[14].

The wide range of unique properties broadened the applications of 2D compounds in various fields.
The energy crisis in the world has increased the demand for efficient energy storage devices
(ESDs). The global rise in energy sought for highly efficient ESDs. The properties found in 2D
materials paved the path for satisfying these requirements. High specific surface area, high
electrochemical activity, and electrical conductivity are characteristics of 2D materials that ensure
the betterment of supercapacitors, batteries, and also for electrocatalysts. The high environmental
sensitivity and surface area-to-volume ratios of 2D compounds are important features for chemical
sensing applications. The fabricating of tunable channel sizes precisely with 2D materials can be
utilized in the nanofluidics field. The achievable electrostatic gate control in FETs of 2D materials,
having intrinsic properties of electric dipoles and magnetic moment can be used in nanoelectronics
and flash memory devices [15]. Figure 1.3 displays the various other applications of the 2D

materials.
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Figure 1.3 Applications of various 2D materials [15].

The major challenge of 2D materials is the synthesis of defect-free large-area crystals. High-
quality 2D materials can be exfoliated from their bulk counterparts, but their yield is very low, and
crystal sizes are very small. Chemical vapor deposition (CVD) can overcome some of these
limitations, where large area 2D films can be obtained, but this method does not produce high
quality compared to mechanical exfoliation. Synthesizing high-quality 2D materials on target
substrates is a challenging aspect. Transferring the 2D materials onto desired substrates without
degradation has not been resolved yet. Growing or transferring 2D crystals onto target substrates
itself is a challenge. Doping 2D materials is necessary to obtain synergistic physicochemical
properties, which is not straightforward. Uniformity in doping has not been established till now.



The research community's bottleneck is producing high quality 2D materials at a large scale to
meet industrial needs and realize potential applications. As a result, new techniques must be
developed. So, the CVD approach is suitable for synthesizing large-area continuous films with
enhanced quality by choosing the right precursors and process parameters.

Figure 1.3 structure of the graphene. Graphene is a backbone for all sp? carbon allotropes [16].

My thesis work mainly focuses on graphene systems and their doping. Graphene is a 2D material
comprising sp? hybridized carbon atoms, arranged in a honeycomb lattice structure, as displayed
in figure 1.3. Graphene is the backbone for all sp? hybridized carbon structures (i.e., graphitic
materials) irrespective of their dimensionalities. Rolled graphene produces carbon nanotubes (1D
material), enfolded graphene gives rise to fullerene (OD material), and the stacked graphene sheets
one on another lead to graphite (3D material). Graphene exhibits novel properties like high
mechanical strength and carrier mobility, room-temperature quantum Hall effect, flexibility,
catalytic and photoelectric activity. Due to its distinct properties, it has gained attention from the
research community and industrialists. Graphene has become a suitable candidate for flexible
electronics, medicine, defence, and consumer goods, among others. But, the limitation of graphene

is that it does not have a band gap which reduces its scope in the digital nanoelectronics field,



where it requires a bandgap. This limitation can be overcome by functionalizing graphene with
foreign atoms. Substitutional doping of graphene is a promising method to create a band gap and
hence modify physicochemical properties. Controlled doping of graphene is also a challenge till
today. Production of graphene at an industrial scale faces many problems because of technological
immaturity and costly synthesis. The industrialization of graphene is a delicate process as the
quality and the physicochemical properties mostly depend on the synthesis conditions and
processing facilities. Thus, there is a demand for facile synthesis techniques for obtaining large-
area graphene systems at a large scale without compromising the quality.

This thesis employed chemical vapor deposition technique of synthesizing pristine graphene and
nitrogen-doped graphene at atmospheric pressure. CVD has been employed because of its ability
to synthesize large-area films. But, CVD brings challenges, such as using hazardous precursors,
difficulty controlling the thickness and twisting angles between layers, and growing graphene at
low temperatures and also on insulating substrates. The most used precursor for graphene's CVD
growth is methane gas which is poisonous and highly explosive. Solid precursors were found to
be alternative precursors that pose less threat than methane gas. In the case of doping nitrogen of
graphene, depending on concentration of nitrogen dopants, a band gap is induced. The selection
of the precursor and growth parameters, like temperature, flow rate, time, and pressure, affect the
nitrogen doping concentration and configurations. Therefore, it is crucial to investigate innovative
precursors and adjust growth conditions in order to achieve the necessary nitrogen concentrations
and configurations. This thesis work’s motivation is synthesizing large-area continuous nitrogen-
doped graphene and pristine graphene films using solid precursors. The novelty of the work lies
in introducing the new solid precursor for synthesizing the nitrogen-doped graphene and
controlling its dopant configuration. The effect of the nitrogen doping configuration and
concentration on electronic properties is also studied. Synthesized films were utilized for the
applications of sensors and electronics. The films were applied in surface-enhanced Raman

spectroscopic (SERS) studies, which act as SERS substrates for the organic dye molecules.
This thesis is divided into seven chapters. The chapters in this thesis are organized as follows.

Chapter 1 introduces the thesis that discusses the glimpses of 2D materials (focussing on
graphene), their synthesis, potential applications, and challenges. It introduces the motivation

behind the thesis work. It also presents the categorization of chapters in the thesis.
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Chapter 2 reviews graphene and nitrogen-doped graphene materials based on published
experimental and theoretical findings. It presents an overview of pure and doped graphene
structure and properties. The recent development in synthesis techniques has been discussed in
this chapter. It also elaborates on the contemporary research that is taking place on graphene
systems, such as characterization, heterostructures based on graphene, and doping of graphene and
their challenges. Overall, it provides the information for laying the foundation related to the aims
of the thesis.

Chapter 3 is about experimental and characterization techniques. This chapter introduces the basic
concepts of the synthesis techniques and characterization tools that have been used for the research

work.

Chapter 4 is the first chapter to contain the results of my research. This chapter discusses the
graphene growth on copper using polymethylmethacrylate (PMMA), a solid precursor using
atmospheric pressure chemical vapor deposition (APCVD). Generally, the Spin-coated or
deposited films of solid precursors on substrates are annealed at higher temperatures in a reduced
atmosphere to obtain the graphene films. This approach does not have any control over the
nucleating sites and the crystal's coalescence. Therefore, the PMMA was evaporated and
transported to the substrate, and further process is similar to the graphene growth from methane.
We optimized the different synthesis parameters such as evaporation temperature, growth time,
and PMMA amount for obtaining the defect-free large-area continuous graphene films. Graphene
films were also grown at various temperatures. The synthesized films were characterized by
Optical microscopy, FESEM, Raman spectroscopy, and AFM for the morphology, crystallinity,
and thickness studies.

Chapter 5 discusses growth of nitrogen-doped graphene using solid precursors. It can be doped
in two ways: direct synthesis (foreign atoms are doped during graphene's growth) or post-treatment
of graphene is the other method. We employed the APCVD technique as it comes under the direct
synthesis method for doping graphene with nitrogen atoms. As mentioned earlier, the doping
concentration and configuration strongly depend on the precursor and processing parameters, so
we used the solid precursor phthalocyanine (containing carbon and nitrogen atoms) for the first
time to synthesize nitrogen-doped graphene. We studied the effect of duration of growth time,

growth temperature, and carrier gas on nitrogen doping configurations and its concentration. The

8



synthesized films were characterized using XPS for determining the nitrogen content and its
configurations. Raman, FESEM, AFM, and optical measurements were performed on these films
to get information about the morphology, thickness, and defects. We compared nitrogen-doped
graphene films synthesized from phthalocyanine and copper phthalocyanine.

Chapter 6 is about the applications of synthesized films for electronics and sensing. FET
measurements were performed for both pristine and nitrogen-doped graphene films to obtain the
electronic properties. We studied the effect of the nitrogen dopant configuration on the Dirac point
and charge carriers. The transmittance measurements were also performed for these films. For
sensing applications, the films were utilized as surface-enhanced Raman spectroscopic (SERS)
substrates. 2D materials are emerging as SERS substrates and have a greater edge than
conventional materials. Graphene, nitrogen-doped graphene and, hexagonal boron nitride, etc.,
have proved to be effective SERS substrates for an array of probe materials. We used the probe
molecules for sensing organic dyes like methylene blue, crystal violet, and Nile blue. The effect
of doping on SERS behavior was studied and compared with pristine graphene SERS. Graphene

has been utilized in the graphene/ MoS; heterostructre for photoconductivity studies.

Chapter 7 summarizes the conclusions and future scope. The key findings of the thesis work are

summarized in this chapter. Based on the arrived conclusions, the future scope also was proposed.
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Chapter-2

Literature Review

This chapter presents an overview and the recent advancements in graphene systems. It briefly
discusses graphene's structure, properties, and limitations. Doping graphene, especially focusing
nitrogen-doped graphene, which was introduced in this chapter, addresses overcoming the
limitations of pristine graphene. Then, fabrication techniques (special attention given to the CVD
technique) were reviewed for pristine and nitrogen-doped graphene. Recent achievements of
graphene utilization in different fields were also discussed. At last, after an intensive literature

review, we provided the motivation and objectives of my research work.
2.1 Overview of pristine Graphene

2.1.1 Introduction

Before their discovery, it was argued that 2D structures cannot exist independently due to their
thermodynamical instability. They were considered the basic constituents of 3D structures, such
as layered materials, until the discovery of Graphene by Andre Geim and Konstantin Novoselov
in 2004. Graphene is a single sheet of carbon atoms organized in a honeycomb lattice structure
[1]. Itis an allotrope of carbon, and its siblings are carbon nanotubes, fullerenes, and graphite. The
graphene's carbon atoms are sp? hybridized, which is distinguished from diamond's sp3 hybridized
carbon atoms. Graphene is a true 2D structure as it is one atom in thickness. This thesis deals with
doped graphene, so undoped graphene is labeled as pristine graphene to contrast with doped
graphene.

Carbon atoms Molecular bonds

~ 0.142 nm
| —|

Figure 2.1 schematics of graphene structure [1].
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2.1.2 Structure of pristine Graphene

The sp? hybridized carbon atoms allowed them to bond to three other carbon atoms, giving rise to
the honeycomb lattice structure. The honeycomb lattice is formed by interpenetrating two
triangular lattices mentioned as A and B, as shown in figure 2.2. The unit cell comprises two atoms,

each from one sublattice. The two unit vectors of lattice cell a1 and a» are written as
a; ="5(3,v3),  ay ="%%(3,-V3)

Where a._. is the C-C bond length, which is about 0.142 nm. The corresponding reciprocal lattice

vectors are written as

b1 — 27 (1, \/§), b2 =

3ac—c

e (13)

3a

The Brillouin zone was constructed by using reciprocal lattice vectors in k-space, as depicted in
figure 2.2. The two vertices of two Brillouin zone, K and K', are Dirac points and are crucial in
determining graphene’s physics. The K and K' are written as

K = 2z (LE), K = 27 (1’_§)

3 3ac—¢

3ac—¢

(b)

b
kyh D

Figure 2.2 (a) Graphene honeycomb lattice structure with two triangle-shaped sublattices is
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depicted. The two lattice unit vectors of the unit cell are a; and a2, and d; are the nearest neighbors

where i represents the 1,2 and 3. (b) Brillouin zone of graphene [2].

2.2. Physical properties of Graphene
2.2.1 Electronic properties of graphene

Band structures of materials determine their electronic properties. The energy band is derived for
graphene by the tight-binding approximation method [3]. This technique involves expanding an
electron's wave function while subjecting it to periodic crystal potential. The atomic orbits
(LCAO) around all of the lattice atoms are combined linearly in this expansion. The electron wave
function of the graphene lattice is represented as the sum of the wavefunctions of electrons from

two sublattices because it is made up of two triangular sublattices (A and B).

Y = Cap? + Cpyp®

Where ¥4 and ? are linear combination of electron orbits around the sublattice A atoms and
sublattice B atoms. The Schrodinger equation HY = EW, where E is the eigenvalue and H is the
Hamiltonian function, can be used to derive the combination coefficients Ca and Cg. In this
approximation, the overlap between the nearest and next-nearest neighbors is given greater weight
than the distant orbits. The approximate solution for the energy bands results from this assumption

is.

> V3kya._ V3kya._ 3kyac_
EJ_r(k)=iy\/1+4cosz<+cc>+4cos< y2 2 C)cos( XZC C)

V3k,a, —c V3k,a 3kya._
_y,<4COSZ<L>+4COS< 4 C—c)cos( e C)—Z)

2 .2 2

here k is the wave vector, - is the lower band, and + is the upper band. y and y' are the nearest
neighbor hopping energy (= 2.7 €V) and the next nearest-neighbor hopping energy, respectively.
The contribution for y comes from hopping between two different lattices, while for y ' comes from
hopping within the same sub-lattice. Fig. 2.3 (a) displays the complete energy spectrum within

the Brillouin zone [2]. The lower and upper bands are symmetric about zero energy if y' is
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neglected. Most importantly, the energy values at K' and K are same for the lower and upper bands,
indicating no energy gap at the six corners of the Brillouin zone. These points are called Dirac
points. E(K) expansion about the Dirac points results in an approximate linear dispersion relation
(LDR).

E+(q) = 2v|(9)]

3vac— _

Here (g) is the wave vector measured with respect to Dirac points (DPs) and v = >

1 x 10° m/s. Indeed, v is a fermi velocity vy, as the DPs represent the largest wave number within
the Brillouin zone. This LDR shows that the graphene's fermi velocity is not dependent on the
energy. Contrary to the well-accepted parabolic relation E(q) = q?/2m, signifying that fermi
velocity varies with energy [2]. In fact, the LDR of the graphene resembles a photon equation,
signifying that the holes and electrons close to the DPs act as massless fermions. Theoretically,
the effective mass of particles tends to be zero leading to infinite carrier mobilities. In contrast,
actual graphene samples have defects, finite mass of charge carriers, and phonons, that opposes
motion of charge carriers. As a consequence, the mobility measured at room temperature has a
finite value and is achieved in the order of 10* cm?V-1s, when graphene is on SiO; [4]. As a matter
of fact, the mobility of graphene is > the electron mobility of silicon, around ~1400 cm?V-!s. The
mobility of graphene has been achieved in the order of 10° cm?Vs on hexagonal boron nitride

encapsulation [5].

The graphene’s charge carriers can be tuned constantly adjusted between holes and electrons by
applying the external gate voltage due to its zero band gap, as shown in figure 2.3 (b). The change
in the Fermi energy (Er) level in the energy spectrum E(K) is shown in the inset of fig.2.3 (b). The
Er has moved away from the DP due to applying the gate voltage with holes (electrons) induced
by negative (positive) voltage [6]. Therefore graphene provides an ambipolar behavior which is a
potential character for electronic applications. Graphene has been demonstrated as a semi-
conducting channel in field effect transistors (FETSs) [7,8]. Fabricating an array of graphene FETSs
with uniform electrical properties demonstrates the integration of graphene into extensive

electronic circuitry [9].
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2.2.2 Optical properties

The theoretical calculations showed that the optical transmittance and reflectance for single-layer

-2
(145

graphene are (1 + ma/2)™2 ~ 97.7% and i approximately 0.01% for normally incident

light, respectively, where o~ 1/137 is the fine structure constant [10,11]. For CVD-grown
graphene, the obtained transmittance of different layers has been shown in figure 2.4.a.
Transmittance value at 550 nm wavelength is 97.7 % for monolayer graphene, which matches the
theoretical value mentioned earlier, and it is almost constant in the visible region [12]. The layer
dependent up to four layers on the optical transmittance is shown in the inset of figure 2.4. a and
it is almost linear, up to four layers. The high conductivity and transmittance properties make
graphene a potential candidate for transparent conductive films [13,14].

2.2.3 Mechanical properties:

Both experimental methods and numerical simulations have explored the mechanical properties of
graphene [15-17]. Figure 2.4 (b) illustrates a typical measuring technique called nano-indentation,
in which graphene is hung above a substrate cavity with a micrometer-sized opening. An AFM tip
is placed in the middle of the trench for performing the force-displacement measurement. The
obtained young's modulus of defect-free single-layer graphene is ~1.0 TPa, and the fracture
strength is ~130 GPa [16]. This indicates that graphene is a strong material because of the sp?
covalent bonding among the carbon atoms. Indeed, to break the graphene, 48,000 kNmkg? of
specific strength is required, which is much higher than that of steel (~ 154 kNmkg™) [18]. These
properties imply graphene is a suitable candidate for flexible nanoelectronics [19,20]. Most
importantly, graphene can be utilized as an enforcer to lightweight polymers to increase their

mechanical properties [18].
2.2.4 Thermal properties:

Graphene is also a good thermal conductor. The main contribution to thermal conductivity is from
phonon transport, but the electronic contribution is minimal because of the low carrier density of
pristine graphene. Thus, understanding of lattice vibrational modes (phonons) of graphene is
crucial to gain insights into its thermal properties [21]. The unit cell of graphene has two atoms
(N=2), as shown in figure 2.2 (a). This results in forming 3N-3 optical (O), and three acoustic (A)
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phonon modes, with dispersions, as shown in figure 2.4 (c) [22]. The phonon dispersion links the
phonon energy or frequency and the reduced phonon wave vector. The atomic displacements are
defined as Longitudinal (L) modes along the direction of wave propagation; in contrast, transverse
(T) modes relate to the in-plane lattice displacements orthogonal to the propagation direction.

(a)

(b)

6} 0T

Resistance (k Q)

i 0 30 60

Gate voltage (V)
Figure 2.3 (a) Energy bands (in y units) of honeycomb lattice of graphene obtained using tight
binding approximation for y=2.7 eV and y’=-0.2y. Also shown on the right is the enlarged image
of the energy bands about the DPs depicting linear dispersion [2]. (b) Graphene resistance depends

on the applied gate voltage measured at 1K and zero magnetic field [6].

These phonons interact inelastically with photons that manifest in the Raman spectra of pristine
monolayer graphene, as shown in figure 2.4d. They comprise characteristics of the Raman G-band
at ~1580 cm™ and 2D band at ~2700 cm™ [23]. Besides these peaks, a D-band at 1350 cm™ is

assigned to graphene with defects [24] and a G-peak is assigned to the in-plane vibration modes
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of the carbon atom and vibrates in directions opposite to its nearest atoms (doubly degenerate iTO
and LO phonon mode at the Brillouin zone center) [25-27]. This is the only band that arises from
the first-order Raman scattering process. This peak is prominent in all Raman spectra of graphitic
materials. The 2-D band is a 2" order Raman scattering process that involves the two iTO phonons
near the K point. A double resonance process comes from the inter-valley scattering of the
electrons by the k-point phonons. The D peak is associated with an electron scattering process that
involves both a defect state and a Brillouin zone boundary phonon. This corresponding vibration
mode of the D band is attributed to the breathing mode of the six-membered ring, that is
constrained by the closely packed neighboring rings and thus occurs only at defects [26]. Hence,
the D-band is not present in the defect-free graphene. The Raman bands of graphene are useful to
characterize the crystalline quality. The 2D peak’s high intensity compared to the G peak, weak D
band, and narrowed width of the 2D peak indicate the high crystallinity of graphene. The number
of layers up to five is determined by the ratio 1(2D)/1(G), derived from the integrated intensity of
the 2D peak to the G peak. [25]. The I(2D)/1(G) ratio is inversely proportional to the layer number
increases and directly proportional to the broadening of the 2D peak which is asymmetric and
blues shifts, as shown in figure 2.4 (d). The origin of asymmetry of the 2D peak is the many
resonance modes in multilayer graphene, since the energy bands of multilayer graphene split into
multiple bands due to interaction between them [25]. Charge doping via the electron-phonon

coupling in turn, affects positions of the 2D and G bands [28,29].

The setup for thermal conductivity is shown in figure 2.4 (e) [30]. The monolayer graphene flake
has been suspended over a micron-sized substrate cavity. A laser is focused over the graphene
center, and heat radially flows through the graphene. When heated with low laser power, the red
shift in the Raman G-band is caused. Its amplitude is linearly related to the temperature of the
graphene flake being heated[31]. The slope of the shift in the G-peak position with excitation
power can be used to calculate the thermal conductivity value. The value for the pure monolayer
graphene is ~5000 WmK™., When graphene is placed on substrates like SiO2, its thermal
conductivity drops to about ~600 Wm™K™. Its decrease is attributed to the phonons that leak over
the substrate-graphene interface and the scattering of flexural modes at the interface [32].
However, compared to copper's 385 Wm™K™! thermal conductivity, graphene's value is high. This
high graphene thermal conductivity helps solve nanoelectronic architecture heat dissipation
problems [32].
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Figure 2.4. (a) Optical transmittance of graphene with different layers. It has been shown up to
four layers. Inset figure shows the linear dependence of transmittance with layer numbers up to
four layers [12]. (b) schematic representation for measurements of mechanical properties of the
suspended graphene by an AFM tip [16]. (c) phonon dispersion of graphene [22]. (d) Raman
spectroscopy for graphene with different thicknesses (layer number) on SiO2(300nm)/Si and bulk
graphite [23]. (e) schematic representation of thermal conductivity measurement setup for

suspended graphene [30].
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2.3. Limitations of Pristine Graphene:

Graphene has some major limitations, even though it has exceptional properties. The availability
of free charge carriers for electronic transport in pristine graphene is absent as the valance electrons
fill the electronic bands up to the DP. As a consequence, transport measurements show a minimum
conductivity near the DP. The minimum conductivity at this point does not go to zero but reaches
4e?/h even for the cleanest graphene samples [2,7,33]. This minimum conductivity decreases the
efficiency of the electronic transport that must be increased for applications such as electrodes.
The transport can be increased by introducing free charge carriers that cause it to move away from
the neutrality point. The electric field effect is one way to introduce either hole or electron carriers

into graphene by changing the polarity of the gate voltage.

The other limitation of graphene is its semimetal nature. As can be seen from figure 2.3 (a) that
there is no band gap in the energy band structure. However, the bandgap is needed for electronics
where the flow of electrons controlling is required to attain an on or off state. The band gap in
graphene can be created in many ways, such as by applying the electric field, functionalizing or
doping the pristine graphene, and quantum confinement [34-36][37]. It has been shown that a
tunable band gap can be achieved in AB stacked bilayer graphene through a dual gating technique,
which breaks inversion symmetry [38]. However, compared to single-layer graphene, producing
large-area AB stacked bilayer graphene sheets is difficult. [39]. Additionally, it has been
demonstrated that the interaction of the graphene with the substrate causes the band gap
creation.The graphene synthesized on h-BN that had been synthesized on Ni(111) showed a 0.5
eV bandgap measured using STM [40]. The doping of graphene also produces changes in
physicochemical properties besides inducing bandgap. Substitutional doping is the primary
method used in the doping of conventional semiconductors. In graphene lattice, n-type and p-type
can be obtained by substituting carbon with nitrogen, boron, or other atoms [41]. One of my thesis's
focussed works is the doping of graphene with nitrogen atoms. Poor solubility and low reactivity

are additional shortcomings of pristine graphene.
2.4. Doping of pristine Graphene:

Chemically doping with heteroatoms into graphene's honeycomb lattice structure has been an

effective way to tailor the graphene properties that further broaden graphene applications. This
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technique has been widely utilized for electron/hole doping to silicon in the modern semiconductor
industry. The suitable species with an excess or depletion of electrons will be doped into graphene
films to introduce free charge carriers. The heteroatoms similar in size to carbon atoms are boron
(one less electron than the carbon atom) and nitrogen (one more electron than the carbon atom)
atoms. Intuitively, when the boron atoms are embedded in the carbon framework, they withdraw
some amount of electrons from carbons as they have one less electron than the carbon atoms. As
a consequence, boron-doped graphene films exhibit hole-doped behavior. Similarly, when the
nitrogen atoms are doped into the graphene framework, they are expected to be electron-doped as
the nitrogen atom contains one more electron than the electrons in the carbon atom. However, the

theoretical calculations predicted that there is much physics beyond the intuitions[42,43].

Moreover, depending on the chemistry of heteroatoms, they bond differently to the carbon atoms,
thus giving rise to the distinct dopant bonding configurations within the graphene. The contribution
of electrons or holes of dopants to the graphene depends on the doping form of the dopants. There
are typically two methods for chemically doping graphene: (1) gas or organic molecules containing
the appropriate dopants are adsorbed to the graphene surface (2) Heteroatoms, such as boron and
nitrogen atoms, are substituted for carbon atoms in substitutional doping. These two techniques
can change the electrical characteristics of graphene [44]. Mostly, substitutional doping has been

addressed under which nitrogen doping is focussed during my thesis work.
2.4.1. Nitrogen-Doped Graphene (NDG):

In a honeycomb lattice structure, nitrogen atoms can easily replace carbon atoms due to their
identical atomic size and length of chemical bonds. In nitrogen doping graphene, nitrogen atoms
create vacancies besides substituting carbon atoms, thus producing different bonding
configurations. Nitrogen atoms majorly bond to carbon atoms in three bonding configurations:
pyridinic-N, graphitic-N (or quarternary-N), and pyrrolic-N, as shown in figure 2.5 (a) [45]. Each
configuration significantly impacts doped graphene's electrical and transport characteristics.
Graphitic-N doping configuration refers to the direct substitution in which nitrogens replace
carbons without breaking the hexagonal ring. In this configuration, three valance electrons of
nitrogen make three sigma bonds. The 4™ electron occupies the 7 band, and the 5™ electron moves
into the ©* band. The donation of one electron to the conduction band indicates an n-type doping

[46]. On the other hand, the situation becomes more complex for pyridinic-N and pyrrolic-N
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configurations. Pyridinic-N configuration exists when the nitrogen atom is bonded to 2 carbon
atoms in a 6-membered ring and accompanied by a vacancy. Pyrrolic-N configuration is when the
nitrogen atom bonds to 2 carbon atoms in a 5-membered ring, which is sp® hybridized [47]. The
contribution of pyrrolic-N to the graphene's electrical properties is p-doped behavior [48]. Other

than these common configurations, N-oxides of pyridinic-N and nitrilic-N are also observed.
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Figure 2.5 (a). Possible configurations of nitrogen-doped graphene: (1) graphitic-N or
substitutional-N, (2) pyridinic-like-N, (3) mono N pyridinic vacancy, (4) triple N pyridinic
vacancy, (5) Pyrrolic-N, (6) adatom, (7) amine and (8) nitrile [45]. (b) las-Vg characteristics of
NDG FET device [49]. (c) and (d) Igs Vs Vs characteristics of the pristine graphene and Nitrogen-
doped graphene films at different Vg, where lgs, Vg, and Vgs represent the source-drain current, the
gate voltage, and source-drain voltage, respectively. The predicted band structures for pure and

nitrogen-doped graphene films are shown in the insets in figures (c) and (d) [35].
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The N-dopants in NDG opened a band gap whose exact value depends on the dopant concentration,
dopant configurations, and the sites of the dopants [50]. The NDG-based FETs devices exhibit
lower turn-on fields and larger on/off current ratios than pristine graphene [50]. It was reported
that NDG films showed lower mobility and conductivity compared to pristine graphene due to
dopants acting as scattering centers [51]. The las vs Vg curve is shown in figure 2.5 (b), for which
the obtained highest mobility for graphitic-N NDG film is 1400 cm?/Vs for the FET device by Son
et al. [49]. Lin et al. showed the highest mobility for graphitic nitrogen cluster-doped graphene
films is 13,000 cm?/Vs measured using the hall device [52]. Figure 2.5 (c) and (d) show typical
las VS Vs characteristics at different \Vg. Pure graphene has higher conductivity and linear behavior
than the NDG films, but the NDG film exhibited a larger on-off ratio. Inset figures in 2.5 (c) and
(d) show the predicted band structures for NDG films and pure graphene. The band structure of
the pure graphene demonstrates 2 bands contacting each other, which implies no band gap and
exhibits the p-type behaviour as a result of the absorption of oxygen and water in the air. The
density of states of graphene around the fermi energy (Fm) level is suppressed in NDG films
because N dopants bond covalently to the carbon atoms and break the symmetry. As a result, a
bandgap appears [35]. NDG is more suitable for anode material in batteries than pristine graphene,
as the dopants produce active sites for adsorption, substitution, and intercalation capabilities [53].
NDG has been used in the field of ultracapacitors, and it has shown long cycle life than pristine

graphene [54].

2.5 Synthesis techniques for Pristine and Nitrogen-Doped graphene:

The industrialization of graphene can be realized when synthesis methods are inexpensive and can
produce large scale with tailored required properties for target applications. Various techniques
have been used for graphene syntheses that include mechanical exfoliation, chemical vapor
deposition (CVD), epitaxial growth, arc discharge method, chemical synthesis, and many other
methods, as shown in figure 2.6 [55]. All these various techniques can be summarized into top-
down and bottom-up methods. As demonstrated in figure 2.6, chemical synthesis, mechanical and
chemical exfoliation come under the top-down methods. Methods including epitaxial growth,
CVD, and pyrolysis are classified as bottom-up. Every method has its pros and cons in the

synthesis of graphene.
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2.5.1. Top-Down Methods:

Top-down approaches involve the breaking down of the bulk materials (3D materials) into
nanostructures or particles. Graphite as the source material would be thinned down to a single or

few layers of graphene using various techniques. Some of the methods are discussed in this section.

Mechanical Exfoliation: The birth of graphene took place in the real world using the scotch tape
method. This technique separates graphene layers from the bulk HOPG (Highly Ordered Pyrolytic
Graphite) surface using adhesive tape. Scotch tape is applied to the surface of HOPG and thus
exerts a normal force, as shown in figure 2.7 (a). The graphitic layers are made thinner and thinner
by applying normal force numerous times until it eventually transforms into monolayer graphene.
The force is sufficient to cleave the graphene layers as the graphite comprises graphene layers
stacked with Van Der Waals interactions. This technique is suitable for preparing high-quality
graphene flakes. However, the disadvantages of this method are labor intensive, noncontrollable

thickness, time-consuming, and low vyield.

Another mechanical exfoliation process is the ball milling method in which graphene is prepared
using a high-speed vibrating ball mill and grinding balls (stainless steel balls). The motor rotates
the cylinder containing the graphite powder and grinding balls at high speed and vibrates. During
this process, the kinetic energy attained by the grinding balls gets transferred to the graphite, which

gives rise to graphene's exfoliation [56].

Chemical exfoliation: Liquid-phase exfoliation is one method that comes under chemical
exfoliation. This method produces graphene flakes by ultrasonication of natural graphite in organic
solvents and aqueous solutions, shown in figure 2.7b [57]. As the graphite does not dissolve in
aqueous solutions, thus the addition of surfactants is necessary. Due to sonication, there is a strong
interaction between the graphitic basal planes and the solvent molecules that lead to exfoliation.
The solvents that can minimize interfacial tension between the graphene flakes and liquid are

considered suitable solvents.
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Figure 2.6 Schematics of different fabrication techniques that are categorized into top-down and

bottom-up methods for graphene production [55].

Chemical synthesis: Oxidant exfoliation of graphite is a promising method for preparing graphite
oxide (GO). It is commonly used as a raw material in the industrial manufacturing of reduced
graphene or graphene. During the oxidation process, the oxygen moieties are covalently bonded
to the carbon structure to overcome the Van der Waals forces between layers. The interlayer
spacing between layers increases because of the oxygen functionalities. The graphite precursor,
oxidizing agents, selected synthesis process, and reaction conditions determine the chemical

content and structure of graphite oxide(GO).

Further, the prepared GO is dispersed in suitable solvents by ultrasonication, producing well-
dispersed mono, bi, or few-layer GO flakes, as shown in figure 2.67 (c) [59]. Later on, the GO
flakes can be transformed into reduced graphene oxide (rGO) using various reduction methods
like chemical, thermal, microwave hydrothermal, and photoreduction methods [58]. Chemical
exfoliation and synthesis methods are suitable for large production, but they are defective, and the

size of the flakes is in microns.
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Figure 2.7 a. illustration of the mechanical exfoliation of graphite using the scotch-tape method
[55]. b liquid phase exfoliation of graphene using ultrasonication [57]. ¢ schematics of the

oxidation-reduction method to synthesize rGO from graphite [58]
2.5.2. Bottom-Up Methods:

The bottom-up approach refers to the preparation of material (nanostructures) from atoms or
molecules. It involves atom-by-atom or cluster-by-cluster manipulation for nanostructure
synthesis. This approach is suitable for producing large-area graphene at a large scale. Prominent

bottom-up methods used for the growth of graphene are discussed below.

Epitaxial Growth: Graphene is grown epitaxially through the sublimation of silicon (Si) from the
source material, silicon carbide (SiC), and the schematics of the growth are shown in figure 2.8 a.
The graphene growth is possible because of the sublimation of Si atoms over C atoms. Meanwhile,
the leftover carbon atoms on SiC form graphene while the process proceeds at a high temperature
of around 1200 °C in an ultra-high vacuum (UHV). The grown graphene contains monolayer to
few-layer graphene. The graphene growth is sensitive to the crystallographic orientation of SiC,
and the process of it is needed before the growth [60]. The percentage of the monolayer areas is

increased by using a stronger Si vapor pressure over the SiC to avoid substrate pitting, higher
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temperatures (2000 °C), and argon (Ar) to decrease the sublimation rate [61]. The graphene grown

via this technique produced small grains around 30 -200 nm.

The mobility of graphene grown on SiC has mobility of > 3400 cm?V-1s? [62]. Epitaxy of graphene
on 4H-SIC(0001) subjected to H> intercalation, showing the mobility measured at a temperature
of 0.3K is >11000 cm?V-1s[63]. The film produced with the process can not be used for targeted
applications as the transfer from SiC is difficult and detrimental. However, no transfer is needed
to measure the transport and thermal characteristics of graphene/SiC as SiC is an insulating
material (band gap 3 eV) [64].

Chemical Vapor Deposition (CVD):. CVD combines the gas molecules with a substrate surface
inside a reaction chamber under pressure, temperature, rate conditions, and gas flow. A typical
CVD instrument includes a quartz reaction chamber, a pump, a mass flow controller, a vacuum
system, thermocouples for measuring temperature, a gas delivery system, and a furnace, as shown
in figure 2.8 (b) [65]. CVD is a bottom-up synthesis approach utilized to produce large-area
graphene films on a large-scale basis [66]. The CVD has been discussed in detail below, as this

technique was utilized during the research.

Heating a gas flow consisting of carbon (C) based precursors, typically hydrocarbons, such as
methane (CHa4), Ethene (C2H4), Acetylene (C2H2), and Ethane (C2He) to elevated temperatures in
the range of 300 to 1100 °C has resulted in successful synthesis of graphene using CVD on
transition metal substrates[67,68]. The morphology of CVVD-grown graphene is heavily dependent
upon the growth substrate. The grain orientation, grain boundary density, grain size, and the
number of layers are affected due to the substrate. C dissolves into the substrate surface at elevated
temperature and pressure during CVD, and the amount of C taken by the substrate is defined as
solubility. The C solubility is a crucial factor for optimizing the graphene growth as it determines
the number of layers of graphene due to the C atoms precipitating out during cooling down.

Role of Substrate: The substrates with low C solubility suppress the formation of a few graphene
layers, as C adatoms are mostly restricted to the substrate surface. Graphene growth takes place
by forming the small nucleations that coalesce to cover the surface fully, at that point, the precursor
no longer dissociates at the catalyst surface and, therefore, no more C will be added to the system,

leading to the self-terminating of graphene growth. Minimal bi-layer formation was observed on
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very low C solubility materials, such as Copper (Cu), in which the monolayer graphene coverage

is around 95% [69-72]. However, this is variable with other CVD parameters such as C

concentration, pressure, temperature, and growth time.
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Figure 2.8 a schematics of epitaxial growth of graphene on SiC. b schematics of chemical vapor

deposition (CVD) system.

The graphene's 2pz orbital volume is out of the graphene lattice plane. It is expected that the 2pz
electron couples with the outermost d-subshell electrons of the transition metal on which it sits
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[73]. However, metals such as group 11, Platinum (Pt), and Iridium (Ir) have weak interfacial
interaction with graphene bonded to graphene Via Van der Waals forces [74]. The outermost d
subshell is filled, and the s subshell is filled with a single electron, causing the Cu, gold (Au), and
silver (Ag) to have weak surface interaction with graphene. Among the transition metals, Pt, Ir,
Cu, Ag, and Au have the greatest bond separation. These are suitable candidates for the growth
substrates due to their weak interfacial bonding. They also have the lowest C solubility,

contributing to the monolayer graphene's greater coverage on the substrate.

Nickel (Ni) as the catalytic substrate has been studied extensively for graphene growth. It was
considered an ideal growth substrate because it has a close lattice match with the graphene, and
therefore, the graphene can create a commensurate graphene lattice on Ni(111). However, it forms
graphene multilayers due to Ni having more C solubility at elevated temperatures, and the diffused
C gets segregated from the bulk substrate while cooling down [75,76]. The growth process is from
C precipitation more than CVD.

Carbon Source or Precursor: The precursor flow in the CVD contains a C source, Ho, and a
buffer gas. The buffer gas is a neutral gas, such as Ar, that is not involved in the growth
mechanisms but helps keep the viscous flow. Hz gas acts as an etching agent and an activator of
surface-bound carbon [77]. It cleans the oxide species on the Cu surface by reducing the Cu20 and
CuO contaminating surface species. The type of C source is very important as it has
proportionalities with graphene growth kinetics at the Cu surface. The activation energy of
precursors at different temperatures and pressures to dissociate into C atoms determines the
graphene film's growth rate. Thus, appropriate starting materials (precursors) and efficient

synthesis need to be identified to meet the potential applications and industrial level.

The gaseous hydrocarbon source has been investigated intensively among all carbon precursors.
CHa is a less susceptible hydrocarbon to get dissociated into its constituents at the Cu surface but
exhibits the most consistent results so far [67,71,78]. Other precursors liquids include benzene and

solids like polymers such as polystyrene ( PS), polymethylmethacrylate (PMMA), etc. [79,80].

Even though methane has been studied extensively as a precursor and produced reproducible
results, it has limitations, such as it is a flammable gas, costly, and complex to use. It dissociates

into C radicles at a higher temperature of around 1200 °C. Alcohols as precursors, such as 1-

28



propanol, ethanol, and methanol, are comparatively less flammable than methane. They
decompose at lower temperatures, synthesizing graphene at lower temperatures. The quality of the
graphene films derived from these precursors is comparable to methane-derived graphene.
Synthetic polymers such as PMMA, waste plastic, and polyimide are used as precursors. They are
also easier to handle and decompose at lower temperatures than methane. Sun et al. synthesized
graphene from PMMA by spin-coating it on a metal catalyst substrate [80]. As it is post-annealing
of the deposited precursor film on the substrate, the controlled growth of graphene can be obtained
by tuning the thickness of the PMMA and controlling the hydrogen flow rate. PMMA-derived
graphene showed comparable quality with methane-derived graphene and was also synthesized at

a lower temperature [81].

Current Scenario of CVD on Cu: CVD currently provides the means of large-scale fabrication
of monolayer graphene with recent advances in deposition on the scale of 100 m? per day [13,82].
Even though the industrialization of graphene is rapidly increasing using CVD, the physics behind
the growth process is flagging [18].

The electrical properties of CVD-synthesized graphene on Cu using CH4 have been shown to have
significant mobilities. The mobilities measured at room temperature have shown up to 69000
cm?V1st and at 1.6 K 350,000 cm?V1s™?, comparable to the exfoliated graphene [83]. CVD-
produced graphene has shown a young's modulus value of ~1 TPa for both small-grain and large-
grain polycrystalline graphene [84].

The study of the growth of graphene on copper took intensive research but lacked a definite model
of growth kinetics. Many published works showed that trial and error approaches are needed to
determine the ideal recipe for monolayer graphene with decreased grain boundaries or large
domain size and continuous growth. These studies laid a path for growth, but a large discrepancy
still exists in reported values, and reproducibility is a prime issue. So further theoretical and
empirical investigation is needed [18,85]. A general consensus was attained from empirical studies
for the conditions of the monolayer graphene growth on Cu are low pressures (mbar scale), a low

surface roughness Cu, high temperatures of > 900 °C, and a CH4 H> flow ratio less than 1.

Synthesis of Nitrogen-Doped graphene (NDG): NDG films are synthesized through the CVD

technique by employing a large range of C and N-containing precursors, by in-situ growth or ex-
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situ treatment as shown in figure 2.9 [86]. Till now, the content of the nitrogen dopant of NDG
synthesized by both methods ranges from 0.2 to 16 at% [44,47]. The CVD approach for doping
N atoms to graphene occurs through substitutional doping or surface charge transfer. Gas
molecules or metal atoms are adsorbed to the graphene; however, the electrical properties of
resulted doping suffer from long-term instability[87]. In substitutional doping, N dopants are
bonded covalently to the graphene network, stabilizing the material but degrading the original
pristine graphene properties. In in-situ growth, the nitrogen gets doped to graphene during its
growth. The NDG is commonly produced on a transition-metal catalyst. Similar to the CVD
graphene synthesis, a reactive mixture consisting of C and N precursors is injected into the reaction
chamber at a growth temperature of around 700-1000 °C. The precursors decompose on the
substrate surface, and NDG is deposited through the precipitation /organization of the C and N
atoms on the substrate. NDG has been synthesized using gaseous, liquid, and solid precursors such
as NHa, pyridine, melamine, Dimethylformamide, and Acetonitrile [86]. In ex-situ growth, NDG

is grown by post-treatment of pristine graphene at elevated temperatures and pressures.

Imammura et al. studied the impact of the choice of precursor on the growth of NDG. This report
used two different N and C containing precursors, pyridine (C5H5N) and acrylonitrile (CsHsN),
for NDG synthesis [88]. Pyridine only produced NDG, but acrylonitrile produced pristine
graphene, even though both precursors contain C and N atoms. The authors proposed that the
growth mechanism for producing pristine and ND graphene films depends on molecule
dissociation and diffusion on the growth substrate. The molecular structure of acrylonitrile has
C=C double, C-C single, and C=N triple bonds. High temperatures cause the weak C-C single
bonds to break, releasing fragments of C=N. These fragments form volatile compounds C2N> or
HCN molecules on a catalytic substrate, and they are removed by the flowing gas, forming pristine
graphene. When pyridine was used, this did not happen, and NDG was produced. The precursors,
which have lower activation energies for breaking the bonds, form volatile compounds like HCN,
which draw N away from the substrate and result in a reduced N-dopant configuration. Therefore,
it is very important to choose the right precursor to obtain the required configuration and

concentration of nitrogen atoms in a graphene network [47].
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Figure 2.9 NDG film growth as depicted in a tree diagram utilizing different CVD techniques.
They are divided by the kind of (1) source activation, (2) type of procedure (ex-situ or in-situ), and
(3) type of precursor material (gas, liquid, solid) [86].

2.6 Applications of Pristine and Nitrogen-Doped Graphene:

Graphene's fascinating properties have led to various applications, like electronics, lithium-ion
batteries, solar cells, fuel cells, and other energy sources. It is also used in biosciences, water

purification membranes, and sensor applications, indicating graphene's versatility.

Field Effect Transistors (FETs): The distinct band structure and high carrier mobility of
graphene make it useful for FETs applications. Studies have investigated stable FETs with higher
carrier mobility and better miniaturization of the devices. Graphene as the channel in FETs has
overcome the obstacles created by silicon (Si) nanowires, Carbon nanotubes, and so on. The
schematics of Graphene FETs (GFETSs) have shown in figure 2.10 a [89]. Moreover, the GFETs

will continue to obey Moore's law to realize the further miniaturization of integrated circuits (ICs).
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In GFETS, the Dirac fermion can be converted from hole to electron (electron to hole) continuously
under the electric field due to graphene’s semi-metallic and linear band structure. First reported by
the Novosolev that FETs showed ambipolar properties with electron and hole concentrations of
around 10'2 cm and mobilities up to ~10000 cm? Vs at 300 K as well as ballistic transport up
to sub-micron distances [33]. Graphene should be in strips laterally confined to nanometers called
graphene nanoribbons to integrate with the FETSs. They introduce bandgap because of the quantum
confinement effect, which is useful for room-temperature FET applications [90]. It is expected that
in the absence of ripples and charged impurities, mobilities can reach up to 200,000 cm? Vs
[91]. Hexagonal boron nitride encapsulated graphene showed mobilities of 140,000 cm? V-is!
[92]. Ultrahigh mobilities of CVD-grown graphene have been measured by Banszerus et al., and
the values are up to 150,000 cm? Vs [83].

Nitrogen-doped graphene FETs generally showed lower conductivity and mobilities than pristine
graphene. Generally, pyridinic-N and pyrrolic-N configurations have higher defect densities than
graphitic-N configurations; therefore, the former configurations have lower mobilities than the
latter. Lin et al. demonstrate that the nitrogen cluster doped graphene was grown by liquid
precursor acetonitrile using CVD, in which nitrogen dopants were doped graphically. The carrier
mobilities measured for this film are 8600 cm? Vst and 13500 cm? Vst at room temperature
and 1.9 K, respectively [52].

Field Emission (FE): In field emission application, the electrons are emitted from a material by
applying a high electric field to it. In order to obtain a larger electric field, the object should be
made into a sharp tip. Thus, the electric fields are produced at the tip of sharp objects. The graphene
sheets are placed on the substrates where the patterns are available. This is due to the fact that at
graphene's sharp edges, the work function is reduced. Vertically stacked few layers of graphene
FE cathodes were synthesized on silicon and titanium by Malesevic et al. The graphene cathodes
clearly showed a local field of the emitter of 1\V/um, current density (1) of 14 mA/cm? and field
enhancement () of ~7500. The growth of graphene on metallic substrates is desirable for FE
applications because of the formation of ohmic contact between them [93].

Transparent electrodes(TE): TEs are films with strong electrical conductivity and optical
transmittance, making them suited for prospects in optical and optoelectronic features. Fluorine

tin oxide and Indium Tin Oxide (ITO) are metal oxides that are well-established examples of TEs.
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Researchers are searching for alternative materials as these oxides have disadvantages, such as
being less abundant, having weak chemical resistance towards base or acids, and being brittle when
used on flexible substrates [94]. Graphene has become an alternative next-generation TE for
photovoltaic applications because of its stability against water and oxygen, high surface area, and
high carrier mobility. Graphene-based TEs used for dye-sensitized solar cells (DSSC) synthesized
from graphite oxide showed a transparency of 70% between 1000 to 3000 nm and 550 S cm™
electrical conductivity. The DSSC exhibited a 1.01 mA/cm? short circuit photocurrent density and
open circuit voltage of 0.7 V. The total power conversion efficiency of DSSC was 0.26 %, and the
low efficiency was attributed to the low-quality graphene film [95]. There are still some challenges

to the synthesis of graphene directly on transparent substrates.

Photodetectors: Photodetectors measure optical power or photon flux by transforming the
absorbed photon energy into an electrical current. These photodetectors are commonly used in
many devices, such as televisions, DVD players, and remote controls. When the material absorbs
the photons, the electrons are excited from the valence band to the conduction band, producing an
electric current. The schematics of a photodetector are shown in figure 10 (b) [96]. The material
becomes transparent when the incident photon energy is less than the bandgap energy. Therefore,
the material's absorption usually sets a limit on the spectral bandwidth. Graphene absorbs the light

from ultraviolet to the terahertz range.

Consequently, graphene-based photodetectors (GPDs) can work in a much broader wavelength
range. GPDs can be ultrafast as the response time depends on carrier mobility, whereas graphene
has huge mobility. The photoelectrical response of graphene at different wavelengths of 0.514,
0.633, 1.5, and 2.5 um have been reported [96]. Xia et al. showed that a GPD is capable of a
photoresponse up to 40 GHz.

Sensors: Graphene-based gas and biological sensors have various uses in environmental
monitoring and public safety. The underlying mechanisms of graphene-based sensors are based on
the change in the electrical resistivity of graphene upon the adsorption of molecules on the
graphene's surface. The variation in resistivity has been attributed to the change in the carrier
concentration of graphene due to the charge transfer between the adsorbed molecules and
graphene. As a fact of the matter, the adsorbed molecules serve as electron acceptors or donors.

Graphene is a potential candidate for sensors because it exhibits high thermal and electrical
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conductivities, high surface area, and high sensitivity due to atomic thickness. These properties
have improved the detection limit for gas molecules down to a single atom. [99]. The graphene-
based gas sensor has been tested for NO2 gas detection, as shown in figure 10 (c) [97]. The hole-
induced conduction caused by the removal of one electron from graphene served as the basis for

the sensing mechanism. Enzymatic biosensors have also been developed using graphene [55].
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Figure 10 schematics of (a) 3D vies of graphene FETS, [89] (b) graphene photodetector [96],
(c)graphene-based sensor for NO2 gas molecule, [97] and (d) a typical lithium-ion battery where

lithium cobalt oxide and graphite are used as cathode and anode, respectively [98].

Energy Storage Devices: Batteries: Lithium-ion battery technology is the best energy source
available on the global market for mobile electronic applications. Graphite is employed as an anode
material in Li-ion batteries because of its reversibility and acceptable specific capacity.
Researchers were inspired to discover novel electrode materials by the rise in demand for high
energy density and long-lasting systems. Graphene-based materials have been found to be potential

alternatives in batteries because of their higher surface area, higher chemical stability, and higher
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conductivity in comparison to that graphite. Graphene is a suitable candidate as the segregation of
nanoparticles can be prevented by it, and ionic and electronic capacity can be improved. This can
cause a decrease in the amount of active material and enhances the electrode's mechanical integrity,
which could achieve that perform well in terms of high flexibility and high capacity throughout
the charge-discharge process. Sole graphene as an electrode has shown some disadvantages, such
as a high charge-discharge platform, poor cycle stability, and low coulombic efficiency. But,
graphene composites showed good results than pristine graphene as an electrode [100]. Recently,
Liu et al. developed a unique integrated 3D mesostructure graphene and vanadium oxide (V20s)
composites. It was reported that at 5C, after 200 cycles, electrode capacity is ca.230 mA h g*; after
200 cycles, it is about 203 mA h g.

In nitrogen-doped graphene (NDG), the N dopants alter the electronic structures and produce the
active sites in the graphene network while enhancing the interlayer distance between graphene
layers. Therefore the NDG is a more suitable candidate as an anode material that increases the
battery capacity by increasing the adsorption, intercalation capabilities, and substitution. Reddy et
al. investigated the directly grown NDG in a Li-ion battery assembly [101]. The NDG-based LIB's
reversible discharge capacity was twice as compared to the graphene-based LIB's. The higher
capacity results from surface defects induced by the N dopants. The theoretical storage capacity
for an NDG-based K-ion battery (KIB) is 350 mA h/g and for a graphene-based K-ion battery is
278 mA h/g [102]. The NDG-based KIB has more storage capacity than graphene-based KIB
because the pyridinic-N configuration induces a local electron deficiency that draws electrons from
nearby K atoms [103].

Supercapacitors (SCs): The rapid increase in mobile technologies increases the demand for
energy storage devices to act as efficient energy storage units or as power sources for energy
harvesting systems. Supercapacitors are regarded as one of the most suitable electrochemical
energy storage devices for future electronics because of their quick charge/discharge rates, high
power density, and long cycle life. Supercapacitors are divided into two categories based on their
energy storage mechanism. They are pseudocapacitors and electric double-layer capacitors
(EDLCs). The charges accumulated at the electrolyte-electrode junctions determine the
capacitance for EDLCs. Materials with high specific surface area, high electrical conductivity, and

large pore size are needed to attain high storage capacity.
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Graphene and its composites are more appealing for supercapacitors because of their outstanding
physicochemical properties. When the entire surface of graphene is used, its theoretical specific
capacitance is 500 F/g [104]. However, the practical capacitance did not reach the theoretical value
because of the aggregation during the preparation or application processes. Therefore, the
functionalization of graphene is useful to prevent agglomeration during the reduction process and
to increase graphene capacitance. Recently, Adenine functionalized graphene has been utilized as
EDLCs with a specific capacitance of 333 F/g at a scan rate of 1 mV/s [105]. It was reported that
after 1000 cycles at 200 mV/s, it had good cycling retention with a 102% rate. It exhibited 64.42
Wh/Kg energy density with a power density of 599.8 W/kg at 1A/g.

Desalination applications: Graphene-based materials provide an excellent remedy to current
desalination technologies' drawbacks. They offer the benefit of utilizing size-selective separation
membranes. The structure on the graphene surface can support extraordinarily high water flux
besides low biofouling potential. Graphene's primary sieving mechanism is comparable to carbon
nanotubes' water permeation mechanism. Although graphene is impermeable to water, functional
groups like epoxy and hydroxyl cause the creation of nano capillaries. The schematic diagram is
depicted in figure 2.11, where a single-layer graphene-based membrane has been used [55]. These
groups aggregate to produce a cluster with substantial percolating regions between graphene layers
that have not been oxidized. These nano-capillaries allow only low friction of monolayer of water

to transport similar to water molecules pass through an open aperture.

Kou et al. investigated graphyne for water desalination application. It is a carbon allotrope of
graphene [106]. By substituting acetylene connections for some of the carbon-carbon bonds in
graphene, graphyne is created. It was reported that graphyne has two orders of higher permeability
than the currently available RO membranes and 100 % elimination of the common ions present

in seawater.

Surface-enhanced Raman spectroscopy (SERS): Graphene has been proven to be a fascinating
SERS substrate because of its advantages over traditional enhancement materials. Graphene
properties such as large surface area, quenching the photoluminescence of fluorescent dyes,
superior molecule adsorption ability, and rapidly eliminating the fluorescence background made
graphene suitable for application as a SERS substrate [107]. Above all, graphene makes a great

charge transfer SERS substrate for understanding the precise role of the charge transfer
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mechanism. The charge transfer between the graphene and various molecules occurs because of
the presence of the molecular enrichment effect, possibly through 7-7 interactions. It was reported
that the NDG could find the Raman signals of rhodamine concentrations of 5x107! M, which is
the lowest LOD reported among graphene-based SERS [108]. However, the effect of different

configurations of NDG on the Raman enhancement signals has not been addressed much.

Figure 2.11 Schematic diagram illustrates the filtration process of NaCl from water through

monolayer graphene-based membranes [55].

2.7. Future Scope: 2D materials have come a long way ever since the arrival of graphene in 2004
has occurred. The discovery of other 2D materials after graphene broadens applications such as
emerging fields of quantum computing, artificial intelligence, quantum informatics, etcetera.
Twisted bilayer graphene showed superconductivity behavior that is unexpected and surprised
researchers. Synthetic materials produced from 2D heterostructures may exhibit synergistic
physicochemical properties that increase the scope of these 2D materials for different applications.
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2.8 Motivation and Objectives:

This thesis work is the outcome of intensive experiments in conjugation with a literature review.
This thesis work attempts to fill the research gaps regarding the synthesis and application of
graphene systems. The main motivation of the current work is to synthesize graphene and nitrogen-
doped graphene using solid precursors via CVD and use them in electronic and sensing

applications.
The motivations for the research work undertaken are-

e Methane as a gaseous precursor has been intensively studied for the growth of graphene
systems in CVD. However, methane poses a threat in research and at industrial levels as it
is a poisonous gas and decomposes at a higher temperature (~ 1200 °C). More safety
precautions are needed at the laboratory stage, and for industrialization, the graphene
should be grown at low temperatures. Therefore, alternative precursors, such as liquid and
solid precursors, have emerged and been utilized for graphene synthesis to overcome the
problems. Predominantly, solid precursors have been used for graphene growth. But, most
of the synthesis is taken place by post-annealing the pre-deposited solid precursor film on
the substrate. This kind of growth does not have any control over the nucleation and the
grain's size. The studies also reported only continuous graphene films with this method.
This can be overcome by evaporating and transporting the precursors onto the metallic
substrate. There are only a few studies where the solid precursors (PMMA, camphor ) are
evaporated and transported to the metal substrate to grow only continuous graphene film.
Therefore, this thesis work addresses the optimizing growth conditions for graphene which
was synthesized from solid precursor PMMA where the nucleations, grains, and continuous
film are obtained.

e The scope for the applications of pristine graphene can be increased further by doping it
with nitrogen atoms. Generally, nitrogen-doped graphene (NDG) has been synthesized in
situ via CVD utilizing a variety of precursors that contain both carbon and nitrogen, as
mentioned in the synthesis section. It was also reported that all precursors might not
produce NDG, even though they might contain carbon and nitrogen species. Moreover, the
choice of precursor affects the nitrogen dopant concentrations and configurations.

Therefore, the novel precursor phthalocyanines have been synthesized for NDG films in
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this thesis work. The growth conditions have been optimized for studying the nitrogen

configurations and concentrations.

The grown films via CVD were subjected to various applications. The motivation behind

their use is as follows.

(a) Electronic applications: The mobility of the films is investigated and compared with
the methane-grown graphene films, as the electronic measurements indicate the quality
of the grown film. The effect of the nitrogen configurations and concentrations on the
electrical properties needs to be studied. So, here we tried to address the mobility and
doping type due to nitrogen dopants.

(b) Surface-enhanced Raman spectroscopy: The utilization of 2D materials as SERS
substrates has attracted in recent years. Graphene has been the most researched 2D
material as a SERS substrate, and few reports have discussed the utilization of NDG
films as SERS substrates. The literature compares the graphene and NDG films' sensing
ability and enhancement factor. The effect of the dopant configurations on the SERS
behavior has not been addressed clearly. Here, we tried to address the doping effect on

the sensing behavior of NDG films.

After establishing motivations, the major objectives of this study are given below:

The synthesis of pristine graphene on copper using solid precursor PMMA is studied via
CVD. We optimize the growth conditions, such as the evaporation temperature of PMMA,
gas flow rate, growth time, and powder amount, to obtain continuous films. Low-
temperature growth of graphene is to be investigated.

Another objective is synthesizing nitrogen-doped graphene films using solid precursor
phthalocyanines via CVD. The time-dependent and temperature-dependent growth of
NDG is to be investigated. We try to control the dopant configuration as the growth time
increases.

Study the graphene's electronic properties to investigate the film's quality and compare it
with existing literature. The effect of the nitrogen doping configuration on electronic
properties is to be studied.

SERS behavior of graphene and NDG films on organic dye molecules is investigated. The

effect of the doping configuration on Raman enhancement will be studied.
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Chapter-3

Experimental Methods & Characterization techniques

This chapter introduces the details of the experimental protocols and characterization techniques
used during the research work. Basic working principles of the synthesis methods and
characterization techniques and their instrumentation are discussed briefly in this chapter. The first
section of the chapter deals with the synthesis, and the second section is dedicated to the
characterization tools.

3.1. Synthesis and Device Fabrication

3.1.1 Cleaning & Electropolishing of Copper (Cu) foil

Cleaning of copper: Copper is utilized as a substrate for graphene synthesis. Cleaning of the Cu
foil plays a key role as the graphene synthesis strongly depends on the substrate surface properties.
The Cu foil was purchased from Alfa Aesar (99.8 %, 25 um thick). The 4 cm x 4 cm Cu foil was
cut and cleaned with diluted (6.9%) nitric acid (HNO3) for 25 seconds to remove the impurity
particles and surface native oxide layers [1]. The reaction between the HNO3z and Cu is given in

equation 3.1.1.
Cu(s)+4HNO3 (aq) — Cu(NOs)2(aq) + 2NO2(g) + 2H20 Eq3.1.1

The reaction demonstrates that as the reaction takes place, the copper's surface is oxidized and
dissolved in the solution. Simultaneously, the nitrogen dioxide (NO2) gas is generated violently,
pushing away the impurity particles from the surface. The original copper surface is removed in
this way to obtain a newly cleaned surface, but it is found to be very rough. The roughness
increased due to the etching of the Cu surface. The substrate was washed in deionized water (DIW)
in order to eliminate the residual impurities that were left on the copper. These foils were subjected

to electropolishing to reduce the surface roughness further.

Electropolishing of Copper: Electropolishing is an electrochemical process that requires an
electrolyte and Direct (DC) current. When the current is applied, the high points of rough surfaces

and burr areas hold a high current which dissolves at a greater rate than the rest of the surfaces. In
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this way, the surface becomes smoother or deburring. While this process occurs, the oxygen gas
is generated from the anode and the hydrogen from the cathode. Electropolishing occurs for a
certain range of the voltage, as shown in figure 3.1, where a proper balance is required between
the voltage and the current density [2]. When the current density enhances too high, the etching of
the valleys and peaks of the metal surfaces occurs, resulting in pitting and gas evolution. The

etching occurs for the low current density, resulting in the surface's uneven removal.

electropolishing
| «——>|

. ! ! gas evolution
etching | | and pitting

current density

voltage

Figure 3.1 The relationship between voltage and current density.

A homemade electrochemical cell was used for electropolishing. The cleaned two copper foils are
utilized as electrodes as anode and cathode, in which the anode is the working electrode, and the
other is the counter electrode. The electrolyte solution is a mixture of 40 ml of orthophosphoric
acid (HsPO4 85%), and 10 ml of isopropyl alcohol (IPA 99%) is used for electropolishing [3].
Copper foils were placed in the solution with the support of alligator clips. A Keithley source meter
is used for supplying the voltage/current. The voltage range of 1.5 V - 2.0 V was applied for 30
minutes. The electropolished copper foils were cleaned in DIW twice, rinsed in the Acetone, IPA,

and DIW, and blown with nitrogen gas.
3.1.2 Synthesis Technique:

Pristine Graphene (PG) and Nitrogen Doped Graphene (NDG) have been synthesized using a

chemical vapor deposition method.

Chemical Vapor Deposition (CVD): Chemical Vapor deposition is one of the key technologies
in semiconductor processing [4]. It is a synthesis technique for depositing a solid film by the
chemical components that react in the vapor phase next to or on a heated substrate. It is a bottom-
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up approach where the film is prepared from atoms or molecules. The precursors are the volatile
compounds used as a source for target material for deposition. The precursors are evaporated/
sublimated at elevated temperatures. The carrier gases transport the evaporated reactant species
towards the substrate, which is already set to the desired temperature. These reactant species
diffuse through the boundary layer above the substrate. The species are transported to the surface
via diffusion, and a chemical reaction occurs on or above the surface through adsorption or
chemisorption, pyrolysis, disproportionation, oxidation, etc. [5]. The film deposition takes place
after the chemical reaction. The byproducts that have been generated are diffused away from the

substrate through the boundary layer.

All chemical reactions and precursor evaporation do not occur at room temperature. Hence some
amount of energy is required to raise the temperature. The furnaces are used for raising the
temperature and maintaining the constant heat. The high temperature at the substrate helps in
breaking the precursor molecule's bonds into reactant species, and also it increases diffusion for
the adsorbents on the substrate's surface, which enhances the wettability of the film. Constant
feeding of the mass transport, constant heating zone at the substrate, and the proper venting of the

byproducts are the minimum conditions for achieving the homogeneous and continuous film.

The processing parameters that affect the growth of a film in CVD include temperature, pressure,
precursor type, flow rate, substrate/wall temperature, activation manner, and depositing time. CVD
systems are categorized into seven main types of CVDs using these process parameters shown in
figure 3.2. This figure shows the classification of CVD systems. It can be observed that there are
21 types of CVDs are there together. Some of the popular CVDs used for graphene growth shall

be discussed here.

Low-pressure CVD (LPCVD): The Pressure in the CVD lies in the order of 10 mbar. This
pressure is created by the rotary pump connecting the exhaust side of the furnace tube and another

side, the precursors and carrier gases entry will be there.

Atmospheric pressure CVD (APCVD): The CVD is operated at the ambient pressure. The cost of
the APCVD equipment is low compared to the LPCVD as it is not required any vacuum pumps to
create a vacuum. The mean free path for the reactive species is less in APCVD compared to the
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LPCVD. The limitation of the APCVD is that it is more susceptible to oxidation because of the

greater gas density and ambient pressure working conditions [6].

Plasma Enhanced CVD (PECVD): This CVD comes under the activation manner/activation
energy. It is similar to the LPCVD, where the molecule's chemical bonds are dissociated into
reactive species using heat energy, but in PECVD, the plasma is used to break down the molecules.
In PECVD, the plasma is used as activation energy besides heat energy reduces the reaction

temperature. In this way, the PECVD is used to grow films at low temperatures.

Metal-organic CVD (MOCVD): This CVD comes under the nature of the precursor used for the
coating of the film. In this MOCVD, the precursor is metal-organic compound which means that
the organic molecules comprise metal atoms in addition to the organic ligands. The advantage of
using metal-organic precursors is that the evaporation temperature of precursors can be decreased.
In CVD, using the metals as precursors and their evaporation is not possible because of their high
melting points for depositing the films. Thus, metal-organic compounds are suitable candidates for

evaporation as they are volatile compounds.

——— Law-tamperaturs CVD
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Figure 3.2 classification of Chemical VVapor deposition systems [7].

PG and NDG have been synthesized by using a homemade atmospheric pressure chemical vapor
deposition system. The schematics of APCVD are shown in figure 3.3 for the growth of PG and
NDG. The precursors used are polymethyl methacrylate (PMMA) and phthalocyanine (Pc) or
copper Phthalocyanine (CuPc) molecules for the growth of PG and NDG, respectively. APCVD
equipment consists of a furnace, quartz tube, flanges, gas connections, mass flow controllers,

control valves, and gas cylinders.

- D
- |

Inlet
— e —
Gas Flow =

Phthalocyanine
precursor

Crucible Crucible o
\_ Pper J

Figure 3.3 Schematics of the APCVD used for PG and NDG synthesis.

MTI single zone sliding furnace was used. The dimensions of the quartz tube used for the growth
are 100 cm in length and 60 mm in diameter. The ends of the tube are sealed with stainless steel
flanges which were connected to the stainless steel gas pipelines. Mass flow controllers were
attached between these connections to control the gas flow rate. An electropolished 2.5 cm x 1 cm
copper substrate was kept on the alumina crucible and placed in the quartz tube at the center of the
furnace, where the constant heating zone exists. The placing of the copper is perpendicular to the
line of gas flow, as shown in the schematics. In this configuration, most of the area of the copper
substrate attains the 111 plane orientation. In order to evaporate the precursor, a nichrome heating
tape was wound around the quartz tube at 40 cm upstream from the center of the furnace (where
the Cu sample was kept), as illustrated in the schematics. It was connected to a variac and
temperature controller for controlling the heat and temperature, respectively. The precursor
powder was placed inside the quartz tube, where the position lies at the center of the heating tape.
The PMMA and Pc or CuPc were sublimated/evaporated in the range of 400- 250 °C and 525-

545 °C, respectively. In order to get rid of the oxides in the quartz tube, the system was purged
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with 200 SCCM of argon gas for 30 minutes at room temperature (RT) before the experiment
started. Then, the temperature was increased to 1050 °C at a ramp rate of 8°C/min in the presence
of at same flow rate. 200 SCCM of Ar: H> gas mixture (90:10) was introduced, and argon was
stopped once the temperature reached 1050 °C, and the substrate was annealed for 30 minutes. The
different flow rates and growth time were used for the PG and NDG growth. Ar gas was introduced
in place of the Ar:H2 gas flow after the growth process was finished, and it has been flowed at a
rate of 50 SCCM as the system cooled naturally. The as-grown samples were taken outside the

furnace after cooling to room temperature.

3.1.3 Transferring the graphene onto target substrates:

Graphene growth using CVD on metallic substrates such as copper and nickel produces good
quality, uniformity, and controllability, which is not observed for the dielectric substrates. This
limitation requires transferring graphene onto destination substrates for further characterization,
physical property measurements, and applications.

CVD graphene transfer can be broadly classified into two categories dry and wet transfer methods
depending on the environment where graphene comes in contact with the target substrate [8]. The
dry or wet transfer methods are determined by the process in which how the graphene is released
onto the target substrate. In the wet transfer method, the supporting polymer layer assisted to the
graphene is removed in a solvent to avoid mechanical damage to the graphene film. In the dry
transfer method, the removal of the supporting layer can be executed by the differences in adhesion
forces between the interfaces of polymer/graphene and graphene/substrate [9]. The wet transfer
method in which PMMA-mediated transfer has been used during my research work.

The graphene can not self-support because of its thinness. Therefore, the graphene usually needs
a supporting layer when the transfer is required from as grown substrate to the destination
substrate. The polymers are used widely as a supporting layer because of their ability in self-
supporting, strong adhesion between graphene and transfer medium, good chemical stability, and
ease of being completely removed after transfer.

In the PMMA-mediated transfer, the PMMA is used as a supporting layer. The drawing of the

transfer of process is shown in figure 3.4. The transfer process contains the following steps [10].
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1. Spin coating/drop-casting of PMMA on the graphene surface and curing it at moderate
temperature.

2. Removing the unwanted graphene grown on the copper's backside surface is usually done
in Hcl or using oxygen plasma.

3. Etching the copper foil using copper etchants such as Ferri chloride, ammonium persulfate,
etc.

4. Washing the PMMA/graphene in DIW multiple times and then transferring it onto the
target substrate.

5. Dissolving the PMMA in organic solvents such as acetone.

@ Graphene growth ® Polymer coating @ Copper efch

PMMA

& - A -

Ammonium Persulphate

@ Rinse @ Sample transfer @ Polymer annealing

fsolvent etch

y > A ~ &

Water

Figure 3.4 The representative is drawing for the transfer process using PMMA [11].

Similar steps have been used in transferring the PG and NDG onto SiO2(300 nm)/Si and quartz.
1cm x 1cm film was cut from the as-grown graphene/Cu. The graphene was coated with 2ul of
1% solution of polymethyl methacrylate (PMMA) prepared in anisole, making sure that the
PMMA covered the entire area of the film. To dry the PMMA, it was baked for five minutes on a
hot plate. The PMMA/graphene/Cu was immersed in iron chloride or ammonium persulfate
solution to etch the copper. The PMMA/graphene was transferred into the DIW twice after etching
the copper in order to get rid of the FeCls ions. Acetone, IPA, and DIW were used to clean the
Si02(300nm)/Si substrate for 15 minutes each by ultra-sonication. The PMMA/graphene film was
transferred onto the SiO> substrate followed by dring for 12hours. After this,
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PMMA/graphene/SiO2 was immersed in hot acetone (60 °C) for 2 hours to remove the PMMA

from the film.
3.1.4 Device Fabrication:

The devices were fabricated using laser lithography. Lithography is the process by which patterns
with different shapes and dimensions are transferred onto the wafer. Different lithographic
methods are available depending on the radiation used for exposure, such as optical, e-beam, soft,
ion beam, and x-ray lithography. The main component of any lithography process is a photoresist.
It is a photosensitive material that changes its physical properties when it is exposed to light.
Depending on whether it undergoes polymerization or depolymerization, the photoresist is

classified as either positive or negative.

In the laser lithography process, we used the positive photoresist. The schematics of the laser
lithography process are shown in figure 3.5. The photoresist was spin coated on the substrate.
Then, the substrate was baked at 100 °C to polymerize the photoresist. The UV laser having a 365
nm wavelength was used to write the desired pattern on the polymer. The exposed region of the
polymer has been depolymerized in that particular pattern. These substrates were immersed in the
developer to remove the polymer from exposed regions, resulting in expected patterns. After this
step, the substrates were deposited with metals using a thermal evaporator. Then, the substrates

were dipped in acetone to lift off, forming metal patterns on the substrate.
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Figure 3.5 The flow of the process for the laser lithography [26].
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3.2 Characterization techniques:

The raw materials and synthesized products must be characterized with microscopic and
spectroscopic techniques to gain insight into the material's properties. No technique can give
complete information about any system's chemical composition, crystal structure, and physical
properties. Henceforth, we must use alternative and complementary techniques to get sufficient

and supporting information about the characteristics of the synthesized materials, respectively.

Here, we employed various characterization technigques such as optical microscopy, micro Raman
spectroscopy, Field Emission Scanning Electron Microscopy (FESEM), X-ray Photo Electron
Spectroscopy (XPS), Atomic Force Microscopy (AFM), and Transmission Electron Microscopy
(TEM), Electron Backscattered Diffraction (EBSD), X-ray Diffraction (XRD) for structural and
physicochemical properties. The basic concepts of these characterization techniques are briefed in

this section.

3.2.1. Optical Microscope:

The optical microscope has become an essential tool for examining the microstructure of various
material systems besides biological systems since the 19" century. The basic principle of an optical
microscope is the formation of a magnified image of a specimen by using an objective lens, and
the image which formed is further viewed through the eyepiece. It can be understood in detail by

invoking the optical principles of image formation, resolution, magnification, and contrast.

The image formation can be explained through a ray diagram, as shown in figure 3.6. An object
(specimen) is kept between the focal length and radius of curvature of an objective lens, at position
A shown in figure 3.6. The light rays from an object travel to the objective (first) lens at which
these rays converge and focus onto position B, where it forms a magnified, real and inverted image.
The image formed at position B acts as an object for the projector (second) lens. The rays from
this object pass to the second lens further converge and give rise to the finally further magnified
real image at position C. The image is formed at position C, where the camera film or screen will

be kept for recording images. In an optical microscope, when we observe the microstructures with
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our eyes through the eyepiece, the light path will go through an eyepiece instead of a second lens.
These rays will form a virtual image on the retina of a human eye. The virtual image is adjusted at
a minimum distance of 25 cm from the eyepiece, which comes under the eye's optimal focal length.

The virtual image is inverted and magnified to the object.

Magnification is defined as the size of the image compared to the size of an object. It is taken as
the ratio of image size to the size of an object. By applying linear optics, we can obtain a

magnification (M) of the convergent lens as shown in equation 3.2.1
M=t Eq3.2.1

Where v is image distance from the lens and £ is the lens's focal length. From the above equation,
it can be deduced that the focal length should be shorter for higher magnification. The total
magnification is taken as the product of the two respective magnifications of an objective lens and
projector lens, as shown in equation 3.2.2

M = 1\/111\/12 — (V1_f]1c3§c:2_f2) Eq-322

where subscripts 1 and 2 represent the objective lens and projector lens. When an object is
observed through an eyepiece, the total magnification becomes the eyepiece's magnification

multiplied with the magnification of an objective lens in place of the projector lens's magnification.
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Figure 3.6 principles of magnification of an optical microscope [12].
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Eg-3.2.2 indicates there is no limitation for the magnification of an optical microscope, but in
reality, meaningful magnification is achieved when the magnified image is adequately resolved. It
implies that the resolution limits the magnification of a microscope. The resolution is defined as
the two closed points visibly distinguished as two separate points with a minimum distance. The
diffraction of the light controls the resolution. An optical microscope’s resolution (R) is given by

equation 3.2.3

__ 0.6
- usina

Eg-3.2.3

Where A is the wavelength of the light, p is the refractive index of the medium between the
objective lens and specimen, and the a is the semi-angle of the light cone that has formed while
entering the objective lens. The product of p and sina defines as the numerical aperture (NA). It is
inferred from equation 1.3 that the high resolution is achieved by increasing the numerical aperture

and using the shorter wavelength of light.

The microscope requires to produce sufficient contrast and brightness from the specimen to look
into the microscale features. It is essential at any magnification for viewing microscale objects.
The brightness defines the light intensity, which depends on the numerical aperture and
magnification. The contrast refers to the difference between the background intensity and the

object's intensity.

Graphene visibility under an optical microscope is appreciated for the optical interference of the
wavelength between the graphene and the underlying substrate SiO2/Si. We all know that the
appearance of SiO> film's color grown on Si quantifies its thickness is attributed to the interference
between the two optical paths that emerged from air to SiO2 and SiO> to Si [13]. The thickness
variation produces the changes in the distances traveled by the optical paths, which interfere,
giving rise to the phase shifts. This phase contrast induces different colors in the film. A similar
mechanism is applied to graphene visibility, where the optical interference occurs between the air
to graphene, graphene to SiO», and SiO> to Si[14]. The variation in the thickness of the graphene
on SiO2 produces different color contrast making us identify the number of layers to a certain

precision.
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We used the Olympus BX53M optical microscope for optical measurements. This instrument
contains the objective lenses of 10X, 20X, 50X, 100X, long-distance 50X having numerical
apertures 0.25, 0.40, 0.75, 0.90, and 0.50 respectively. We observed the graphene on SiO2(300
nm)/Si and on the oxidized copper.

3.2.2. Field Emission Scanning Electron Microscope (FESEM):

For any microscope, the resolution depends inversely on the source's wavelength, which
emphasizes using the lower wavelength to increase the resolution. In the optical microscope, the
resolution has been limited by the visible light wavelength. Thus, a high-energy beam of electrons
is used as an illumination source in an electron microscope to obtain a shorter wavelength. These
electrons impinge onto the specimen and will undergo scattering that produces different signals.
Specialized detectors are used to collect generated signals to form the image or to get other
information. Therefore, it is vital to understand the interactions between the electron and the

specimen’s atoms.

A focussed electron beam that hits onto the surface is called primary electron. When these electrons
interact, they undergo elastic and inelastic scattering, and they can even knock out the specimen'’s
electrons. Figure 3.7 displays the interaction between the electron beam and the sample's surface
[15]. The elastic scattering mostly happens by the coulombic interactions. In inelastic exchange,
some of the energy of the primary electrons is transferred to the sample. The energy transferred to
the specimen can cause different signals, as shown in figure 3.7, such as backscattered electrons
(BSE),secondary electrons (SE), continuum x-ray, auger electrons, characteristic x-rays, and
cathodoluminescence. The region from which the signals are generated is called the interaction
volume. The interaction volume size depends on the electron penetration's depth and the excited
volume's width. The various signals created from the different portions of the interaction volume

and what kind of information they provide is illustrated in figure 3.7.

The schematics of the FESEM and its components are shown in figure 3.8 [16]. An emitter is the
electron gun made up of a metallic filament or tip from which the electrons are emitted. There are
two ways to eject the electrons from the filament. One is the thermionic emission in which a
filament is heated to a high temperature where the electrons at the surface attain high kinetic energy

to come out of the surface. We have to choose a metal filament with a high melting point, low
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work function, abundant electrons, and stability. Tungsten is the metal filament that satisfies all
these conditions. Another is the field emission gun, where the metal tip's surface is subjected to a
high electric field for which the electrons can be sufficiently emitted from the surface by following
the tunneling effect mechanism. We obtain high energy electrons with a narrow energy band from
the field emission gun than the thermionic emission because of the tunneling effect. Consequently,
the resolution is higher for the field emission gun than the thermionic emission. The emitted
electrons are further accelerated by the accelerating anode. The accelerated beam of electrons can
be converged into a point by the electrostatic and magnetic fields created by the electromagnetic

lenses. The scanning coils job is to deflect the entire beam of electrons back and forth to scan the

Electron Beam
Auger Electrons (AE) Secondary Electrons (SE)

surface atomic composition topographical information

Backscattered Electrons (SE)
atomic number and phase differences

Characteristic X-ray (EDX)

thickness atomic composition

Cathodoluminescence (CL)
electronic states information

Continuum X-ray

f (Bremsstrahlung)

SAMPLE

Figure 3.7 Interaction between the electron beam and the sample [15]. The interaction effects

produced different signals, and interaction volume is also shown.

whole specimen's surface. Eventually, the focused electron beam spot strikes the sample and

produces the signals mentioned earlier.

The nature of the signals that were produced after interaction determines the information of the
sample. Secondary electrons are those electrons that have come out of the surface and have energy
less than 50 eV. The secondary electron yield is very high compared to the other signals as these
electrons escape from the specimen’s near surface region, as shown in figure 3.7. Abundant
secondary electrons are used for imaging signals. The inlens or secondary electron detector collects

these electrons. The image is obtained by mapping the intensity of the electrons through the
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rastering specimen's surface. An inlens detector can give a better-resolved image than the
secondary electron detector because the inlens is assembled around the line of the path of the
electron beam, where the probability of finding the secondary electrons is high. Backscattered
electrons are the elastically scattered electrons with the same energy range as the incident beam
and are collected by the BSE detector. They are mainly used for diffraction and phase contrast
images. The primary electron beam can knock out the localized electrons of the atoms. As a result,
they get into an excited state. After some time, the empty electronic state is filled by other higher
shell electrons to relax the atoms. In this process, the excess energy is released as a secondary

effect in the form of characteristic x-rays, auger electrons, and cathodoluminescence.

The resolution is determined by accelerating voltage called extra high tension (EHT), and the
working distance is defined as the distance between the gun and sample. The size of the beam spot
reduces as the working distance decreases, and in effect, the resolution increases. We used the
FESEM Zeiss ultra 55 to investigate the graphene-related films' surface morphology on copper
foil. The working distance was between 1 mm and 3 mm, with an acceleration voltage of 2
kilovolts (KV) was utilized. We have used copper tape instead of carbon tape as adhesive and for
the electrical conduction path for the sample as the copper tape has higher conductivity than carbon
tape.

3.2.3. Atomic Force Microscope (AFM):

The atomic force microscopy produces the surface topographical images by utilizing the atomic
forces between the tip (surface atoms) and the sample's surface atoms. It also comes under surface
probe microscopy, where the sharp probe is brought in contact with the sample surface, and the
raster scans over the surface to obtain an image. The governing principle for an AFM is atomic
forces consisting of van der Waals forces, adhesive and capillary forces. The van der Waals force
is the dominant force among all forces in AFM. When we get the two atoms together, the force
between them is given by the Lennard- Jones potential. The mathematical description for this

potential is given by equation 3.2.4.

U(r) = — Eq-324,
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Figure 3.8 Schematics of the FESEM and its respective components [16].

where U is the potential, r is the distance between the two atoms, a, and b are the constants. It is
known that the force can be derived by differentiating the potential with the r. The resultant plot f
is shown in figure 3.9, the variation in the force as the distance between the tip surface and sample
surface atoms changes. In the figure, the distance (r) at which the force is minimum is the
equilibrium position is as ro. For r greater than ro, the force is dominated by the long-range

attractive interactions between the atoms. Short-range repulsive forces start dominating for shorter

distances (less than ro).

The schematics of standard AFM are represented in figure 3.10, which contains a sharp tip, a
cantilever (holds tip at its free end), a laser, a scanner, and a four-quadrant photodiode. The

cantilever is fabricated using silicon nitride or silicon with a low spring constant. The tip is also
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prepared from silicon or silicon nitride. Nowadays, tips are also manufactured with diamonds and
carbon nanotubes. Generally, the tip's radius of curvature is 10-60 nm, and the length is 100-200

um.

The tip does not encounter any force when it is far away from the sample surface. As it is brought
near the surface, the tip experiences repulsive or attractive forces leading to a negative or positive
bending of the cantilever. A laser is incident onto the top of the cantilever surface. The cantilever's
lateral and vertical deflections are measured using an optical lever that operates by reflecting the
laser beam. The reflected beam strikes the position-sensitive photodetector (PSPD) comprising
four-quadrant photodetectors. As the tip rasters over the surface with uneven features will induce
a varied amount of force on the cantilever that changes the position in the PSPD. The changes in
the laser's position on the PSPD using the feedback loop are converted to electric voltage, and
further quantification of it will accurately estimate the surface topography, height, and depth of
the surface.

Generally, the tip does not move in AFM, so the sample is allowed to move in X, y, and z directions
by utilizing the piezo scanners shown in the schematics of AFM. These are piezoelectric materials
(obtained from ceramic materials), which will change their dimensions by application of the
voltage. This mechanism helps move the sample precisely in the x,y, and z directions. The AFM
uses false color to generate the image. The image is also accompanied by the sale bar that denotes
the height profile.

An AFM acquires the images precisely in three modes. They are namely tapping mode, contact
mode, and non-contact mode. Depending on the requirement, the mode will be chosen. Each mode

has its pros and cons.

Tapping mode (dynamic mode): This mode eliminates the influence of the frictional force by
intermittently contacting the surface. The cantilever oscillates at ample amplitude to not be trapped
in the adhesive forces. This cantilever oscillates near its resonant frequency. The feedback loop
provides the cantilever to maintain the oscillating amplitude constant during the scan so that a
constant interaction between the tip and sample is conserved. This mode of operation is less

destructive compared to the contact mode.
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Contact mode: The tip is lightly in physical contact with the surface in the contact mode. It works
in the repulsive force regime shown in the force-distance curve figure 3.9. The tip can move over
the surface with constant force or at a fixed height. The spring constant of the tip should be lower
than the sample, then the cantilever bends. Adhesive and frictional forces strongly influence the

tip movement that damages the surface. This mode is suitable for hard surfaces.
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Figure 3.9 The force-distance (between tip and sample) curve [17].
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Figure 3.10 Schematics of Atomic force microscope [18].

Non-contact mode: The tip is not physically touching the sample in this mode. This mode is

suitable for soft samples such as biological samples. The cantilever oscillates above the surface
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with a frequency higher than its resonant frequency and lower amplitude. This mode works in the
attractive region. The feedback loop tracks the variations in the amplitude because of the van der
Waals attractive forces, so the topography is monitored. These forces can cause changes in the
cantilever's phase, amplitude, and resonant frequency.

There are advantages of an AFM compared to electron microscopes. An AFM works in ambient
conditions, whereas electron microscopes require a high vacuum for their operation. The sample
preparation is also more laborious for electron microscopes than for the AFM. The samples
(especially non-conducting ) characterized with FESEM can not be characterized further by other
instruments because the samples were coated with gold for conductivity. But in an AFM, there is
no coating required for samples. It works for insulating samples too. The specific advantage of an
AFM over an electron microscope is that it can obtain the height or depth profile of the surface.

This feature does not exist in electron microscopes.

General applications of an AFM: 1t is used to get a high-resolution topographical image at the
nanoscale. We can use AFM for various samples, from hard (metals) to soft samples such as
polymers, DNA, and protein molecules. Besides obtaining the topography images, AFM is useful
for getting information about the surface properties such as stiffness, friction, and hardness. AFM
is used to measure the conductivity, magnetic properties, and other properties using specially

designed tips.

The disadvantages of an AFM are that the scan rate is slow, and the scan size is less than the
FESEM. The artifacts appear in the AFM images. The radius of curvature of the tip limits the
resolution. If the dimensions of the surface features are less than the tip's radius of curvature are

not appropriately resolved.

We used AFM to measure graphene films' thickness, surface roughness, and topography. We did
the measurements on the graphene or NDG on copper and graphene on SiO». The scanning was
performed at the edge of the film to measure the thickness. We used the Asylum AFM to perform
the measurements. The images were acquired in intermittent (dynamic or tapping) mode. The

obtained images were processed using WSxM software.

3.2.5. Raman Spectroscopy:
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Raman spectroscopy is a nondestructive analytical technique that deals with light-matter
interactions in which the vibrational modes of the molecules are studied by employing light. It is
vastly used in many fields, from biology to physics, because it can be applied to solids, gases, and
liquids. This technique is used to identify materials owing to its characteristic Raman bands. It

provides the structural, chemical, and physical information of materials.

When light impinges on the material, the light undergoes either absorption, transmission, or
scattering. A large number of photons (more than 99.9%) will undergo elastic scattering called
rayleigh scattering, for which the incident light wavelength and scattered wavelength are the same.
A small proportion of the incident light is subjected to inelastic scattering, where the scattered
light's wavelength is either increased or decreased. This phenomenon is called the Raman effect,
as Raman discovered it. The probability of Raman scattering occurring is that one in 107 photons

undergo Raman scattering.

The Raman effect was explained in the classical domain that the molecule undergoes polarizability
under a static electric field. In quantum theory, the molecules have quantized energy levels, as
shown in figure 3.11, and the light is considered a stream of photons. When the molecule absorbs
a photon, it excites the molecule to a virtual excited state, and immediately it returns to the same
energy state. So, the photon emitted with no energy loss is defined as the rayleigh scattering shown
in the figure. In another case, the photon is emitted with a varied wavelength while the molecule
returns to the lower vibrational energy states is named Raman scattering. The transition in which
the molecule gains energy by absorbing the incident photon and the scattered photon loses energy
is called the Stokes scattering. The molecule resides at a higher vibrational energy level, shown in
figure 3.11. The scattered photon gains energy if the molecule loses energy to the incident photon
by returning to the lower energy state from the higher energy state. This transition is called as anti-
stokes scattering. The difference in frequency between the scattered photon and incident photon
refers to the vibrational energy state of the molecule, and it is generally called the Raman shift.
When the Raman shift frequency is increased, it is called the blue shift, and if it decreases, it is
called the red shift.

A micro-Raman spectrometer comprises of laser, a spectrometer, and the sampling interface. A
monochromatic laser source is used as the excitation wavelengths. The advantage of using lasers

is that they provide an intense and stable radiation beam. The intensity of the Raman peaks depends
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on the fourth power of the excitation frequency of the laser. Some of the popular laser wavelengths
are 532 nm, 633 nm, and 785 nm. The fluorescence also increases for the shorter wavelength of
the laser. Fiber optics cables are used to transmit and collect the laser energy from the sample. An
edge filter or notch is utilized to eliminate the anti-stokes or rayleigh scattered light, and the
remaining stokes scattered light is dispersed onto the holographic grating. The light coming from

the grating is captured by the charge-coupled device (CCD) that results in the Raman spectrum.
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Figure 3.11 Schematics of energy transitions for Raman and rayleigh scattering [19].

The limitations of the Raman effect are that it is a weak phenomenon, as one photon in a million
undergoes Raman scattering. The peak intensities are very low for poor Raman scatterers or low
concentrations. The high fluorescence of molecules will hinder the intensity of the Raman peaks.
Other modified Raman spectroscopies have increased the Raman signal, such as surface-enhanced
Raman spectroscopy (SERS), tip-enhanced Raman spectroscopy, resonant Raman spectroscopy,

and confocal Raman spectroscopy.

We used 532 nm and 633 nm excitation wavelengths for Raman measurements on graphene and
nitrogen doped graphene. These measurements were performed on graphene/NDG on copper and
transferred samples. Invia Renishaw micro Raman spectrometer was employed for the Raman

measurements. We also applied SERS measurements for graphene and NDG films.
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3.2.6. X-ray photoelectron spectroscopy:

X-ray photoelectron spectroscopy (XPS) has become one of the most used surface analytic
techniques. The unique characteristics of the XPS are that it has surface sensitivity (~10 nm) and
can distinguish the differences in the chemical environments of a material system. With a detection
limit of roughly 0.1%-1%, it can detect all elements apart from hydrogen and helium. It is used to

study the surfaces of all materials.

XPS works on the photoelectric effect principle in which the electrons are ejected from the surface
of a material by x-rays irradiation. The surface is exposed to soft X-rays (less than 6 KeV), and
the kinetic energy of the ejected electrons is measured. When the total energy of X-rays are
transferred to the core level electrons, the electrons will be emitted. The mathematical form for

this process is given in equation 3.2.5.

hv = BE + KE+ Bpec Eq 3.2.5,

where hv is x-rays energy, BE is binding energy, KE is kinetic energy, and the @spec is a
spectrometer work function. The equation states that the x-rays' incident energy is equal to the sum
of the kinetic energy, the binding energy of the ejected electrons, and the spectrometer work

function (constant value). The binding energy can be determined by rearranging equation 3.2.5.
BE = hv — KE— @gpec Eq3.2.6

This equation was illustrated schematically in the energy level diagram form in figure 3.12 (a). It
can be noticed in the diagram that the photoelectron binding energy is measured with respect to
the Fermi level of the sample. That is the reason @spec is included in equation 3.2.6. The electron’s
binding energy is the intrinsic property of a material, and it is independent of the energy of the x-

ray sources utilized for ejecting them.

Schematics of X-ray photoelectron spectroscopy are shown in figure 3.12 (b), illustrating all
instrument's major components. The XPS instrument consists of an x-ray source, analyzer,
extraction lenses, and detector accommodated in an ultra-high vacuum environment. Electron
sources create the x-rays by hitting the x-ray anode. A Tungsten or LaBs heated filament provides
a beam of electrons that are further accelerated towards an x-ray anode. Aluminum (Al) or

magnesium (Mg) are the two materials used for the x-ray anodes. An instrument contains both as
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a dual anode, which can be selected as one of them either. Many instruments use monochromators
for obtaining monochromatic x-rays. For Al x-rays, Quartz crystal is positioned at a specific angle
to allow only Al K alpha x-rays to get diffract and filter out all other Al x-ray lines. An advantage
of using monochromatic x-rays is to increase the spectral resolution as it was limited by the x-ray
linewidth. An electron optics exists between the sample and an analyzer called extractions lenses
to provide the electron collection efficiency and control the sample area from which the electrons
are collected. They also control the energy of the electrons that are traveling toward the analyzer

to make it specific energy before entering the analyzer, called pass energy.
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Figure 3.12 (a) Energy level diagram illustrating the binding energy equation (b) schematics of the

components of an X-ray photoelectron spectroscopy [20].

XPS systems have primarily two types of analyzers: concentric hemispherical analyzers and
cylindrical mirror analyzers. The former is better as its energy resolution and throughput are high.
The concentric hemispherical analyzer comprises two hemispheres, as shown in figure 3.12 (b).
Both hemispheres are subjected to the voltage in which the outer hemisphere has more negative
than the inner sphere. Through a slit, electrons enter the analyzer. Only electrons with a certain
amount of energy are permitted to move through the analyzer. The lower energy electrons collide
with the inner hemisphere, and the higher energy electrons hit the outer hemisphere. The radius of

the analyzer determines the analyzer resolution, as it is proved larger the radius higher the
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resolution. XPS instruments use electron multipliers as detectors. These multipliers are kept along

the exit slit for more electron collection.

In XPS spectra, besides the photoelectron peaks, there are auger lines and satellite peaks shown in

figure 3.13. The reasons for arising these peaks are discussed below.

Photoelectron lines: These peaks are the primary peaks in the XPS spectra. These come from the

core-shell electrons. The intensity and the sharpness of these peaks are very high.

Auger lines: The ejection of the core electron creates the hole there. The excited ionized atom gets
relaxed by filling the hole with another electron that has come from the valance orbital. This
relaxation process produces the auger electron. These lines are used for the qualitative analysis of
materials. The notation of these lines, are K, L, and M, indicates the atomic orbitals from which
the electrons have filled holes. They are denoted by the KLL, KLM, etc. For example, KLL
indicates that the core electron is ejected from the K shell, the L shell electron filled the core hole,
and the auger electron also came from the L shell. It indicates that the three different electronic

transitions are occurring for the ejection of auger electron.

Satellite peaks: Satellite peaks appear in XPS spectra due to a nonmonochromaticity in x-ray
source. These sources produce x-ray lines with varying energies leading to the appearance of

satellite peaks.

a) Mg source Ag 3d
3 Ag Auger
> Ag 3p Satellite Peaks
e
g Ag 3s Ag 4p
[ = By
- >
Ag 4s \ Ag 4d
1200 1000 800 600 400 200 0

Binding Energy (eV)

Figure 3.13 survey spectrum of silver with nonmonochromatic Mg source. The presence of

photoelectric lines, auger lines, and satellite peaks can be seen in the figure [20].
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In this thesis work, XPS has been performed on the nitrogen doped graphene on copper. We used

it for the nitrogen content and its configurations in the carbon lattice.
3.2.7. UV-Vis spectroscopy:

Uv-vis spectroscopy is an important physical tool in obtaining the information on transmittance,
the concentration of an absorbing species, and band gap using a Tauc plot. It exploits the
interaction of ultraviolet, visible, and near-infrared light with the matter. An instrument utilized
for UV-Vis spectroscopy is called a UV-Vis-NIR spectrometer. The wavelength range used for
Uv is 200-400 nm, visible 400-800 nm, and the near-infrared region 800- 1200 nm. Samples are
measured using three modes, transmittance, absorbance, and reflectance in UV-Vis spectroscopy.
When the energy of the photons of UV -visible light is sufficient to cause the transitions in
electronic energy levels, the molecules absorb the photons to excite the electron from a lower
electronic energy level to a higher electronic energy level. These transitions are characteristic due

to the specific energy between the levels for every material.

The schematic of the UV-vis spectrometer is illustrated in figure 3.14. The diagram here is the
double beam instrument. A light beam in the visible and ultraviolet regions is obtained from the
tungsten lamp and D2 (deuterium arc) lamp, respectively. This light is passed through a
monochromator to disperse the lights into individual wavelengths. The monochromator consists
of a prism or a diffraction grating. The monochromatic light beam is split into two halves in equal
intensities by a beam splitter. In these two light beams, one is sent through the reference sample,
and the other is passed through the sample under examination. After passing through the reference
and sample, both light rays can travel toward the detectors. These detectors compare their

intensities as the light intensity ratio through the sample to the reference.

UV-Vis spectroscopy uses the Beer-Lambart law for the solutions. It manifests that the absorbance
of light by the solution (sample) is directly proportional to the path length through the sample and
the concentration of the sample. This law helps to find a solution's concentration as it is a
characteristic of every compound. We used UV-Vis spectroscopy for transmittance measurements
in my thesis work. We transferred the graphene and nitrogen doped graphene samples onto quartz
substrates using the wet transfer method. Quartz is used as a substrate because of its transparency.

UV (200400 nm) and visible light wavelengths were used (400-800 nm) for measurements.
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Figure 3.14 Schematics of double beam instrument of UV-Vis spectrometer [21].
3.2.8. Electron Backscatter Diffraction (EBSD):

Electron backscatter diffraction is an important technique that obtains electron diffraction patterns
from polycrystalline materials. These patterns are utilized to determine crystallographic
orientation, grain boundaries, and phase identification. This characterization is employed as an
additional tool in FESEM. The advantage of EBSD being attached to FESEM is that the area where
the morphology is obtained is the same place EBSD acquires information about the grain's

orientation and distribution.

When the electron beam impinges onto the tilted crystalline sample, it can generate non-elastically
scattered or elastically scattered electrons. The scattered electrons that satisfy Bragg's condition
produce diffraction patterns. These diffracted electrons hit the phosphorus screen and generate the
visible lines called electron backscatter patterns or Kikuchi bands, shown in figure 3.15 (b). The
characteristic feature of Kikuchi bands is bright parallel bands regularly arranged on a steep
continuous background rather than a series of diffraction spots. The position where the kikuchi
bands intersect appears prominent and indicates the zone axis. The kikuchi pattern geometry can

be interpreted as the gnomonic projection of the crystal lattice on the phosphorous screen.

The placing the sample stage with respect to the electron beam is depicted in figure 3.15 (a). The
specimen is placed in FESEM and is inclined 70° relative to the normal incidence of the electron

beam. Accelerating voltage of 10-30 KV and incident beam current in the 1-50 nA range produce
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the EBSD patterns. The detector is a camera containing a phosphorous screen that resides on a

mounted motorized carriage.

Kikuchi bands are detected using the Hough transform in which the Kikuchi lines recorded from
the image are converted into a point in the hough space. The detected bands' width is a function of
the spacing of the diffracting planes, and it can be comparable to the theoretical list of diffracting

planes.

An EBSD data is interpreted in inverse pole figure (IPF) to illustrate grains (planes) orientation. A
pole figure is an illustration of three-dimensional space in a graphical representation of two
dimensions. It shows the orientation of a selected plane which is normal with respect to the sample
frame. The inverse pole figure complements the pole figure in that it represents the location of a
sample direction relative to the crystal reference system [23]. This IPF can be used as a color code
for crystal orientation maps (COMSs), as shown in figure 3.15 (c). This figure has three corners.
Standard colors assigned to the IPF are blue (111), green (101), and red (001) at the three corners.
The measurement of an individual orientation is related to the single point in an IPF.

I have performed EBSD measurements on the electropolished copper foil. We tried to understand
the copper plane orientation on the effect of graphene and nitrogen doped graphene films.
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Figure 3.15 (a)schematics of the EBSD instrument [22]. (b) Representation of kikuchi patterns.
The bands are Kikuchi bands. Each band indicates the family of diffracted planes. The intersection

of bands is ascribed to the zone axis. (c) color key of inverse pole figure (IPF).
3.2.9. X-ray Diffraction (XRD)

X-ray diffraction is an essential and nondestructive technique in determining the crystalline phases
that exist in materials. Structural properties such as strain state, defect structure, and grain size can
be measured using XRD. In XRD, a parallel beam of x-rays with a wavelength of around 0.5-2.0
angstroms is incident on a specimen. These x-rays are diffracted by the crystal planes satisfying

Bragg's condition given in equation 3.2.7.
2dsin© = nA Eq3.2.7

Where A is the wavelength of X-rays, d is the distance between crystal planes, © is the angle of x-
ray incidence with respect to the atomic planes, and n is the order of diffraction (first-order
diffraction is considered). The graphical diagram is shown in figure 3.16 for equation 3.2.7. The
diffracted rays undergo constructive interference when the X-rays satisfy Bragg's condition. The

points (in dark color) represent the crystal planes.

o

Figure 3.16 Schematics illustration of Bragg's law condition [24] .
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The X-ray diffractometer comprises of an X-ray source, sample holder, divergent slit, receiving
slit, and X-ray detector, as shown in figure 3.17. The X-rays have been generated using various
methods such as x-ray tubes, synchrotrons, and microfocus tubes. These rays are collimated and
monochromatized by the monochromator slit. This narrowed wavelength thin beam is directed
towards the specimen, where the rays get diffracted by the crystal in different directions. The
specimen is held by the sample holder, which is aligned along the center of the beam. The detector
is mounted on the arm and rotates at an angle of 20, while the sample rotates at an angle © of in
the x-ray beam's path. The diffracted rays are allowed to travel through the receiver slit to reach
the X-ray detector. Detectors are fabricated by transducers that generate a signal when radiation
hits them. For bulk materials, the powder XRD technique is utilized in which the x-rays source
and detector are allowed to rotate simultaneously. The penetration depth of X-rays is around 50-
200 pm. This method has the limitation of measuring thin films for which most of the x-rays should
travel within the film instead of in the substrate. A glancing incidence XRD method overcomes
the former technique. In this, the incidence angle is limited up to 1° with respect to the sample.
The incident angle restriction reduces the X-rays' penetration depth and constrains most of the x-
rays within the film.

Detector

A
N
Receiving slit N A
\ 20

v

X-ray tube

Figure 3.17 schematics representation of X-ray diffraction instrument [25].
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We used a powder x-ray diffraction method on copper foil (considering it a bulk material) before
and after annealing to determine its crystallographic nature. The copper crystal orientation affects

the graphene growth; thus, orientation information is required.

3.3 Materials used

List of chemicals used for synthesising graphene and NDG, to clean the copper substrate and other
miscellaneous chemicals:

Name Purity Make

PMMA Powder 99% Sigma Aldrich

Phthalocyanine 98% Sigma Aldrich

Copper 99.8% Sigma Aldrich

phthalocyanine

Isopropyl alcohol Sisco research | 99%
laboratories

Nitric acid 70% FINAR

Ferric Chloride 98% Avra

(anhydrous)

Acetone 99.9% SRL

25 micron thick | 99.8% Alfa Aesar

copper foil

Ammonium 98% Sigma Aldrich

Persulphate

Ortho phosphoric 85% SRL

acid

Methylene Blue | 82% Sigma Aldrich

powder

Crystal violet powder | 95% Sigma Aldrich

Anisole 99.7% Sigma Aldrich
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Chapter-4

Growth of Pristine Graphene by Chemical Vapor Deposition

This chapter deals with the synthesis of pristine graphene on copper from a solid carbon precursor,
polymethylmethacrylate (PMMA), by atmospheric pressure CVD (APCVD). A large area of
continuous graphene films was obtained by optimizing the growth conditions such as evaporation
temperature, amount of powder of PMMA, and growth time. The reduction of growth temperature
for graphene growth is essential to meet industrial needs. Therefore, This chapter has also focused
on graphene's temperature-dependent growth. AFM, FESEM, Raman, and optical measurements
were performed on these films to get insights into the film's morphology, topography, crystallinity,

and thickness.
4.1 Introduction

Graphene was discovered using mechanical exfoliation in which the graphene layers are peeled
off from the graphite flakes using scotch tape [1]. Even though this method produces high-quality
graphene flakes, their yield is very low, with no control over their thickness and size in microns.
Researchers have focused on synthesizing large-area graphene films. Chemical vapor deposition
has achieved this on metallic substrates such as Nickel (Ni) and copper (Cu). However, in the CVD
technique, graphene synthesis has mostly been produced using gaseous precursor Methane (CHa),
which is poisonous, highly flammable, and has a high decomposition temperature. Alternative
precursors like solid and liquid precursors have been utilized for synthesis. The graphene has been
synthesized using solid precursors by post-annealing the deposited precursor film on copper. This
method does not have control over the nucleations or grains. Therefore, the PMMA was evaporated
and transported to the copper substrate to obtain the gains and continuous films depending on the

growth conditions.
4.2 Growth of pristine graphene using APCVD

Pristine graphene has been synthesized in atmospheric pressure CVD on copper substrate. First of

all, the copper substrate preparation is discussed for the growth of graphene.

4.2.1 Copper substrate preparation:
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The thickness of the copper foil used as a substrate for graphene growth is 25 um. The copper was

subjected to three processes before graphene growth. These processes are discussed below.

Step-I

Cleaning of copper foil: 4 cm x 1 cm was cut from the copper foil. This copper was rinsed in
6.9% of HNOgz for 25 seconds, followed by cleaning with deionized water (DIW) three times.
Wash with the acetone and isopropyl alcohol (IPA) and dry with an air blower.

Step-11

Electropolishing: As received, copper foil itself has a rough surface, and cleaning with HNO3
makes the copper surface roughness, besides removing the oxygen from the surface. This
roughness creates a high nucleation density that reduces film grain size and consequently increases
grain boundaries, adversely affecting film quality. Therefore, the cleaned foils were used for
electropolishing to reduce the film's roughness. The procedure for electropolishing was mentioned
in the experimental chapter. The parameters used for electropolishing are as follows:

The electropolishing solution is a mixture of Orthophosphoring acid and IPA in a 5:1 ratio, time-
30 min, the distance between the anode and cathode is 2 cm, applied voltage 1.5-1.8 V, and

electropolishing current- 20 mAor 4.6 mA/cm?.

After the electropolishing, the samples were rinsed in DI water twice to remove the electrolyte

solution. Further cleaning was performed with acetone and IPA to remove organic contaminants.

—

Figure 4.1 Placing the copper substrate on the alumina crucible.
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Step-111

Post-annealing of copper: The annealing was done before the growth of graphene. The details are

discussed below.

The electropolished copper was cut into 2.5 x 1 cm and used as a substrate. This substrate was kept
on the rims of the alumina crucible, as shown in figure 4.1, to make the most of the area to be
contact free from the crucible. The substrate was loaded into the CVVD chamber. Then, the system
was purged with Ar gas at 200 SCCM for 30 minutes to remove the ambient gases and moisture.
The ramping rate was 8 °C/ min. The copper was annealed in the 200 SCCM of Argon (ar) +
hydrogen (H2) atmosphere having a 9:1 ratio for 30 minutes at 1050 °C. Allowed the furnace to
cool naturally.

The growth of graphene by CVD on the catalytic single-crystal metallic substrate has attracted
great attention due to certain planes having a small lattice mismatch with graphene [2]. Cu (111)
orientation mismatch is ~3 to 4 %, and it is the least among all orientations of copper. This
orientation of the substrate can be used for the heteroepitaxial growth of single-crystal graphene
without grain boundaries. Therefore, Contact-free annealing (CFA) of copper foil is a suitable
method to achieve a homogeneous and large grain-sized Cu (111) surface [3]. The copper (111)
plane has the lowest surface energy. When the copper is annealed at its close melting temperatures
under reduced atmospheres, the copper surface restructures itself into (111) orientation during
recrystallization, achieving the highest packing fraction at the surface. The contact-free regions
from the crucible are subjected to stress-free while under annealing, causing them to produce a

(111) plane more homogeneously and simultaneously produce large grains.

To obtain crystallographic orientation, we investigated the annealed copper substrates using XRD
and EBSD techniques (details explained in the experimental methods section). Figure 4.2. (a)
shows the XRD diffractograms of contact-free and contact-annealed copper samples. It was found
that (111) and (100) planes exist for copper, which has undergone contact annealing. However, the
copper annealed with contact-free has shown only (111) plane. The information obtained from
XRD is not restricted to the surface, as the X-ray beam in XRD penetrates the bulk of the sample.
Thus it implies that the bulk of the copper is also subjected to the (111) plane. The inverse pole

figure (IPF) color maps from EBSD are shown in figure 4.2 (b-d). The color code can be taken
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from figure 4.2 (d), where blue denotes the (111) plane, red (001), and green (101) plane. Figure
4.2 (b) is the map obtained from the contact annealed copper area showing the mixed colors, with
the major area covered with blue ((111) plane) and other colors denoting other planes. The IPF
image of the contact-free annealed area of copper is shown in figure 4.2 (c), where only blue color
is observed, which indicates the whole surface is (111) plane. The advantage of the copper surface
being (111) plane is that it induces less stress on graphene due to the least lattice mismatch between
them compared to the other orientations of copper. Moreover, copper annealing by flowing
hydrogen (H:) gas helps etch the intrinsic carbon that exists in the subsurface region of copper that

diffuses during annealing.

(a) (b)

(111)

contact-free annealing J
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Figure 4.2 (a) XRD diffractogram of contact annealing and contact-free annealing of copper.
EBSD map of contact annealing (b) and contact free-annealing (c) and Inverse pole figures of color
coding (d).

86



4.2.2 Atompsheric pressure CVD grown graphene from PMMA

Pristine graphene has been synthesized by using polymethylmethacrylate (PMMAA) powder as a
precursor material. Two independent heating zones were used for the graphene growth. The
PMMA powder was placed upstream, 40 cm from the substrate, which was kept at the center of
the furnace and is a constant zone. The schematics of CVD are shown in figure 4.3. A quartz tube
with dimensions 100 cm in length and 50 mm in diameter. PMMA is a synthetic polymer that
contains carbon, oxygen, and hydrogen atoms. The structure of PMMA is shown in figure 4.4 [4].

The nichrome coil assisted with a temperature controller used to evaporate the PMMA powder.

4 O

- | Fmace
Inlet Outlet :
Gas Flow
PMMA <
powder
Cruclble Crucible

k Copper /

Figure 4.3 Schematics of CVD system for graphene growth.

Atmospheric pressure chemical vapor deposition (APCVD) has been employed for synthesizing
graphene. Initially, at the beginning of the experiment, the system was purged with the Ar gas at
200 SCCM for 30 minutes to evacuate the atmospheric oxygen in the quartz tube. Purging is
important as oxygen at high temperatures oxidizes the copper, which is detrimental to graphene
growth.

Figure 4.5 shows the typical heat profile for graphene growth. Some of the parameters were kept
constant for all our experiments. Those are ramp rates (8°C/min), pre-annealing parameters
(temperature, time, and flow rate), and allowing the system to cool naturally after the growth. A
mixture of Ar and H> gas was used as carrier gas during the growth process. The temperature of

the precursor was ramped up when the pre-annealing started. The rate of ramping is maintained
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such that it reaches the evaporation temperature of the precursor when the pre-annealing ends, as
shown in the heating profile. The gas was switched from Ar+ Hz to Ar while the system was
cooling down. The used gas flow rate was 50 SCCM of Ar gas after the growth. Several growth

parameters were optimized for obtaining continuous graphene films.

CH,

Figure 4.4 Structure of Polymethylmethacrylate (PMMA) [4].
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Figure 4.5 Typical heating profile for the graphene growth

The growth parameters that have been used for obtaining high-quality large-area continuous

films are shown in Table 4.1

88



Growth parameters values
Precursor Evaporation temperature (°C) 335, 285 & 260
Amount of Powder (mg) 1,2, &3
Growth Temperature (°C) 1050, 850 & 650
Growth time (min) 5,10,15& 20
Gas Flow rate (SCCM) 100, 50, 25 & 10

Table 4.1 Growth parameters employed for synthesizing graphene.
4.3 Results and Discussion:

The synthesized graphene films via APCVD on the copper substrate (2. 5 cm x 1 cm ) were
characterized with microscopic and spectroscopic techniques to investigate different aspects of the
film, such as structural, morphological, surface homogeneity, etc. Optical microscopy, FESEM,
AFM, and Raman spectroscope techniques were employed for film characterization. The film's

various characteristics are discussed in detail in this section.
4.3.1 Optimizing the evaporation temperature of PMMA

The synthesis of graphene from solid precursor PMMA was first reported by sun et al. [5]. The
PMMA was deposited on copper by spin coating, and graphene was synthesized by post-annealing
the PMMA film/Cu in the reduced atmosphere. In this process, there is no requirement for finding
the evaporation temperature of PMMA. Graphene has also been grown via low-pressure or
atmospheric-pressure CVD by evaporating the PMMA, but the evaporation temperatures were
mentioned over a range in the literature [6,7]. However, the evaporation temperature depends on
the average molecular weight of the polymer. It also relies on what pressure the CVD experiment
has been performed. Therefore, we tried to optimize the evaporation temperature of PMMA where
it starts evaporation in APCVD. The amount of PMMA powder used for the growth of films is 1
mg. The films were grown at 1050 °C for 5 min at 50 SCCM of Ar/H2 by employing the different
evaporation temperatures of PMMA. We varied the evaporation temperature of PMMA from 335
°C to 260 °C.
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FESEM images were taken on the as-grown films (graphene on copper). Optical images were
captured on transferred graphene films that had been transferred onto Silicon dioxide (SiO2) (300
nm) on a Silicon (Si) substrate. Raman measurements were performed on transferred films with
532 nm excitation wavelngth. Figure 4.6 shows the FESEM and optical micrographs and Raman
spectra of all films. The FESEM image of figure 4.6 (a) is a graphene film that has been synthesized
by evaporating the PMMA at 335 °C. The morphology in figure 4.6 (a) shows that the film has
different contrast. The contrast in the image arises from the attenuation of secondary electrons
(SE) emitted from the copper substrate by the film. The number of SE reaching the detector will
be lower as the thickness of the film increases; as a result, the regions with higher thickness will
be darker than the regions with lower thickness. In this image, the copper surface is completely
covered with a thin graphene layer, and the Raman measurements confirmed that it was monolayer
graphene which will be discussed in detail later. There are islands of graphene crystals that might
have nucleated on top of monolayer graphene with different contrasts corresponding to different
thicknesses. The white particles are SiO> may be deposited on top of the film or copper surface
due to the aging or more usage of the quartz tube [8]. 1cm x 1 cm film was cut from the as-grown
film and utilized for transferring onto the SiO. substrate. The transferring details have been

mentioned in the experimental chapter.

Figure 4.6 (b) shows the optical micrograph of the graphene film transferred onto SiO2, which had
been grown by evaporating PMMA at 335 °C. Similar to the FESEM image, the optical micrograph
shows a different contrast in the film. The varied contrast can be observed due to constructive
interference between the air and film (different layers) interface and film and SiO: interface. As
the thickness of the crystals increases, more contrast can be observed with respect to the substrate
surface. The image has light contrast all over the area, indicating the thin layer covers the entire
area. This thin layer was found to be monolayer graphene, confirmed by Raman measurements.
On top of the monolayer, islands of crystals have dark contrast with varied contrast, indicating the
different number of layers. The particles that were shown in red circles represent the leftover
PMMA that has been used in the transfer process. The presence of more islands of multilayered
crystals on monolayer graphene might be due to the higher evaporation temperature of PMMA
that caused the conversion of PMMA into the vapor phase quickly. It leads to large mass transport
of the PMMA vapor onto the substrate. Therefore, the evaporation temperature of PMMA has been
reduced from 335 °C to 285 °C.
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Figure 4.6 (a,c,d) FESEM and (b) optical images and Raman spectra of graphene films as a
function of precursor temperature. FESEM micrographs of films grown by evaporating at (a) 335
°C, (c) 285 °C, (d) 260 °C. (b) An optical micrograph of film synthesized by evaporating at 335
°C. (e) Raman spectra of all films were recorded on only the thinnest layers, which were confirmed

to be monolayers. Laser excitation used is 532 nm.
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Figure 4.6 (c) shows the FESEM micrograph of graphene film grown by evaporating the PMMA
at 285 °C. The image shows that the copper surface is completely covered by a thin layer of
graphene film, which is a monolayer. The red arrows in the figures indicate the wrinkles on the
film are the characteristic features that can be observed distinctly due to the different thermal
expansion coefficients of Cu and graphene. It can be observed that the density of darker islands is
very less compared to the film formed with PMMA evaporated at 335 °C. The decrease in the
number of darker regions can be attributed to the low evaporation temperature of PMMA. The
reduction in the evaporation temperature decreases the evaporation rate of PMMA. Consequently,
fewer molecules were brought onto the copper substrate, reducing the film's growth rate. The
evaporation temperature has been reduced further to 260 °C to obtain the individual grains or
nucleations. Figure 4.6 (d) depicts the isolated graphene crystals with different contrast. The region
in a green circle represents the bright regions that correspond to the bare copper. The blue circle
denotes the light gray contrast, representing the thinnest layer, and the orange circle denotes the
darker contrast indicating the thicker crystals. A huge distribution in crystal's lateral sizes is
observed that varies from ~ 50 nm to ~ 15 um. The isolated crystals have been obtained due to the
decrease in the rate of evaporation of PMMA further. An evaporation temperature of 260 °C
produced the isolated crystals; therefore, it has been considered the minimum evaporation

temperature for PMMA for all our experiments.

Raman measurements were performed after transferring the films to the SiO substrate using a
PMMA-wet transfer method to get information about the crystalline quality and number of layers.
Only one optical image was shown in figure 4.6 (b) for reference that corresponds to the film
grown by evaporating PMMA at 335 °C. Raman measurements were performed with a 532 nm
laser excitation wavelength. Raman spectra were obtained on the thinnest layers of every film, as
they covered a large part of the film and are common among all films. The Raman spectra of the
thinnest layers of graphene film derived from PMMA are displayed in figure 4.6 (e). The two
most prominent peaks, the G-band ( in-plane vibrational Exg mode) signature of the graphitic band
and 2D-band second order of zone-boundary phonons, arises from a resonant second-order Raman
process, are found in all spectra [9]. The peak positions of the G band and 2D bands are from 1585
cm™? to 1589 cm™ and 2673 cm™ to 2678 cm™, respectively. The shift in the positions can be
attributed to the strain induced in the films due to the defective nature of the film. The number of

layers can be determined by utilizing the ratio of the integrated intensity of the 2D band to the G
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band ( 1(2D)/ 1(G)), as well as the shape, position, and FWHM of the 2D band [10]. The bands
were fitted with the Lorentzian function to obtain the FWHM, position, and area under the peaks.
The 1(2D)/1(G) ratios for films synthesized by evaporating PMMA at 335 °C, 285 °C, and 260 °C
are 3.6, 3.7, and 4.4, which indicate the monolayer as the 1(2D)/I(G) ratio greater than the 2.5
corresponds monolayer graphene [11]. We can observe that the ratio of 1(2D)/I(G) increases as the
evaporation temperature decreases can be attributed to the decrease in the D- band intensity. The
reduction of defects also decreases the FWHM of 2D bands from 41.1 cm™ to 31.1 cm™. These
numbers are within the range of reported values for monolayer graphene, which strongly confirms

that the obtained spectra for the thinnest layers in the graphene film are monolayers.

The D and D' bands in Raman spectra are defect-induced, and the I(D)/I(G) ratio is used for defect
density calculations. The peak position for the D band is at 1335 cm™ and the weak D' band's
position is at 1625 cm™. The I(D)/ I(G) ratio for the film obtained by evaporating the PMMA at
335 °C is 1.7, which is higher than the films grown by the low evaporation temperatures of 285 °C
and 260 °C. It is due to the film having more islands of crystals (varied in lateral sizes and
thicknesses) on the monolayer, and their edges contribute to the D band. The ratio, I(D)/1(G), has
reduced as the evaporation temperature of PMMA decreased owing to the decrease in the number
of islands on monolayer graphene. At last, the isolated monolayer graphene crystals were obtained
for 260 °C and showed the low D band. The D' band disappeared as the D peak decreased as it was

a weak band.

We can corroborate from the FESEM micrographs and Raman spectra that the slowest growth rate
for 5 minutes of graphene film is obtained when the precursor's evaporation temperature is at 260
°C. We obtained discontinuous graphene grains with low defects for this temperature, and a
complete film was formed for different temperatures (285 °C & 335 °C). Hence, we have used 260
°C as an optimized evaporation temperature for the further optimization of other growth parameters

to obtain high-quality large-area continuous graphene films.
4.3.2 Optimizing the flow rate

The large area of continuous graphene film should have minimum grain boundaries to be qualified
as high-quality film. It implies that the film should have grown with low nucleation density and

larger grains or crystals. The gaseous flow rate can control the nucleations and growth of graphene
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grains/crystals [12]. Thus, we optimized the flow rate for graphene film grown at 1050 °C, 5 min,
1 mg PMMA evaporated at 260 °C to obtain the nucleations as low as possible. The flow rate was
varied from 100 SCCCM of Ar/H; to 10 SCCM of Ar/Ho.
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Figure 4.7 FESEM micrographs of graphene films synthesized at 1050 °C for 5 minutes by
evaporating the PMMA at 260 °C for different flow rates. (a) 100 SCCM, (b) 50 SCCM, (c) 25
SCCM, and (d) 10 SCCM of Ar/Ha.

The graphene films were synthesized for varied flow rates by using an optimized evaporation
temperature of PMMA of 260 °C, and the FESEM micrographs are shown in figure 4.7. We can
observe the graphene crystals having light gray contrast are monolayers with different lateral sizes
in figure 4.7 (a), which was grown at 100 SCCM flow rate of Ar/H». The darker patches are on top
of the edges of the monolayers, and it seems they have nucleated at the edges. These thicker layers
grow toward the center of the monolayer from its edges. Most of these crystals have coalesced due
to the high flow rate that increases the growth rate of the film. The flow rate was decreased to 50

SCCM of Ar/H: to obtain the isolated crystals. Figure 4.7 (b) shows that most of the crystals are
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isolated, but the number of crystals is very high. To reduce the nucleation density, the flow rate
was further decreased to 25 SCCCM of Ar/H». Figure 4.7 (c) shows that the number of nucleations
has decreased compared to the 50 SCCM-grown films. The variation in the lateral sizes of the
crystals has reduced compared to the crystals in the 50 SCCM film. Decreasing the flow rate from
25 to 10 SCCM produced nucleating sites that have similar in size, as shown in figure 4.7 (d). As
the flow rate decreased, the crystals and their lateral size decreased due to the reduction in mass
transport of precursor species toward the substrate. The flow rate also determines the shape of the
crystals grown at high temperatures. The shapes of the crystals for 100 SCCM are close to the
circle shapes. For 50 SCCM, the shapes of the crystals turned out to be truncated hexagonal
structures. Further reduction in the flow rate produced the hexagonal and rectangular shapes.
Obtaining the different shapes for varied flow rates is due to the competitive hydrogen etching
effect [13]. The hydrogen assists in the chemical reaction of active carbon species for deposition
on the metal and simultaneously etches deposited carbon atoms that lie at the edges of the
domains/grains. As the 10 SCCM flow rate produced the minimum number of nucleating sites
compared to all flow rates, thus it has been used as an optimized flow rate for the further growth
of graphene film.

4.3.3. Optimizing the growth time:

The large-area continuous film with large-size graphene domains/crystals can be obtained by
increasing the growth time while maintaining the low concentrations of both active carbon species
and active sites on the Cu surface [14]. Here, we utilized the pre-annealing of electropolished
copper, the low evaporation temperature of PMMA, and the low flow rate that produced the less
active sites and active carbon species, resulting in a low number of nucleation sites. The graphene
films were synthesized at 1050 °C, 10 SCCM flow rate, and 260 °C evaporation temperature of
PMMA for various growth times. The different growth times used for graphene film growth are 5
minutes (min), 10 minutes, and 15 minutes. After the graphene growth on copper, the samples
were oxidized in air at 250 °C on a hot plate for one minute to make the graphene crystals optically
visible [15,16]. The graphene crystals covered sites were protected from oxidation, and bare
copper got oxidized. Under an optical microscope, a clear contrast can be observed between the

graphene-occupied sites and oxidized copper.
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Figure 4.8 The optical and FESEM micrographs on copper of the graphene films synthesized at
different growth times. The left panel images (a,c, and e) are optical images taken after the
oxidation of the graphene/Cu, and the right (b,d, and f) are FESEM images. (a, b) 5 min, (c, d) 10

min, and (e,f) 15 min.
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Figure 4.8 shows the optical and FESEM micrographs of the graphene film for different growth
durations. Figures 4.8 (a) and (b) are the optical and FESEM images for 5 min film, respectively.
The optical image shows that the copper surface is light brown, indicating it has been completely
oxidized. It implies that there is no graphene over copper. But FESEM image figure 4.8 (b) shows
that the graphene nucleations are on copper with lateral sizes of around nanometers. It can be
inferred from the FESEM micrograph that the optical image could not resolve the nucleations as
it has a low resolution compared to the FESEM. As mentioned in the flow rate section, the
graphene grown with a 10 SCCCM flow rate for 5 minutes produced low nucleating sites with a

size of around nanometers.

When the growth time was increased to 10 minutes, figure 4. 8 (c), an optical image shows two
contrasts in the film. The areas with brownish color indicate copper oxide where there is no
graphene. The light yellowish color represents non-oxidized copper, in which the graphene is
there. We can observe the hexagonal-shaped domains in these areas, some of which have coalesced
together to become larger domains. The largest isolated single crystal size among isolated
graphene crystals is 180 £5 um. The same film has been used to obtain the FESEM image, as
shown in figure 4.8 (d). we can observe the two coalesced domains. On top of a graphene crystal,
light dark shades indicate the presence of more layers. In the inset, the lower magnification image
was shown, where we can observe graphene crystals similar to the optical image. The increase in
crystal sizes for 10 min growth compared to the 5 min is due to the constant transport of active
carbon reactive species to the substrate. The growth time was increased to 15 min to obtain the
continuous graphene films by maintaining all other growth parameters constant. In an optical
image figure, 4.8 (e), only a tiny area has been oxidized where we can observe the light brown
color, and the remaining area is covered with graphene. The FESEM image from the same film is
shown in figure 4.8 (f), where we can observe continuous graphene film. We can observe the
wrinkles on the film. The bright particles on the film are of SiO2. Comparing the FESEM image
of 15 min film to 10 min film, we can observe that there is no contrast on the film due to the etching
of top layers by the H> gas. The constant flow of active carbon species towards the substrate occurs
as time increases. These carbon adatoms attach to the carbon atoms at the edges of crystals,

increasing the domains' size and merging to form a continuous film.
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The films grown for 10 min and 15 min were transferred to the SiO; substrates for Raman
measurements. Figure 4.9 (a) and (b) show optical images of graphene films of 10 min and 15 min,
respectively. The hexagonal crystal can be seen in figure 4.9 (a), and it has been noticed from
FESEM images in figure 4.8 (b) that isolated crystals were obtained for 10 min growth time. The
PMMA residues with blue color lying on top of the crystal are denoted by the red arrow mark. The
crystal size is around 180 um. The continuous graphene film is observed in figure 4.9 (b) for 15
min growth time, which can be correlated with the FESEM image of figure 4.8 (d), where we
observed the continuous film. The black arrows indicate the wrinkles on the film that exist on

graphene films synthesized from CVD.
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Figure 4.9 optical images of transferred graphene on SiOz. (a) 10 min. (b) 15 min . (c) Raman

spectra of both films of 10 min and 15 min.
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Figure 4.9 (c) shows the Raman spectra of graphene film of 10 min and 15 min growth. The
spectrum is the characteristics of five locations recorded over the cleanest positions of a sample.
G and 2D bands are the characteristic bands of graphene. The peak positions of the G-band are
1587.9 cm™ and 1587.0 cm™ for 10 min and 15 min, respectively. For the 2D band, the peak
positions are observed at 2681.2 cm™ and 2680.3 cm™ for 10 min and 15 min, respectively. The
shift in the G and 2D bands to lower wave numbers as the growth time increases is due to the strain
induced in the films by the substrate [17]. The ratio of 1(2D)/I1(G) for 10 min and 15 min graphene
films are 5.9 and 6.5, respectively, indicating that they are monolayer graphene as their intensity
is more than 2.5 [18]. The full width at half maximum (FWHM) of the 2D band for 10 min and 15
min films are 28.4 cm™ and 26 cm?, respectively, representing the monolayer. The absence of a D
band in both films indicates they are high-quality films. The increase in the 1(2D)/1(G) ratio and
reduction in the FWHM of the 2D band from 10 min to 15 min film can be attributed to the increase

in the crystallinity in the film.
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Figure 4.10 graphene film grown for 10 min and 15 min was used for AFM measurements. (a)
optical image for 10 min and the area in the red box is used for thickness measurement. (b)
Thickness was measured at the edge of the film using AFM. (c) The thickness profile of the film.

(d) The topography of the film was measured on the basal plane of the crystal.
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The transferred 10 min and 15 min film was utilized for AFM measurements to understand the
topography and determine the thickness. Figure 4.10 shows the optical and AFM images of the
10 min graphene film that contains the crystals. The area where the AFM measurement was
performed is shown in the red box drawn in the optical image shown in figure 4.10 (a). The AFM-
obtained topography at the edge of the film is presented in figure 4.10 (b). The thickness measured
for ten places at the edge is represented with one green line in figure 4.10 (b). The average
thickness of the graphene crystal is displayed in figure 4.10 (c). The average thickness of the crystal
is 0.9+ 0.1 nm indicating that it is monolayer graphene [19]. Figure 4.10 (d) shows the topography
of the monolayer graphene film grown for 15 min, which is continuous. The black arrows are

shown toward the wrinkles. The bright particles are residues of PMMA left over after the transfer.

Figure 4.11 Optical images of the graphene film synthesized at 1050 °C, 15 min at 10 SCCM ar/Ha.
A representative figure is shown between two images, (a) and (b), where the PMMA vapor is
evaporated towards the copper substrate. The regions of copper are indicated with arrows. (a)

continuous graphene film. (b) discontinuous graphene.

It was observed that the graphene film did not cover the portions of copper far away from the
PMMA precursor, as shown in figure 4.11. The optical images shown in figure 4.11 are graphene
on copper captured after oxidation. We notice that most of the area is covered with continuous
graphene, and only the region far away from the PMMA has not been completely covered. The

representative schematics are shown between two images where the PMMA vapor is directed
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toward the copper, shown by the arrow mark. The region with the left arrow indicated is shown in
Figure 4.11 (a), where it is a continuous graphene film as the copper has not been oxidized. The
region with the right arrow indicated is shown in figure 4.11 (b), which has discontinuous graphene
film, as some parts of the area have been oxidized. The oxidized areas have a brown color
representing copper oxide, and non-oxidized areas are covered with graphene. We can notice in
the film that some graphene crystals have coalesced, and a few are individual. The region far away
from PMMA not covered with graphene completely implies that it has not obtained sufficient
reactive carbon species to make a continuous film for a growth time of 15 minutes, and
simultaneously etching is also occurring due to Hz gas. Thus the growth has to be increased further

to observe complete coverage.
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Figure 4.11 (a) an optical image of graphene film grown for 20 min. (b) Raman spectrum of

leftover PMMA after 20 min growth.

The growth time was increased to 20 min to obtain the continuous film. It was observed that the
film had been etched, as shown in figure 4.11 (a). The area with one contrast is represented by the
substrate in the image, and the other contrast with the film is indicated by the arrow, as shown in
figure 4.11 (a). The blue contrast indicated by the arrow is PMMA residue. The random etching is
observed in the film. It can be inferred that the film had been etched due to the H etching effect,
and it became dominant as the carbon influx toward the substrate is arrested after 15 min growth
time. However, the PMMA precursor powder has not evaporated completely after 20 min growth.
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Therefore, it suggests that either PMMA might have turned into a carbonized form or polymerized
further. To confirm that, the Raman measurements were carried out to obtain the chemical structure
information of leftover PMMA. The Raman spectrum of leftover PMMA is shown in figure 4.11
(b). The obtained peak positions are 598, 811, 965, 1320, 460, 1728, 2844, 2952, and 3000 cm™.
The strongest peak positions are 811 cm™, 1460 cm™, and 2952 cm™ match the existing literature
on Raman bands of PMMA [20]. This indicates that the leftover precursor powder is PMMA, and
it is polymerizing besides evaporating. The evaporation was arrested completely after the growth
time of 15 minutes. The complete polymerization of PMMA with high molecular weight led to no
evaporation at the same temperature. Therefore, the PMMA amount has been increased to increase

the time for complete polymerization. By that time, the film will be covered completely.
4.3.4 Optimizing the amount of PMMA precursor

The amount of PMMA powder has been increased from 1 mg to 2mg and 3mg to obtain the
continuous graphene films with the optimized growth parameters. The evaporation temperature of
PMMA was maintained at 260 °C. The growth temperature was 1050 °C flow rate was 10 SCCM,
and a growth time of 20 minutes was utilized for growth. The synthesized films were transferred
onto SiO; for optical images and Raman measurements. Figure 4.12 displays the optical images
and Raman spectra of all films. The graphene obtained for 20 min growth with 1mg PMMA, shown
in figure 4.12 (a), has been subjected to etching, as it had been discussed already. The amount of
PMMA powder was increased to 2 mg to obtain the continuous film for 20 min growth. The optical
image shown in figure 4.12 (b) is of graphene film grown by 2mg. It shows that the film is
continuous, with most of the area having the same color contrast. This continuous film was found
to be a monolayer, confirmed by Raman spectroscopy. We can observe the wrinkles on the film,
which are characteristic features of graphene. The hexagonal crystal having higher color contrast
can be observed in the film, which is a second layer. These layers result from secondary nucleations
that grow in the areas where the monolayer crystals grow and merge to form a continuous film.
However, there are conflicting reports in the literature on the nature of nucleations. Robertson et
al. reported that the secondary layers occur on top of the monolayer, as supported by atomic force
microscopy (AFM) [21]. But, the same surface profile can also exist for the nucleation when they

are under the first layer. Moreover, other groups have reported that the additional layers can grow
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under the first layer, where copper can catalyze the growth with the support of the reactive carbon

species diffusing through the edge of the first layer crystals [22,23].

(a) (b)
1mg 15 urn 2mg foue
O
O
O
(c) (d)
L] Monolayers 20
10 pm
O § X A;
E I ieoyne)=7.0 3mg
2
&
£
®
s 1(2D)1(G)=6.0 2m
£
A_ieoye)=s7 A 1mg

¥ ! N 1 N 1 2 1 L 1
" 1200 1600 2000 2400 2800
Raman shift (cm™)

(f)

©

2mg G 20 2D band of Monolayer © Raw Data
A —2p
Envelop
o T
E J 1(2D)1(G)=2.2 ] \_Bilayer B
5 s
s 2
z 2
2 2
g E
=
l 1(2D)1(G)=6.0 Monolayer
1 L 1 i L ) 1 L 1 A L L i 1 " 1 i 1 i
1200 1600 2000 2400 2800 2550 2600 2650 2700 2750 2800
Raman shift (cm”) Raman shift (cm™)
(g)
2D Band of Bilayer O Raw Data

Intensity (arb.uni)

2550 2625 2700 2775
Raman Spectra (cm")

103



Figure 4.12 Optical images of graphene films synthesized with a varied amount of PMMA powder
for optimized growth conditions. (a) 1mg. (b) 2 mg. (c) 3 mg. (d) Raman spectra of all graphene
films synthesized at varied PMMA amounts. The black, red, blue, and green circles represent the
positions where Raman measurements were taken and are shown in the optical image. () Raman
spectra were obtained for the graphene film grown with 2 mg. Raman fittings for the layers

obtained in the film were synthesized using 2 mg PMMA. 2D peak fitting of monolayer (f) and
bilayer (g).

The second layer might have grown on top or below the first layer. The intake of carbon species
has been arrested as the growth time has ended, leading to the growth of the second layer getting
stopped. Therefore, the secondary nucleation results in smaller crystals. The obtained crystal size
of the second layer of the film in figure 4.12 (b) is 20 + 4 um. Figure 4.12 (c) shows the optical
micrograph of graphene film synthesized using 3 mg. The surface is covered completely by a
single layer having wrinkles. The number of secondary nucleations grown into hexagonal crystals
can be noticed in the figure, and they are more in number than the graphene grown using 2 mg.
Tertiary nucleations are also observed under/above the second layer. The tertiary nucleation
appears at the center of the secondary nucleated hexagonal crystal. The increase in the growth of
adlayers under the first layer can be attributed to the increase in the amount of powder, as it
increases the availability of active carbon species that will diffuse through the first layer crystals

until they coalesce.

The Raman measurements were carried out on all the graphene films synthesized for different
amounts of powder. The positions where Raman measurements were recorded are shown in circles
(black, red, and blue) on all optical micrographs. Figure 4.12 (d) shows the Raman spectra of
graphene films. The absence of the D band for all spectra indicates that they are high-quality
graphene films. The quality of the graphene film synthesized for 1 mg is also high even though the
graphene has been etched because the Raman measurements were performed on the non-etched
regions of graphene. The peak positions of the 2D band are 2681.1 cm™, 2679.8 cm™ and 2679.5
cm! for the monolayered graphene films synthesized at 1 mg, 2 mg, and 3 mg, respectively. The
shift in the 2D band positions is attributed to the strain in the film that occurred due to transfer.

The obtained I(2D)/1(G) ratios for graphene films synthesized from 1 mg, 2 mg, and 3 mg are 5.7,
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6.0, and 7.0, respectively, and FWHM of the 2D band in the range of 24-29 cm™* indicates that the
positions where Raman measurements were recorded are monolayers. It can be observed that these
monolayers covered a large area of the film, as it has the same optical contrast in the film. On top
of it or below, secondary or tertiary crystals can also be observed from optical micrographs. Thus,
the Raman measurements were performed on the secondary nucleated crystal for 2 mg grown film

and compared with the monolayer Raman spectrum of the same film.

The Raman fittings were shown for continuous film, and hexagonal crystal for the film synthesized
using 2 mg PMMA in figure 4.12 (f) and (g). The red and green circle represents where Raman
measurements were performed. Figure 4.12 (e) shows the Raman spectra of the graphene film
measured for different layers. The Raman spectrum obtained from the red circle indicates the
monolayer graphene as the 1(2D)/1(G) ratio is 6.0, which is greater than 2.5. It was reported that
the crystals nucleated under or above the monolayer graphene might sometimes not follow the Ab
stacking order. They have different orientations than the monolayer, forming a twist angle between
them. Suppose the twist angle is less than 8° between two layers. In that case, the strong coupling
between layers is manifested in the 2D band of Raman spectra. For more than 13° the double layers
depict the Raman spectra close to that of the single-layer Raman signature [24]. Here, the Raman
spectrum on the hexagonal crystal produced 1(2D)/I(G) ratio is 2.2, indicating that it is a bilayer
graphene as the value is less than 2.5. and it follows the AB staking as the line shape of the 2D
band is asymmetric that can be deconvoluted into four components. The peak positions of the 2D
band of monolayer and bilayer are 2681.1 cm™ and 2693.9 cm™. The blue shift of the 2D band
position is attributed to an increase in the number of layers [25]. Therefore, the 2D peak is
upshifted from monolayer to bilayer. The electronic band structure of graphene layers strongly
influences the 2D band due to the double resonance process. The shift in the 2D band is due to

variations in the electronic band structure as the layer number increases.

The line shape of the 2D band also is utilized to determine the number of layers. The 2D peak is
single, sharp and symmetric for the monolayer. It was fitted with a single Lorentzian function as
shown in figure 4.12 (f). The FWHM of this band is around 28.3 cm™. This peak is roughly four
times more intense than the G band in the spectrum. The 2D band of the bilayer is much broader
and upshifted compared to the 2D band of the monolayer. It has asymmetry in the peak, which can

be deconvoluted into four peaks, as shown in figure 4.12 (g). The components shown in the figure
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are 2D1g, 2D1a, 2D2a, and 2D2g, in which 2D2a and 2D1a have higher relative intensities than the
other two. The evolution of the four components in the 2D band for bilayer graphene can be
attributed to the splitting of electronic bands occurring due to strong coupling between two layers
and leading to 7 and ©n* bands dividing into four bands. The possibility of four optical transitions
gives rise to four components in the 2D band for bilayer graphene [26]. Therefore, It can be
concluded that the hexagonal crystal is following AB stacking with the monolayer. We can
conclude that the high-quality large-area continuous graphene film has been obtained at 1050 °C,
20 min, 10 SCCM for 2 mg as it has less number of secondary nucleated crystals.

4.3.5. Temperature-dependent growth of graphene

The graphene films were synthesized at different temperatures to investigate the formation of
graphene as the PMMA decomposes at lower temperatures. The graphene films were grown at 850
°C and 650 °C with optimized growth conditions like the amount of precursor (2mg), growth time
(20 min), and evaporation temperature of PMMA (260°C). The grown films are shown in figure
4.14, which contains optical images and Raman spectra. Figure 4.14 (a) is an optical image of the
film grown at 850 °C. The film contrast in figure 4.14 (a) is much higher compared to the
monolayer graphene contrast shown in figure 4.13 (a). This indicates that the grown film is of
higher thickness. The contrast variation at different positions can be attributed to the not uniformity
in the thickness of the film. The wrinkles in the film can be seen distinctively, and they are the
distinctive aspects of the graphene film, as mentioned in earlier sections.

The growth temperature was reduced from 850 °C to 650 °C to understand the evolution of the
graphene film. Figure 4.14 (b) shows the optical image of graphene film synthesized at 650 °C.
Most of the area in the film has one contrast except a few positions where low contrast can be seen.
It can be inferred that the film has nonuniformity in thickness. The particles with blue color are
the PMMA residues on the film. The grown films were characterized with Raman spectroscopy to
understand the chemical nature of the film. The Raman spectrum of 850 °C film shows that it is a
completely graphitized film, as it has G and 2 Band with narrow FWHM. The peak positions of
D, G, and 2D bands are around 1352.1 cm*, 1582.8 cm™, and 2692.8 cm™ respectively. The
presence of the D band represents the film has defective nature that arises due to the edges of the
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top layer that has not been completely covered. The film's 1(2D)/I(G) ratio is 1.4 and can be
considered trilayer graphene. The Raman spectrum of the graphene film that has been synthesized
at 650 °C shows the broad D and G bands and suppressed 2D bands. The peak positions of the D
and G bands of this film are around 1356 cm™ and 1590 cm™. The broadening of the G band and
suppressed 2D band intensity can be ascribed to the decrease in the film's crystallinity. Therefore,
this film represents the nanocrystalline graphene film, and the film's Raman bands are similar to
the nanocrystalline film reported in the literature [27]. The nanocrystalline nature of the film
caused more intensity to the D band. As the D band intensity increases and broadens, the 2D band's
intensity gets suppressed. Further investigation is needed to understand the evolution of the
crystallinity of the graphene film at 650 °C.
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Figure 4.14 optical micrographs of graphene films synthesized at 850 °C (a) and 650 °C (b). (c)
Raman spectra of both films.
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4.4 Conclusion:

The pristine graphene has been synthesized successfully over copper foil at 1050 °C via APCVD
using PMMA as a precursor. The evaporation temperature of PMMA has been optimized to get
low evaporation. The growth parameters, such as flow rate and growth time, have been optimized
to obtain the nucleations, crystals, and continuous film. The films were characterized with
microscopic and spectroscopic techniques to gain insights into the film's morphology and
physicochemical properties. A large-sized graphene crystal is around 200 um obtained. It was
found that the PMMA is evaporating and polymerizing simultaneously, leading to the cessation of
PMMA vapor after some time. The amount of PMMA has been optimized to get the continuous
film. The thickness of the monolayer graphene obtained around 0.5 nm. The temperature-
dependent growth graphene has been investigated by employing APCVD. We have obtained
nanocrystalline graphene film at 650 °C.
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Chapter-5

Synthesis of Nitrogen-Doped Graphene by CVD

This chapter deals with the synthesis of nitrogen-doped graphene on copper from a solid carbon
precursor, Phthalocyanine (Pc) and copper phthalocyanine (CuPc), by atmospheric pressure CVD
(APCVD). The Pc as a precursor was used for the first time to grow Nitrogen-doped graphene
(NDG). A large area of continuous Nitrogen-doped graphene (NDG) films was obtained. The study
was conducted on the impact of the growth parameters (temperature, time, and carrier gas) on the
NDG film's surface morphology, dopant configurations, and concentrations. The nitrogen-doped
graphene films were grown at various temperatures of 1050 °C, 950 °C, and 850 °C for different
growth times of 5 -15 minutes in the presence of an Ar+H> gas mixture. The presence of graphitic,
pyrrolic, and pyridinic kinds of nitrogen dopant configuration was confirmed by X-ray
photoelectron spectroscopy. AFM, FESEM, Raman, and optical measurements were performed on

these films to get insights into the film's morphology, topography, crystallinity, and thickness.
5.1 Introduction

Since the discovery of graphene, it has attracted the scientific community and industrialists for its
distinct physicochemical properties and potential applications[1-3]. Pristine graphene is semi-
metallic in nature in which the valence band and conduction band touch each other at K and K'
points in reciprocal space. The absence of the bandgap is a hindrance to potential applications of
graphene in nanoelectronics, which can be overcome by doping graphene. Substitutional doping
of graphene is a feasible and promising way to induce bandgap and thus modify its electrical and
chemical properties[4,5]. Nitrogen, being adjacent to carbon in the periodic table, can easily
substitute carbon in the graphene lattice. Depending on the concentration of the nitrogen dopants,
a small band gap can also be produced. In nitrogen-doped graphene (NDG), nitrogen is primarily
found in the following configurations (i) substitutional configuration, where nitrogen is bonded to
neighboring three carbon atoms (also known as graphitic or quaternary nitrogen) (ii) pyridinic
configuration, where substitutional nitrogen is accompanied by a vacancy such that the nitrogen is
bonded to only two carbon atoms in the six-membered ring, (iii) pyrrolic configuration where

nitrogen is bonded to only two carbon atoms part of a five-membered ring as shown in figure 5.1.
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These configurations affect the local charge distribution and local density of states differently,
producing different electronic, magnetic, and chemical properties[6]. In addition, there can also be
chemisorbed Nitrogen or physisorbed N». Graphitic nitrogen defects preserve graphene lattice
symmetry and conjugation. Theoretical calculations have shown that over a wide range of
temperatures and pressure, pyridinic nitrogen and graphitic nitrogen were the most stable nitrogen
functionality, while pyrrolic nitrogen became the most stable structures at high pressures (>10*
bar)[7]. It has been shown that the graphitic type of dopant induces n-type conductivity while the
pyridinic configuration induces p-type conductivity, with the opening of a small band gap[8,9].
The magnitude of the band gap can be increased by increasing the number of dopants. Doping
graphene with a high concentration of a graphitic type of nitrogen dopant (> 5.1 at %) induces
ferromagnetism in graphene[10]. Pyrrolic nitrogen-doped graphene has been predicted to have the
highest catalytic activity toward CO2RR[11]. These dopants act as scattering centers and reduce
the high mobility /conductivity of films observed in monolayer graphene. Recently Lin et al. were
able to increase the mobility by doping monolayer graphene with graphitic nitrogen clusters[12].
They were able to achieve this by removing the pyridinic nitrogen centers by oxidative etching
during growth. The ability to synthesize nitrogen-doped graphene with specific properties by
selectively tuning the chemical configuration and concentration of nitrogen dopants is important

for developing NDG-based devices and sensors.

The type of nitrogen dopants and their concentration is strongly dependent on the synthesis method
and/or the precursor used in synthesis. Nitrogen-doped graphene is usually synthesized in two
ways. (1) Direct synthesis in which the nitrogen dopants are introduced during the graphene
growth, and (2) Post-treatment of the graphene in which the graphene layer is doped after its
growth. Specifically, Chemical vapor deposition (CVD), solvothermal, segregation method, and
arc discharge approaches come under the direct synthesis method[13-16]. Graphene's post-
treatment includes the plasma treatment and thermal treatment of the graphene film, where
Nitrogen atoms replace C atoms [17-19]. This method reduces the quality of the graphene sheet
tremendously. CVD is the most common technique among all because of its cost-effectiveness and
ability to produce large-area continuous graphene films[20]. This technique involves the flow of
carbon and nitrogen molecules containing precursors for the growth of NDG films. The carrier gas
transports the evaporated/sublimated molecules through the furnace toward the target substrate

held at the desired temperature. The precursors can be in the gas phase (NH3), liquid phase (such
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as pyridine, Dimethylformamide), and solid phase (like melamine, triazine, and urea)[21-25]. The
nitrogen doping concentration and its configurations depend on the precursor choice and the
growth parameters such as temperature, flow rate, time, and pressure. The selection of the
precursor has been reported by Imumara et al. that the precursor should contain the carbon atoms
bonding to nitrogen atoms and should be either sp® hybridized or sp? hybridized[26]. The molecule
acrylonitrile, which contains C-C and C=N, produced pristine graphene instead of nitrogen-doped
graphene. The proposed mechanism for this growth depends on the precursor molecule's
decomposition and diffusion on the growth substrate. Thus, it is very important to explore the

novel precursors and tune the growth parameters for attaining the required nitrogen concentration

and configurations.

Carbon

Nitrogen

Hydrogen

Figure 5.1 The possible configurations of NDG: (1) substitutional or graphitic N, (2) pyrrole-like
(3) pyridine-like N, (4) single-N pyridinic vacancy, (5) triple-N pyridinic vacancy.

The novelty of the current work lies in the use of Phthalocyanine based precursors, free base
phthalocyanine (Pc) and copper phthalocyanine (CuPc), in atmospheric pressure CVD to produce
nitrogen-doped graphene (NDG). Previously, phthalocyanines (Pcs) and their complexes with 3d
metals, such as FePc, CoPc, NiPc, etc., have been utilized to synthesize carbon nanotubes and

carbon nanofibers[27,28]. However, they have not been used to synthesize nitrogen-doped
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graphene sheets. It is shown to be a facile low, temperature and relatively rapid technique to realize
NDG films using Pcs via CVD.

5.2. Atmospheric pressure CVD-grown Nitrogen-doped graphene from Pc and CuPc

Nitrogen-doped graphene has been synthesized on copper (Alfa Aesar, 25 um thickness, purity
99.8%) using APCVD. The as-received Cu foil (1cm x 2.5 cm) was cleaned with diluted nitric

acid (6.9%) for 25 seconds to remove the surface native oxide and rinsed with deionized water

(DIW). Then, it was electropolished in the electrolyte consisting of orthophosphoric acid (40 ml)

and isopropyl alcohol (IPA) (10 ml) for 30 minutes at 1.5V. This electropolished copper was

cleaned with DIW and rinsed in acetone, IPA, and DIW. After this, the sample was loaded in the

horizontal tubular furnace. Schematics of the CVD chamber for the growth of NDG are shown in

figure 5.2 (a).

(a)

7

p

%

Inlet

Gas Flow -z

Phthalocyanine

recursor
Crucible

Crucible

N

opper

Outlet s

4

Ar:H,

200 sCCM

50 SCCM

v

—— Substrate
Precursor

I: Warm up

11: Pre-Annealing
1Il: Growth

IV: Cool Down

30 min

Time (min)

Figure 5.2 schematics of (a) APCVD system and (b) heating profile for the synthesis of the

nitrogen-doped graphene (NDG).
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The precursor powder (1 mg) was placed 40 cm upstream from the center of the tube (where the
Cu sample was kept). Two different types of precursors were used for NDG growth (i)
Phthalocyanine (Pc) and (ii) Copper Phthalocyanine (Pc). Phthalocyanine (Pc) molecules are
aromatic macrocyclic compounds similar to porphyrins. The molecular structure of these
precursors is shown in figure 5.1. A nichrome heating tape connected to a temperature controller
is used to vaporize the precursor. The Phthalocyanine (Pc) and Copper Phthalocyanine (CuPc)
were evaporated at 525 °C and 545 °C, respectively. Before the experiments started, the system
was purged with 200 SCCM of Argon gas for 30 minutes at room temperature (RT), and then the
temperature was increased to 1050 °C (heating rate 8°C/min). Once the temperature is reached
1050 °C, 200 SCCM of Ar: H> gas mixture (90:10) is introduced, and the substrate is annealed for
30 min in this reducing atmosphere. The heating profile of the substrate and precursor is shown in
figure 5.2 (b). The NDG films were synthesized at different substrate temperatures of 1050 °C,
950 °C, and 850 °C to understand the effect of temperature on the film properties. To study the
effect of the growth time, the films were synthesized at 1050 °C for different growth times of 5
minutes (min), 10 min, and 15 min. After the growth process was over, the Ar: Hz gas flow was
replaced with Ar gas which flowed at 50 SCCM while the system was cooling down naturally.

5.3 Results and Discussion
5.3.1 Temperature-dependent Nitrogen-doped graphene from Pc

Nitrogen-doped graphene films were synthesized at different growth temperatures for different
time durations using solid Phthalocyanine precursor. We have investigated the evolution of the
film morphology, thickness, and composition as a function of growth temperature (for fixed
growth time). Figure 5.3 shows the FESEM image of the Nitrogen-doped graphene films
synthesized at 850°C, 950°C, and 1050°C for 5 minutes, respectively. For the films synthesized at
850°C, we observe numerous quasi-rectangular grains of size ~ 2um nucleated on the substrate.
All the grains do not have the same contrast. The image contrast in SEM is due to the attenuation
of secondary electrons (SEs) emitted from the Cu substrate by the overlayer/film. As the thickness
of the overlayer increases, fewer SEs reach the detector, leading to low signal intensities, so the
thicker areas of the films appear darker than thinner areas. Thus, the grains having darker contrast
are of higher thickness. For the films at 950 °C shown in panel (c), we can observe that the sample

is covered by bright and dark areas associated with films of different thicknesses. In the darker
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regions of the film, we also observe bright wrinkles crisscrossing the dark and bright regions.
These wrinkles are the characteristic feature of graphene, which arises due to the different thermal
expansion coefficients of the graphene and Cu substrate. The brighter regions seem to be composed
of coalesced hexagonal islands. The darker regions corresponding to higher thickness may be due
to the nucleation of the second layers on top of the underlying layers. The films synthesized at
1050°C shown in panel (e) are continuous and appear to be more homogeneous with a relatively

lesser number of dark patches.

Raman measurements were done after transferring the films on SiO2/Si substrate to get more
information about the homogeneity and crystalline quality of the films. The as-grown NDG films
on copper at different growth temperatures of 850 °C, 950 °C, and 1050 °C for 5 min were
transferred onto SiO»/Si substrates using the PMMA wet transfer method. The optical micrographs
of the transferred film are shown in Figures 5.4 (a), (c), and (e). The film's color contrast can be
attributed to the variation in the NDG layer number. We observe that the NDG film is
discontinuous for 850 °C and turns out to be a continuous film as the growth temperature is
increased to 1050 °C. The PMMA residues can also be observed in all the films. The Raman
measurements were taken at the cleanest positions where no PMMA is visible. The positions where
measurements were carried are shown in the circles. Raman measurements were carried out at

different positions on NDG films after transferring them onto SiO2 (300 nm)/Si substrates.

Raman spectra of the films are shown in figure 5.4 (b, d, and f), grown at 850°C, 950°C, and
1050°C, respectively. The representative Raman spectra for three positions representing three
different thicknesses within the film are shown for each film. For all the films, we can observe the
characteristic G band (in-plane vibrational Ezg mode), defect-mediated D and D' peak, and second-
order 2D bands peak. The ratio of the integrated intensity of the 2D band to the G band (1(2D)/1(G))
and the FWHM of the 2D peak are used to estimate the number of layers in NDG. The ratio of the
1(2D)/1(G) value is 2 or greater, indicating the monolayer NDG, which was reported earlier [23].
The values of 1(2D)/I(G) for bilayer and trilayer NDG films vary from 1.6 to 1.9 and 1.0 to 1.5,
respectively. In this study, thicknesses greater than 3 layers have been labeled as a few layers of
film. From the 1(2D)/1(G) ratios that were shown in the Raman spectra figure 5.4 (b), (d), and (f),
we observe that the film synthesized at 850 °C has a wide variation in thickness from monolayer

to few layers. The films synthesized at 950 °C have areas with monolayers, trilayers, and few
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layers of thickness. The films synthesized at 1050°C is more uniform in thickness, with the film
thickness varying from monolayer, bilayer, and trilayer. The position and the line shape of the G

and 2D peaks depend strongly on the number of layers, strain, and doping[29,30].

W

Figure 5.3 Temperature dependence for 5 min growth: (a), (b), (c) FESEM micrographs of films
synthesized at temperatures 850 °C, 950 °C, and 1050 °C, respectively. The scale bar is 2 um.

Pristine monolayer graphene has a G peak at 1580 cm™ with FWHM in the range of 20-30 cm™.
A blueshift of the 2D peak in comparison to pristine graphene can be due to either doping or an
enhanced number of layers. To eliminate the effect of layer dependence on Raman peaks, we only
compared the Raman peaks from the monolayer only. The peak positions and FWHM of the G
band and 2D band are given in Table 5.1. Raman peaks were fitted with the Lorentzian function
and determined the positions, FWHM, layer number, and defect density for the films synthesized
at different temperatures. The position for the G band of monolayer film is 1586.2 cm™, 1588.5
cm™® and 1590.4 cm™* for 850 °C, 950 °C, and 1050 °C, respectively. Compared to graphene, all

the G peaks are shifted to higher wavenumbers, and this shift increases with increasing synthesis
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Figure 5.4 Temperature dependence for 5 min growth: (a), (c), (e) optical micrographs and (b),
(d), (f) Raman spectra of films synthesized at temperatures 850 °C, 950 °C, and 1050 °C,
respectively. The scale bar is 10 um. Raman spectra were recorded after transferring the films on
SiO2 (300 nm)/Si substrate using a 532 nm laser. Raman spectra were recorded for each film from
three positions with different thicknesses.
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temperature. The FWHM of the G peak for the monolayer is also larger in comparison to pristine
graphene. The blue shift of the G band can be attributed to electron and hole doping or
tensile/compressive strain in the C-C bonds due to nitrogen atoms [31,32].

We also observe the D peak which is activated by defects such as edges/grain boundaries, in-plane
substitution of heteroatoms, and vacancies. From the I(D)/I(G) ratios, we determined the
concentration of defects/dopants in the films. We observe that the defect concentration in each
layer is not the same. For the discontinuous film synthesized at 850°C, observe the highest amount
of defects with I(D)/1(G)=3.0, 2.5, and 1.0 for monolayers, trilayer, and few layers. For the film
synthesized at 950°C, we observe that defect concentration is highest for the monolayer, and it
decreases with thickness with 1(D)/1(G)=0.6,0.4 and 0.3 for monolayer, trilayer, and few layers.
Compared to the films synthesized at 850°C, we observe the opposite trend, with the first layer
and the second layer having the highest concentration of the defects (I(D)/1(G) =0.3) while the
third layer has a much lower amount of defect (I(D)/1(G)=1). For the NDG film synthesized at
1050°C, we observe the lowest amount of defect I1(D)/I(G)= 0.3, and it is constant for all layers,
indicating the uniformity in doping. The I(D)/1(G) is used for determining the in-plane-crystallite
size, defect distance, and dopant density using the equation given below [33].

Lo(nm) = (2.4 x 107 194(1(D)/1(G))? -(1)
(2.4x10710) 24
Lo = i @
np = (2.4 x 1022)A7*(1(D)/1(&)) -(3)

Where A is the excitation wavelength used for Raman measurements, where L, is the crystallite

size in nm, Lp is the distance between dopants, and np is the dopant density in cm™.

Equation (2) is only valid for low defect density point defects. The obtained values are shown in
table 5.2. We can clearly see that with increasing synthesis temperature, the crystallite size
increases, dopant density decreases, and the separation distance between dopants increases. The
crystallite size is greatest for the samples synthesized at 1050°C. We sometimes also observe a
small D' peak convoluted with the G peak. For the film synthesized at 850°C, the D' peak is very
prominent, while for the films synthesized at 950°C and 1050°C, the D' peak is very small and just
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produces an asymmetry in the G peak towards the higher wavenumber. The ratio of 1(D")/1(D)

gives information about the type of defects in the film.

Temperature Pos Layer PosD Pos G Pos D' Pos 2D
(°C) & time or spot | Number (cm™) (cm™) (cm™) (cm™)
850, 5min Posl Bilayer 1341.2 1587.6 1622.7 2675.6

Pos2 | Trilayer | 1340.7 | 1572.9 1607.0 26771

pos3 Few layer | 1343.5 1588.2 1622.7 2679.9

950, 5min posl | Monolayer | 1339.6 1588.5 1621.9 2675.7
Pos2 Trilayer 1345.2 1578.8 1612.7 2688.6

Pos3 | Few layers | 1342.3 1576.3 1610.7 2681.5

1050, 5min Posl | Monolayer | 1338.7 1590.4 - 2673.4
Pos2 Bilayer 1343.6 1579.7 1615.0 2685.0

Pos3 Trilayer 1342.5 1579.2 1615.7 2683.5

Table 5.1 The peak positions of G, 2D, D, and D' bands of the NDG films synthesized at
different temperatures. The uncertainty in the position is 0.1 cm™.

The thickness of the continuous films was also measured with AFM after transferring them to
Si0O2/Si substrate. Figure 5.5 (a-c) shows the AFM image of the films synthesized at 1050°C. AFM
measurements were performed for the continuous film obtained at 1050 °C. Figure 5.5 (a)
represents the AFM image at the edge of the film. The thickness of the film was measured at the
edge film around ten places and took the average of it. The average thickness of the film shown in
figure 5.5 (b) was found to be 1.0 £ 0.1 nm, which indicates the monolayer [23]. Fig. SI2 g is the
AFM image of the center of the film. The continuity of the film is observed throughout the image.
We can see the wrinkles in the image and the average height of these wrinkles is about 1.0 + 0.2

nm. The bright spots in the images are the residual PMMA particles.
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Temperature Layer Number I(D)/I(G) La Lo Npb x10™t
nm nm cm?
850°C Monolayer 3.0 6.4 8.1 9
Few layers 1.0 19.2 13.8 3
Few layers 2.5 1.7 9.2 7.5
950°C Monolayer 0.6 32 17.8 1.8
Tri-layer 0.4 48 21.9 1.2
Few-Layer 0.3 64 25.5 0.9
1050°C Monolayer 0.3 64 255 0.9
Bilayer 0.3 64 255 0.9
Tri-layer 0.3 96 31.4 0.9

Table 5.2 I(D)/1(G) ratio of NDG films synthesized for 5 min at 850°C, 950°C, and 1050°C. The
ratios were used to calculate crystallite size, defect distance, and defect densities.
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Figure 5.5 AFM measured thicknesses and topography of the NDG films. Thickness measured at
the edge of the film (a) 1050 °C. (b) the thickness profile of the film. (c) the topography of the

same film. The wrinkles thickness is found to be 1+0.2 nm.

The films were further characterized with X-ray photoelectron spectroscopy to investigate the
presence of nitrogen dopants, bonding configurations, and their concentration. The films that were
grown at 850 °C, 950 °C, and 1050 °C for 5 minutes at 50 SCCM of Ar+H> flow were used for
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XPS measurements. Figure 5.6 shows the XPS survey spectrum. Carbon and oxygen peaks can be
clearly observed, but the N peak can be barely observed. The oxygen peak appears due to the film's
defects (dopants, edges), which will act as hosts for the adsorption of oxygen moieties from the air
and ambient moisture. We observe that the amount of nitrogen in the film decreases with increasing

synthesis temperature.
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Figure 5. 6 XPS Survey spectrum of the NDG films that were synthesized at various temperatures
850°C, 950 °C, and 1050 °C for 5 minutes.

High-resolution core-level XPS spectra of C1s is given in Fig.3a for temperatures 850 °C, 950 °C,
and 1050 °C. C1s have been deconvoluted into peaks corresponding to sp? C=C, sp? C-N, sp® C-
N, and C=0 groups. The peaks at 285.6+0.5 eV and 286.7+0.2 eV correspond to the sp? hybridized
carbon atoms bonded to the nitrogen atoms (pyrrolic-N, graphitic-N, and pyridinic-N) (C-sp2-N)
and sp® hybridized carbon atoms (defected sp3-C bonds bonding to N atoms) bonding to nitrogen
atoms respetively[34][32]. The last peak centered at 288.7+0.2 eV is C=0 contributes to the

oxygen bonding to Carbon atoms present at the defect sites [35].
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Figure 5.7 Evolution of C 1s and N 1s photoelectron peaks as a function of synthesis temperature:

XPS measurements of NDG films on copper synthesized at 850 C, 950 C, and 1050 C for 5 min.

High-resolution spectra of (a) C 1s and (b) N 1s

The N1s asymmetric peak can be deconvoluted into three distinctive individual peaks labeled as
graphitic-N, pyrrolic-N, and pyridinic-N, as reported in the literature [16]. Graphitic-N has been
assigned from 400.0 eV to 401.8 eV, and the pyridinic-N range exists between 398.1 eV and 399.3
eV [36,37]. The pyrrolic-N configuration binding energy lies between 399.0 eV and 399.7 eV[32].
With an increase in synthesis temperature, we observed a decrease in the nitrogen content. The C:
N ratio is 1.4%, 0.8%, and 0.7% for 850°C, 950°C, and 1050°C, respectively. In addition, the type
of nitrogen dopants also strongly depended on the synthesis temperature. At 850 °C, we get a
mixture of graphitic (~23 at%), pyrrolic (~54 at%), and pyridinic nitrogen (~23 at%). At 950 °C,
we get a nearly equal proportion of graphitic (~48 at%) and pyrrolic nitrogen (~48 at%). With
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1050°C, we again see a small increase in the pyridinic nitrogen content. From the FESEM image
in figure 5.3, we see that at 850 °C, we have many small grains with large numbers of edges,
indicating that we would have the most pyridinic or pyrrolic type of nitrogen defects present. With
the increase in grain size (area) at 950°C, the relative contribution of the graphitic type of nitrogen
compared to pyridinic/pyrrolic nitrogen should increase. At 1050 °C, the etching due to the
hydrogen in the carrier gas is more pronounced, which creates more edges which leads to a small

increase in the pyridinic type of defects.
5.3.2 Time-dependent Nitrogen-doped graphene from Pc

We have also investigated the film morphology and composition evolution as a function of growth
time (at fixed growth temperature). Figure 5.8 shows the FESEM and Raman spectra of the films
synthesized at 850 °C for 5 min, 10 min, and 15 min, respectively. The isolated grains were
observed for all the films, as shown in figure 5.8 (a, ¢, and €). Contrast variation of grains indicates
the different thicknesses in the grains. The individual grains coalesced as time increased to 15 min
and formed bigger grains. With increasing growth time, the grains become larger and more
uniform in terms of thickness. These samples could not form continuous films as compared to the
films synthesized at 1050 °C (discussed later) because the surface diffusion for the adsorbed
reactive species is very low, which can be attributed to the lower growth temperature. The
characteristic Raman bands G and 2D bands were observed, as shown in Figures 5.8 (b, d, and ).
The defective peaks D and D' bands are also present in the spectra, indicating that the grains have
defects (dopants, grain boundaries, sp® carbons). Raman spectra of these films showed the
variation in the layer number confirmed by the 1(2D)/I(G) ratio and non-uniformity in the films
deduced from the defect density (1(D)/1(G)). The layer number also has been reduced as the growth
time increased from 5 min to 15 min. The defect density has also been decreased from 5 min to 15

min because the D band intensity is decreased.

Figure 5.9 shows the FESEM images and the Raman spectra of the films that were synthesized for
10 min and 15 min at 1050 °C. From the FESEM images and Raman spectra in figures 5.3 and
5.4, we observed that in the initial 5 min of growth at 1050 °C, the films were quite smooth with
thickness variation monolayer, bilayer to trilayer. The FESEM image in figure 5.9 (a) shows that
the film's surface morphology after 10 min growth is quite similar to that after 5 min growth. Now

we also observe some very bright features of different sizes. Some of these bright features are

124



hexagonal in shape and have nice sharp facets, which may correspond to etched pits in the film
(inset).
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Figure 5.8 Time dependence at 850 °C. FESEM of NDG films at 850 °C for various time growths
(a) 5 min, (¢) 10 min, (e) 15 min. The scale bar is 10 pm. Raman spectra of NDG films synthesized

at 850 °C for different time growths (b) 5 min, (d) 10 min, and (f) 15 min.
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In fact, the Raman spectrum in figure 5.9 (b) also shows that the film thickness has reduced, with
only monolayers and bilayers present in the film. Increasing the growth time to 15 min resulted in
increased etched pits, as shown in figure 5.9 (c). Figure 5.9 (d) shows the Raman spectra for 15
min having monolayers and bilayers similar to 10 min film. Table 5.3 lists the position and FWHM
of the G peak and 2D peak as a function of growth time for films synthesized at 1050°C. The G
peak and 2D peak position of the monolayer are similar for 5 min and 15 min growth, while for
10 min growth, the G peak shifts slightly by ~3 cm™ to higher wavenumbers, with similar behavior
observed for the 2D peak. Also, the I(D)/I1(G) peak ratio has increased, indicating the creation of

more defects due to etching. However, for 15 min, we observe the D peak intensity and the FWHM
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Figure 5.9 Time dependence for 1050 C growth: (a) and (¢) FESEM micrographs of films
synthesized at temperatures for 10 min and 15 min, respectively. The scale bar is 10 pum. The inset
FESEM image is a magnified image to show the hexagonal pits. The inset scale bar is 2 um. (b)

and (d) Raman spectra of the films synthesized for 10 min and 15 min, respectively.
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of the 2D peaks decreasing, indicating a decrease in the defect density and an improvement in the
crystalline quality. The defect density/ nitrogen dopant concentration in the film continues to
increase as long as sufficient mass transport of the precursor or precursor fragments still reach the
substrate. Once all the precursor molecules are evaporated, mass transport, then the film gets
etched by Ha present in the carrier gas. It is quite possible for the 15 min growth, the film is getting

etched more.

Temperature | Position Layer PosD Pos G | Pos D' Pos 2D
°C& time or spot Number | (cm™) (cm™)
(cm™) (cm)
1050,10 min | Posl Monolayer | 1339.6 1593.7 - 2675.9
Pos2 Bilayer 1339.1 1578.3 - 2675.0
1050,15 min | Posl Monolayer | 1338.2 1588.7 - 2671.8
Pos2 Bilayer 1345.3 1581.4 - 2685.8

Table 5.3 The peak positions of G, 2D, D, and D' bands of the NDG films synthesized for 10 min
and 15 min.

XPS spectra were recorded to investigate the evolution of defects with synthesis time. Figure 5.10
shows the high-resolution XPS spectra of the NDG films synthesized at 1050 °C for 10 min and
15 min. It was found that the % of nitrogen for 5 min, 10 min, and 15 min are 0.7 %, 1.0 %, and
0.6 %, respectively. The nitrogen content in the film increases for 10 min of growth, indicating the
incorporation of more nitrogen in the film. This is consistent with the increase in dopant density
observed in Raman spectra. Figure 5.10 (a) and ¢ show the C1s high-resolution XPS spectra for
10 min and 15 min. The increase in C=C and decrease in the sp>C-N from 10 min to 15 min
indicates the reduction in the N- content. The nitrogen dopant configurations were evaluated by
the deconvolution of N1s high-resolution spectra shown in Figures 5.10 (b) and d. For the 10 min
film, the graphitic nitrogen and pyrrolic Nitrogen content increased to 49.7% and 52.3 %,
respectively, while the pyridinic nitrogen content became negligible. The absence of pyridinic-N
indicates that it has been converted to either graphitic-N or pyrrolic-N or removed completely.

Increasing the growth time to 15 minutes resulted in a further increase of graphitic-N to 76 % and
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Figure 5.10 Evolution of C 1s and N 1s photoelectron peak with time at 1050 °C: high-resolution
spectra of C 1s and N 1s for (a) and (b) 10 min in Ar/H2, (c) and (d) 15 min Ar +H2, and (e) and
(F) for 15 min (Ar+H2 5 min +Ar 10 min), respectively.
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while pyrrolic-N reduced to 24 %. It can be noticed that the graphitic-N has been increased and
pyrrolic-N is decreased, which indicates that some amount of pyrrolic-N has been converted to
Graphitc-N. This conversion of pyrrolic defects to graphitic defects can be stopped by removing
H> from the carrier gas. We synthesized the nitrogen-doped films at 1050°C for 5 min and then
replaced the Ar+H. with Ar gas and continued annealing the film in Ar gas for 10 more minutes.
Figure 5.10 (e) and (f ) show the high- resolution, XPS spectra of C1ls and N1s of the film.
Compared to the film synthesized for 15 min under Ar+H2 gas flow, this film had a higher content
of pyrrolic defects than graphitic ones. The total N content for this film is 0.3% is lower than the
15 min films synthesized using Ar+H,. The pyrrolic-N contribution is 64.1%, and graphitic-N is
35.9%. Further investigation is needed to elucidate the carrier gas's chemical potential's role in the

precursor's decomposition and stabilization of nitrogen dopants.
5.3.3. Nitrogen-doped graphene (NDG) from CuPc

Nitrogen-doped graphene films have been synthesized using a wide variety of precursors, and in
most of them, we get either pyridinic or graphitic-type nitrogen dopants. We also observed a
mixture of pyrrolic and graphitic dopants using Pc precursor. When the precursor was changed to
CuPc, we were able to get the dominant pyrrolic type of dopants. These films were synthesized at
1050°C for 5 min and 10 min.

Figure 5.11 (a) and (b) show the film morphology. For the 5 min growth, we only get the
discontinuous film with hexagonal grains of size ~ 20 um. From the contrast, it is evident that
these grains are not of uniform thickness, and secondary nucleation has already started. For the 10
min growth, we observe that the grains have coalesced and nearly it formed continuous films.
Compared to the films synthesized from Pc molecules under identical conditions, the growth rate
of the film is slow (see figures 5.3 and 5.9). The XPS spectra of the film were recorded as shown
in Fig. 6 (c) (d) (e) and (f). The C1s spectra have been deconvoluted into sp® C-N,-sp? C-N, C=C,
and C=0 peaks. From the N1s spectrum, we observe that within the first 5 min growth, we get the
predominantly pyrrolic type of defects, and with increasing growth time, we get a mixture of
graphitic and pyrrolic-N defects. This indicates that the graphitic-N dopants are favoured while

increasing the growth time.
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Figure 5.11 NDG films synthesized using CuPc. (a) and (b) FESEM micrographs NDG films

synthesized at 1050°C for 5 min and 10 min. The scale bar is 10 um. (c) and (d) High-resolution
XPS spectra of C1s and N1s photoelectron peak for 5 min synthesis. (e) and (f) High-resolution
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XPS spectra of C1s and N1s photoelectron peaks for 10 min synthesis. CuPc powder is evaporated
at 545 °C.

5.4 Conclusion

In our synthesis process, we used Pc and CuPc as the solid precursors for the synthesis of NDG
films. We systematically investigated the growth of NDG films using these precursors and their
properties. We demonstrated that the chemical nature of nitrogen defects depends strongly on the
starting precursor and growth parameters. For the Pc precursor, at 1050 C growth temperature and
5-min growth duration, we observed a mixture of pyridinic and pyrrolic defects with a small
percentage of graphitic kind of nitrogen. For CuPc precursor, we observed primarily pyrrolic type
of defects under the same growth conditions. In both cases, if the growth time is increased, all the
defects are converted to graphitic-type nitrogen defects. We also measured the electronic
conductivity of the NDG films synthesized using Pc precursor and showed their dependence on
the nature of defects. Our results suggest that we can tailor the chemical nature of nitrogen defects
and corresponding electronic properties by selecting an appropriate starting precursor and carefully
tuning the synthesis conditions.
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Chapter-6
Applications of Pristine Graphene & Nitrogen Doped

Graphene films

This chapter deals with the applications of CVD-grown pristine and nitrogen-doped Graphene
(NDG) films in optical, electrical, Optoelectronic, and sensing fields. The transmittance, field
effect transistor (FET), photodetector, and surface-enhanced Raman spectroscopic (SERS)
measurements were investigated to show that these films can be utilized in the formerly mentioned
applications. The values obtained for the transmittance and FET are compared with existing
literature. The effect of the nitrogen dopant concentration and configuration on the properties have
been studied. The photodetector device was fabricated by Graphene/MoS; heterostructure, in
which graphene is employed as a charge collector was also investigated. The studies on surface-
enhanced Raman spectroscopy of graphene and NDG film were discussed. The enhancement in
the Raman bands of analyte molecules (organic dyes) was studied on graphene and NDG films

and compared.
6.1 Introduction

Graphene has been subjected to the exploration of many practical applications such as FETS,
sensors, flexible transparent conductors, photodetectors, solar cells, and batteries due to its
exceptional properties such as high carrier mobilities, high transparency, zero bandgap, high
ballistic transport, the large surface-to-volume ratio and high flexibility [1-7]. Continuous
graphene films are needed to meet the electronic, optoelectronic, and sensing applications. It has
been discussed that CVD is the most suitable technique to obtain continuous films. Most
applications shown till now through CVD-grown graphene are synthesized from gaseous precursor
methane. In this thesis work, graphene has been synthesized from the solid precursor PMMA.
High-quality large-area continuous graphene film obtained with optimized parameters (2mg
PMMA, 10 SCCM, 1050 °C, 20 minutes) mentioned in chapter 4 is utilized for various
applications. Graphene employed in different applications is compared with methane-derived
graphene. The nitrogen doping concentrations and configurations depend on the precursor choice
in the in-situ CVD growth. The novel precursor phthalocyanines were used for the Nitrogen-doped
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graphene synthesis. The grown films at 1050 °C for 5 minutes and 15 minutes, having the majority
of pyrrolic-N and graphitic-N configuration dopants, respectively, are used for different
applications in this chapter. The effect of these dopants on different applications is analyzed. Here,
we employed the graphene and NDG films on the optical and FET measurements. Graphene was
utilized in optoelectronic applications with MoS;, a semiconducting material. Both graphene and
NDG films have also been explored in surface-enhanced Raman spectroscopic applications. All

these applications that have been studied are discussed in the next section.

6.2 Applications
6.2.1 Transparency of the Graphene and NDG films

Graphene, being only one atomic thick, is transparent, flexible with high strain strength, and
conductive, making it suitable for the flexible transparent conductor. Graphene has become an
alternative to the Indium Tin oxide (ITO) material used for touch screen manufacturing [8]. The
theoretically calculated optical transmittance value for pristine monolayer graphene is 97.7%. It
absorbs 2.3% of the incident white light, which can be attributed to its unique electronic structure.
The opacity of the pristine suspended graphene is defined by the fine structure constant o = e*/hc
~ 1/137, where c is the speed of light [9]. The transmittance depends on the number of layers, each
absorbing 2.3 % visible light. Therefore, it can be considered that the optical absorption increases
linearly as the number of layers increases. In multilayer graphene, each layer can be considered a
two-dimensional electron gas, with small perturbations due to adjacent layers that make it optically
equivalent to a superposition of almost a non-interacting single-layer graphene [10].

Graphene and NDG films grown on copper were transferred onto quartz substrates using PMMA
assisted wet transfer method to evaluate the optical transparency of the films. UV-Vis-IR
spectrometer was employed to measure the optical absorbance. Only visible light (400 nm-800
nm) was used as the incident light. The optical transmittance of high-quality, large-area continuous
pristine monolayer graphene film is shown in figure 6.1 (a). At 550 nm wavelength, the obtained
transmittance value is 97.4%, slightly deviating from the expected value of 97.7% [9]. It also
indicates that the film absorbed 2.6 % of the incident visible light. The slight deviation of the

transmittance value from the actual value is attributed to the PMMA residues [11]. Figure 6.1 (b)
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shows the optical transmittance of the nitrogen-doped Graphene (NDG) films. The Graphitic-N
dominated configuration of NDG film exhibited a transmittance value of 97.3% at 550 nm
wavelength. Pyrrolic-N-dominated NDG film showed a transmittance value of 97.1 %. The slight
decrease in the transmittance value from graphitic-N to the pyrrolic-N configuration can be
attributed to increased defects in the NDG film, as the pyrrolic-N configuration creates more
defects in the film. Overall, it can be inferred from the transmittance of Graphene and NDG films
that the as the defects increased in the film, the transmittance value decreased. Therefore, the
pristine monolayer graphene has more transmittance value than the monolayer NDG films.

(a) (b)
100 NDG films - .
| — Transmittance of Monolayer 100 | Zgrolili-t?c-(:lo:‘ln:)’:nait:;ed
graphene P
8 el 97.3%
[ — =
S &
e e ]
£ £ E
a < ]
= = |
9 |
i
- |
90 " 1 H 1 N 1 N L 1 'l 1 N |

400 500 600 700 400 500 600 700
Wavelength (nm) Wavelength (nm)
Figure 6.1 Optical transmittance of continuous films (a) pristine graphene (b) nitrogen-doped

graphene; pyrrolic-N dominated and graphitic-N dominated configurations.
6.2.2 Graphene and NDG Field Effect Transistors (FETS)

The core of modern electronics is to control the material's electronic properties by applying
external voltage. Indeed, an electric field's effect changes the carrier concentration in the
semiconducting device, thus changing the electric current. When the FET's channel width is
reduced to the nanoscale resulting in low device performance due to the quantum effects, and the
source to drain tunneling would also be high, leading to less gate control. In this scenario, graphene
was found to be a potential alternative candidate for nanoelectronics and other applications that
can address the issues related to bulk counterparts.
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Graphene has become a promising material for FET devices because of its high ballistic transport
properties and high mobilities, which were demonstrated at room temperature. Graphene FETs
show unique current-voltage (I-V) characteristics compared to the other popular semiconductors
(silicon, germanium). It exhibits an ambipolar behavior, meaning that both charge carrier types
contribute to conductivity, as shown in figure 6.2 (a). The charge carrier density is proportional to
the external applied potential difference and its polarity between the gate voltage (VGS) and
graphene channel. Electron density is increased with the positive gate voltages, and the channel
becomes n-type. The negative gate voltage increases the hole density, and the channel turns to p-
type [12][13]. The minimum conductivity point that separates these two regions is called the Dirac
point (charge neutral point). Theoretically, the Dirac point denotes the zero charge carrier density,
and the density of states is zero, where the conduction band and valence band touch each other.
However, the intrinsic charge carrier concentration is observed experimentally at the Dirac point
due to the charge impurities and puddles originating from the underlying substrate and the rippling
of graphene [14]. Both electron and hole conductivities show linear behavior around the Dirac
point. The ambipolar behavior of graphene has been utilized in electronic circuits such as high-
performance frequency doublers, digital moderators, and radio frequency mixers [15,16].
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Figure 6.2 (a) Typical ambipolar behavior of graphene field effect transistor under an applied
external gate bias voltage. (b) Schematics of electrolyte gated field effect transistor, where DEME-

TFSI is used as an electrolyte.
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Field effect transistor devices have different architectures with respect to the position of the gate,
like back-gated, top-gated, and top-/back-gated FETs. Every architecture has its pros and cons
regarding fabrication methodology and desired applications. The performance of the device
depends on its architecture [17]. Here, we employed a top-gated FET device for the graphene
electrical measurements. An electrolyte DEME-TFSI was used for top gating. This topology is
called an electrolyte-gated FET, and its schematics are shown in figure 6.2 (b). The SiO2 (300
nm)/Si substrate was used for depositing source and drain electrodes using standard lithographic
techniques as mentioned chapter-3.0n top of the pre-patterned electrodes, the graphene was
transferred using the PMMA-assisted wet transfer method. The graphene/NDG channel
interconnects the drain and source. The electrolyte was drop-casted onto the Graphene or NDG
films, and the transport characteristics of the device were measured at room temperature. The gate
is isolated from the channel by the gate dielectric, where the electrolyte acts as the dielectric
material. The graphene/NDG channel is characterized by its width (W) and length (L). A current
(Ios) flows through the channel from the drain to the source for applied drain-source voltage (Vps).
By applying gate voltage (Vgs), this current can be tuned by adjusting the charge of the channel
through the induced electric field. The mobilities were calculated using the peak transconductance

method for electrons and holes;

The hole and electron mobility are calculated using the formula:

L dl gs
on = oy (B0) 6)
eh

W CoxVas \dVgs

where L (40 um )and W (20 um) are the length and width of the channel, Cox is the capacitance of

dielectric material (7.2 pFem2), and (Z‘I,i

) is the slope of the Ips vs. Vs curve in a linear
95/ e,h

region [18].

The CVD-grown continuous graphene film was used for the FET measurements. The measured
transport characteristics of electrolyte-gated graphene FET are shown in figure 6.3. Transfer
characteristics are shown in figure 6.3 (a), in which the drain current (Ips) curve is obtained by
varying the gate voltage (Vss) from -1 V to 1 V at different fixed Vps (0.1 V and 0.2 V).
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Characteristic v-shaped ambipolar behavior was obtained. The Dirac points for fixed Vps =0.2 V
is 0.9 V. The minimum conductivity at Dirc points is attributed to the unintentional doping to the
graphene sample [19]. The negative and positive Vgs region denotes the hole and electron
transport, respectively. The Dirac point at 0.9 eV indicates that the graphene film is p-type doped.
The average electron and hole mobility was determined to be 65.4 cm?V-s™and 94.8 cm?V-is?,
respectively, at Vps =0.2V and comparable to the reported mobilities with electrolyte-gated FET
for exfoliated graphene in the literature [20]. The low mobility of the electrolyte-gated FET
compared to the back-gated FET can be attributed to two effects. One is the residues of PMMA
polymer leftover on the surface of the graphene due to transfer which is in direct contact with the
drop-casted electrolyte. The other is the graphene film's surface roughness, where the
graphene/electrolyte interface is rougher than the graphene/ SiO. interface [20]. The output
characteristics are shown in figure 6.3 (b), where the Ips was obtained by varying the drain voltage
(Vps) at a fixed gate voltage (Ves) of 0.2V. The conductivity shows that it follows the linear

behavior due to graphene’s semi-metallic nature.
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Figure 6.3 Electrolyte-gated FET measurements of the CVVD-grown graphene film from PMMA.

(a) ) transfer characteristics and (b) Output characteristics of conductivity.

FET measurements were performed using the NDG films synthesized from phthalocyanine. FET
devices were fabricated for pyrrolic-N and graphitic-N dominated configuration films. The
pyrrolic-N dominated configuration NDG films have ~ 0.7 % nitrogen dopants, while the
Graphitic-N dominated NDG film has ~ 0.6 % concentration. Figure 6.4 (a) shows the I-V curve
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for both pyrrolic-N and graphitic-N dominated NDG films. The pyrrolic-N and graphitic-N NDG
samples show resistivity of ~8.2 Q-cm and ~3.75 Q-cm, respectively. This reduction of resistivity
for the Graphitic-N dominated configuration NDG film can be due to a decrease in the number of
dopants and type of configuration in the film. Figure 6.4 (b) shows the transfer curve for both films
at 0.1 V Vps. The graph shows a typical ambipolar nature of NDG with a minimum conductivity
point associated with the Dirac point. The presence of the Dirac point at positive gate voltages
indicates p-type charge carrier transport. FETs based on exfoliated graphene supported on SiO2/Si
usually exhibit p-type charge transport due to substrate doping. Even though we cannot completely
rule out doping due to the substrate or ambient contaminants, the shift of the Dirac point from 1V
for the pyrrolic-N NDG to 0.6V for the graphitic-N NDG film indicates that the film with graphitic

dopants is more n-type than the film with pyrrolic dopants.

The calculated mobility for holes and electrons is 13.3 and 10.7 cm?V-1s? for the pyrrolic-N
dominated NDG film, and 62.8 and 40.4 cm?V-!s? for graphitic-N dominated NDG film. The
increase in the mobility for the graphitic-N dominated film compared with the pyrrolic-N
dominated film can be attributed to the domination of the graphitic-N dopants, which act as less
scattering centers.
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Figure 6.4 Conductivity measurements of NDG Electrolyte-gated FET devices. (a) comparison of

the output characteristics of NDG films for pyrrolic-N dominated and graphitic-N dominated at a
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fixed gate voltage of 0.1 V. (b) comparison of the transfer characteristics of pyrrolic-N dominated

and graphitic-N dominated NDG films at a fixed drain-source voltage of 0.1 V.

The charge concentration, n2p, for NDG can be calculated using the parallel plate capacitor model

by the formula:

CoxAVgs
nZD ES —g, ‘(62)

e

where Cox is the parallel plate capacitance of dielectric, AVgs = Vgs - Vih (Vgs) IS any voltage in On
state), and e is the elementary charge, 1.602 x 10° C [21]. At Vg = 1.5V, the electron density
from the n branch of the curve is found to be 4.05x10% and 2.25x10** cm in graphitic-N
dominated and pyrrolic-N dominated NDG films. This significant reduction in electron density
clearly shows that the pyrrolic-N dominated is more p-type compared to the graphitic-N dominated
NDG film. The effect of growth time on the fermi level can be understood by calculating the work
function difference between the two samples using the formula for change in work function (4®):

N2D,pyrrolic—N _ (6 3)

AP = Dpyrrolic-N — Pgraphitic-N = In
pyrrolic—N graphitic—N 2D graphitic N )

Where, ®@graphitic-n aNd @pyrrotic—n are Work functions of the graphitic-N and the pyrrolic-N

dominated NDG films, respectively [22]. nap is the carrier density extracted from FET
measurements, as discussed above. The shift comes out to be -0.58 eV. This shows that the fermi
level shifts down in pyrrolic-N dominated NDG film compared to graphitic-N dominated NDG
film by 580 meV, making it to be more p-type material. The obtained mobilities for both
configurations were compared with the reported mobilities in the literature and shown in table 6.1.
The mobilities of the films produced in our work are in the range of reported mobilities. Overall,
from FET measurements of graphene and NDG films, we can infer that the mobility has decreased
from Graphene to NDG owing to the introduction of dopants in the NDG film, which acts as

scattering centers.
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Precursor | Substra Growth | Total N Defect Type of Mobility | Dirac Ref.
te temp. content | configuratio FET (cm?Vv-1st) | point
(C) (%) n
Melamine Cu 990 5.6 Graphitic-N | Back gate 72 -25 [23]
Pyridine Cu 1000 2.4 Pyridinic-N | Back gate 5 -10 [24]
1,3,5- Cu 700 5.6 Pyrrolic-N Back gate 11.7 -1.5 [25]
Triazine
PMMA + Cu 1000 2 Pyrrolic-N Back gate <10 -8 [26]
Melamine
Pyridine Cu 300 16.7 Graphitic-N | Back gate 53-74 -26 [27]
Phthalocya | Cu 1050 0.7 Pyrrolic-N | Electrolyte 13.6 1.0 Our
nine -gate work
Phthalocya | Cu 1050 0.6 Graphitic-N | Electrolyte 62.8 0.6 Our
nine -gate work

Table 6.1 Comparison of mobility of Nitrogen-doped Graphene.
6.2.3 Graphene/Molybdenum Disulfide (Mo0S2) heterostructure as a photodetector

Heterostructures are synthetic materials that can be fabricated with two or more materials, either
stacking vertically (vertical heterostructure) or in-plane stitching (lateral heterostructure) to obtain
desired functionalities [28]. New artificial materials formed from heterostructures provide
synergistic properties and applications compared to the individual components. Here, we
employed two 2D materials, MoS, and Graphene, stacked vertically to form a heterostructure.
MoS: is an inorganic compound of the transition metal dichalcogenides (TMDs) series, containing
one molybdenum atom and two sulfur atoms, connected by covalent bonding. MoS; is a
semiconducting material with a band gap of 1.8 eV, which changes from an indirect bandgap to a
direct bandgap when it reaches the monolayer. Monolayer MoS; is a suitable material for
optoelectronic applications (photodetector) because the direct band gap would allow a high
absorption coefficient and efficient generation of electron-hole pairs under photoexcitation [29].
Another 2D material with great carrier mobility and quick response time is graphene, which is
particularly appealing for optoelectronic applications. The properties mentioned above of both
materials can be utilized together in a heterostructure to obtain an efficient photoconductive
behavior compared to the individual component's photoconductive behavior. In this

heterostructure, the MoS; acts as a light-sensitive material that promotes the generation of
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photogenerated carriers and the role of graphene as a conductive material that improves the

device's carrier transmit speed.
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Figure 6.5 (a) optical micrograph and (b) Raman spectrum of graphene/MoS2 heterostructure,
laser excitation used was 532 nm for Raman measurements. (c) schematic representation of
graphene (Gr)/MoS2 photodetector [30].

MoS2 was grown on SiO2(300 nm)/Si by using molybdenum trioxide (MoQ3) and sulfur (S)
precursors via APCVD [31]. The synthesized graphene on copper from PMMA via APCVD.
Graphene/MoS: heterostructure was obtained by transferring them onto SiO2 (300 nm)/Si using
PMMA assisted wet transfer method. The optical micrograph of the graphene/ MoS; vertical
heterostructure is shown in figure 6.5 (a). The arrows (black color) indicate the wrinkles of

graphene on the MoS; and SiO- substrate. Thus, it can be corroborated that the graphene is covered
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MoS; completely. Then, the Raman measurements were performed on the heterostructure with a
532 nm excitation wavelength. Figure 6.5 (b) shows the Raman spectrum of graphene/MoS;
heterostructure. The peak positions at 385 cm™ and 404 cm™ indicate the MoS, material, and 1586
and 2681 cm™ positions represent the G and 2D bands, respectively, which are the characteristic
bands of the graphene. Figure 6.5 (c) represents the graphene (Gr)/MoS; heterostructure
photodetector device, where the channel is formed between the source and drain metal electrodes.

Then, Photoconductivity measurements were performed on the graphene/MoS; device.
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Figure 6.6 Photoresponse measurements using 532 nm green light source. Dark and light current
of (a) MoS; (b) Gr/MoS. Transient photoresponse of (¢) MoS; and (d) Gr/MoS2 for green light
(532 nm laser) at constant Vgs = 0.5 V.
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Generally, the process of light detection starts when the absorbed incident light energy is greater
than the bandgap energy of photoactive material. Then, the photogenerated electron/hole pairs are
separated by the applied voltage (Vas), and the separated holes and electrons are collected at the
electrodes. Photoresponse measurements were performed using a green light source of 532 nm.
The energy of the source is 2.3 eV, which is higher than the MoS2 bandgap energy, which results
in the activation of the generation of photocarriers. MoS, and Graphene/MoS: both the devices
showed enhancement in current from dark to light, shown in figure 6.6 (a) and (b). The transient
photoresponsivity of both devices with green light was studied at constant Vgs = 0.5 V, shown in
Figures 6.6 (c) and (d). The photoconductive switching behavior with 15 second green light pulse
is shown for both devices. The photocurrent response has repeatability and stability for all cycles
(laser on and off). The value of photocurrent (Iph = liight — ldark) Was calculated from the graphs and
found to be 3.7x10 for MoS,, whereas 2.6x10™ for Gr/MoS,. The increment of photocurrent is
due to the higher conductivity of graphene. The photoresponsivity (R) of the devices is calculated
using the formula given in equation 6.4 [32].

— Ipn ]
R=_ (6.4)

Where Iph is the photocurrent, P is the power density, and A is the effective area of the device. The
values of power density (P) and active area (A) used in the measurements are 5 mW/cm? and 100
pum x 10um, respectively. The obtained responsivity values for MoS; and Gr/MoS; are 7.4 A/W
and 520 A/W, respectively. The increase in photoresponsivity (R) for Gr/MoS; compared to the
MoS; device is due to the presence of graphene, where the transit time of photoexcited carriers
through graphene is low and the long recombination time (tiifetime) Of electron-hole pairs [33].
Therefore, using the heterostructures formed with the graphene can enhance the figures of merit

(photocurrent, photoresponsivity) that characterize a photodetector.
6.2.4 Surface-enhanced Raman spectroscopy of Graphene and NDG

Surface-enhanced Raman spectroscopy (SERS) technique has become an alternative to Raman
spectroscopy, where it cannot obtain the fingerprints of molecular vibrations of some compounds
with low Raman signals because of their low Raman scattering cross-section [34]. The SERS is a
highly sensitive, reusable, and fast-detecting platform for the analyte (probe) molecules, which can

be traced down to a single molecule level [35]. When the probe molecules are adsorbed onto the
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SERS substrates, the Raman signals of probe molecules are enhanced, with which they can be
sensed. In normal Ramal spectroscopy/scattering, the Raman signal arises mainly due to the
interaction between the photons and matter molecules. In contrast, there is a complex mechanism
behind the enhancement of the Raman signal in SERS. Broadly, two widely accepted mechanisms
for SERS are the electromagnetic enhancement mechanism (EM) and the chemical enhancement
mechanism (CM). The enhancement in EM is attributed to two reasons: the local electric field
enhancement around the rough metallic substrate surfaces induced by the surface plasmon effect
and the re-radiation enhancement effect [36]. The EM can provide an enhancement factor up to
108 to 10" and it does not depend on the nature of probe molecules. The Raman signal amplifies
in the CM due to the charge transfer effect between the substrates and probe molecules. Resonant
charge transfer chemical and non-resonant chemical effects are the two possibilities in the charge
transfer effect that contribute to the CM [36]. The enhancement factor in CM is less than the EM
enhancement factor and is dependent on the interaction of the probe molecule with the SERS
substrate. However, the substrate is pivotal in the SERS enhancement irrespective of which

mechanism it follows.

The conventional substrates used in SERS are roughened noble metals (gold, silver, etc.) because
of their high enhancement factors operated through the EM effect. For these metals, the EM effect
is so dominant that the presence of the CM effect vanishes. However, the metallic substrates have
some disadvantages, such as the deformation of the adsorbate because of the strong adsorbate-
metal interaction, the catalytic effect of metals inducing side-reactions to the adsorbates, and the
low oxidation resistance of metals and photobleaching effect. Therefore, there is a need to explore
non-metallic substrates, which could overcome the limitations of metal substrates. Recently, 2D
materials like graphene and hexagonal boron nitride (h-BN) have been found to be an effective
alternatives as they provide uniform, clean, and repeatable enhanced Raman signals [37]. 2D
materials exhibit unique properties like high oxidation resistance and chemical inertness, large
specific surface area, high flexibility and thermal conductivity, and good biocompatibility. These
properties can be considered desirable features for SERS substrates. These materials showed
intriguing prospects as Raman enhancement substrates, such as (1) easy control of probe molecule
orientation, (2) ability to combine with conventional SERS substrates, (3) chemical mechanism
dominance than the electromagnetic mechanism, and (4) suitable as flexible substrates [38]. The
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enhancement factor (EF) in 2D materials depends on the probe molecule type, orientation,

concentration, substrate type, and laser excitation wavelength [39].

In our work, pristine graphene and Nitrogen-doped graphene have been utilized as SERS
substrates. Raman signal enhancement by graphene is called graphene-enhanced Raman
spectroscopy (GERS). It was reported that the graphene could quench the fluorescence besides
enhancing the Raman signals of probe molecules [40]. It was reported that the graphene systems
follow the chemical enhancement mechanism [41]. Recently, there were attempts to use doped
graphene as a SERS substrate and found that the enhancement is far better than the graphene.
Nitrogen doping to graphene results in additional charge carriers and modifications in the
electronic properties, which can be utilized in the GERS applications. Until now, not much
research has been done on the effect of nitrogen doping configuration on the enhancement of
Raman signals. We employed three organic dyes as probe molecules. They are methylene blue
(MB), crystal violet (CV), and Nile blue (NB.), and their structures are shown in figure 6.7 (a-c)
[42,43]. The obtained enhanced Raman signals for graphene and NDG were analyzed and
compared with the literature. We also investigated the reproducibility and repeatability of the
SERS behavior of graphene and NDG films.

(a) (b)

(c)

H2N+ = N\‘ Laser G sheet
O X | : XY
O N Molecule i >

Figure 6.7 The molecular structure of (a) methyl blue, (b) Crystal violet, and (c) Nile blue, which

are used as probe molecules [42,43]. (d) schematic representation of the SERS experimental setup
[44].
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The SERS measurements were performed on CVD-grown graphene and NDG films by using
organic dyes as probe molecules. In NDG, the pyrrolic-N and graphitic-N dominated configuration
films were used. The schematics of the SERS experiment are shown in figure 6.7 (d) [44]. The
Raman spectra were acquired using In via Renishaw spectrometer using 633 nm and 532 nm
excitation wavelength, 100 X objective lens, laser power 1 mW, and laser spot size 1 um. All
parameters were kept constant throughout the measurements. The different concentrations (in
molar) from 10 M to 10X M of MB, CV, and NB were prepared in methanol. The grown graphene
and NDG samples were transferred onto SiO2(300 nm)/ Si substrates with a PMMA-assisted wet
transfer technique. The transferred Graphene and NDG films were immersed in the different
concentrations for 5 minutes and dried for 15 minutes. Then, the Raman measurements were
recorded. All measurements were performed with a 633 nm wavelength. Wherever another

wavelength was used is mentioned, especially in a future discussion.
(A) Methylene Blue (MB)

First of all, the SERS behavior was investigated for pyrrolic-dominated NDG film with a
concentration of 1x 10° M of MB. Raman spectra of MB on SiO2/Si and pyrrolic-N NDG film are
shown in figure 6.8. The sharp G-band (1591 cm™) and 2D band (2635 cm) are the characteristic
bands of monolayer graphene, and the presence of the peak at 1325 cm™ with small intensity is the
D band that arose due to the nitrogen dopants. Thus, the Raman spectrum denotes the monolayer
nitrogen-doped graphene on SiO,/Si. The Raman spectrum of 10° M concentration on SiO,/Si is
shown in the same figure. It was reported that the MB has distinguishable different Raman bands
between 250 cm™ and 1750 cm™, in which the strongest band at 1624 cm™ arises due to C-C
stretching. The single peak was not observed in the spectrum due to the high fluorescence that
suppressed all the bands and the weak Raman scattering cross-section. In contrast, the Raman
bands of MB were observed when it was on the Pyrrolic-N NDG film, shown in the same figure.
The Raman bands of MB are denoted with *, and the strongest band is at 1623 cm™ confirming
the Methylene blue (MB). We can observe that the fluorescence has been quenched (not
completely), and the Raman signals have been enhanced. The enhancement of Raman signals of
MB when it is on pyrrolic-N NDG film can be attributed to the charge transfer between the MB
and pyrrolic-N NDG substrate [44,45]. We can eliminate the contribution of the EM mechanism
because of excitation wavelength used is in the visible region, which does not interact with the
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wavelength of surface plasmon resonance of NDG as it is about 2.73 um [46]. It can be
corroborated from the Raman enhancement of MB that our grown films are exhibiting SERS
behavior. After that, the three substrates, graphene, pyrrolic-N NDG, and graphitic-N NDG films,
were used as SERS substrates for further analysis of SERS measurements.

IComparison of MB on SiO5 and Pyrrolic-N NDG
* peaks belongs to 10°M MB

. MB-1623
-J\)EAN:;L 2D

A

MB on Pyrrolic-N NDG

MB on SiO2

D L _AK

Pyrrolic-N NDG on SiO,

Intensity (arb.uni)

] ) 1 A 1 . ] A ] )
1200 1600 2000 2400 2800 3200

Raman shift (cm™)

Figure 6.8 Raman spectra of Pyrrolic-N NDG film (a) and the methylene blue (MB) on the SiO2
(300 nm)/Si (b) and Pyrrolic-N NDG films (c). The laser excitation wavelength used was 633 nm.

The MB molecules were investigated on the pyrrolic-N NDG, graphitic-N NDG, and graphene
substrates for the enhancement of Raman signals and also verified their reproducibility. The
strongest peak of MB located at 1623 cm™ was opted to use as SERS enhanced Raman signal for
further measurements. The variation in the Raman signal intensity with increasing the
concentration of MB on pyrrolic-N NDG film is shown in figure 6.9 (a). We can observe that as
the concentration of MB from 10® M to 102 M increases, the Raman signal at 1623 cm™ peak
increases. The least concentration of MB that has been detected on pyrrolic-N NDG substrate is
108 M, as the prominent Raman band 1623 cm™ is clearly visible in the spectrum. The Raman
band 1623 cm™ peak intensity was plotted against the concentration of MB is shown in figure 6.9
(b). It shows that 1623 cm™ peak intensity is linearly dependent on the concentration in the
logarithmic scale. The correlation coefficient (R?) is 0.98, indicating that the pyrrolic-N NDG
substrate has notable sensitivity [47]. The reproducibility of the SERS signal of 1 x 10° M MB on
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pyrrolic-N NDG was evaluated by recording the MB Raman spectra at 10 random positions, and
the spectra are shown in figure 6.9 (c). For all 10 different sites, the presence of the SERS signal
of MB at 1623 cm™ indicates the availability of MB all over the substrate. The histogram plot was
drawn for the variation in the intensity of the 1623 cm™ peak with different sites on pyrrolic-N
NDG substrate, shown in figure 6.9 (d). The root means square deviation (RSD) of the Raman
peak at 1623 cm™ was calculated to be 20.36 %, indicating that the pyrrolic-N NDG has good
reproducibility.
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Figure 6.9 (a) SERS spectra of MB with its varied concentration on pyrrolic-N NDG. (b) variation
of MB peak (1623 cm™) with concentration variation. () SERS spectra of 1 x 10° MB were
recorded at various positions. (d) Histogram plot of the MB SERS signal intensity at 1623 cm™

peak recorded at 10 sites.
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The SERS signal of MB was measured on the graphitic-N NDG substrate. The intensity of the
SERS signal of MB with a variation of concentration of MB was investigated, and it is shown in
figure 6.10 (a). It was found that the intensity of the SERS signal of MB increased as the
concentration increased. The lowest concentration detected is 10® M MB, but its intensity is
relatively lower than when it is pyrrolic-N NDG. The Raman intensity of MB at 1623 cm™ was
plotted against the concentration variation, as shown in figure 6.10 (b), and it was shown that they
hold a linear relationship in the logarithmic scale. The R? is 0.99, which indicates that graphitic-N
NDG has more sensitivity. The reproducibility of the SERS signal of MB was probed on the
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Figure 6.10 (a) SERS spectra of MB with its varied concentration on graphitic-N NDG. (b)
variation of MB peak (1623 cm™) with concentration variation. (c) SERS spectra of 1 x 10° MB
were recorded at various sites on graphitic-N NDG. (d) The histogram plot of the MB SERS signal

intensity at 1623 cm-1 peak was recorded at 10 sites.
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graphitic-N NDG. The Raman spectra shown in figure 6.10 (c) show that the strong peak of MB
at 1623 cm™ is present in all the spectra. The Histogram of the intensity variation of the 1623 cm-
! pand was plotted with different sites on graphitic-N NDG substrate, shown in figure 6.10 (d).
The RSD of the 1623 cm™ peak was obtained at 16.06%, which is lower compared to the RSD
value on pyrrolic-N NDG. This might be due to the decrease of the nonuniform adsorption of MB
on the graphitic-N NDG, as it has fewer defects in the film. The decrease in the RSD indicates the
increase in the uniformity of the enhanced Raman signal of MB.

Similarly, the Raman signal enhancement of MB was studied on graphene. The dependence of
enhancement of the Raman signal of MB on concentration has been investigated and depicted in
figure 6.11 (a). It can be observed that the enhancement of the Raman signal increases as the
concentration increases. The lowest concentration of MB detected on graphene is 10° M MB. The
decrease in the detection of the lowest concentration of MB by graphene substrate compared to the
NDG substrate can be attributed to the absence of defects (Nitrogen dopants) in graphene. The
Raman enhanced signal of 1623 cm™ intensity is varied with concentration, as shown in figure6.11

(b), and found that they hold the linear relationship in the logarithmic scale.

The Raman spectra of 1x10° M concentration of MB on graphene were recorded at 10 locations,
and it is shown in figure 6.11 (c). It can be noticed that the Raman-enhanced signal existed
everywhere, indicating the presence of MB all over the sample. The Histogram of the Raman band
1623 cm! intensity variation of MB was investigated with different sites on graphene. The RSD
was calculated to be 12.75%, indicating that the graphene has good reproducibility. The 12.75%
is lower than the values (20.26% & 16.06%) obtained for NDG films, indicating that the graphene
can produce a uniform Raman-enhanced signal. It can be attributed to the uniform deposition of
MB molecules over graphene and the same amount of charge transfer between graphene and MB

molecules all over the sample.

The Raman-enhanced signal of 1x10° M concentration of MB has been compared for all substrates
(pyrrolic-N NDG, graphitic-N NDG, and graphene), and it is shown in figure 6.12 (a). It can be
noticed that the intensity of Raman enhanced signal of 1623 cm™ peak is relatively decreasing
from the pyrrolic-N NDG to graphene. To quantify the enhancement effect of these SERS
substrates on MB probe molecules, the enhancement factor (EF) was calculated using equation
6.5.
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Figure 6.10 (a) SERS spectra of MB with its varied concentration on graphene. (b) variation of

MB peak (1623 cm™) with concentration variation. (c) SERS spectra of 1 x 10 MB recorded at

various sites on graphene. (d) Histogram plot of the MB SERS signal intensity at 1623 cm™ peak

recorded at 10 sites.

EF = Isers X CRaman

IRaman X CSERS

-(6.5)

Where Iraman is the Raman intensity of the probe molecule on a reference substrate (SiO2/Si)

Craman IS the corresponding concentration of the probe molecule in methanol

Isers is the Raman intensity of the probe molecule on the SERS substrate

Csers is the corresponding concentration of the probe molecule in methanol.
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The obtained enhancement factors of MB for pyrrolic-N NDG, graphitic-N NDG, and graphene
SERS substrates are 7.0X10° 4.8X10° and 5.0X10%, respectively. The enhancement factor for
NDG substrates is in 10° order, while graphene has 10°. The increase in the EF for NDG is due to
the nitrogen dopants that contribute to the additional charge carriers in the film that result in a
further increase of charge transfer between probe molecules and the SERS substrate, which in turn
increases the polarizability of vibrational mode at 1623 cm™. Thus, it can be confirmed that NDG
is a better SERS substrate than graphene. The EF for pyrrolic-N is more than graphitic-N, even
though the order of EF is the same. It is due to the pyrrolic-N NDG having more N-dopants than
the graphitic-N that increases the charge transfer. There is also a possibility that more adsorption
of MB molecules on the pyrrolic-N NDG as it creates more defects in the film compared to the
graphitic-N NDG substrate. So, it can be understood that the different configurations and
concentrations of NDG determine the enhancement of Raman signals of probe molecules.
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Figure 6.12 (a) Comparison of SERS spectra of 1x 10° M concentration of MB for all substrates
(pyrrolic-N NDG, graphitic-N NDG, and graphene). (b) Laser excitation wavelength dependence
on the SERS spectra of 1x 10 M concentration of MB on pyrrolic-N NDG substrate.

We used the pyrrolic-N NDG as a SERS substrate for further studies, as it showed more EF than
all other substrates. Till now, 633 nm has been used as an excitation wavelength for SERS studies.
The laser excitation wavelength dependence has been investigated for 1x 10> M MB concentration
with 633 nm and 532 nm. The SERS spectra of MB on pyrrolic-N NDG with 532 nm and 633 nm
are shown in figure 6.12 (b). The D, G, and 2D bands shown in the spectra belong to the NDG
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substrate, and the 1623 cm™ band belongs to MB. The shift in the 2D band for both laser
wavelengths is because of its dispersive nature. We can observe from the figure that the 633 nm
wavelength shows the Raman signal enhancement of MB, and the 532 nm wavelength does not
show any enhancement. It implies that for certain laser wavelengths, the Raman intensity of MB
on pyrrolic-N NDG meets the Raman resonance condition [48]. At this condition, the energy of
the laser excitation wavelength is close to the energy of the electronic transition of MB on pyrrolic-
N NDG, which results in more charge transfer giving rise to the enhanced Raman signal. So, we
can conclude that the SERS behavior of graphene and NDG substrates depend on the laser
excitation wavelength. Here, the 633 nm excitation wavelength meets the resonance condition for
MB when it is on NDG or graphene. But, for the same case, when the MB was on SiO2(300 nm)/Si
substrate, excited with 633 nm, there was no Raman signal enhancement, shown in figure 6.8.
Thus, it can be corroborated that the enhancement of the Raman signal is not only due to the

resonance condition but also the substrate that makes the probe molecule (MB) attain the resonance

condition.
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Figure 6.13 (a) SERS spectra of 1x10° M MB on pyrrolic-N NDG recorded after 60 days. (b)
Raman spectra were recorded after cleaning the MB/pyrrolic-N NDG in acetone. (c) SERS spectra
of 1x10° M MB redeposited on cleaned pyrrolic-N NDG.

The reusability and stability are the figures of merit for SERS substrates besides the enhancement
factor for choosing them for commercial use. Here, 1x10° M MB concentration on Pyrrolic-N
NDG sample was stored for 60 days in ambient conditions. The SERS spectra were recorded after
60 days shown in figure 6.13 (a). We can observe the D, G, and 2D bands representing the pyrrolic-
N NDG substrate, and the peak at 1623 cm-1 belongs to the MB. We can notice that the Raman

signal enhancement is there, but it is lower than the freshly prepared sample (figure 6.9 (c)). The
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decrease in the Raman-enhanced signal after 60 days can be attributed to the adsorption of moisture

and oxygen functionalities on the sample.

The reusability of the pyrrolic-N NDG film as a SERS substrate has been investigated. The sample
for which SERS spectra of MB on pyrrolic-N NDG were recorded after 60 days was immersed in
the acetone for 10 minutes to remove the MB from pyrrolic-N NDG. The Raman spectra of the
cleaned sample are shown in figure 6.13 (b). Only D, G, and 2D bands are the characteristic bands
of NDG. The absence of MB bands in the spectra indicates that the MB molecules have been
removed from the sample. After that, MB molecules were redeposited by immersing the cleaned
pyrrolic-N NDG substrate in 1x10° M concentration. The SERS spectra of MB are shown in
figure 6.13 (c). We can observe an enhanced Raman signal of MB at 1623 cm™ besides the D, G,
and 2D bands, indicating the presence of MB all over the sample. We can notice that the enhanced
signal intensity is smaller than the freshly prepared sample (figure 6.9 (c)). This can be attributed
to the degradation of pyrrolic-N NDG film due to its aging.

(B) Crystal violet (CV)

The different concentrations of CV were prepared in methanol. The pyrrolic-N NDG samples
were immersed in all solutions for 5 minutes and dried for 15 minutes. The SERS measurements
were performed with a 633 nm excitation wavelength for all the samples. The CV has Raman
bands between 400 to 1800 cm™* and it has the strongest peak at 1620 cm™ [49]. We did not observe
any Raman band of CV till 10 M concentration. The Raman spectrum of 1x 102 M concentration
CV on pyrrolic-N NDG is shown in figure 6.14, for which the CV peak has been observed. The
D, G, and 2D bands observed in the spectrum indicate NDG film. The peak appeared at the higher
wavenumber side of the G band as a kink. It is located at 1620 cm-1 and belongs to the CV
molecule. We can clearly see it as the prominent peak in the inset of the figure. We can conclude
that there is no enhancement of the Raman signal for CV with a 633 nm wavelength, as the 633
nm is not a resonant excitation wavelength. It was reported in the literature that the CV exhibits

the resonant condition on NDG film at 514 nm wavelength [48].

158



- CV on pyrrolic-N NDG 2D
4000 10%°M cv
= !
3
Ko
» 3000 |-
1)
- i / (CV)
= G
m A 1 1 1 i
§ 2000 1400 1503aman1361?i(f)t (cm'11)700 180&7
=
20 (CV)
1000 \
[ 1 | 1 [| N | % |

1500 2000 ,FSOO 3000
Raman Shift (cm )

Figure 6.14 The Raman spectra of 1x102 M concentration of CV on pyrrolic-N NDG substrate,

excited with 633 nm wavelength.

(C) Nile Blue (NB)

The SERS behavior of pyrrolic-N NDG and graphene was studied using a nile blue organic
molecule. The different concentrations of NB were prepared using a similar procedure as
mentioned earlier. The 1x10° M concentration of NB was chosen to investigate the SERS studies.
The Raman bands of NB reported in the literature are from 400 to 1600 cm™ [50]. The band at
592 cm? is the strongest peak for nile blue. All the SERS measurements were recorded with a 633
nm excitation wavelength. Figure 6.15 (a) shows the SERS spectra 1x10° M concentration of NB
on pyrrolic-N NDG. The D, G, and 2D bands in the spectra represent the NDG. The enhanced

Raman signal at 592 cm™ belongs to NB. The presence of NB SERS signal in each spectrum
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indicates that the NB is all over the sample, and pyrrolic-N NDG has good reproducibility.
Similarly, The NB SERS measurements have been investigated on the graphene, shown in figure
6.15 (b). The SERS signal of NB exists in every spectrum, indicating the presence of NB all over
the sample and the good reproducibility of graphene. The enhancement in the Raman signal of NB
can be ascribed to the charge transfer between the NB and SERS substrates. The NB peak has
more intensity than the 2D peak of both substrates denotes good enhancement. The obtained
enhancement factors (EF) for NB on pyrrolic-N NDG and graphene SERS substrates are 2.4x10°
and 3.7x10% respectively. The 633 nm wavelength exhibits the resonance condition for NB on
both SERS substrates. It was reported that the NDG could show an EF of up to 10° for resonance
conditions [46,48].
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Figure 6.15 SERS spectra of 1 x 10° MB were recorded at various positions on pyrrolic-N NDG
(a) and graphene (b).

Overall, we can infer from the SERS studies by graphene and NDG on MB, CV, and NB that the
SERS behavior is dependent on the laser excitation wavelength and also on the substates. The
enhancement factor (EF) for NDG is two orders more than the graphene EF. The pyrrolic-N NDG
showed more EF than the graphitic-N NDG.

6.4 Conclusion
CVD-grown graphene and NDG films have been utilized to study the different applications. The

synthesized two dominant configurations within the NDG films, pyrrolic-N NDG and graphitic-N
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NDG, have also been used in applications to understand their impact on the applications. The
studies on the transparency of all films have been evaluated, and the transmittance values (97.4%
- 97.1 %) were found to be near the values of exfoliated graphene. All the films were utilized for
electronic applications. The electrolyte-gated FETs were fabricated using these films. The
mobilities and Dirac points were determined for all the films and found that the graphene has
higher mobility (94.8 cm?V-1s™) than the NGD films. The effect of configuration on the mobility
and Dirac point was studied and compared with the existing literature. The heterostructure of
graphene/MoS, has been prepared for a photodetector device. The role of graphene in the
photodetector has been studied. The photoresponsivity is 520 A/W for the graphene/MoS: device
is higher than the responsivity (7.2 A/W) of the MoS, device. Surface-enhanced Raman
spectroscopic (SERS) behavior of all films was studied. Three different organic dye molecules,
methylene blue (MB), crystal violet (CV), and nile blue (NB), were used as analyte molecules.
The effect of nitrogen dopant configurations and concentrations on SERS was evaluated. The
SERS behavior was shown to depend on the laser excitation wavelength. All films showed the
SERS effect on the MB and NB dyes, with a 633 nm excitation wavelength, which is a resonant
excitation wavelength. No SERS was observed for CV dye. The enhancement factors (EF) for
NDG reached up to 108 and for graphene 10%. There is no change in the order of EF for pyrrolic-
N NDG and graphiticON NDG, but the former showed higher EF than the latter.
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Chapter 7

Conclusion and Future scope

In this chapter, all the results of the research work shown in the previous chapters are summarized.
The conclusions drawn are briefed in this chapter. The possibility of extending this work in
different directions is proposed in the future scope.

7.1 Summary & Conclusion

The research work has been summarized in pictorial form and is shown in figure 7.1. Graphene
systems (graphene & Nitrogen-doped graphene(NDG)) have been synthesized using solid
precursors by employing a chemical vapor deposition technique. The grown films were explored
for different applications, such as field effect transistors (FETS), Surface-enhanced Raman
spectroscopy (SERS), and photodetector.

Graphene has to be grown over a large area at a large scale with a low cost to industrialize and
realize the potential applications. Some of the challenges can be overcome by employing the
chemical vapor deposition (CVD) technigue to synthesize graphene systems where we can obtain
large-area continuous, high-quality graphene films. The most used precursor for graphene's CVD
growth is methane gas which is poisonous, highly explosive, and the decomposition temperature
is very high. Solid precursors were found to be alternative precursors that pose less threat than
methane gas, and their decomposition temperature is also low, which results in low-temperature
growth of graphene. However, the graphene has been grown from solid precursors by post-
annealing the deposited solid carbon precursor's film on a substrate in the reduced atmosphere,
which does not have any control over the nucleations and grain boundaries. Therefore, we used
the solid precursor Polymethymethacryalte (PMMA) for the growth of graphene by employing a
method where the PMMA is evaporated and transported to the copper substrate with carrier gas
assistance.

The graphene has been synthesized successfully over copper foil at 1050 °C via APCVD using
PMMA. The evaporation temperature of PMMA has been optimized to get low evaporation, with
which the lowest number of nucleations is obtained. The growth parameters, such as flow rate and
growth time, have been optimized to obtain nucleations, isolated crystals, and continuous film. A
large-sized isolated graphene single crystal of around 180 pum is obtained. It was found that the

PMMA is evaporating and polymerizing simultaneously, leading to the
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arrest of PMMA vapor after some time. The amount of PMMA has been optimized to get the large-
area, high-quality continuous film. The thickness of the monolayer graphene obtained around 0.5
nm. The temperature-dependent growth graphene has been investigated and obtained
nanocrystalline graphene film at 650 °C temperature.

The doping of graphene can be utilized to tune its physicochemical properties besides inducing a
band gap. Nitrogen is doped with graphene, which is very near the carbon atom'’s size. The nitrogen
doping concentration and its configurations depend on the precursor choice and the growth
parameters such as temperature, flow rate, time, and pressure. Thus, it is very important to explore
the novel precursors and tune the growth parameters for attaining the required nitrogen

concentration and configurations.

We explored Phthalocyanine as a solid precursor for synthesizing NDG films and compared them
with NDG grown from copper phthalocyanine (CuPc). We systematically investigated the growth
of NDG films using these precursors and their properties. We demonstrated that the chemical
nature of nitrogen defects depends strongly on the starting precursor and growth parameters. For
the Pc precursor, at 1050 °C growth temperature and 5-min growth duration, we observed a mixture
of pyridinic and pyrrolic defects with a small percentage of graphitic nitrogen dopants. For CuPc
precursor, we observed pyrrolic type of defects primarily under the same growth conditions. In
both cases, if the growth time is increased, all the defects are converted to graphitic-type nitrogen
defects. We can arrest the conversion of pyrrolic-N dopants into graphitic-N dopants by switching
the Ar/Hz gas to the sole Ar gas. Our results suggest that we can tailor the chemical nature
(configurations & concentrations) of nitrogen defects by selecting an appropriate starting precursor

and carefully tuning the synthesis conditions.

CVD-grown graphene and NDG films have been utilized to study the different applications. The
studies on the transparency of all films have been evaluated, and the transmittance values (97.4%
- 97.1 %) were found to be near the values of exfoliated graphene. The mobilities and Dirac points
were determined for all the films and found that the graphene has higher mobility (94.8 cm?V-s
1y than the NGD films. The effect of configuration on the mobility and Dirac point was studied
and compared with the existing literature. The heterostructure of graphene/MoS; has been prepared
for a photodetector device. The role of graphene in the photodetector has been studied. The

photoresponsivity is 520 A/W for the graphene/MoS: device is higher than the responsivity (7.2
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A/W) of the MoS: device. Surface-enhanced Raman spectroscopic (SERS) behavior of all films
was studied. The effect of nitrogen dopant configurations and concentrations on SERS was
evaluated. The SERS behavior was shown to depend on the laser excitation wavelength. All films
showed the SERS effect on the MB and NB dyes, with a 633 nm excitation wavelength, which is
a resonant excitation wavelength. No SERS was observed for CV dye. The enhancement factors
(EF) for NDG reached up to 10° and for graphene 10* for resonant excitation wavelength. There
is no change in the order of EF for pyrrolic-N NDG and graphitic-N NDG, but the former showed
higher EF than the latter.

7.2 Scope for Future work

The work carried out in this thesis can be extended to future work in many directions. The size of
the graphene-isolated crystals has to be increased further to reduce grain boundaries when they
coalesce to form a continuous film. The temperature-dependent growth of graphene can be studied
further using PMMA, as it has a low decomposition temperature compared to methane gas. In the
case of NDG, the role of the central metal atom of meal phthalocyanine precursors such as CuPc
should be investigated. If we could retain the metal atom in the NDG, the film would become a
metal co-doped NDG, which can be applied to different applications depending on the doping of
the metal to the NDG. Suppose other precursors, such as Iron phthalocyanine (FePc) produce Iron
co-doped NDG that may exhibit ferromagnetic behavior. Gold phthalocyanine (AuPc) can produce
gold-co-doped NDG (Au-NDG), which can be utilized in the SERS application. There is a
possibility that Au-NDG can eliminate the laser dependence of NDG on SERS. Platinum
phthalocyanine (Pt) produces Pt-NDG, which can be utilized as a single metal catalyst in oxygen
reduction reactions. At last, we can foresee that these phthalocyanines can open up new directions
for NDG and broaden their applications.
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