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Abstract

In this dissertation I discussed the synthesis of graphene, N-doped graphene, Molybdenum
Disulfide (MoS;) and Vertically Alighned Carbon Nanotubes (VACNTS) using Chemical Vapour
Deposition (CVD) method and their various applications. Further; amalgamation of graphene
with these 2 dimensional and 0D material to form heterostructures were performed and mem-
ory device application was investigated. These studies will be supported by several kinds of
characterizations like Optical Microscopy, Raman Spectroscopy, Scanning Electron Microscopy
(SEM), Transmission Electron Microscopy (TEM), X-Ray Photoelectron Spectroscopy (XPS),

Current (I)-Voltage (V) and four probe for sheet resistance.

Chapter 1 gives a brief introduction about graphene, N-doped graphene, MoS; and CNTs with
their properties, synthesis, method of transfer and characterizations. Then I will explain about

motivation of my thesis and finally will conclude with references.

Chapter 2 comprises of all instrumental methods including synthesis of Graphene, MoS,, VAC-
NTs and N-doped graphene. Device fabrication also included in this chapter in detail. All ex-
perimental details have been discussed in detail with the help of schematic diagrams for better

understanding.

Chapter 3 discusses chemical vapour deposited large-area graphene transfer process to different
flexible substrates which is one of the most critical aspect to explore wide range of reliable
applications. Here, we have developed a simple and effective approach of polymer-free graphene
transfer process onto a moldable flexible substrate. The as-synthesized graphene on Cu foil was
hot pressed and attached to the substrate depending on the moldable temperature without any
structural deformation. By etching the base Cu foil, a clean coating of graphene was obtained
on the Cellulose Acetate (CA) based substrate. The developed process can be significant for

graphene transfer on various moldable substrate materials.

In Chapter 4, the synthesis of a 3D structure of VACNTSs and graphene from a single solid car-
bon source has been discussed. Graphene growth on Cu foil is achieved using solid camphor as
the carbon source, whereas the VACNTSs are obtained by adding a small amount of ferrocene in
the camphor feedstock with minimum contamination from the Fe catalyst. Highly dense VAC-
NTs were grown on a transferred graphene film to fabricate the hybrid structure. Achieving a
seamless contact of VACNTs-graphene film is significant for low contact resistance and thereby

practical device application.



In Chapter 5, we demonstrate the fabrication of a hybridized structure of CVD graphene and
MoS; to configure a memory device application. Elongated hexagonal and rhombus shaped
MoS; crystals are synthesized by sulfurization of thermally evaporated MoOs thin film. STEM
studies reveal atomic level structure of the synthesized high quality MoS; crystals. In the
prospect of a memory device fabrication, Poly(methyl methacrylate)(PMMA) is used as an in-
sulating dielectric material as well as a supporting layer to transfer the MoS; crystals. In the
fabricated device, PMMA-MoS,; and graphene layers act as the functional and electrode mate-
rials, respectively. Distinctive bi-stable electrical switching and non-volatile rewritable memory
effect is observed in the fabricated PMMA-MoS,/graphene heterostructure.The developed ma-
terial system and demonstrated memory device fabrication can be significant for next generation

data storage applications.

Chapter 6 discusses about the synthesis of N-doped graphene by using Camphor (carbon source)
and Melamine, Triazine and Polyacrylonitrile (PAN) (nitrogen source) solid precursors in a
CVD technique. Different ratios of camphor and this materials were used to tune the at % of N
during graphene synthesis. Rate of evaporation and amount are the key factors to get good qual-
ity of N-doped graphene. Melamine with the 5.2 at % of N was found to be the best precursor
for N-doped graphene synthesis confirmed by XPS analysis. Triazine and PAN were having at
% of N as 2.6 and 0.7 respectively.

Brief conclusions and future directions are discussed in Chapter 7.
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Chapter 1

Introduction

1.1 Graphene

In the last few years graphene has become one of the most discussed topics in physics and ma-
terial science [1, 2]. The huge increase of publications per year is outrunning previous physics-
hypes on other carbon allotropes like fullerenes and nano-tubes [3]. The word graphene is
derived from the word graphite and the suffix -ene that is used for polycyclic aromatic hydro-
carbons like naphthalene, anthracene, coronene and, in the simplest case, benzene [4]. Thus, the
term graphene refers to one strictly 2D mono-layer of graphite as shown in FIGURE 1.1. Not

only graphite, but carbon nano-tubes and fullerenes also possess the hexagonal structure [5].

Since in graphite the distance between the graphite planes is huge (3.37A°) compared to the
distance of carbon atoms within the same plane (1.42A°), graphene serves as a model partic-
ularly for the description of this 3D material [6,7]. This was first done by P.R. Wallace, who
used graphene as a simple theoretical model to calculate the band structure of graphite in 1947
[6]. Wallace correctly identified graphene as a zero-gap semiconductor and understood that the
mean free path within a graphene sheet must be extraordinarily high [10]. Only nearly 40 years
later DiVincenzo and Mele pointed out that the linear dispersion of the electronic band structure
near the K-point in graphene, has a zero effective mass of the charge carriers as a consequence
in graphene [11]. The reason this rather simple phenomenon was not understood earlier, was
the lack of interest by the scientific community. In 1937 Landau had theoretically demonstrated
that strictly 2D crystals were thermodynamically unstable [12], and thus scientific interest in a

clearly 2D crystal system such as graphene was mostly limited to theoretical modeling.
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Graphene

Fullerene

FIGURE 1.1: Diamond and graphite have been known since prehistoric times. Nanotubes were
discovered in 1991 [8]; fullerenes in 1985 [9]. The year graphene was discovered depends
strongly on the point of view.

1.1.1 Properties

The majority of the outstanding properties of graphene are a consequences of the extraordinary

band structure at the fermi surface. It is important to become aware of the fact that only the p,

FIGURE 1.2: Models of graphene.(left): The graphene p, states are perpendicularly orientated
to the graphene layer. (right): The graphene lattice with the two graphene sublattices denoted
and the unit cell drawn in

electrons contribute to transport phenomena in graphene, since carbon has two electrons in the s-
shell and four electrons in the p-shell; the low-lying s-electrons do not contribute to the transport
in graphene, while three of the four p-shell electrons are necessary to keep the sp?-bonds from

each carbon atom to its three neighbours. Thus, the p, orbitals that are mirror symmetric to the
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graphene plane, as one can see in FIGURE 1.2 are the only electrons that contribute to electronic

transport phenomena.

1.1.1.1 Mechanical Properties

Single layer of graphene is one of the most rigid materials. Youngs modulus of graphene is
a remarkably high ~ 17 Pqa with an ultimate tensile strength of 130G Pa [13]. Graphene is
harder than diamond and stronger (~ 300 times) than steel. Although graphene is robust, this
nano-sheet can be stretched up to 20% of its initial length. Having these mechanical properties,

mechanically strong composite material can be produced with graphene.

1.1.1.2 Thermal Properties

Graphene has very high thermal conductivity. The thermal conductivity of graphene is 5000/ m! K
whereas, the thermal conductivity of SWNT is 3500Wm!'K?! [14]. Ho et al. reported the
experimental thermal conductivity of bulk graphite as 2000Wm!'K* [15]. Nika et al. com-
pared thermal conductivity of bulk graphite and graphene and they mentioned (theoretically)
that thermal conductivity of single layer graphene depends on the flake size and ranges from
3000 — 5000Wm!K* [17].

1.1.1.3 Electrical Properties

In graphene each C atom is connected to three other C atoms and leaves one free 7 electron. The
electrical conductivity of graphene is 6000Scm! [20]. Moreover, the resistance of graphene is
10 — 6€2cm at low temperature. Graphene is a zero-band gap semiconductor with an electronic

mobility of 150, 000cm?V ~1s~! at room temperature [18].

1.1.2 Graphene Synthesis

There are many techniques to synthesize graphene for different purposes. Based on the availabil-

ity of facilities and quality of required graphene one can choose appropriate synthesis technique.

1.1.2.1 Exfoliation Technique

Graphite is made of large number graphene layers attached with weak Van-der Waals force. Ex-
foliation technique was the first method to obtain few layer of graphene from graphite by break-

ing interaction between neighbouring graphene layers mechanically or chemically and peeling
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off graphene layers from graphite. First successful attempt to obtain few layer graphene by
exfoliation was done by Novoselov et al [19]. On HOPG they formed few micron deep many
mesas by dry etching in oxygen plasma. Obtained sample was put on photoresist and baked so
that obtained mesas can stick to photoresist. Afterwards, layers were peeled off from graphite
sheet using scotch tape and thin flakes, attached to photoresist were released in acetone and

transferred to a Si substrate, which were found to be single to few layer graphene sheets.

1.1.2.2 Desorption of Si from Silicon Carbide (SiC)

Epitaxial growth of graphene by thermal desorption of Si from SiC is one of the most popular
techniques. Graphene is grown by thermal decomposition of Si on (0001) surface plane of
4H-SiC or 6H-SiC substrate [20]. Number of graphene layers grown on substrate depends on
the temperature and typical result is 1-3 graphene layers. Rollings et al [21] was successful
to produce one atom thick graphene film. Further modifications were done using Ni thin film
coated SiC substrate at lower temperature which helped to obtain continuous large area graphene
layers [22].

1.1.2.3 Growth from solid carbon Precursor

Graphene with large area and controllable thickness can be synthesized from solid carbon
sources such as polymer films or small molecules deposited on a metal catalyst substrate at
as low temperature as 800°C' [23]. In studies the solid carbon source used was a spin-coated
PMMA thin film ( 100nm) and the metal catalyst substrate was a Cu film. A single uniform
layer of graphene was formed on the substrate at a temperature as low as 800°C' and as high as

1000°C for 10min, with a reductive gas flow (H,/Ar) at low temperature conditions [23].

1.1.2.4 Reduction of Graphene Oxide (GO)

Basis idea of synthesis of graphene like sheets from graphite oxide is the exfoliation of graphene
oxide into individual graphene oxide sheets and further chemical reduction of obtained indi-
vidual graphene oxide sheets [24]. Graphite oxide can be achieved by oxidative treatment of
graphite using any of three principal methods developed by Brodie [25], Hummer [26], and
Staudenmeire [27]. Graphite oxide is electrically insulating and because of that one cannot use
it for electronic applications but it can be restored close to the level of graphite by chemical
reduction of graphite oxide [28]. Due to hydrophilic nature of GO, after a suitable ultrasonic

treatment it is easy to get graphene oxide thin sheets by exfoliation in water [29].
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1.1.2.5 Chemical Vapour Deposition (CVD)

Few layer of graphene can be synthesized either by using thermal CVD or plasma-enhanced(PE)
CVD. In case of thermal CVD most of the graphene synthesis has been done using Ni or Cu
substrate and precursor gas mixture of Hy, and CHy or other hydrocarbons and Ar gas as carrier
gas. Quality and thickness of grown graphene depend on the cooling and heating rate, process
temperature, ratio of gases, thickness and crystallinity of substrate. Yu et al. reported three
to four graphene layers grown on polycrystalline Ni foils of 500nm thickness, using thermal
CVD method [30]. Similarly, X. Li et al. [31] has shown the successful growth of high quality,
continuous graphene on Cu foil by thermal CVD. PECVD technique is also useful for graphene
synthesis as this process reduces the consumption of energy and avoids the amorphous carbon
formation [32]. Graphene was synthesized on various substrates like Si, W, Mo, Zr, Ti, Hf, Nb,
Ta, Cr, 304 stainless steel, SiO, and Al,O3 [33] using radio frequency PECVD.

1.1.2.6 Direct CVD of graphene on a dielectric substrate

Due to the disadvantages of previously known graphene synthesis techniques in terms of cost,
quality of graphene, control on thickness and number of layers of graphene, large scale fabri-
cation and transferring step, there was a necessity of better, economic and effective method for
large scale growth of high quality graphene with single or few layer. Hence, a method for direct
CVD growth of single to few graphene layer on dielectric substrate is needed. Ismach et al.
illustrated a method for direct CVD of single to few layer graphene film on dielectric substrate
using a sacrificial copper film [33]. Significant results of direct deposition of graphene were

obtained on quartz substrate and M-plane sapphire.

1.1.3 Graphene Transfer

There are different ways to transfer graphene on arbitrary substrates. Following are few tech-

niques;

1.1.3.1 Wet Chemical Etching

In this method Graphene was first coated by a thin layer of PMMA and then baked at 120°C'
to evaporate the solvent. The metal layer was then removed by Ni or Cu etchant, leaving only
the PMMA/ graphene film. The film is cleaned by DI H,O and then transferred onto a targeting
substrate. After evaporating water vapor away, PMMA was removed by acetone, leaving a

graphene film on top of the targeting substrate [34].
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1.1.3.2 Stamp Method

In the stamp method, the graphene and growth substrate are picked up by an elastomeric stamp
and stamped onto the desired substrate. The stamp is removed mechanically. In the self-release
transfer method, a specific polymer film (self-release layer) is first spun-cast over the graphene.
An elastomeric stamp is then placed in conformal contact with the self-release layer. The growth
substrate is etched away to leave the graphene/self-release layer on the elastomeric stamp. The
graphene is then brought into contact with the desired substrate by stamping and the stamp is
removed mechanically. Finally, the self-release polymer is dissolved under mild conditions in a

suitable solvent [35].

1.1.3.3 Bubbling Transfer

(a) Electrochemical:

For bubbling transfer of graphene, Cu substrates with the grown graphene were spin-coated with
PMMA at 2,000rpm. for 1min, and cured at 180°C' for 30min. The bubbling time depends
on the size of the graphene and the constant current used. The current density was usually

0.11Acm ™2, and the corresponding electrolytic voltage was usually 5 — 15V [36].

(b) Electroless:

In this method, initially, a PMMA support/carrier layer is deposited on the graphene. The sub-
strate is then transferred into NH4OH + H,O, + H,O (1 : 1 : 3 vol %) bath in which bubbling
due to the release of O, gas occurs. The O, gas bubbles intercalate at the graphene substrate
interface leading to gradual detachment of the PMMAgraphene film. The separated film is trans-
ferred onto the target substrate and PMMA is removed using hot acetone vapor. This marks the

end of successful transfer of graphene onto an arbitrary target substrate [37].

1.1.3.4 Roll to roll process Transfer

After growth, the graphene film grown on copper foil is attached to a thermal release tape (Jin-
sung Chemical Co. and Nitto Denko Co.) by applying soft pressure(0.2M Pa) between two
rollers. After etching the copper foil in a plastic bath filled with copper etchant, the transferred
graphene film on the tape is rinsed with DI H,O to remove residual etchant, and is then ready to
be transferred to any kind of flat or curved surface on demand. The graphene film on the thermal
release tape is inserted between the rollers together with a target substrate and exposed to mild
heat (90 — 120°C), achieving a transfer rate of 150 — 200mm min and resulting in the transfer

of the graphene films from the tape to the target substrate [38].
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1.1.4 Graphene Characterization

In support of graphene synthesis research, a standard characterization techniques have been
developed to determine the structure of the films. Each technique gives a different perspective
of the structure and performance of the film. Raman spectroscopy gives cursory information
about the bond structure of the sample, and can be used to get an estimate of graphene film
thickness. SEM can pick out characteristic film defects on the micron scale. More involved

techniques like TEM and AFM resolve atomic structure, though only over small ranges.

1.1.4.1 Optical Microscopy

4 2 =560nm

FIGURE 1.3: Optical microscopy of exfoliated graphene on silcon with 300nm SiO, using (a)
white light and (b) green light [39]. In (b) a line plot overlay of image contrast shows discrete
steps. Relative thicknesses of few layer graphene can be determined optically

On silicon substrates with certain thicknesses of oxide coating (90nm or 300nm), single layer
graphene is visible due to thin film interference phenomena. This method was developed by
Geim et al. and used to characterize exfoliated graphene samples. The exact number of layers is
difficult to determine precisely by this method, but single layer differences in thickness between

adjacent flakes can be resolved easily [39].

1.142 AFM

An atomic force microscope scans a sample with an atomically sharp cantilever to create a
contour plot of the sample surface. AFM excels at distinguishing changes in thickness, and
in some cases can provide atomic resolution images. However, AFM measurements are time-
intensive and require finding lucky edges between the bare substrate and an area of interest to
get true height information. Scans on the order of 10um across are large for this technique,

so searching large samples for single layer material is not practical with AFM. However, if the
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edge between a silicon substrate and a graphene flake is located, AFM can give precise height

information about the edge.

FIGURE 1.4: An atomic resolution AFM image of a graphite flake [40]

1.1.4.3 Electron Microscopy

SEM scans a high energy beam of electrons across the surface of a sample and collects scattering
information to reconstruct an image. SEM can resolve features down to a few nanometers, so
atomic resolution is not possible. However, SEM gives useful qualitative information about
CVD graphene films. SEM is the primary technique used for film characterization on the native

copper substrate. In FIGURE 1.5 graphene crystals and film can be seen on Cu substrate.

ZEkU HE55 1 OF 14 15 L zaku

FIGURE 1.5: An SEM image of (a) graphene crystals and (b) film on copper

TEM, is an electron microscopy technique which can resolve atomic features. TEM is the
electron analog of optical microscopy: electrons pass through and interact with a transparent
sample and are collected at a detector to form an image. Because of the much smaller de Broglie
wavelength of electrons as compared to optical light, much smaller features can be resolved.
TEM provides the best images of the structure of single and bi-layer graphene films. FIGURE

1.6 is an excellent example of TEM characterization.
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FIGURE 1.6: A high-resolution transmission electron micrograph showing (a) individual car-
bon atoms arranged hexagonally in a perfect graphene sheet [41] and (b) Number of layers
[38].

1.1.4.4 Raman Spectroscopy

Raman spectroscopy is an important characterization tool used to probe the phonon spectrum of
graphene. Raman spectroscopy of graphene can be used to determine the number of graphene
layers and stacking order as well as density of defects and impurities. The three most promi-
nent peaks in the Raman spectrum of graphene and other graphitic materials are the G band at
1580cm ™, the 2D band at 2680cm !, and the disorder-induced D band at 1350cm ™! (FIGURE
1.7). The intensity ratio of the G and D band can be used to characterize the number of defects

in a graphene sample [42].
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FIGURE 1.7: Layer dependence of graphene Raman spectrum. Raman spectra of
N = 1-4 layers of graphene on Si/SiO, and of bulk graphite. Figure adapted from [44].

The line shape of the 2D peak, as well as its intensity relative to the G peak, can be used
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to characterize the number of layers of graphene present as illustrated in FIGURE 1.7. Single-
layer graphene is characterized by a very sharp, symmetric, Lorentzian 2D peak with an intensity
greater than twice the G peak. As the number of layers increases, the 2D peak becomes broader,

less symmetric, and decreases in intensity [43].

1.1.5 Graphene Doping

Among all properties, the unique electronic properties are assumed to be the most intriguing
aspect of graphene, for example, outstanding ballistic transport properties and longest mean
free path at room temperature[45], distinctive integral and half-integral quantum hall effect
[46] , the highest mobility [47] to increase the speed of devices, and so on. The mobility
of graphene is significantly higher than that of the widely-used semiconductor Si, of approx-
imately 1400cm?V ~!s~!. Consequently, graphene has been considered as a candidate material
for applications in post-silicon electronics. However, most electronic applications are handi-
capped by the absence of a semiconducting gap in pristine graphene. For example, the devices
made from the zero-bandgap graphene are difficult to switch off, losing the advantage of the low
static power consumption of the complementary metal oxide semiconductor (CMOS) technol-
ogy. Therefore, opening a sizeable and well-tuned bandgap in graphene is a significant challenge
for graphene-based electron-devices. Liu group synthesized N-doped graphene by CVD, using
a 25nm thick Cu film on a Si substrate as the catalyst under H, (20% in Ar) atmosphere and
CH4 + NH3 as the C and N source, respectively [48]. Lately, Zhang et al. [49] synthesized the
N-doped graphene using the embedded C and N by CVD method. After further improvement,
CVD method will have great prospect for producing large-scale high-quality single-layer sub-
stitutional doped graphene. The intact pristine graphene has a perfect structure, and it is difficult
to introduce foreign atoms in the whole plane. Gong group reported the N-doping of graphene
through NH3 annealing after NV * jon irradiation [50], and the stable and homogenous N-doped

graphene can be reproducibly obtained.

1.2 Molybdenum Disulfide (MoS;)

The basic unit of MoS; is composed of a molybdenum atom coordinated with six sulphur atoms.
It is organized in two layers of sulphur atoms forming a sandwich structure, with a layer of
molybdenum atoms in the middle. Each sulphur atom is coordinated with three molybdenum
atoms within a single 2D layer of MoS;. The bulk material is formed of these 2D layers held

together by van der Waals forces.

MoS; is a layered material, of which neighbouring layers are coupled by van der Waals interac-

tions with an interlayer spacing of 0.65nm. Each layer consists of a partially ionically-bonded
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FIGURE 1.8: Atomic structure of layered hexagonal MoS,

S — Mo — S sandwich structure with Sulphur atoms arranged in two hexagonal planes and a

plane of Mo atoms in between, as shown in FIGURE 1.8 [51].

1.2.1 Properties of MoS,
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FIGURE 1.9: (A) Calculated band structures of (a) 1L (b) 2L (c) Bulk MoS,. The arrows
indicate the lowest energy transitions. (B) Photoluminescence spectra normalized by Raman
intensity for MoS, layers with different thickness.

MoS, belongs to the family of TMDs, a semiconductor with strong spin-orbit interactions, and
coupled spin-valley degrees of freedom. Electron-electron interaction effects are important in
TMD semiconductors because of their in-plane effective masses are comparatively large (ms* ~
0.4). In practice, TMDs have been mostly used as channel material in FET, in both top and back
6 gated configurations, showing intrinsic mobility at room temperature up to 50cm?/V - s and

more than 10° on/off ratio.
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1.2.2 MoS, Synthesis

1.2.2.1 Exfoliation

Graphene’s successful exfoliation from bulk graphite paves way for the fabrication of other
graphene-like 2D materials [80] through the simple ”Scotch-tape Method” [52]. Due to high
quality monolayers occurring from mechanical exfoliation, this method is popularly used for in-
trinsic sheet production and fundamental research [53]. Nevertheless, this method is not suitable
for practical applications on a large scale due to its low yield and disadvantages in controlling
sheet size and layer number. In 2012, Karim Gacem’s group proposed a general technique for
fabricating high quality 2D layered materials, which was called anodic bonding. Sizes of few-
layer MoS, obtained were relatively controllable and larger, ranging from 10mm to several

hundred microns [55].

1.2.2.2 CVD Synthesis

CVD approach has attracted widely attention because it could synthesis 2D TMDCs on a wafer-
scale, which shows great potential toward practical applications like large-scale integrated elec-
tronics. This method not only could prepare continuous single film with certain thickness, but
highlight in directly growth layered heterostructures, which would largely avoid interfacial con-
tamination introduced during layer by layer transfer process. Typically, the following precursors
are used to prepare MoS; film, including Mo based compound powder [56], deposited Mo based
film [57], ammonium thiomolybdates [(NH4),MoS4)] film [58] and MoS, powder [59].

1.2.2.3 Sulfurization of Mo based compounds

In 2012, for the first time, Lain-Jong Li’s group reported a CVD method to synthesis large-
area, monolayer MoS; films on SiO; substrate in ambient environment. MoO3 and S powders
acted as solid reactants and SiO, substrate should be pretreated by graphene-like molecules
to increase nucleation points [56]. AFM cross-sectional profile characterization illustrates the
thickness of MoS; layer is about 0.72nm, very close to that of mechanically exfoliated single
layer. Later in 2013, Yifei Yu’s group proposed a self-limiting CVD method under a pressure
around 27 orr to prepare uniform MoS; films of centimeters by changing MoO, to molybdenum

chloride (MoCls) as precursors [60].
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1.2.2.4 Sulfurization of Mo and Mo based oxides

To further improve the uniformity in large areas, Yongjie Zhan’s group pre-deposited a thin layer
of Mo (~ 1—5nm) on SiO, by e-beam evaporation, and then this substrate was placed in a tube
furnace to react with sulfur vapor at 750°C [61]. The resulted samples were bi- or tri-layered in
thickness [61]. Lain-Jong Li’s group further adopted the similar way to thermally deposit MoOs3
thin films on the sapphire substrate. After two-step thermal reaction, MoO3 was successfully

sulfurized to be MoS, with few layer [62].

1.2.2.5 Thermal decomposition of (NH4),MoS,

Another effective approach to synthesis MoS, films in wafer scale with high controllability was
through simple thermolysis of [(NH4),MoS,]. Keng-Ku Liu’s group reported to have prepared
bi- or tri-layer continuous films on insulating substrates through this method [58]. It was also
confirmed that the second-step high temperature sulfurization process could improve the crys-

tallization to a large extent.

1.2.2.6 Vapor-solid growth from MoS;, powder

One particular and straightforward synthesis method needs to be mentioned was proposed by
Sanfeng Wu and his coworkers in 2013, based on a vapor-solid growth mechanism, demonstrat-
ing the preparation of monolayer MoS, films on various insulating substrates [63]. As-grown
flakes were about 25mm in dimension, with a maximum of ~ 35% at ~ 1.92eV exhibiting sub-
stantial PL polarization at room temperature, which was comparable to that of samples prepared
by mechanical exfoliation (~ 40% at 300K) [63].

1.2.3 Transfer of MoS,

1.2.3.1 Transfer Using NaOH

To transfer as-grown MoS, onto fresh SiO, (300nm)/Si substrates, the MoS, film was coated
with a layer of PMMA by spin-coating followed by baking at 100°C for 10min. After that,
the PMMA-capped MoS; was then put into a NaOH(2 M) solution at 100°C' for 30min. The
PMMA-supported MoS, film was then transferred to DI H,O to remove the etchant and residues.
A fresh SiO,/Si substrate was then used to fish out the PMMA-capped MoS; film, followed by
drying on a hot-plate (100°C' for 10min). The PMMA was removed by acetone,IPA, followed
by DI water and chloroform rinsing [64].
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1.2.3.2 Transfer Using Ultrasonic

As-grown MoS, on the growth substrate (SiO,/Si, mica, STO, or sapphire) is first spin-coated
with PMMA, which is then cured. The PMMA/MoS,/substrate stack is then immersed into a
beaker of water kept in an ultrasonic cleaner. Within one minute, the edge of the PMMA/MoS,
film can be seen detaching from the substrate, eventually causing the PMMA/MoS, stack to
float to the surface of the water. The delaminated PMMA/MoS, films can then be transferred
onto any target substrate. Once the film is deposited on the target substrate, the PMMA can then
be removed with acetone; this is the same process as the one used in graphene transfer. Notably,
the entire delamination process uses only water, and involves no chemical etchants or hazardous

pollutants [65].

1.2.4 Characterization of MoS;

1.2.4.1 Optical Microscopy

7 vandh

FIGURE 1.10: (a-n) Color optical images of 1L-15L MoS; nanosheets on 90nm SiO,/Si. The
scale bar is 5um for each image. The digitals shown in (a_n) indicate the layer numbers of
corresponding MoS, nanosheets [66]

1.2.4.2 Raman Spectroscopy

MoS, shows two prominent Raman features; the in-plane E%g mode at ~ 385¢m ! and the
out-of-plane A; mode at ~ 405¢m ! [FIGURE 1.11(a)-(b)]. These two modes are sensitive to
the number of MoS; layers as shown in FIGURE 1.11(c). The A}] mode upshifts, while the Ezlg
mode downshifts with increasing thickness, as shown in FIGURE 1.11(d). The frequencies of
the modes reach those of bulk MoS, at approx six layers [93].

The stiffening of the A; mode with thickness can be explained qualitatively by the effect of
the interlayer van der Waals attractions. FIGURE 1.11(e) shows the line widths of the E%g and
A}J modes as functions of the number of layers. The linewidth of the A; mode decreases with

increasing thickness, while that of E219 is nearly independent of thickness. Thus, the frequencies
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FIGURE 1.11: The Raman spectra of atomically thin MoS; (a) and (b) Vibrations of S and Mo

atoms for the E3 g and A1 modes(c) Raman spectra showing layers of MoS; (d) The frequencies

of the Ezg and A1 modes as functions of the number of layers (e) The linewidths of the EQQ
and A1 modes as functions of the number of layers [67].

of the Raman FEj, gand A modes, along with the linewidth of the Aj mode, can be used to

determine the thickness of atomically thin MoS,.

1.2.4.3 Photoluminescence Study of MoS,
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FIGURE 1.12: PL spectra of the MoS; films obtained at 514nm laser excitation [69]

The PL intensity decreased with increasing atomic thickness due to the direct to-indirect bandgap
transition. The average PL spectra obtained from each film thickness region displayed this trend,
as shown in FIGURE 1.12. Two exciton PL peaks at 1.83eV" and 1.98eV originated from the

transition in the K-point of the Brillouin zone [68].
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1.2.44 TEM characterizations of MoS;

FIGURE 1.13: Atomic structures of a single-layer MoS; by aberration-corrected TEM. The SV

vacancies are highlighted by red arrows. Upper inset shows the MoS, sample edge to confirm

the single-layer nature. Lower inset shows the schematics of the highlighted region. Scale bar,
1nm [70].

1.3 Carbon Nanotubes (CNT)

FIGURE 1.14: TEM images of MWNTs observed by Sumio Iijima (Source: Iijima 1991) [72]

By rolling a graphene sheet into a cylinder and capping both end of the cylinder with a half of
fullerene molecule a carbon nanotube is formed. Harry Kroto discovered C60 molecule in 1985
[71] while experimenting a laser ablation system for the vaporization of graphite by laser beams
and depositing them on a copper collector and it was the beginning of a new area in carbon
material science. At 1990s arc discharge method was reported in order to make large quantities
of the C60 molecule. In 1991, Iijima experimented this technique in order to observe fullerene

and by passing large current between two graphite rods, he vaporised them and condensed them



Chapter 1 17

on Cu tip. When he looked at the result through an electron microscope, he noticed something
unexpected, he discovered CNTs [72] at the negative electrode of an arc discharge. They were
tiny tubes of pure carbon with a large amount of other forms of carbon. These first CNTs were
like Russian dolls, several concentric layers with caps at the end, so they were called MWCNTs.
TEM images of these tubes are shown in figure 1.14. Only two years later, in 1993, SWCNTs

could be grown using Co metal catalysts by arc discharge method [73].

1.3.1 Properties of CNTs

The atomic arrangements of carbon atoms are responsible for the unique electrical, thermal, and

mechanical properties of CNTs. These properties are discussed below:

1.3.1.1 Electrical Conductivity

A metallic CNT can be considered as highly conductive material. Chirality, the degree of twist
of graphene sheet, determines the conductivity of CNT interconnects. Depending on the chiral
indices, CNTs exhibit both metallic and semiconducting properties. The electrical conductivity
of MWNTs is quite complex as their inter-wall interactions non-uniformly distribute the cur-
rent over individual tubes. Electrodes are placed to measure the conductivity and resistivity of
different parts of SWNT rope. The measured resistivity of the SWNT ropes is in the order of
104Qem at 27°C, indicating SWNT ropes to be the most conductive carbon fibers [74].

1.3.1.2 Strength and Elasticity

Each carbon atom in a single sheet of graphite is connected via strong chemical bond to three
neighbouring atoms. Thus, CNTs can exhibit the strongest basal plane elastic modulus and
hence are expected to be an ultimate high strength fiber. The elastic modulus of SWNTs is much
higher than steel that makes them highly resistant. Although pressing on the tip of nanotube
will cause it to bend, the nanotube returns to its original state as soon as the force is removed.
This property makes CNTs extremely useful as probe tips for high resolution scanning probe
microscopy. Although, the current Youngs modulus of SWNT is about 17" Pa, but a much higher
value of 1.87 Pa has also been reported [75]. It has been observed that the elastic modulus
of MWNTs is not strongly dependent on the diameter. Primarily, the moduli of MWNTSs are

correlated to the amount of disorder in the nanotube walls [76].
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1.3.1.3 Thermal Conductivity and Expansion

CNTs can exhibit superconductivity below 20K (approximately —253°C’) due to the strong in-
plane C-C bonds of graphene. The strong C-C bond provides the exceptional strength and stiff-
ness against axial strains. Moreover, the larger interplane and zero in-plane thermal expansion
of SWNTs results in high flexibility against non-axial strains. Due to their high thermal con-
ductivity and large in-plane expansion, CNTs exhibit exciting prospects in nanoscale molecular
electronics, sensing and actuating devices, reinforcing additive fibers in functional composite
materials, etc. Recent experimental measurements suggest that the CNT embedded matrices are

stronger in comparison to bare polymer matrices [77].

1.3.1.4 Field Emission

Under the application of strong electric field, tunnelling of electrons from metal tip to vacuum
results in field emission phenomenon. Field emission results from the high aspect ratio and
small diameter of CNTs. The field emitters are suitable for the application in flat-panel displays.
For MWNTs, the field emission properties occur due to the emission of electrons and light.
Without applied potential, the luminescence and light emission occurs through the electron field

emission and visible part of the spectrum, respectively [78].

1.3.2 Synthesis of CNTs

There are several methods used for fabrication of CNTs. The focus is to find a technique that is
easy, can produce cheap CNTs of high quality, with high production rate (which yields a lot of
CNTs per unit of time) and that produces CNTs with minimal defects. Additionally, it is very
important to be able to control the diameter, chirality, the number of shells (for a MWCNT)
and the purity, since all these parameters will influence the properties [79]. There are several
methods for synthesis of CNTs, but three of them are considered as the general and widely

known synthesis methods [80].

1.3.2.1 Arc Discharge

This method is known to be the first synthesis method for the production of CNTs, since the
discovered tubes were synthesized by this technique. It was originally used in the production of
the C60 (buckyballs), but because of its simplicity it is still one of the most common fabrica-
tion methods. The most frequently used arc discharge technique is the electric charge method,
commonly known as the electric arc discharge. An electric arc discharge is generated between

two graphite electrodes in this method, which causes the graphite to vaporize and condense at
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the cathode. The process is done under an inert atmosphere that consists of He or Ar. A very
high temperature is obtained that allows transition of carbon from solid- to gas-phase without

passing through an intermediate liquid phase (sublimation).

1.3.2.2 Laser Ablation

This method vaporizes a piece of graphite by irradiation with a Nd YAG laser in a chamber
with temperature of 12000°C' in a flow of inert gas, such as He or Ar. The vapour is carried
with the gas flow to a cooled wall of quartz tube where it condenses into a mixture of fullerenes
and CNTs. As in the arc discharge method, a purification step is needed to obtain the CNTs.
The laser ablation method is capable of yield up to 70% and is able to produce SWCNTSs and
MWCNTs. It is especially known to give SWCNTSs of high quality and purity.

1.3.23 CVD

CVD is a parent to a family of processes where deposition of a solid material on a surface
is caused by reactions with the precursor gases in the chamber and the heated surface of the
substrate. The growth process of the CNTs involves decomposition of carbon containing gases
where carbon is diffused towards a heated substrate which is coated with catalyst particles. The

carbon binds to these particles and acts as a nucleation site for the initiation of CNT growth.

Since it is impossible to remove the catalyst particle during growth, post treatments are nec-
essary. Since the target is CNTs of high purity, a purification step is required, which can be
done by acid treatment, oxidative treatments in the gaseous phase/liquid phase and ultrasound
methods [79].

The two most important parameters in the synthesis of CNTs by CVD is the size of the catalyst
particle and the carbon source. The major advantage with CVD is that it allows more control
over the morphology and structure of the produced CNTs and can give controlled alignment,
such as producing small free standing SWCNTs if the process parameters are controlled, instead
of the mixtures which is obtained by the arc discharge and laser ablation method. The CVD is
known to produce CNTs of high purity and offers a yield between 20 — 100%. Even though
it possesses promising characteristics, the main problem with this method is the scalability and

reproducibility in the production of CNTs [81].

1.3.3 Characterization of CNTs

This study is a parametric study whose aim is to find optimal growth and pretreatment conditions

for high quality and high yield, therefore, through characterization of obtained CNTs is essential.
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In this study, the catalyst was characterized by XRD, N, adsorption (BET surface area) and
SEM, and purified and unpurified CNT samples were analyzed with SEM, thermo-gravimetric
analysis (TGA), Raman spectroscopy, and TEM.

1.3.3.1 SEM Study

SEM is nothing but study of sample morphology by scanning the surface with a high energy
beam of electrons. SEM is the first step to characterize the CNTs. Using SEM, morphology of
CNTs, their dimensions and their orientations can readily be seen [82]. Diameters of CNTs also

can be measured roughly with SEM.

1.3.3.2 TEM Study

The internal microstructure and crystal structure of samples which are thin enough to transmit
electrons can be analyzed with TEM. TEM is used to measure outer and inner radius and linear
absorption coefficient for CNT studies. It is the most useful instrument in order to determine the
diameter of SWNTs and MWNTs and the number of walls. The inter shell spacing of MWNT's
[83] also is studied with high resolution TEM and found between the ranges of 0.34 — 0.39nm.
Another subject studied with TEM is SWNTs helicity [84].

1.3.3.3 Raman Spectroscopy Study

The characteristic spectrum of SWNTs includes three main zone. At low (100 — 250cm™1),
intermediate (300 — 1300c¢m 1) and high (1500 — 1600cm™1) frequencies [85].

G-line.

RBM [3-line G -line

Intensity (a.u.}

[
|

-
S

PR | L [ Ll N I -
2040 4000 600 BOG 1000 12000 1400 1600 [RO0 20000 2200 2400 2600 28060 3000

Raman shift (cmi'y

FIGURE 1.15: Raman spectrum of CNTs [90]
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There are two main first order peaks for carbon-based materials. The first one is the D peak, it
is observed around 1300cm ! for excitation He-Ne laser, or at 1350cm ! for an Ar ion laser.
The D peak shows the presence of defects [86]. The other one is the G peak and observed at
about 1580cm !, which is related to the in-plane vibrations of the graphene sheet [87]. Ratios
of the D peak to the G peak is significant for CNT characterization because it gives the amount
of disorder within nanotubes [88]. A small Ip/Ig ratio, in the range of 0.1-0.2, indicates that the
defect level in the atomic carbon structure is low, and it means that reasonable crystalline quality
observed [89].

1.4 Graphene-MoS; Hybrids

As graphene and single layer MoS,(SLMoS,) have complementary physical properties, it is nat-
ural to combine graphene and SLMoS; in specific ways to create heterostructures that mitigate
any negative properties [91, 92]. A few experiments have investigated the advanced properties
of graphene/MoS, heterostructures. Britnell et al. found that graphene/MoS, heterostructures
have high quality photon absorption and electron-hole creation properties because of the en-
hanced light-matter interactions in the SLMoS, [91]. As discussed earlier, graphene has out-
standing mechanical properties. These mechanical properties have been used to protect MoS,
films from radiation damage [93]. Recently, Larentis et al. measured the electron transport in
graphene/MoS, heterostructures and observed a negative compressibility in the MoS, compo-
nent [94].

(b)

Graphene
electrode

FIGURE 1.16: (a)MoS,/graphene heterostructure memory layout (b) 3D schematic view of the

memory device based on single-layer MoS; (c) Schematics of a heterostructure memory cell

with a single-layer MoS, semiconducting channel, graphene contacts and multilayer graphene

MLG floating gate. The MLG floating gate is separated from the channel by a thin tunnelling
oxide [94].
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This surprising phenomenon could be explained based on the interplay between the Dirac and
parabolic bands for graphene and MoS,, respectively. Yu et al. fabricated high-performance
electronic circuits based on a graphene/MoS; heterostructure with MoS, as the transistor chan-

nel and graphene as the contact electrodes and the circuit interconnects [95].

1.5 Graphene-CNT Hybrids

Two most exotic classes of functional carbon materials representing 1D and 2D nanostructures.
With an intention of combining them together in to a single structure, in this communication,

we report on vertically aligned, interconnected graphene arrays grown on arrays of CNTs.

FIGURE 1.17: Pillared graphene:A novel 3-D network nanostructure proposed for enhanced
hydrogen storage [100]

A heterostructure comprised of the integration of a 1D material having a basis in its 2D comple-
ment may deliver fascinating properties both for fundamental understanding as well as practical
implications [95]. Theoretical investigations of such structures reveal well defined deviations
from the honeycomb carbon lattice near the junction. Recently, studies have also suggested the
possibility of intriguing new transport properties, such as coupling and resonance of electronic
states [97, 98]. It has been shown that stacked graphene CNTs can act as moderate photocon-
ductors [99]. In addition, efficient and economically viable hydrogen storage possibility has also
been envisioned [100]. Also, physical mixtures of CNTs and graphene exhibit high transparent

conductance [101].

1.6 Motivation

Since Moores law approaches its physical limit in Si-based electronics, the world has been

actively searching for new material options that can push performance beyond its traditional
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boundaries. Quasi 2D (Q2D) materials have countless novel properties and have attracted in-
tense research interest over the past decades. The Q2D family currently contains the following
materials: graphene, hexagonal boron nitride, 2D honeycomb silicon, layered TMD (including
MoS; and WS,), black phosphorus, and 2D ZnO. Among the Q2D family of materials, graphene
and MoS; are well known for their excellent mechanical flexibility and transport properties and

applications thereof.

To harvest their full advantage in bendable electronic devices, it is highly desirable to transfer
graphene on to several flexible substrates, making it eligible for flexible electronics. In this
route, transferring graphene on to cellulose paper, cloth, and 2D materials can be an interesting
approach. This will widen the graphene application window for the future. The fabrication
process solely based on 2D materials and their heterostructures is very important to extract some
of their unique properties. So far, the circuits that have been constructed based on 2D materials
typically rely on a metal to form contacts and interconnects, which is one of the key limitations
to the circuit flexibility. A high-quality junction between a semiconductor and a metallic contact
with no energy barrier is crucial for high-performance devices, but is hard to achieve for 2D

TMD because of their large bandgap.

On the other hand, the recent emergence of graphene, a one atom thick sp?-hybridized 2D
honeycomb lattice of a carbon allotrope, has opened up innumerable opportunities in the field
of materials science and nanotechnology research. The weakness of graphene can be overcome
by doping it with heteroatoms like B and N, by which a band gap can be introduced in the
graphene making it practically available for all semiconducting applications. The other way is,
developing structures wherein graphene acts as a platform for support, scaffold, or a 2D planar
substrate for anchoring other nanomaterials. For example, CNTs, whose properties emerge in
the axial direction, can be functionalized onto the surface of graphene, combining the properties
of these two carbon allotropes in all directions while allowing for an increased active surface area
and faster electron transfer kinetics. This transformation of 2D graphene into 3D architectures
expands the functionality of nanomaterials and serves as novel hybrid electrode material for

applications in electronic energy storage.
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1.7 Outline of Thesis

The following thesis is mainly about synthesis of Graphene, MoS, and CNT with their het-
erostructure fabrication. It also includes study of transfer of the graphene on different kind of
moldable substrates (in this case CA ) by hot press technique. Synthesis of N-doped graphene

is also discussed.

Chapter 1 gives a general introduction about all possible synthesis and transfer techniques for

given materials as well as their application in the heterostructure formation.

Chapter 2 explained all instrumental processes in detail. Schematic diagrams are provided for

the better understanding.

Chapter 3 discuss about polymer free transfer of graphene on cellulose acetate moldable and
flexible substrate like CA. This transfer was done with the help of hot press technique and
without the use of PMMA.

Chapter 4 describes Graphene-CNT hybrid structure for the interconnect application. Both
graphene and CNTs were synthesized by CVD method. A 3D structure was fabricated by grow-
ing VACNT:s on transferred graphene.

In Chapter 5, a non-volatile memory device was fabricated using graphene as a metal electrode

and MoS; as a charge trapping semiconductor with on/off ratio of as high as 2.5E3.

In Chapter 6, incorporation of nitrogen in the graphene during CVD synthesis have investigated

using Melamine, PAN and Triazine as a N-source whereas Camphor as a carbon source

Finally, Chapter 7 will present overall summary of dissertation about above mentioned ap-

proaches and futuristic work.
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Chapter 2

Experimental

2.1 Graphene Synthesis and Transfer

2.1.1 Graphene Synthesis using CVD Method

The synthesis of the large-area graphene film was achieved using APCVD technique. Com-
mercially available Cu foil with a thickness of 20pm and purity of 99.99% (Nilaco Pvt. Ltd.)
was used for the graphene synthesis in the CVD process. 1.5mg of solid camphor was used as
the carbon source. In the growth process, Cu foil was heated up to 1020°C' and annealed for
60min in Hy (100scem) atmosphere in a high temperature furnace zone. Camphor was evapo-
rated and introduced to the high temperature furnace by a gas mixture of Ar:H, (98 : 2scem).

The graphene growth was completed in 10min and the furnace was cooled to room temperature

gradually.
Gas In —I_
“ I
Camphor Cu substrate
¢ Ceramic boat Quartz tube
Magnetic Heating coil
Ar H, Boat

FIGURE 2.1: Schematic of CVD method for graphene synthesis

30



Chapter 2 31

2.1.2 Graphene transfer by wet chemical method

As synthesized graphene was transferred to SiO,/Si substrate by coating a PMMA supporting
layer. Etching of underneath Cu foil was achieved by using a 50mg/ml [Fe(NO)s] solution.
PMMA/graphene stack layer was treated with 10% dil. HNO3 followed by multiple treatment
with dil.water. Next, PMMA/graphene stack was transferred to SiO,/Si substrate. This stack is
then dried in oven at 80°C' for 5min and then this coating was dissolved in hot acetone bath at
100°C or few hours.

Graphene Film PMMA Coating

/ / Cu etching
PMMA /graphene
Cu

Transfer I

Substrate

FIGURE 2.2: Schematic of graphene transfer by wet chemical method

2.2 MoS; Synthesis and Transfer

Synthesis of MoS, comprises of two steps. Coating of MoOj3 by thermal evaporator followed
by sulfurization using CVD process. As-synthesized MoS, then transferred using conc. NaOH

on respective substrates.
Metal Oxide coating by Thermal Evaporator:

MoOs3 (purity ~ 99.0%) and S (purity~ 98.0%) powder purchased from Wako chemicals were
used for synthesis of MoS; crystals. MoOs thin film with optimized thickness was deposited on

a Si0,/Si substrate by thermal evaporation.
Sulfurization of Metal Oxide by CVD Method:

The MoOj3 thin film coated on SiO,/Si substrate was placed in a CVD furnace under the flow
of 80sccm Ar and 20scem Hp mixture, whereas S powder was kept at room temperature zone.

When the hot zone reached to desired temperature (~ 650°C), S powder was evaporated at
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FIGURE 2.3: Thermal Evaporation Set up for MoO3 deposition

300°C. Subsequently, the furnace heater was turned off after finishing the S powder evaporation,

and the sample was left in the chamber to cool down.

MoS; Transfer:

1) Spin coated
with PMMA
2} Immersed inte
NaoH solution

—_—

Fish out the film
with 3105151

1) Dry the film
2} Remaoval of
PMMA

‘_—-

FIGURE 2.4: Schematic for the transfer of as-synthesized MoS; layer using NaOH

To transfer as-grown MoS; onto fresh SiO, /Si substrates, the MoS, film was coated with a
layer of PMMA by spin-coating (30007pm for 60s), followed by baking at 100°C' for 10min.
After that, the PMMA-capped MoS; was then put into a NaOH (2M) solution at 100°C for 30
min. The PMMA-supported MoS; film was then transferred to DI H,O to remove the etchant
and residues. A fresh SiO,/Si substrate was then used to fish out the PMMA-capped MoS, film,
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followed by drying on a hot-plate (100°C' for 10 min). The PMMA was removed by acetone,
IPA, followed by DI H,O and chloroform rinsing. (refer FIGURE 2.4)

2.3 VACNTs Synthesis by CVD Method

Highly dense VACNTs forest was grown by the same APCVD process and carbon precursor.
Solid camphor was mixed with ferrocene (1 wt %) and was put in the low temperature zone of the
CVD furnace. The as synthesized graphene on Cu and transferred graphene on quartz substrate
were loaded into the quartz tube furnace, which was heated to a temperature of 750°C' under
the flow of Ar (80sccm) and Hy (10sccm) gas mixture. Heating the substrates to the growth
temperature, camphor- ferrocene mixture was introduced in the growth zone by the Ar:H, carrier
gas mixture. The growth period of CNTs was 15 min and then the furnace was cooled down
to room temperature under the Ar:H, flow. The height and density of the CNTs forest can be

controlled by the quantity of camphor-ferrocene mixture and growth duration respectively.

2.4 Device Fabrication

2.4.1 Graphene-CNTs Hybrid

Graphene-CNTs hybrid fabrication process includes steps as shown in figure 2.5 below. First,
graphene was synthesized on cu foil using CVD method followed by transfer on quartz substrate.
Next, Graphene/quartz membrane is used for the synthesis of VCNTs using same CVD method.
Furthermore, 25nm of Au contact was deposited using thermal evaporation technique to study

the electrical properties.

Graphene PMAMA Cu
~ growth coating etching

. B Sy —-\._\_\_H_\_\_
Cu foil = Graphene mijpo PMNMA s PMDMA/graphene

Electrode '

Fabrication VACNT Dissolved Transfer

growth _ PMMA

Au Electrode+® VACNTs “#mGraphene/quartz <§m Quartz substrate

FIGURE 2.5: Schematic for the Graphene-CNTs Hybrid fabrication
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2.4.2 Graphene-MoS, Hybrid

For the Graphene-MoS; non-volatile memory device fabrication transferred graphene on Si/SiO,
was used as the substrate and MoS; was transferred on this substrate using PMMA coating
method. Au contact was coated as in the case of previous hybrid structure. FIGURE 2.6 shows

graphene-MoS; hybrid structure.

Graphene

FIGURE 2.6: Schematic for the Graphene- MoS, Hybrid fabrication

2.5 Graphene Transfer on Flexible CA Substrate

A Graphene film synthesized by APCVD technique on Cu foil and using solid Camphor was
used as the carbon source in these studies. The Graphene film was synthesized at 1020°C' with
a gas mixture of Hp and Ar as 2.5 and 98 sccm, respectively. In the transfer process, the CVD
synthesized continuous graphene film on Cu foil was put on the CA substrate, which was hot
pressed at around ~ 200°C. Since materials like CA, PVC and PTFE have low glass transition
temperature (Tg), they can be molded during hot press to attach on to the graphene coated Cu
foil. FIGURE 2.7 shows a schematic diagram of the polymer-free graphene transfer technique

onto moldable substrates.

Subsequently, the stacked CA/graphene/Cu was placed in a [Fe(NO3)3] solution of 10mg/ml.
The graphene remain attached to the surface of CA substrate, after complete etching of the Cu
foil. However, some of the [Fe(NOs3)3] solution or Cu residues remain on the graphene/CA
substrates. The remaining metal impurities were removed by HNOj3 acid solution (10% diluted

HNO:3). Finally the samples were rinsed in DI H>O and dried in vacuum chamber.
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CVD graphene
Cu

Cellulose acetate
substrate

FIGURE 2.7: Schematic diagram of the hot press technique for large-area CVD graphene trans-
fer process onto moldable substrates without using PMMA supporting layer.

Cellulose
pacetate
\\ Acetone

acetate

Acetone //f

FIGURE 2.8: Schematic diagram of the hot pressed graphene on CA by chemical etching
process.
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2.6 N-doped Graphene Synthesis

The N-doped graphene was synthesized by the APCVD process using a quartz tube of length
80cm and an internal diameter of 50mm. Cu foil (Nilaco Corp.) of thickness 20pum with
99.98% purity was taken as the catalytic substrate. The molecular structure of the solid pre-
cursors and schematic of the APCVD process are presented in FIGURE 2.9 The Cu foil was
cleaned by acetone and placed in a quartz tube with a flow of 100sccm hydrogen for annealing
at 1015°C. Solid camphor (carbon source)with Triazine,Melamine and PAN (N source) were
used as the feedstock and placed in a ceramic boat inside the lower temperature zone. Once the
high temperature zone reaches 1015°C', the lower temperature zone containing the feedstock
was heated up to 600°C'. The growth was carried out with the flow of Ar and H, (98 : 2.5sccm)

gas mixture. After the growth, the sample was cooled down to room temperature.

(a)

NH,

A Y
NN | —H:Hg—i‘zprn
A~ e W

H,N” N~ NH,

pI—

Camphor Malamine 1, 3, 5 -Triazine PAN

Solid source

Substrate

Outlet

FIGURE 2.9: (a) Molecular structure of the solid precursors and (b) Schematic of the APCVD
process for synthesis of N-doped graphene.
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Polymer-free graphene transfer on
moldable cellulose acetate based paper

by hot press technique

3.1 Introduction

Exceptional electrical, mechanical, optical, and thermal properties makes graphene a poten-
tial candidate for wide range of applications [1-4]. In this direction, synthesis of high quality
large-area graphene by CVD process on transition metal substrates has been widely investigated
[5-9]. The CVD synthesized graphene on metal substrates needs to transfer onto an insulating
or semiconducting substrate for practical device fabrication [10-15]. In a transfer process, the
compatibility of the substrate material and its processing significantly affect the quality of the
transferred graphene. Normally, graphene transfer process has been developed for SiO; coated
Si, glass and flexible plastic substrates for transistors, photoelectronics devices and transparent
conductor applications [11, 16-21]. Face-to-face transfer of graphene has been demonstrated
for limited rigid SiO,/Si and quartz substrates with reduced transfer defects [22]. With respect
to flexible device applications, graphene has been transferred onto plastic based substrates by
wet-etching process. In many of the graphene transfer techniques, PMMA has been used as a
supporting layer for the graphene film on metal surface [16]. Usually, the PMMA is dissolved
in acetone or other organic solvents to coat a thin layer and is removed after the transfer process.
However, many of the substrate materials may not be compatible with the PMMA supporting
layer and may require a polymer-free transfer process. At the same time, the polymer residue
significantly affects the intrinsic properties of the synthesized graphene film [22, 23]. Thus,
polymer-free transfer process of graphene to obtain clean, wrinkle and damage-free graphene is

of a significant challenge [24-26]. Recently, heat and pressure sensitive facial transfer process
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has attracted significant attention to achieve polymer-free clean transfer of graphene [27-30].
The transfer process significantly depends on the processability of the substrate materials. CA
based substrates are of great interest for flexible, lightweight, low cost and ecofriendly electron-
ics and various other applications [31-33]. CA has significant applications as filter, barrier, sepa-
rator and component in coating, cosmetic containers and packaging. Similarly, PVC, PTFE and
other moldable materials are used in several fields [20, 34]. The PMMA solution can penetrate
in micron sized pores of this substrates, thereby affecting the inherent properties of the materi-
als. To avoid this, polymer-free transfer of graphene on CA based flexible and other moldable
substrates is desirable. In this report, we demonstrate an innovative large-area graphene transfer
technique unlike the state-of- the- art approach, without using any polymer supporting layer in

the process.

3.1.1 Materials and Methods

3.1.1.1 Graphene Synthesis and Transfer on CA

Graphene synthesis and its transfer on CA have been carried out as explained in Chapter 2

section 2.1.1 and 2.5 respectively.

3.1.2 Results and Discussion

3.1.2.1 Optical Microscopy Study

Graphene

Graphene on
cellulose acetate

FIGURE 3.1: Optical microscope image at (a) center and (b) edge of the transferred graphene
film.

Cellulose acetate

FIGURE 3.1(a)-(b) shows optical microscope images of graphene film transferred onto CA sub-
strate. The graphene film remains continuous on the CA paper without deformation, similar to

the graphene film transferred with a PMMA supporting layer. Some of the domain boundaries
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are visible at the edge of the transferred graphene film as shown in FIGURE 3.1(b). The con-
tinuity of the graphene film can be significant for applications such as the conducting layer on

CA paper or for filtration purpose.

3.1.2.2 AFM Study

AFM studies were carried out with a JSPM-5200 scanning probe microscope. FIGURE 3.2(a)
shows the AFM image of the as-obtained CA based substrate. The AFM study shows a rough
surface of the CA substrate. FIGURE 3.2(b) shows AFM image of the graphene coated CA.
A much smoother substrate surface was obtained with the graphene coating. Consequently, a
transparent conducting coating is obtained on the insulating CA paper by transferring the CVD

graphene film.

6oi (c) |a3 _
66,2 G203 [d }
| ) 2.1 3.5 4% pm 0l [X] 15 21 pm

FIGURE 3.2: AFM image of (a) as-obtained and (b) graphene coated CA based substrate.
Roughness profile of (c) pristine CA and (d) graphene coated CA surface.

FIGURE 3.2(c)-(d) shows the roughness profile of CA surface with and without coating of the
graphene film, respectively. The roughness at the selected region (red arrow mark of FIGURE
3.2(c)-(d)) of bare and graphene coated CA surface is found to be ~ 142.9nm and ~ 6.69nm,
respectively. This shows that the surface roughness of the CA based substrate significantly

reduces with graphene coating.

3.1.2.3 Raman Spectroscopy Study

FIGURE 3.3(a)-(b) show the Raman spectra of the as-synthesized graphene film at two different
points on the Cu foil. Raman peaks were observed at 1584 and 2695¢m ™!, corresponding to

graphitic G and second order 2D band, respectively. The Ig/I,p peak intensity ratio is found
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to be different at various positions, corresponding to the presence of monolayer and few-layer

graphene.

Raman study was also carried out for the transferred graphene film on CA substrate as shown
in FIGURE 3.3(c). The presence of graphene was confirmed by comparing the Raman features
of bare and graphene transferred substrate. The CA based material used as the substrate shows
Raman features, at 857, 1670 and 2972¢cm 1.

G @ | ] ¢ (b)
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FIGURE 3.3: (a) and (b) Raman spectra of as-synthesized graphene film (c) Raman features of
transferred CVD graphene film and CA substrate.

For the graphene transferred sample, the G peak is observed at 1590cm ! as the shoulder of one
of the CA Raman peak. However, a strong 2D peak of graphene can also be observed, which is
completely absent in the base CA substrate. The presence of G and 2D features of graphene in
the transferred sample in contrast to the base CA substrate confirms the presence of graphene.
Raman peaks corresponding to the graphene film can be observed throughout the coated area
of CA. In the demonstrated process, monolayer and few-layer graphene film can be transferred

onto the moldable substrates, depending on the starting graphene on Cu foil synthesized by the
APCVD process.
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3.1.2.4 SEM Study

FIGURE 3.4 shows an SEM image of the conducting graphene film on CA based substrate,

which is similar to the optical microscope image, where the domain boundaries of the graphene
coating can be observed.

89 1% GET.

150 pm §

FIGURE 3.4: SEM image of the conducting graphene film on CA based substrate.

In a good transfer process, we do not observe presence of any hole as the graphene film remains

intact and continuous. Additionally, the graphene film is much clearer than that of a conventional
approach.

3.1.2.5 I-V Study of Graphene Film on CA Substrate
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FIGURE 3.5: I-V characteristics of the graphene film on insulating CA substrate.

FIGURE 3.5 shows the I-V characteristics of the graphene film on CA substrate as measured by
two probes technique. The measurement shows a typical linear I-V characteristic without any
current saturation at higher bias voltage (20V"). The linear I-V curve indicates similar electrical

characteristics of the graphene as compared to those measured on various other substrates.
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Sheet resistance of the graphene film on CA paper was measured by four probe technique using
RT — 70V/RG — 7C of Napson Corporation. The sheet resistance of the graphene film is
measured as ~ 2k€2/0J by a four probe technique. The conducting CA paper with coating
of graphene film can be successfully used as the building block of various electronics device

fabrication techniques.

3.2 Conclusion

We have demonstrated the transfer process of CVD synthesized large-area graphene film on to
flexible CA substrate by a hot press technique. The CA based substrate was not compatible
with acetone and PMMA supporting layer in a conventional transfer process. Nevertheless, the
moldable CA substrate was simply hot pressed onto the graphene synthesized Cu foil. The base
Cu foil was etched by a Cu etchant to obtain the graphene coating directly on the CA substrate.
A clean, continuous and damage-free graphene was transferred on the CA substrate as confirmed
by the Raman, optical microscopy, SEM and AFM analysis. The graphene film on CA substrate
is highly conducting (Rs ~ 2k€2/0J) as measured by electrical measurements, suggesting that
it can be used as building block for paper based electronic devices. The developed process can
be significant for graphene transfer on moldable substrate materials with the advantage of not

using polymer and organic solvents.
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Chapter 4

Synthesis of a three dimensional
structure of vertically aligned carbon
nanotubes and graphene from single

solid carbon source

4.1 Introduction

Graphene is the most important building block of many other carbon allotropes such as, fullerene,
CNTs and graphite [1]. Graphene possess excellent electrical, mechanical, thermal and optical
properties at room temperature [2-5]. Similarly, CNTs (rolled graphene sheet) show extraordi-
nary physical properties arising from the unique 1D structure [6-9]. This outstanding properties
of graphene and CNTs have been exploited for fabrication of high mobility FET, transparent
conductors, field emitters, energy storage devices [10-23]. Apart from the individual properties
and applications of carbon materials, a hybrid structure can have significant technological ad-
vantages. Fullerene-CNTs, fullerene-graphene and graphene-CNTs hybrid systems have been
reported to combine the individual properties in various applications [24-27]. Graphene and
CNTs 3D hybrid structure can be useful for the application in interconnects, flexible nanoelec-
tronics and flexible field emission devices. Individual synthesis process of high quality CNTs

and large-area graphene film by the CVD technique has been extensively investigated [28-32].

VACNTSs have been grown on various insulating substrates such as SiO,/Si, Al,O3 and quartz by
the CVD process. However, the selection of the substrate significantly affects the electrical and
thermal transport properties in the perpendicular direction of 1D CNTs [33]. A 3D integrated
structure of CNTs and a few-layers graphene film has been developed by Sato et al. of Fujitsu
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Corp. [34]. The catalytic growth of VACNTSs with graphene-supported metal particles using
graphene as a base substrate also can be significant. The transfer of CVD graphene film onto
an arbitrary substrate provides more flexibility for CNTs growth in wide range of applications.
Recently, Lee et al. reported an approach to grow VAMWCNTs on reduced graphene oxide
platelets and proposed its application as a flexible field emission device [35]. Various other
applications for these composite structures have been proposed, such as efficient heat radiators
and wiring for very large scale integrated circuits. Also, Jeong et al. have reported a flexible
room temperature NO, gas sensor consisting of a VACNTSs/reduced graphene hybrid film sup-
ported by a polyimide substrate [36]. Rao et al. demonstrated the synthesis of CNTs forest on a
suspended monolayer graphene and thereby extending the class of substrates for CNTs growth
[37].

In context to the previous reports, we demonstrate a synthesis process of graphene-CNTs hy-
brid structure using a single solid carbon source in an APCVD. Graphene growth on Cu foil is
achieved using camphor as the carbon source; whereas VACNTSs are obtained by adding a small
amount of ferrocene (1wt %) to the camphor. Raman spectroscopy, optical and scanning electron
microcopy studies are performed to confirm the out-of-plane growth of CNTs from the trans-
ferred graphene film. Contact resistance of synthesized VACNTs- graphene system is obtained

by I-V measurements taking into account the various resistive contacts in the 3D structure.

4.1.1 Materials and Methods

4.1.1.1 Graphene Synthesis and Transfer

Graphene synthesis and its transfer have been carried out as explained in Chapter 2 section 2.1.1

and 2.5 respectively.

4.1.1.2 Synthesis of CNTs on graphene

Synthesis of CNTs on graphene has been carried out as explained in Chapter 2 section 2.3.

4.2 Results and Discussion

The structural morphology of the as-synthesized and transferred graphene film was investigated
by Raman and optical microscopy studies. Both monolayer and few-layer graphene films can
be synthesized by the developed APCVD process. In this study, few-layer graphene films were
grown to be compatible with CNTs growth on graphene film, thereby creating a highly conduct-

ing 3D structure.
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4.2.1 Optical Microscopy Study

The morphological structural views of the synthesized materials were obtained by the digital
optical microscope VHX-500. FIGURE 4.1(c)-(d) shows optical microscope images of the as-
synthesized and transferred graphene films. The optical image of the as-synthesized graphene
film on Cu foil shows the grain boundaries, domain structure and formation of a continuous

graphene film.

FIGURE 4.1: Optical microscope images of (a) synthesized CNTs on transferred graphene film
and (b) masked graphene region during CNTs growth process, confirming that the film remain
intact (c) The as-synthesized and (d) transferred graphene film.

Similarly, the transferred graphene film remain continuous, however wrinkles formation was
also observed due to difference in the thermal coefcients of Cu foil and graphene film. FIGURE
4.1(a) shows an optical microscope image of the synthesized CNTs on the transferred graphene
film at the edge of the masked graphene film. Some of the CNTs are scattered at the edge due to
piling up after removing the mask. As indicated in FIGURE 4.1(a), the black part shows highly
dense CNTs growth, where the graphene film remains intact. FIGURE 4.1(b) shows a much
clear view of the underlying graphene film at the edge of the mask. The transferred graphene
film is used as the base for CNTs growth from the same camphor precursor with the addition
of 1 wt % of ferrocene molecules. The use of same carbon source in the APCVD process to
grow graphene and CNTs can lead to symmetry in the growth dynamics, thereby developing a

seamless 3D structure.
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4.2.1.1 Raman Spectroscopy Study

Raman spectra were obtained using NRS 3300 laser Raman spectrometer with a laser excitation
energy of 532.08 nm wavelength from a green laser. FIGURE 4.2(a) shows Raman spectra
of as-synthesized graphene film on the polycrystalline Cu foil. An intense graphitic G and a
second order double-resonance 2D peak were observed at 15842 and 2695¢m !, respectively.
In contrary, there is no apparent defect related D peak in the synthesized graphene film. The
intensity ratios of the 2D and the G peak (I,p/Ig) are found to be in the range of 1.2 to 0.7,
attesting presence of bi-layer and few-layer graphene in the deposited continuous film. Similarly,
FIGURE 4.2(b) shows Raman spectra of transferred graphene on the quartz substrate. Raman
peaks for bi-layer and few-layer graphene were also detected in the transferred film. However,
a low intense D peak appeared around 1330cm ! after chemical etching and transferring the
graphene film on to the quartz substrate. The (Iop/Ig) ratios for the transferred graphene film are
also found to be in the range of 1.02 to 0.75 , as that of synthesized graphene on Cu foil. The
wrinkle formation as shown in FIGURE 4.2(b), as well as etchant and mechanical impact during
transfer process can contribute to the small increase in D peak. However, the overall structure

and quality of transferred graphene film did not change significantly.
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FIGURE 4.2: Raman spectra of bi-layer and few-layer graphene for (a) as-synthesized on poly-
crystalline Cu foil and (b) transferred to a quartz substrate. (c) Raman spectra of underlying
graphene film and the as-synthesized CNTs.
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FIGURE 4.2(c) shows the Raman spectra of the as-synthesized CNTs structure on the trans-
ferred graphene film. The graphitic G and second order resonance 2D peaks are observed at
1582 and 2695¢m !, respectively. Again, the defect related D peak is observed at 1342cm 1,
corresponding to the CVD synthesized MWCNTSs. At the same time, intensity of the D peak for
underlying graphene film also increases as compared to the transferred film. Increase in the D
peak intensity for the graphene film can be explained by considering the distortion of sp? carbon
atoms due to thermal stress and oxidation during the high temperature CNTs growth process.
Still, high graphitization of the graphene film with its original structure was not significantly
changed. Again, it has been demonstrated that with using 13C isotope graphene, the raman
peaks can be visualized separately for graphene and CNTs [37]. However, in our symmetric
growth process with identical precursor material, shift in Raman peaks for graphene and CNTs

are not observed.

4.2.1.2 SEM Study

SEM studies of the graphene film and CNTs were carried out with the Hitachi S-4300 at an ac-
celerating voltage of 20kV . FIGURE 4.3(a) shows the SEM image of the synthesized VAMWC-
NTs on graphene film using mixture of solid camphor and ferrocene molecules. In the synthesis
technique, only 1 wt % of ferrocene is adding to the camphor, the lower catalyst concentration
in the feedstock enables MWCNTSs growth with low metal impurity. Whereas, in various other
processes high catalyst concentration in the feedstock leads to high metal-impurity and so the
post-deposition purification becomes unavoidable. The growth process involves simultaneous
pyrolysis of solid camphor and ferrocene mixture in a high temperature (750°C’) furnace to
obtain the VAMWCNTs.

XEEE  ZBmpm

FIGURE 4.3: SEM images of (a) CNTs forest grown from the solid camphor on transferred
graphene film and (b) its higher magnified image confirm the vertical.

The nucleation and growth of CNTs occur on vapor phase catalyst sites [30], which can be sig-
nificant in keeping the graphene film undamaged without the formation of metal nanoparticles.
FIGURE 4.3(b) shows a magnified SEM image of the VAMWNTs synthesized on the graphene
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film. We have scratched at one edge of the graphene-CNTs sample to observe the vertical align-
ment of the CNTs bundle. Some of the bundles pilled of during scratching, otherwise, CNTs
structure is robust on the basal graphene film. A highly dense structure of VACNTSs with a length
of around 80um can be observed at the edge. The vertical column of the CNTs bundle consists
of numerous nanotubes self-organized into a densely packed structure. The observed structure

of the synthesized material can be significant for high thermal and electrical conductivity.

4.2.1.3 TEM Study

FIGURE 4.4(a) shows a TEM image of the synthesized graphene sheet on the polycrystalline
Cu foil. Inset of the figure shows SAED pattern of the graphene sheet. Multiple spots are
observed in the SAED pattern; this may be due to overlap of two graphene sheets or owing to
rotational stacking fault. Most of the graphene sheets on the TEM grid showed single crystal

SAED patterns, while the relative orientation of the single crystals differed considerably.

FIGURE 4.4: (a) TEM image of synthesized graphene on polycrystalline Cu foil. Inset of the

figure shows SAED pattern of the graphene sheet. Most of the graphene sheets on TEM grid

showed single crystal SAED patterns. (b) HRTEM image at the folded edge of a graphene

sheet, presenting the formation of few-layer graphene. (c) TEM of synthesized CNTs using the

camphor-ferrocene feedstock with a diameter distribution of 10-50 nm. (d) HRTEM image of
a CNT presenting more than 10 layers of graphene rolled-up to form MWCNT structure.

FIGURE 4.4(b) shows a High Resolution TEM (HRTEM) image at the folded edge of a graphene
sheet, presenting formation of few-layers graphene. The synthesis of monolayer graphene and
few-layer graphene can be controlled in the developed process with change in the camphor
injection rate and growth duration. The TEM results for the formation of few-layers graphene
can be correlated with the Raman studies. Similarly, FIGURE 4.4(c) shows a TEM of the

CNTs synthesized using the camphor- ferrocene feedstock. Diameter distribution of the CNTs
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is observed to be in the range of 10 — 50nm. FIGURE 4.4(d) shows HRTEM image of a
CNT displaying more than 10 layer of graphene rolled-up to form MWCNT structure. The
rolled graphene sheets form a tube structure with a diameter of 10nm for the inner hole. As
explained previously the ferrocene molecules act as vapor phase catalyst for CNTs growth with
decomposition along with the solid camphor feedstock. The sp? hybridized graphene film acts
as a seeding base for the CNTs growth. The transferred graphene film shows a sheet resistance

(Rs) of 1082/ as measured by the four probe technique.

4.2.1.4 1V Study of CNTs-Graphene Hybrid

I-V characteristics of the transferred graphene film and CNTs-graphene hybrid structure were
measured at room temperature (250°C") using a series 2400 Source Meter Keithley. FIGURE

4.5(a) presents a schematic diagram of the graphene film on an insulating substrate for I-V

characteristic measurements.
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FIGURE 4.5: (a) Schematic diagram of graphene film on an insulating substrate for I-V char-

acteristic measurement (b) I-V characteristic of the graphene film without any metal contact (c)

Schematic diagram of VAMWCNTs-graphene 3D structure on quartz for I-V measurement (d)

I-V characteristic of the VAMWCNTs-graphene measured by putting a probe on the top CNTs

and the other probe on bottom graphene contact (e) Possible contact and sheet resistances in
the 3D structure

The device shows a linear I-V characteristic as shown in figure 4.5(b), signifying metallic be-
havior of the graphene film. In previous studies, contact resistance of VACNTs on graphene
coated Cu foil was explored [37]. However, only the VACNTs forest directly on Cu substrate
also can show very low contact resistance. In this context, exploring the contact and sheet resis-
tances of VACNTSs on graphene is quite essential for realizing a VACNTs-graphene 3D system
[39]. Hence, we consider a transferred graphene film on quartz substrate integrating with VAC-

NTs to investigate contact resistance at VACNTs-graphene interface. Figure 4.5(c) shows a
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schematic diagram of the VAMWCNTs-graphene 3D structure on quartz for electrical conduc-
tance measurements. FIGURE 4.5(d) shows the I-V characteristic of the 3D structure measured
by putting a probe on the top CNTs and the other probe on bottom graphene contact. I-V char-
acteristic shows liner behaviour with an applied bias voltage of 5 V, similar to an ohmic contact.

A contact resistance of 255¢) is obtained in the VAMWCNTs-graphene 3D material system.

The obtained contact resistance can be explained from the individual contributions of resistance
at the probe (Rprob), that at total resistance. Therefore, the observed contact resistance can
be influenced by various other factors, rather than only CNTs-graphene interface. This finding
shows that highly conducting 3D structure of VAMWCNTs-graphene can be synthesized from
single solid precursor. Further studies are required in nanoscale order to observe and confirm

the formation of a seamless junction interface with directly grown CNTs on graphene film.

4.3 Conclusion

In summary, we have demonstrated a symmetric synthesis process of a VAMWCNTs-graphene
3D structure using single solid carbon source. Graphene growth on Cu foil was achieved us-
ing solid camphor as the carbon source; whereas VAMWCNTSs were obtained by adding a
small amount of ferrocene (1wt%) in the camphor feedstock with minimum contamination from
the iron catalyst. CNTs growth occurs on vapor phase catalyst sites, which can be significant
in keeping the graphene film undamaged without depositing metal nanoparticles. Optical mi-
croscopy and SEM studies confirmed out-of-the plane growth of the CNTs on the transferred
graphene film. TEM studies were performed to confirm the structure of CNTs and graphene in
the 3D system. The carbon material structure varies significantly from the same feedstock with
the addition of catalytic ferrocene molecules and controlled growth process. In the developed
process, sp® hybridized graphene film acted as a seeding base substrate for the VAMWCNTS
growth. I-V measurements were carried out to investigate in plane and out of plane electrical
characteristics of the 3D system. The VAMWCNTs-graphene structure showed a contact resis-
tance of 2552, wherein resistance at the probe, graphene-CNTs interface, sheet resistance and
CNTs bundle resistance have also contributed. Achieving a seamless contact of CNTs-graphene

film can be significant for low contact resistance and thereby practical device applications.
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Chapter 5

Fabrication of poly (methyl
methacrylate)-MoS,/graphene
heterostructure for memory device

application

5.1 Introduction

Substantial interest has been given to 2D materials after the discovery of graphene, considering
the fascinating electronic properties for novel device applications [1-4]. Besides graphene re-
lated materials, quasi 2D TMDCs are gaining a lot of attention due to the wide range of band
gap for practical electronic device applications [5-8]. Among various TMDCs, MoS; is of great
interest for next generation FETs and optoelectronic devices owing to wide range of band gap
the presence of a direct band gap (1.85eV direct band gap in a monolayer and ~ 1.29eV indirect
band gap in bulk)[5, 9-11]. Monolayer and few-layer MoS; have been applied in the fabrica-
tion of FETs, sensors, phototransistors, and energy storage devices [11-17]. Excellent on/off
ratio (~ 10%) in a FET device with high carrier mobility has been obtained due the presence of
direct band gap [12]. Recently, a heterojunction of graphene and MoS; has been fabricated by
extracting the metallic and semiconducting properties of the respective materials[18-19]. A mul-
tifunctional photoresponsive memory device has been created with a graphene-MoS; hybridized
structure [20]. Non-volatile memory device based on FET device has also been fabricated with

graphene, hexagonal boron nitride and MoS; stacked 2D materials [21, 22].

Bearing the rapid development of 2D materials in mind for next generation device applications,

several methods have been discovered to derive or synthesize MoS; layers [5, 11, 23-28]. There

55
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have been efforts to produce monolayer and few-layer MoS; by micromechanical exfoliation
process as well [5-11]. MoS,; layers have also been fabricated with intercalation-assisted and
solution-based chemical exfoliation process [23-24]. On the other hand MoS,; sheets were syn-
thesized using hydrothermal method, physical vapor deposition, electrochemical synthesis and
CVD techniques [25-26]. Similarly, large-area uniform growth of MoS; layer has been achieved
by sulfurization of Mo and MoOj3 [27-28]. Controlled synthesis of MoS; crystals in a large-area
is one of the important aspects for its integration in photovoltaic, phototransistors and memory
device applications. In contrast to previous reports, we demonstrate the synthesis of elongated
hexagonal and rhombus shaped MoS, crystals by sulfurization of MoO, thin film and fabrica-
tion of a PMMA-MoS,/graphene heterostructure memory device. In the fabricated device, the
PMMA layer plays the dual role of being the supporting layer for the transfer process and as an
insulating dielectric in the memory device. The developed material system and the observational
study of its bi-stable electrical switching effect can be significant for the development of a future

generation of non-volatile memory devices.

5.2 Materials and Methods

5.2.1 Graphene Synthesis

Graphene synthesis has been carried out as explained in Chapter 2 section 2.1.1.

5.2.2 MoS,; Synthesis

MoS,; synthesis has been carried out as explained in Chapter 2 section 2.2.2.

5.2.3 MoS; Transfer on Graphene and Device Fabrication

MoS, transfer on graphene and device fabrication have been carried out as explained in Chapter

2 section 2.2.3.

5.3 Results and Discussion

The synthesized MoS, crystals were characterized by Raman and UV-visible absorption spec-
troscopy. TEM images were taken by JEOL JEM 2100, operated at 200kV equipped with
an element analyzer. STEM studies of MoS, crystals were carried out by JEM-ARM 200F.
SEM study was carried out with Hitachi S-4300 operated at an acceleration voltage of 20kV .
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The MoOs film and Au electrode were deposited by thermal evaporation technique using UL-
VAC VPC-260F. I-V characteristic measurements were carried out using two probe system and
Keithley 2401 Source Meter.

5.3.1 Optical Microscopy Study

Optical microscopy studies of the graphene and the fabricated heterostructure were carried out
with VHX-500 digital microscope. FIGURE 5.1(a) shows an optical image at the edge of the
transferred graphene film. From the color contrast, the graphene film can be directly identified
on the Si0,/Si substrate. The synthesized MoS; crystals coated with PMMA solution was then
transferred on to the high quality graphene. FIGURE 5.1(b) shows an optical microscope image
of the transferred PMMA-MoS, on the graphene film. The layer-by-layer transferred PMMA-
MoS; on graphene can form a close contact hybridized heterostrucure with strong van der Waals

interaction.

FIGURE 5.1: Optical microscope image (a) at the edge of the transferred graphene film and (b)
of the transferred PMMA-MoS, on the graphene film.

5.3.2 Raman and UV-Visible Spectroscopy Study

Raman studies of MoS; crystals and graphene film were carried out with NRS 3300 laser Raman
spectrometer with a laser excitation energy of 532.08nm. FIGURE 5.2(a) shows a Raman
spectra of the graphene film. Graphitic G and second order 2D Raman peaks are observed at
1589 and 2700cm !, respectively. The ratio of G to 2D peak intensity (I/Iop) is found to
be around 1.12, signifying the presence of more than single layer graphene. FIGURE 5.2(b)
shows Raman spectra of the as-synthesized MoS; layer by the S reaction process of the MoOj3
thin film. Two characteristic peaks at 409.8 and 385.6¢m ™! are observed corresponding to
Az mode associated with out of plane vibration of S atoms and Eg mode related to in-plane

vibration of Mo and S atoms.

Broadening of the Raman peaks is considered to be due to phonon confinement, as well as

signifying smaller lateral size of the synthesized MoS, crystals.
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FIGURE 5.2: Raman spectra of (a) the transferred graphene (a) as-synthesized MoS, crystals
by sulfur reaction process of thermally evaporated MoOj3 film

The frequency difference between the A and E! 2¢ mode is found to be 24.2em ™1, correspond-
ing to the growth of few-layer structure. On the other hand, the frequency difference has been
found to be around 20.4cm ! for a CVD synthesized monolayer MoS; [29]. UV-visible absorp-
tion spectroscopy was carried out with JASCO V-670K spectrophotometer.
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600 700 800
Wavelength (nm)

g

FIGURE 5.3: UV-visible spectra of the transferred MoS,.

FIGURE 5.3 shows UV-visible spectra of the transferred MoS; film on a glass substrate. Two
prominent absorption peaks are observed at 628 and 680nm corresponding to direct excitonic
transitions. It has been reported that the peak positions of the absorption spectra corresponding
to the direct excitonic states can vary with the change in number of layers [8]. For monolayer
and few-layer MoS,, the two exciton peaks show blue-shift due to quantum confinement effect

as the thickness of the crystal decreases [30].

5.3.3 SEM Study

FIGURE 5.4 shows a top-view SEM image of the PMMA-MoS,; hybrid structure. The PMMA

coating can hold MoS, crystals together and at the same time act as the dielectric interface
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for the memory device. The dual role of PMMA in the MoS; crystals and CVD graphene
based memory device has not been explored. Hence, it is an interesting aspect of the developed

material system, which can be integrated for the memory device application.

zaky X3, 586 Sk 16 15 SEI
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FIGURE 5.4: SEM image of the PMMA-MoS, hybrid structure

5.3.4 TEM Study

The crystallinity and structural morphology of the synthesized MoS, crystals were investigated
by TEM studies. FIGURE 5.5(a)-(b) show the TEM bright-field images of the as-synthesized

MoS,, presenting elongated-hexagonal and rhomboidal shape of the crystals.

e
3

FIGURE 5.5: TEM bright-field images of synthesized MoS,, presenting (a) elongated-

hexagonal and (b) rhomboidal shapes (c) few-layer structure with a layer spacing of about

~ 0.65nm(d) SAED pattern taken from the MoS, crystal, presenting the hexagonal symmetric
structure
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Previously, similar rhomboidal shaped MoS, flakes have been grown using a MoO; microcrys-
tals as a template; however formation of elongated-hexagonal flakes were not observed [31].
FIGURE 5.5(c) shows layer numbers of a hexagonal flake as obtained at the folded edge. The
MoS; crystal with four layers shows a layer spacing of about 0.65nm. FIGURE 5.5(d) shows
SAED pattern taken from the MoS; crystal, revealing the hexagonal symmetric structure. The
SAED pattern also shows the (100) and (110) lattice planes of the MoS, crystals. Recently,
large-area MoS; thin layer has been synthesized by two step thermal reduction and sulfurization
process of the MoOj3 thin film [32].

2 nm

5 nm

0 0.204 0608 1.01.72141.618 20 222426 2.8 3.03.2

FIGURE 5.6: (a) HAADF image of a MoS, crystal at the edge. (b) Fourier-filtered image

corresponding to the HAADF image, presenting better view of the lattice structure. In the inset

of the figure, the atomic arrangement of Mo and S atoms to form a MoS; layer is presented (c)

Cross-section HAADF image of few-layer MoS, crystal. (d) Corresponding Fourier-filtered

image of the cross-section HAADF image (e) Line profile across the filtered image as marked
in (d)

In contrast to a previous finding, we demonstrate the synthesis of hexagonal and rhombus shaped
MoS; crystals with a sulfurization process of the MoOs thin film. The structural morphology
was further analyzed with aberration corrected STEM-HAADF, also known as Z-contrast imag-
ing. At the edge of a MoS, crystal, we can observe the atomic structure of a single layer as

shown in FIGURE 5.6(a). The Mo and S atoms can be directly identified from the contrast
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of the image, signifying highly ordered and crystalline MoS, layer. FIGURE 5.6(b) shows a
Fourier-filtered image corresponding to the HAADF image, presenting a better view of the lat-
tice structure of the MoS, layer The Mo atoms show higher contrast than that of S atoms. In
the inset of the figure, we present the atomic arrangement of Mo and S atoms to form a MoS;
layer. FIGURE 5.6(c) shows cross-section HAADF image of the synthesized few-layer MoS,
crystal, presenting a high quality lattice structure. FIGURE 5.6(d) shows the corresponding
Fourier-filtered image of the cross-section HAADF image, where direct evaluation of the lattice
constant is possible. FIGURE 5.6(e) shows line profile across the filtered image as marked in
FIGURE 5.6(d). A lattice constant around ~ 0.312nm is estimated from the line profile for the
MoS; crystal.

FIGURE 5.7 shows the transfer process of the synthesized graphene and MoS, crystals for the
fabrication of a heterojunction memory device. High quality graphene synthesized on Cu foil

by the solid precursor based CVD process was transferred onto a SiO,/Si substrate.

PMMA-MoS,
\ PMMA-MoS,

SiOi Si0,
Graphene

MoS, crystal growth PMMA coating / Sio
__ Transferred layers

Graphene growth

FIGURE 5.7: Transfer process of the synthesized graphene and MoS, crystals for the fabrica-
tion of heterojunction memory device

5.3.5 I-V Study of PMMA-MoS,/Graphene Heterostructure

FIGURE 5.8(a) shows a schematic diagram of the fabricated PMMA-MoS,/graphene heterostruc-
ture as a memory device. In the fabricated device, the PMMA-MoS, hybrid structure is the
functional material, whereas the continuous CVD graphene film acts as the electrode. FIGURE
5.8(b) shows a typical IV characteristic of the PMMA-MoS,/graphene heterojunction device.
Increasing the applied potential (V) from O to 5 V,the current increases gradually (stage I), while
an abrupt increase in current occurred from 0.052mA to 0.127m A (stage II). This indicates the
transition of the device from HRS to LRS. The fabricated heterojunction shows good stability
in the LRS during the subsequent voltage sweep in stages III and IV, signifying a nonvolatile

memory effect.

Repeated measurements also show identical device characteristics in the developed heterostruc-

ture material system. Again, a device fabricated with higher amount of PMMA solution drop
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FIGURE 5.8: (a) Schematic diagram of the fabricated PMMA-MoS,/graphene heterostructure
as a memory device (b) and (c) Typical I-V characteristic of the PMMA-MoS,/graphene het-
erojunction device varying the amount of PMMA solution coated on the MoS, film

casted on the MoS, crystals shows much higher on/off ratio as shown in FIGURE 5.8(c). Abrupt
increase in current is observed from stage I to stage II with an on/off ratio as high as 2.5E3, which
is higher than that of the device fabricated with MoS, powder and shows charge trapping and
de-trapping behaviour of MoS; in the PMMA blend. The HOMO and LUMO level of PMMA is
not well known, however it shows an energy of around 5.6eV [33]. Again, Few-layer MoS; has
low electron affinities of around ~ 3.0eV, with a bandgap in the range of 1.4 to 1.8eV. Hence,
it will create a large barrier for electron and hole injection with the applied potential. Charge
transfer can occur between the PMMA and MoS; in the hybridized structure, subsequently trap-
ping the charge in the MoS, crystals due to its lower energy level and quantum confinement
effect.

The observed memory device characteristics can be explained by this charge trapping mecha-
nism in the PMMA-MoS,/graphene heterostructure. In the demonstrated device, the top elec-
trode and the PMMA-MoS,; functional material composition is still un-optimized, which pro-
vides an ample opportunity for fabrication of an efficient memory device. This nonvolatile
rewritable feature of the fabricated PMMA-MoS,/graphene heterojunction device can be used as
electrically bi-stable material in flash memory devices. The demonstrated MoS; crystal synthe-
sis process and their integration to fabricate heterojunction memory device can be a significant

prospect for memory device applications.
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5.4 Conclusion

In summary, the synthesis of elongated hexagonal and rhombus shaped MoS, crystals by sulfu-
rization of thermally evaporated MoOj3 thin film has demonstrated. TEM and STEM-HAADF
studies were performed to reveal the atomic level structure of the synthesized high quality MoS,
crystals. A hybridized structure of graphene and MoS, was fabricated with a layer-by-layer
transfer process to configure a memory device. The PMMA layer used for the transfer pro-
cess of MoS, film performed a dual role of supporting and insulting dielectric layer in the
fabricated memory device. The memory device was configured with PMMA-MoS, and CVD
graphene as the functional and electrode materials, respectively. Typical bi-stable electrical
switching and nonvolatile rewritable memory effect was observed in the fabricated PMMA-
MoS,/graphene heterostructure. An on/off ratio as high as 2.5E3 was obtained in the fabricated
PMMA-MoS,/graphene memory device. The memory characteristic of the fabricated device is
attributed to the charge trapping and de-trapping behavior of MoS; in the presence of PMMA.
The developed material system and the demonstrated memory device fabrication process can be

a significant platform for next generation data storage applications.
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Chapter 6

Synthesis of N-doped graphene from

different precursors

6.1 Introduction

Graphene, the 2D honeycomb lattice of sp? hybridized carbon atoms is considered to be a
next generation material for application in various electronic devices, such as transistors, op-
toelectronics, sensors, supercapacitors etc. [1-6]. However, the electrical, optical and chemical
properties of pristine graphene based materials are limited by the absence of a bandgap [7, 8].
Incorporation of foreign atoms in the sp? sites of graphene lattice can be an interesting prospect
to tune the intrinsic properties of graphene [9, 10]. Theoretical studies have revealed that substi-
tutional doping of graphene with a heteroatom like nitrogen, boron, etc., can change the Fermi
energy and introduce a band gap [11-15]. This doping with heteroatoms creates charged sites
in the graphene lattice, and as a result the spin and charge densities are redistributed bringing
new functionalities [16]. In this prospect, nitrogen incorporation in graphene by substitution of
carbon atoms has been explored significantly to achieve high electron density, n-type doping,
increased capacity of battery, high supercapacitance and oxygen-reduction functionalities [16-
21]. Thus, various studies have revealed that nitrogen doping can be an exciting platform to tune

or introduce novel properties in graphene.

Considering the significant potential, the controlled synthesis of high quality graphene with de-
sired electronic and chemical properties can be the key for future applications. In the last few
years, significant development has been made in large-area high quality and individual single
crystal domains of graphene synthesized by the CVD technique [22-26]. Synthesis of graphene
with substitutional nitrogen doping by a CVD process has also been attracting significant inter-
est [28-32]. CVD process can be the most effective approach to achieve substitutional doping

without affecting the crystalline nature of graphene. The incorporation of foreign atoms in
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the graphene lattice site is quite significant to observe different properties depending on their
concentration and structures. The pyridinic nitrogen doping in graphene can facilitate oxygen
reduction reaction activity, while pyrrolic nitrogen contributes to enhancing specific capacitance
[18, 32]. Again, it has been reported that a band gap can be observed in graphene with a ni-
trogen concentration of 2-12% [19, 33]. Recently, several solid and liquid precursor materials
have been used for synthesis of N-doped graphene [34-38]. However, details of atomic level
study of defects, substitutional doping and grain structure have not been explored for the solid
or liquid source-based CVD graphene. Here, we demonstrate a solid source-based CVD process
to synthesize N-doped graphene by using different solid precursors and investigate the Atomic
percentage of Nitrogen in the same. Three solid materials, namely Melamine, Triazine and PAN
have selected for the synthesis of N-doped graphene depending upon their N and C contents.

Melting point is also an important factor have to consider while using them in the CVD system.

In following chapter comparative study of N-doped graphene synthesized by above materials
has been performed. Raman and XPS have been used to probe the N-doping effects in our

experiments.

6.2 Materials and Methods

6.2.1 N-doped Graphene Synthesis

General synthesis process for the N-doped graphene is explained in Chapter 2 section 2.6.

N

=

2

Melamine )N|\ \)N\
H,N NH,
N @ Graphitic N

\ CVD . . .
1,3,5 Triazine f s —— e Pyridinic N

\

N

NN @ Pyrrolic N

Polyacrylonitrile —[—CHz—EH—]ﬁ
(PAN) —N

N- doped Graphene

FIGURE 6.1: Schematic for the synthesis of N-doped graphene from different precursors.

APCVD technique is used to synthesize N-doped graphene. Above materials are taken in dif-
ferent ratios and feed into the CVD system. Melamine and Triazine were combined with cam-
phor to get graphene whereas in the case of PAN no camphor was used. Different ratios have
been used and optimized to get the highest % of nitrogen in N-doped graphene. 1 : 3 ratio of

Melamine and Triazine was optimized to get best results. The graphene growth was carried out
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at the temperature of 1020°C. The presence of Nitrogen and atomic % of Nitrogen in the as

synthesized graphene was estimated using Raman Spectroscopy and XPS analysis respectively.

Temperature ("C) Gas (sccm) Time (min)

Precursor Ratio % N
Anneal | Growth | Anneal | Growth | Anneal | Growth

M:C 1 23 52
100 98 :2

YC i3 5 5-3 i

T:C 1 101 H, . 60 15-30 2.6

P:C 3:0 0.7

C: Camphor; M: Melamine; T: Triazine; P: PAN

FIGURE 6.2: Experimental parameters for the growth of N-doped graphene from Camphor,
Melamine, Triazine and PAN

6.3 Results and Discussion

The synthesized materials were analyzed by Raman and XPS studies. Raman spectra were
obtained using NRS 3300 laser Raman spectrometer with a laser excitation energy of 532.08nm.
XPS data were acquired to determine the chemical composition of the graphene film on the
Cu foil using the Versaprobe photoelectron spectrometer with photoemission stimulated by a

monochromated Al K, radiation source (1486.6eV).

6.3.1 Raman Spectroscopy Study

Raman spectroscopy is another very useful method to characterize N-graphene. The D, G, and
2D bands are the predominant features in the spectrum of N-graphene. They are represented by
peaks at around 1320 — 1360, 1570 — 1600, and 2640 — 27 00cm?t, respectively. In some studies,
the peak called D¢ will appear at ~ 1602 — 1625¢m!. Specifically, the G band corresponds
to the doubly degenerate Eo, phonons at the Brillouin zone. It originates from the first-order
Raman scattering process. The 2D and D bands are all induced by the second-order, double-
resonance process and related to zone-boundary phonons. The scattering process involve two
zone-boundary phonons for 2D mode; it involves one phonon and one defect for the D mode.
Different from the D band which requires defects to activate it, the 2D band does not require
the activation of defects. Thus, the 2D band is always seen in the Raman spectra of graphene
and N-graphene, even when the D band cannot be observed. For the D, it arises from the

intravalley, defect-induced, double-resonance process.

The graphene was synthesized from the solid camphor precursor without using the dopant pre-

cursor material. The Raman spectra shows a small defect induced D peak, indicating a high
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quality graphene growth. The graphitic G and second order 2D Raman peaks were observed at
1596 and 2698cm !, respectively. The higher intensity of the 2D peak than that of the G peak
(I2p/Ic ~ 3) confirm a single layer graphene domain. However, there are more than single

layer graphene domains as observed by Raman analysis.

Undoped graphene 2D
3 G=1596cm’!
3 | 2D=12698 cm!
=
=
§ G
i -\_JJ J L
1000 1500 2000 2500 3000

Raman Shift (cm™)

FIGURE 6.3: Raman spectra of un-doped graphene on SiO,/Si substrate synthesized from
Camphor.

6.3.1.1 Melamine

FIGURE 6.4 shows a Raman spectra of the graphene synthesized with 1 : 3 ratio of camphor
and melamine with similar growth conditions. We can observe significant difference in graphene
structure with the addition of melamine, causing the intensity of defect related D peak to increase
significantly irrespective of sample positions. The Raman studies confirm presence of defects
in the sp? hybridized graphene grown on the Cu foil. The induced defects with the introduction
of melamine can be attributed to the doping of nitrogen. We observed a blue-shift (4cm ™) of

the G peak, whereas a red-shift (5crm 1) is seen for the 2D peak, considering the Si peak as the
base.

6.3.1.2 Triazine

Since Triazine was failed to synthesize N-doped graphene and hence it was then combined with
the Camphor in 1:3 ratio. In FIGURE 6.5 presence of N-doped graphene can be seen from
raman spectra. High intensity of D peak and presence of D‘ peak confirms the incorporation of
N in graphene. The graphitic G and second order 2D Raman peaks were observed at 1596 and
2700cm ™!, respectively. The higher intensity of the G peak than that of the 2D peak confirm
presence of few layer graphene domains. There is no shift in G peak but red-shift (2cm 1) is

seen for the 2D peak.



Chapter 6 70
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FIGURE 6.4: Raman spectra of N-doped graphene on SiO,/Si substrate synthesized from Cam-
phor and Melamine with 1 : 3 ratio.

Intensity (a.u.)

1000 1500 2000 2500 3000
Raman Shift (cm™1)

FIGURE 6.5: Raman spectra of N-doped graphene on SiO,/Si substrate synthesized from Cam-
phor and Triazine with 1 : 3 ratio.

6.3.1.3 PAN

Raman spectra obtained from the N-doped graphene synthesized from PAN is given below. In
FIGURE 6.6 all peaks related to N-doped graphene can be seen. The Raman studies confirm
presence of defects in the sp? hybridized graphene grown on the Cu foil. The graphitic G and
second order 2D Raman peaks were observed at 1587 and 2695¢m !, respectively. The defect
peak was observed at 1352cm ! and another weak so-called D* band centered at 1625¢m ™! also
appears. All peaks are shifted from the original position in the pristine graphene confirms the
doping of graphene. The equal intensity of the G peak to that of the 2D peak confirm presence

of bilayer graphene domains.
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FIGURE 6.6: Raman spectra of N-doped graphene on SiO,/Si substrate synthesized from PAN.

6.3.2 XPS Study

XPS is the standard technique to study the nitrogen doping effect in graphene. In the XPS
spectrum of N-doped graphene, the peaks appearing at about 400 and 284eV correspond to the
N1s and Cls, respectively. The ratio of peak intensity between N1s and Cls is used to determine
the nitrogen content in N-doped graphene. Moreover, the N1s spectrum is used to determine the
nitrogen configurations. In the research about N-doped graphene, the N1s spectrum can be
deconvoluted to several individual peaks that are assigned to pyridinic N (398.1 — 399.3eV),
pyrrolic N (399.8 — 401.2eV), and graphitic N (401.1 — 402.7eV). Apart from these three
nitrogen types, peak corresponding to N-oxides of pyridinic N is observed at ~ 402.8eV in

several studies.

6.3.2.1 Melamine

In the XPS spectra obtained from the graphene synthesized by melamine and camphor using
ratio of 1 : 3, a small shoulder peak is observed corresponding to the higher binding energy
(~ 288.4eV). This can be attributed to presence of nitrogen containing C-N as well as oxygen
containing C' — O and C' = O bonds. Further, the N 1s spectra was analyzed to evaluate the
N content in the graphene samples. In this case we obtained two split N1s peaks with peaks
cantered at ~ 398.8 and 406.6eV. The peak at the higher binding energy (peak cantered at
406.6eV) signifies the presence of NOy as observed in the previous case as well [41]. The
NOy related peak arises from the presence of nitrogen atoms in amorphous carbon and other

contaminant sites, which can easily react with the surface oxygen.
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It should be noted that the graphene samples on the Cu foils were taken out to the atmosphere
after the CVD growth and then the XPS analysis was performed. The quantitative analysis
shows 5.2 at % of N content in the sample. FIGURE 6.7(b) shows a deconvoluted N1s peak,
corresponding to presence of graphitic (400.8eV"), pyrrolic (400.5eV) and pyridinic (398.6eV")
nitrogen atoms. The deconvoluted spectra suggests that the pyridinic nitrogen content is much
higher than that of graphitic and pyrrolic nitrogen. We conclude that the nitrogen observed
by XPS analysis is not only incorporated in the graphene lattice, but is also adsorbed on the

graphene as contaminant.

(a) Cls

Intensity (a.u.)

298 293 288 283 278

Binding Energy (eV)
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FIGURE 6.7: XPS (a) Cls (b) N1s spectra and (c) deconvoluted N1s peak showing the presence
of graphitic (400.8eV), pyrrolic (400.5¢V") and pyridinic (398.6eV) N atoms.

6.3.2.2 Triazine

The Cl1s line scan spectrum exhibits a peak located at 284.6eV, corresponding to the graphite-
like sp? hybridized carbon suggesting carbon atoms remain embedded within the honeycomb
lattice. The quantitative analysis shows 2.6 at % of nitrogen content in the sample. FIGURE
6.8(b) shows N1s peak, corresponding to presence of only pyridinic N centered at 398.6eV. Very
less amount of Pyrrolic and graphitic N found in the sample made from camphor and triazine.

More optimization may be needed in order to get higher % of N. Controlling evaporation of
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Triazine is very difficult which is the key problem in this case. Triazine may be not the best

option to get higher amount of N in graphene.

(a) | (b)

be ] 4 w0 b w s 410 L] e 98 h Y] b

Binding Energy (eV) Binding Energy (eV)

FIGURE 6.8: XPS (a) Cls (b) N1s peak showing the presence of Pyridinic (398.6eV') N atoms.

6.3.2.3 PAN
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FIGURE 6.9: XPS (a) Cls (b) Nls spectra showing the presence of graphitic (400.8eV),
pyrrolic (400.5eV") and pyridinic (398.6eV’) N atoms.

In the case of graphene synthesized only from PAN, XPS study shows all characteristic peaks
of N-doped graphene. Firstly, Cls spectra for sp? hybridized carbon can be seen in FIGURE
6.9(a). FIGURE 6.9(b) shows N1s peak, corresponding to presence of graphitic (400.8eV),
pyrrolic (400.5eV’) and pyridinic (398.6eV') nitrogen atoms. In this spectra also Pyrridinic N
has higher intensity as seen in the case of graphene synthesized from Melamine and Camphor.
Though intensities of all peaks are very small. In this n-doped graphene sample 0.7 at % of

nitrogen content was estimated.
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6.4 Conclusion

We have demonstrated the synthesis of N-doped graphene using different solid precursors by
APCVD process. Raman and XPS analysis confirmed the incorporation of nitrogen in the syn-
thesized graphene on the Cu foil. Our findings shows that graphitic nitrogen defects can be
introduced in a large individual graphene grain by the developed solid source-based APCVD
technique. N-doped graphene was synthesized using camphor and other N containing precur-
sors. Melamine and Triazine was used with the combination of camphor whereas PAN was used
alone. Ratio of camphor with this precursors was optimized to 1 : 3. Different kinds of N substi-
tutions were observed in these samples e.g. pyrridinic, pyrrolic and graphitic. Incorporation of
graphitic N was difficult to achieve but in our experiments, we could observe sufficient amount
of graphitic N. Which was confirmed by XPS analysis. The main purpose of this study was
to find out material with highest N content. In above 3 materials, Melamine was the one with
highest N content (5.2%) followed by Triazine (2.6%) and PAN (0.7%) respectively. By altering
some experimental parameters more atomic % of N can be extracted from Melamine. This study
can help to open a band gap in the graphene since band gap increases with the increase in the

amount of N content.
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Chapter 7

Summary and Future Work

7.1 Summary

In the summary, synthesis processes of high quality graphene and MoS, layers are explored as
well as their clean and damage free transfer onto arbitrary substrate for device fabrications is
discussed. High quality graphene, CNT and MoS, have been synthesized in order to fabricate
their heterostructures. High quality graphene was synthesized using camphor as a precursor
and copper as a substrate by CVD technique. Similarly MoS, was synthesized using two-step

process including thermal evaporation of MoOj3 followed by sulfurization by CVD method.

After synthesis, transfer was one of the most critical issue. To have application of these synthe-
sized 2d materials, their clean and continuous transfer on arbitrary substrates is very important.
In order to achieve this, different parameters had to optimize e.g. concentration of PMMA,

baking time, Spin coating speed, etchant concentration, cleaning etc.

In this dissertation the transfer process of large-area graphene film onto flexible CA substrates by
a hot press technique is discussed. The CA based substrate was not compatible with acetone and
PMMA supporting layer in a conventional transfer process. The CA substrate was hot pressed
onto the graphene synthesized Cu foil followed by etching of the base Copper to obtain the
graphene coating directly on the CA substrate. A clean, continuous and damage-free graphene
transferred onto the CA substrate was obtained. The graphene film on CA substrate is highly
conducting as measured by electrical measurements, suggesting that it can be used as building

block for paper based electronic devices.

Two kind of heterostructures have been discussed in the dissertation. Namely Graphene-CNT

for interconnects and Graphene-MoS; for memory device application.

A 3D hybrid structure of Graphene and VAMWCNTs using a single solid carbon source (Cam-
phor) has been fabricated. Optical and TEM study confirmed the out-of-the plane growth of the
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CNTs on the transferred graphene film and structure of CNTs and graphene in the 3D system.
I-V measurements were carried out to investigate electrical characteristics of the 3D system.

This 3D system showed a contact resistance of 255().

Graphene-MoS,; heterostructure and its application in non-volatile memory device has been dis-
cussed. TEM and STEM-HAADF studies were carried out to observe the atomic level structure
of the synthesized high quality MoS, crystals. An on/off ratio as high as 2:5E3 was obtained
in the fabricated PMMA-MoS,/graphene memory device which is attributed by charge trapping
and de-trapping behaviour of MoS; in the presence of PMMA.

To introduce band gap in graphene, N-doped graphene synthesis using Melamine, PAN and
Triazine as N-source and Camphor as C-source, respectively, by APCVD technique is explained.
The at % of N was tuned by varying the amount of precursors. Raman and XPS analysis was
carried out to confirm the presence and amount of N in given samples respectively. Melamine
with camphor was turned out to be the best choice among above precursors since it provide 5.2

at % of N which is highest among them.

7.2 Future Work

Whether as a transducer in mediator-less glucose biosensors, photoactive material, electronic
transfer aid, or charge collector platform, graphenes use has been gradually increasing and af-
fecting modern day electronics. Hence, synthesis of high quality graphene and its transfer with
least defect is the most important field we have to work. To achieve the best performance of the
hybrid materials the graphene used must be of continuous and less defect. In order to do that
treatment of copper substrate is the key factor and more work has to be done on that. The mor-
phology of copper substrate is responsible for the quality of synthesized graphene. Hybridiza-
tion of graphene with CNTs and semiconductors can be performed by innumerable methods.
Despite its excellent properties, graphene still has a long way to go before it can replace silicon
or tin oxide films, largely because its reproducibility and its large scale production with process
control of layer number still remain a challenge. When designing graphene hybrid materials
great attention must be paid towards optimizing the intrinsic properties of the components si-
multaneously with the interface structure and mechanisms of the electronic coupling, some of

which are still unknown.

More research has to be done towards extracting the best performance out of these hybrid struc-
tures which will be my next objective. Amalgamation of these nanomaterials and their use in
different application will be the key future goal. Absence of a band gap in graphene which is
the only limitation it has, which can be eliminated by the doping of heteroatoms as discussed

earlier. As a suggestion for the future work more research can be done on the doping study by
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increasing atomic percentage of Nitrogen and hence increasing the band gap in the graphene

using the several precursors.
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