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Preface

The thesis work pertains to functional aspects of 2D nanocarbons and their use in
fabrication of devices. It is organized into five parts.

Part I introduces the concept of nanoscale materials, their important properties including
nanocarbons. The thesis work deals with 2D nanocarbons in the form of graphene,
nanocrystalline graphene, turbostratic graphene and amorphous carbon platforms and
exploitation of these novel properties in realizing devices.

Part 11 pertains to Electron beam induced carbonaceous deposition (EBICD) as a source to
obtain functional amorphous carbon platforms. The chemical and electrical properties of
EBICD have been studied systematically in detail. EBICD has been employed as a local
dielectric in carbon nanotube circuits. EBICD could be transformed into a conducting form
via thermal treatment. EBICD layers were employed as carbon feedstock for the selective
growth of nanocrystalline graphene which was employed as an active material in
fabricating field effect transistors and infrared detectors.

Part 111 deals with Atomic force microscope bias lithography on carbon surfaces. The
nucleation of the attoliter water droplets and their evaporation has been studied using
EBICD as a platform under a positive tip bias in tapping mode. Further, by changing the
conditions, the surface of the EBICD could be modified electrochemically. Reversible
charge patterns could be written on the EBICD surfaces. On the graphite surface, using a
negatively biased AFM tip, mesoscopic graphitic islands have been fabricated and the
charge storing properties have been investigated.

Part 1V presents the electronic and optoelectronic properties of graphene and turbostratic
graphite. Graphene ribbons have been obtained through laser ablative patterning and
studied for their electrical properties. Few layer graphene films have been grown from
residual hydrocarbons and solid polymer sources in presence of Ni catalyst layer by
thermal treatment. The infrared photoresponse behavior of these films has been
investigated. On the other hand, bulk graphitic films exhibit bolometric response towards
the infrared radiation due to heating effects. Pencil-traces on paper produce turbostratic
graphite which has rotationally disordered graphene layers leading to the electronic
decoupling among the layers. Passive devices such as resistor-capacitor filters could be
made by employing pencil-trace as resistor and ion gel as dielectric. Electric field effect
has been derived from pencil-traces with the aid of high specific capacitance of the ion gel.

Part V presents the fabrication of electrode materials for supercapacitors. Pd
hexadecylthiolate was used a precursor which upon mild thermolysis in focused sun light,
produced a highly conducting Pd nanoparticle/carbon composite. Due to autocatalytic
nature of the nc-Pd/C, dipping the substrate in neutral permanganate solution, produced
deposits of nanoscale MnO,. Many supercapacitors have been made out of these
electrodes, which showed energy densities ~ 80 Wh/kg and power densities ~ 30 kW/kg.
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PARTI

Introduction

1.1 Nanoscale

The etymological basis of prefix “Nano” can be traced back to Greek “nan(n)os” or
Latin “nanus", meaning “Dwarf". According to the dictionary definitions, “Nano” refers to
“one-billionth” which means to designate “extreme smallness”. Thus, the word “Nano”
indicates something of the order of 10 (one billionth), for example, the diameter of a
single walled carbon nanotube is of the order of 10° m, which is 1 nanometer. The strand
width of the human hair is about 100 um, equals to ~100,000 nanometers. Comparison of
various natural and man-made nano and micron sized systems is shown in Figure 1.1.
Nanoscience is about studying the properties of nanoscale objects, whose physical

dimensions (at least in one dimension) are in the range of 1-100 nm [1, 2].
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Figure 1.1 Comparison of the objects at micro and nanoscale which are either manmade or natural
[reproduced from ref. 3].

Nanoscience is about the exploration of the extraordinary properties, functionality
and phenomena of the objects at the nanoscale. The applied stream of nanoscience is
nanotechnology which deals with the manipulation, control and integration of nano-objects
for designing the nanoscale architectures [1, 2]. Nanoscale bridges the atomic and
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macroscopic worlds. The first record of atomistic theory (atom was considered as an
indestructible particle of matter) was proposed by the Indian sage “Kanada”, almost 2600
years ago. Nanoscience has a rich historical background from ancient Roman times (4"
century A. D.), when the roman glass makers have fabricated colored glasses which
essentially consist of colloidal particles of gold and silver dust. The magnificent cup,
Lycurgus cup, kept in British museum, exhibits beautiful colors such as red and green for
the transmitted and reflected light illumination (see Figure 1.2a). This apparent dichroism
is due to interaction of light with the embedded nanometals in the glass matrix of the cup
[4]. Thus, the Lycurgus cup was actually a nanocomposite material, has been fabricated

without the knowledge of nanoscience.

* The Lycurgus Cup
. |

Figure 1.2 (a) The apparent dichroism of Lycurgus cup towards the direction of light illumination
and (b) gold sol prepared by Michale Faraday. Inset, bulk gold is in yellow color [reproduced from
ref. 4, 5].

During the middle ages (5-15" centuries), it was customary to stain glass windows
by incorporating metallic constituents (nanoparticles). The field of colloidal science was
introduced by Thomas Graham during 19" century and Richard Zsigmondy had even

estimated particle sizes of sols using an ultramicroscope [1, 2].

Michael Faraday, a great scientist of his time and treated as the father of modern
nanoscience, has prepared the gold sol in the laboratory in 1857. Based on his
observations, he stated that “the divided state of the metal” was responsible for the various
colors of the gold sol such as ruby, green and violet or blue unlike the yellow color of the

bulk gold (see Figure 1.2b) [5]. Thus, history is abundant with the examples making use of
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intriguing properties of nanophenomenon in various fields such as fabrication of colored
glasses, photography and catalysis, etc. For example, nanoscopic gold has been used in
catalysis for the oxidation of carbon monoxide to carbon dioxide unlike the bulk gold
which is noble and inert [6].

The modern spirit of nanotechnology was catalyzed through the visionary talk by
the famous physicist Richard Feynmann in his lecture “There’s plenty of room at the
bottom” (American physical society, 29" December 1959) [7]. In his pioneering speech, he
has emphasized on the creation, manipulation and controlling the things on a small scale.
He justified his statement using an illustration about biosystems with many functional
elements at nanodimensions [8]. “The biological example of writing information on a small
scale has inspired me...a biological system can be exceedingly small. Many of the cells are
very tiny, but they are very active; they manufacture various substances; they walk
around; they wiggle; and they do all kinds of marvelous things-all on a very small scale.
Also they store information...in DNA molecules in which approximately 50 atoms are used
for one bit of information. Consider the possibility that we too can make a thing very small
that does what we want that we can manufacture an object that maneuvers at that level!”
He has also suggested miniaturization by introducing the concept of nanotechnology in
which the fabrication of nano-objects may be possible via top-down and bottom-up
approaches. His vision was to write the entire 24 volumes of Encyclopedia Britannica on
the head of a pin and ultimately in terms of small bits to record 24 million books in a space
width of 1/200 of an inch. The subsequent silicon revolution and microfabrication
technology, made a path towards the growth of nanotechnology field. Invention of
scanning probe techniques (1980s), capable of imaging with atomic resolution besides the
precise manipulation of nanostructures, allowed researchers to understand nanoprocesses.
The discovery of nanocarbons such as fullerenes and carbon nanotubes (around 1990s) was
considered to be the starting point of the “Nano age” which further fast-tracked the quest
to make other materials in similar dimensions besides exploring their technological
aspects. In a nutshell, chemical and physical pathways for the synthesis of nanomaterials,
the application of quantum mechanics for explaining the phenomenon at the nano and
atomic world, detailed understanding of biological functions and developing powerful

instrumentation resulted in the explosion of the nanoscience field as we see today [1, 2].
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Eric Drexler has elaborated some of these ideas in his technical book Nanosystems [9].
1.2 Nanomaterials and classification

The physical dimensions of an object can be defined along X, Y and Z axes. The
first criterion for a material to be called as a nanomaterial is that, at least one of its
characteristic dimensions should be in the nanometric (1-100 nm) range [1, 2]. Besides
having nanometric dimensions, the properties of a nanomaterial should be different when
compared to its bulk counterpart. The characteristic dimension is the one which decides the
properties of the nanomaterial. This is because when the characteristic dimensions of an
object become comparable to the mean free path of the electrons in it, the electrons begin
to feel confined (bound system) and therefore, the properties of the solid undergo a
dramatic change critically depending on the number of atoms and electrons, in contrast to
the average properties arising from the large scale periodic arrangement of atoms in the
bulk state. On macroscopic length scales, the properties of the materials (physical,
electronic and other properties) can be successfully explained based on classical laws. On
the other extremes, i.e., at the atomic and molecular length scales, the classical laws begin
to fail, quantum mechanics takes over in order to explain the properties and the
phenomena. Nanoscale is the regime which is the bridge between the macroscopic and
atomic scales where the properties become size dependent, primarily due to large surface
area to volume ratio and quantum confinement. According to Siegel, nanomaterials can be

classified into 0D, 1D and 2D materials based on their characteristic dimensions (see

Figure 1.3)[10, 11].
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Nano-structured:
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fiber composites
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Figure 1.3 Classification of the nanomaterials into 0D, 1D, 2D and 3D materials [reproduced from
ref. 10].
A zero dimensional (OD) material is confined in all three dimensions (width, length
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and thickness) with the characteristic dimensions of three, examples include fullerenes,
quantum dots and nanoparticles. For a one dimensional (1D) nanomaterial, confinement is
in only two dimensions (width and diameter) with macroscopic third dimension (length).
Carbon nanotubes, nanowires and nanorods are considered as 1D nanomaterials. If the
confinement is in only one dimension (thickness), the material is treated as 2D material
where the length and width are of macroscopic dimensions. Thin films of different
materials, graphene, silcene, inorganic chalcogenides such as MoS,, WS, etc. are the
typical examples for the 2D nanomaterials. If there is no confiment in any one of the
dimensions, the material is treated as a 3D material. However, a 3D material with
nanometric pores and structures, is called as nanostructured material. For example,
zeolites, porous carbons and molecular sieves are of 3D in nature but they have nanoscopic
structures and pores. Nano Porous materials are in high demand due to their potential
applications in various fields of research which include purification, catalysis, gas storage
and energy storage devices [12]. Thus, it is not the scale effect but the properties at the
nanoscale that are intriguing and important.

1.3 Why are the properties of nanomaterials different compared to bulk?

As the size of the material goes down to nanometric dimensions, the surface area to
volume increases which leads to enhanced reactivity besides the quantum confinement
which introduces the discretization of energy levels. Thus, the properties of the
nanomaterials are size dependent.

1.3.1 Surface area to volume ratio

The high surface area of a nanomaterial can be illustrated by taking the example of
a cube with an edge length of 1 m whose surface area is given by 6 m? (see Figure 1.4).
When the cube is fragmented into the smaller cubes of 8 and 27 with the same volume, the
surface area increases by twice and thrice, respectively (see inset of Figure 1.4). Further,
the surface area increases by orders of magnitude after chipping down the bulk material
into nanometric dimensions, eventually ending up with high surface area to volume ratio as
compared to the surface area available with a non-porous bulk cube. The fraction of atoms
on the surface of a particle (Ps, percentage) can be estimated using the simple relation,

P, = 4N x100........ (L1)
where N is the total number of atoms in the particle. The variation of the surface fraction of




Part |

atoms with the number of atoms of a particle is shown in Figure 1.4. The fraction of surface
atoms becomes less than 1% only when the total number of atoms is in the order of 10’
which for a typical metal would correspond to a particle diameter of 150 nm. Thus, at the
nanoscale, the enhanced reactivity due to enormous surface area, finds applications in
heterogenous catalysis [14].

Area = Bx1/2m2x8=12m?2

6x1m?=6m?
im g

100

20
80
70

60

50

40

EEN

Bx1/3mZx27=18m2

30

rrTyrrvyrryrviiryryvrvl

Atoms on surface %

20
10

10° 10° 10° 1&IIHT$ 10’
Number of atoms

Figure 1.4 Plot showing the dependence of the percentage of the surface atoms with respect to the
number of atoms in a particle. The calculation of the percentage of atoms is made on the basis of
the above equation in the case of metal particles [reproduced from ref. 13].
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1.3.2 Quantum confinement

Bulk materials have extended band structures and as the size decreases, the spacing
between the levels increases which can be described qualitatively using particle in a box
model. The spacing between the energy levels is inversely proportional to the dimensions
of the material (see below equation).

AE, = (2n+1)h¥8mL2........... (1.2)

Where h is Planck’s constant, m is the electron mass, L is the dimension of the material
and n is the quantum number. For example, for a 1 mm conductor, the spacing is given by
4.5x10™*? eV while for 5 nm conductor, this corresponds to 0.179 eV. Thus, the energy
quantisation couldn’t be noticed in the case of macroscopic conductors as the thermal

energy of the electrons is in the order of 25 meV at room temperature [15].
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Figure 1.5 Evolution of the band structure and the density of states with increasing number of
atoms (from right to left) [reproduced from ref. 16].

In the case of atoms and molecules, the energy levels are quantized due to
minimized interactions among them (hydrogen atoms and molecules), which is evident
from spectroscopic studies. When the interactions are set in, the band structure starts
evolving which leads to the extended band structures (as in metals or semiconductors). The
contribution of electronic states by the atoms in a solid, increases the width of the bands
leading to the extended band structures in a solid. As the number of contributing atoms
increases, the density of states (DoS) within a band increases proportionally. This
evolution of band structure with size is shown in Figure 1.5. The typical width of a band
would be around a few eV. The average spacing between consecutive energy levels is
specified by the Kubo gap (8), usually measured in terms of meV. The magnitude of &
varies inversely with nuclearity (the number of atoms). As the Kubo gap increases, there is
a decrease in the DOS at the Fermi level. When the gap is less than thermal energy (kgT),
there would not be any discreteness in the energy. Kubo gap is given by the following
equation

O=4E3n¢ ........... (1.3)
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where, Er is the Fermi level and n. is the number of valence electrons.
Electron transport at nanoscale depends on the relationship between the sample
dimensions (L) and three important characteristic length scales [1].

(i) Electron mean free path (Ls,), defined as the average distance an electron travels
before it collides inelastically with impurities or phonons.

Electron transport is said to be diffusive if L > Lg, and ballistic if L << L.

(if) The phase coherence length (Lyn), which is the distance after which the phase
memory of electrons or electron coherence is lost due to dynamic scattering
events.

For high mobility semiconducting heterostructures, Lg, and Lpn ~ 10 pm.

(iii) The electron Fermi wavelength (Af), defined as the wavelength of the electrons
that governs the electrical transport.

The conductance (G) is said to be quantized (G ~ e*/h) if L ~ A¢

Quantum corrals are the closed structures of single atoms, fabricated by Eigler et
al., who have observed the confinement of surface electronic wavefunctions by creating
artificial atomic structures. They have arranged Fe atoms on a Cu(111) surface in the form
of a quantum stadium as shown in Figure 1.6. The standing wave pattern of the electrons
was observed, due to interference effect of the confined electronic wavefunctions. This was
the first experimental mapping of quantum confinement and thanks to the invention of
scanning probe microscopes to probe out the electronic wavefunctions of the atoms.

,/,;~,—,@’(n“1"041-ll
] . /"%7_:‘:

Figure 1.6 Experimental evidence for the confined electronic wavefunctions in a quantum corral
[reproduced from ref. 17].
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1.3.3 Density of states (DoS) of Nanomaterials

Density of states (DoS) of a system describes the number of states per interval of
energy at each energy level that are available to be occupied by electrons [18]. A high DoS
at a specific energy level means that there are many states available for occupation. A DoS
of zero means that no states can be occupied at that energy level. In general, DoS is an
average value over the space and time domains occupied by the system. The DoS of a solid
with electrons confined to one, two and three dimensions, named as 2D, 1D and 0D

nanomaterials respectively, in comparison with the 3D material is shown in Figure 1.7.

HA'
E
dN/dE~G(E)
E
Figure 1.7 DoS of the charge carriers in 3D, 2D, 1D and 0D materials [reproduced from ref. 19].
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N(k) depends on the dimensionality of the system and the relation between the DoS and the
energy for OD, 1D, 2D in comparison with the 3D is given in the below table.

Table 1.1-DoS of for materials of different dimensionalities

Structure Degree of dN

Confinement dE

Bulk Material 0D \/E

Quantum Well 1D 1
Quantum Wire 2D 1UJE
Quantum Dot 3D O(E)

1.4 Size-dependent properties
1.4.1 Thermal properties — Melting point
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Figure 1.8 Lowering of melting temperature with decreasing particle diameter. The melting point
of the bulk material is represented with the broken line [reproduced from ref. 21].

The surface of a material has unsaturated bonds compared to the bulk due to lesser
number of neighbouring atoms. Unlike the atoms in the bulk, the atoms on the surface have
lesser cohesive energies due to low mean coordination number (number of nearest
neighbours). As the size of the material is reduced to nanodimensions, the fraction of
surface atoms increases (lower stabilisation energy) which have lesser cohesion energies,
leading to the lowering of melting point compared to the bulk material (Figure 1.8). In the
year, 1871, W. Thomson [20] proposed the relation between the melting point and the

radius of a particle according to the equation given below, which is known as Gibbs—
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Thomson equation.

Ti"ll - T+;r]-[ _ ﬂTn[ - EVHL(I)ySf
T*m T AHpr (1.6)

where T, is the melting point of the cluster with radius r, Ty, that of the bulk, V(1) is the
molar volume of the liquid, vy, the interfacial tension between the solid and the liquid

surface layer, and AHp, is the bulk latent heat of melting.

1.4.2 Optical properties

The optical properties of the nanomaterials, especially the fascinating colors of
metal nanoparticles have been realised by the Roman glass makers for the fabrication of
colored glasses (stained glass windows) [22]. The optical properties of the “nanomaterials”
usually differ from that of their bulk counterparts which is something to do with
absorption, scattering and emission phenomenon, become dominant at the nanoscale. In
the case of bulk metals, due to metallic luster, the light falling on the surface gets reflected
which is not the case for the metal nanoparticles where the absorption of light is observed
due to a phenomenon called localized surface plasmon resonance. According to the
Lorentz-Drude model, the free electrons in metal are treated as a sea of negatively charged
entities surrounding the core of positively charged nuclei, called as “plasma electrons”
[23]. The electric field component of the electromagnetic radiation, displaces the free
electrons which will get restored to their original positions by the coulombic electrostatic
attraction from the nuclei. This causes the oscillation of the plasma electrons which get
modulated according to the electric field of the electromagnetic radiation, and the electron
cloud coherently oscillates over the surface with a resonance frequency ‘wp’. when the
frequency of this oscillation matches with that of the incident radiation, the resonance
condition is achieved, resulting in the intense absorption, termed as “surface plasmon
resonance (SPR)” absorption (Figure 1.9).

The frequency of oscillation of metal nanoparticles depends on the parameters
such as number density of electrons, effective mass of the electron, the size and shape
distribution of the charge. Thus, the optical properties of noble metal nanoparticles can
easily be tuned by varying the size, shape and dielectric environment. Typically, the

surface plasmon absorption band for spherical Au nanoparticles having diameter of ~ 20
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nm is observed at around ~ 520 nm [24]. On increasing the diameter of the Au nanoparticle
from 20 to 80 nm, SPR band shifts from 520 to 550 nm which is attributed to the
electromagnetic hindrance and varying dielectric function with size. Theoretically, the
dependence of the maximum of plasmon resonance band on the nanoparticle diameter, was

estimated by adopting Mie theory and discrete dipole approximation method [25].
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Figure 1.9 Schematic showing the oscillation of the conduction electrons in presence of
electromagnetic radiation. The SPR absorption spectra correspond to the different sizes of the
AuNPs. Inset shows the different colors of the AuNPs of varied sizes [reproduced from ref. 23].

When the shape of the nanoparticle changes, the surface electron density changes
accordingly which can be manifested in the absorption properties [25]. For example, in the
case of Au and Ag nanorods, two surface plasmon bands were observed due to splitting
of the dipolar resonance into oscillations along the transverse and longitudinal axes [26].
The longitudinal surface plasmon band shifts to longer wavelengths with increase in the
aspect ratio, while the position of transverse surface plasmon band remains more or less
unaffected. In the case of nanoplates and prisms, the surface plasmon modes will be
different and the observed resonance peaks can be attributed to the in plane and out-of-
plane dipolar as well as quadrapolar resonances.

In a semiconductor nanoparticle, due to quantum confinement of both electrons and
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holes in all three dimensions, the effective band gap increases compared to that of bulk
semicondutor. As the size of the quantum dots gets smaller, both the optical absorption and
emission peaks shift towards lower wavelengths (higher energies). The emission maximum
depends up on the band gap which can be controlled through the size of the quantum dots
[27]. This has been illustrated using the well-known example of CdSe quantum dots
showing different colors corresponding to the varied size of the quantum dots (Figure

1.10). The traditional Indian Rangoli was filled with different colors corresponding to the

emission colors of different sized CdSe quantum dots.

CdSe Quantum Dots

— ;/QK "

Visible Range Emission Wavelength in nm

Figure 1.10 Top: Photograph showing the beautiful colors emitted by CdSe QDs of different sizes.
Emission spectra as a function of size. Indian Rangoli filled with the colors emitted by CdSe QDs
of varied sizes [reproduced from ref. 16, 27].

Besides the fundamental interesting optical properties of nanostructures, the
localized optical properties have been utilized for developing single molecule
spectroscopy. For instance, when an electromagnetic wave is interacting with the
nanoparticle or the plasmonic nanostructure, the local electric fields (E) get enhanced by
E*, leading to the enhanced Raman scattering of molecules in their vicinity, which is

13
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known as Surface Enhanced Raman Scattering (SERS) [28]. The measured enhancement
factors were of the order of 10* to 10™°, and even single molecules have been detected
using this technique [29]. The colossal enhancement in SERS can be attributed to two
mechanisms namely electromagnetic and chemical enhancements [30]. The
electromagnetic enhancement is a physical phenomenon which arises due to the localized
SP resonance modes, increases the E-field by orders of magnitude locally, giving rise to the
enhancement in the Raman signals. The chemical enhancement results from the
interactions between the molecule and the nanoparticle due to charge transfer interactions.
The typical signal enhancement factors of 10°-10° were observed, which can be explained
based on electromagnetic mechanism while the chemical enhancement factors were
typically of the order of 10-10° [31].

1.4.3 Electronic properties

When the size of a material decreases to nano and atomic dimensions, the energy
levels become quantized unlike the continuum states in a bulk material. The natural
consequence of the reduction in the size is the observation of size induced metal-insulator
transition [32]. Generally, quantum confinement manifests when the size becomes
comparable to de Broglie wavelength of conduction electrons in the case of metals whereas

the size should be comparable to exciton Bohr radius in the case of semiconductors [33].

Energy

0 I/R

Figure 1.11 Variation in the ionisation potential (IP) and electron affinity (EA) of a cluster with
respsect to its radius predicted by Liquid drop model [reproduced from ref. 34].
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The energy required to move an electron from the Fermi level to the vacuum level,
is called the workfunction of the metal. When the size becomes small, the energy required
to remove or add an electron is termed as ionization potential (IP) and electron affinity
(EA), as in the case of molecules. The variation of the IP and EA with respect to the cluster
size was predicted based on Liquid drop model (see Figure 1.11). The difference between
these two energies is called charging energy (U), which depends on the diameter and
chemical identity of the material.

The charging energy (U) can be related to the capacitance (C) by the following

equation

C=Ul2......... (L7)

where e is the electronic charge.
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Figure 1.12 I-V spectra of Pd nanocrystals of different sizes exhibiting Coulomb staircase
phenomena [reproduced from ref. 36].

Typically, for a metal cluster covered with organic ligands, capacitance would be of
the order of atto Farads (~10® F). When electrons are allowed to tunnel through a
potential barrier into the cluster, the capacitance changes sufficiently to block the entry of
the next electron till an observable change in the potential of the charging field is applied.

This phenomenon has been observed in the current-voltage characteristics in the form of
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Coulomb gap and Coulomb staircase (see Figure 1.12, U ~ 100 meV). Due to self
capacitance effects, nanocrystals can be employed in fabricating single electron devices
such as supersensitive electrometers and memory devices. As a proof of concept, single-
electron transistors have been fabricated out of one or few nanocrystals at the gap between
electrodes [35].
1.4.4 Magnetic properties

As the surface energy increases with decreasing particle size, below a critical size,
magnetic transitions are often observed due to switching of polarization directions of
domains spontaneously. For instance, at nanoscale, the material tends to exhibit
paramagnetic behavior despite its ferromagnetic nature in its bulk form [37]. The
paramagnetic behavior of the nanoparticle would be different when compared with the
conventional paramagnetism and hence it was referred as superparamagnetism. The
coercivity field (i.e., the intensity of the applied magnetic field required to reduce the
magnetization of that material to zero after the magnetization of the sample has been
driven to saturation) of a nanoparticle strongly depends on its size. Thus, if the particle is
large; it supports multidomain structure, magnetization reversal occurs through the domain
wall motion and thus the coercivity is low. In a single-domain particle the change of
direction of magnetization can occur only by coherent rotation of spins, which results in a
higher coercivity compared to that of multi-domain particles (Figure 1.13).
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Figure 1.13 Particle coercivity Hc versus size, d. The largest coercivity is observed at the particle
size d. corresponding to the transition from multidomain to single domain structure (reproduced
from ref. 39).

When the size of the particle is reduced further, the coercivity falls off due to

progressively increasing thermal fluctuations and thus leads to superparamagnetism. Thus,
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superparamagnetic nanoparticles rapidly respond to an applied magnetic field but exhibit
negligible residual magnetism and coercivity. These features make superparamagnetic
nanoparticles very attractive for a wide range of applications [38]. Self-assembly of large
complex nanoparticle structures provides an attractive strategy to controllably increase
magnetization while retaining superparamagnetic characteristics.

1.5 Synthesis of Nanomaterials

The synthesis of nanomaterials can be categorized into three general ways such as top-
down, bottom-up and hybrid methods (see Figure 1.14).

1.5.1 Top-down approach

Scale
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Figure 1.14 Schematic representation of the top-down and bottom-up processes for the synthesis of
nanomaterials [reproduced ref. 41].

Top-down approach is a physical technique which involves chipping down the bulk
material into nano species, mostly followed by physicists. Top-down methods employ
physical energy in the form of mechanical, thermal and high energy sources for
synthesizing the nanomaterials. Mechanical methods include cutting, milling and
machining; high energy sources includes electric arcs, lasers, solar flux, electron beams
and plasmas; thermal includes pyrolysis, sintering techniques; in order to prepare
nanomaterials via top-down approach. Lithography is also a top-down approach which
uses photons, electron/ion beams and sharp probes for sculpting the nanostructures from

the bulk materials. Natural processes such as erosion, etching (etching of silicate rocks by
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carbonic acid from environment), volcanic activity, forest fires, digestion of food and
biological decomposition, come under the category of top-down method [40].
1.5.2 Bottom-up approach

Bottom-up methods are mostly chemical methods followed by chemists and
biochemists which involve the assembly of atoms and molecules leading to the formation
of nanospecies. Nature highly follows the bottom up methods. Self assembly is the
prominent approach for the assembly of nanomaterials to derive useful functionality.
Bottom-up methods involve reactions in various phases such as gas, liquid and solid
besides the biological route.

The formation of the clusters and thin films of specific materials by chemical vapor
deposition (CVD), atomic layer deposition (ALD), molecular beam epitaxy (MBE), metal-
organic chemical vapor deposition (MOCVD), etc come under the category of bottom-up
approach. For example, synthesis of CNTs and graphene from hydrocarbon sources by
CVD method is a bottom-up approach where the carbon radicals stitch together leading to
formation of 1D nanotubes and 2D sheets. Synthesis of nanomaterials by liquid phase
methods are guided by the intermolecular interactions which are also called secondary
interactions. Secondary interactions include hydrogen bonding, 7-m interactions,
hydrophobic interactions, van der Waals forces, etc. Self assembly is a spontaneous
process which is the basis for the supramolecular chemistry in which the morphology of
the molecular assemblies can be tailored through controlling the secondary interactions.
Formation of colloids, electrolytic and electroless deposition on the autocatalytic surfaces
also come under the category of bottom-up methods. Natural processes such as
photosynthesis in which plants synthesize carbohydrates using CO, and H,O in
chlorophylls is a bottom-up approach [40].

Hybrid methods involve both top-down and bottom-up approaches for the
formation of a nanomaterial. Though, sometimes the synthesis method appears to be top-
down but the microscopic mechanism suggests that the process is a bottom-up synthesis
method. For example, while synthesizing CNTs by laser ablation, initially the carbon
plasma gets created which is a top-down process while assembly of this plasma leading to

the formation of CNTSs is a bottom-up process.

18




Introduction

1.6 Nanocarbons
1.6.1 Carbon

Carbon (Latin, “Carbo” means coal) is the most fascinating, versatile and unique
element in the periodic table. It belongs to group 14 in the periodic table with atomic
number of 6 and exhibits tetravalency. Carbon has catenation property, due to which it can
form bonds with itself or with other elements leading to the generation of millions of
organic compounds. Carbon combines with the other lighter elements such as H, O and N
to form the functional biological molecules such as amino acids, carbonhydrates and
nucleic acids etc. Molecules as such do not have life but they can organize in a complex
manner which constitute the life. Thus, carbon is the basic building block for all forms of
life on the Earth [42].

1.6.2 Bonding

In the atomic ground state, carbon has 6 electrons with electronic configuration of
1s? 2s® 2p®. Because the 2p orbitals (2px, 2py, 2p;) are 4 eV higher in energy compared to
the 2s orbital, it is energetically favourable to excite one electron from the 2s orbital to the
2p orbital, leading to the formation of four bonds. The hybridization of carbon include sp*,
sp?, sp®which lead to linear, trigonal and tetrahedral bonding [43].

Graphite (sp? bonding) and diamond (sp® bonding) are the two well-known old
crystalline allotropes of carbon with a huge contrast in the physical properties [44].
Graphite is a conductor with semimetallic nature while diamond is an insulator with a band
gap of 5 eV. Graphite is soft, acts as a lubricant while diamond is hard, being used as
abrasive. Besides the crystalline carbon allotropes, amorphous carbon with both sp? and
sp® bondings together, makes a rich family of carbon based materials. Thus, it is possible
to have various forms of carbon starting from the conducting graphite to semiconducting
amorphous carbon to the insulating diamond like carbon. Thus, the electronic properties of
the carbon can be controlled through the bonding which can be tailored based on the
synthesis conditions. Graphite is the thermodynamically stable form of carbon while
diamond is considered to be metastable [44]. The activation energy barrier for diamond to
get converted into graphite is 0.02 eV per atom which is very high; it takes billions of
years for the phase transformation to happen under standard temperature and pressure
conditions [44].
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Due to its flexible bonding capabilities, various young avatars of carbon have been
discovered in the form of OD fullerenes (1985), 1D carbon nanotubes (1991) and 2D
graphene (2004) each generating increasing excitement among researchers. Several other
exotic allotropes have also been discovered, such as lonsdaleite, glassy carbon, carbon
nanofoam and linear acetylenic carbon (carbyne). Thus, carbon can have numerous
incarnations based on the bonding and morphology with diverse physical properties [45,
46].

1.6.3 Graphite

Graphite (Greek “graphein” means to draw or write), is naturally found on earth in
the form of minerals in metamorphic rocks such as marble, schist, and gneiss. Graphite is a
layered material with planar structure and the carbon atoms in each layer are arranged in
a honeycomb lattice with covalent bonding (C-C bond distance of 0.142 nm). These layers
are stacked together via weak van der Waals forces (the distance between planes is
0.335nm) along the c-axis. The two known forms of graphite, hexagonal
(ABABAB..stacking) and rhombohedral (ABCABCABC..stacking) have very similar
physical properties. Graphite is an anisotropic material and hence the properties such as
electronic, thermal and mechanical would be different from inplane to that of out of plane.
Graphite is being used in many applications starting from employing in making simple
pencils as a writing implement, as a lubricant to a coolant in the nuclear reactors [47].

1.6.4 Fullerenes

Fullerenes were discovered in the year 1985 by Smalley, Kroto and Curl, through
mass spectrometry analysis of the plume generated from laser ablation of a graphite source.
A higher abundance in the mass spectrum was found corresponding to 60 carbon atoms
forming a closed structure, resembling a foot ball with 12 pentagons and 20 hexagons.
Another fairly common fullerene is C+o, but fullerenes with 72, 76, 84 and even up to 100
carbon atoms are commonly obtained [48].

1.6.5 Carbon Nanotubes

Carbon nanotubes are cylindrical graphitic tubules, 1D nanomaterials. Single
walled carbon nanotubes, typical diameter of 1 nm, can be semiconducting or metallic
depending on the diameter and helicity [49]. Rolling up of the two, three or few layers of

graphite result in forming double, triple and few walled carbon nanotubes. Multiwalled

20


http://en.wikipedia.org/wiki/Lonsdaleite
http://en.wikipedia.org/wiki/Glassy_carbon
http://en.wikipedia.org/wiki/Carbon_nanofoam
http://en.wikipedia.org/wiki/Carbon_nanofoam
http://en.wikipedia.org/wiki/Linear_acetylenic_carbon
http://en.wikipedia.org/wiki/Honeycomb_lattice
http://en.wikipedia.org/wiki/Rhombohedral

Introduction

carbon nanotubes contain multi layers of graphite which exhibit metallic nature. owing to
their extraordinary thermal conductivity, mechanical and electrical properties; carbon
nanotubes have been employed in variety of applications [49].
1.6.6 Graphene

Graphene is considered as the mother of all graphitic forms (see Figure 1.15). All
graphitic forms can be obtained from graphene, for example, it can be wrapped into a OD
material, rolled into a cylindrical form (1D material), stacked together to form 3D graphite.
Initially, it was thought that the 2D materials are unstable due to Peierls instability which
can not be isolated. But in 2004, Geim and Novoselov from Manchester have isolated
graphene using a scotch tape technique successfully [50-52]. They won the Nobel prize in

physics in 2010 for their ground breaking experiments on this wonder 2D material.

Figure 1.15 Mother of all graphitic forms. Graphene is a 2D building material for carbon materials
of all other dimensionalities. It can be wrapped up into 0D buckyballs, rolled into 1D nanotubes or
stacked into 3D graphite [reproduced from ref. 50].

Graphene is a semi-metal with zero band gap and it was in 1947, Wallace had
found that the E—k relation is linear for low energies near the six corners of the two-

dimensional hexagonal Brillouin zone, leading to zero effective mass for electrons
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and holes in graphene (see Figure 1.16). Due to this linear dispersion relation at low
energies, electrons and holes near these six points, two of which are inequivalent, behave
like relativistic particles which have been described by the Dirac equation for
Fermions. Hence, the electrons and holes are called Dirac Fermions which obey Dirac
equation with a Fermi velocity v ~ 10° m/s, and the six corners of the Brillouin zone are
called the Dirac points [53]. Graphene exhibits ambipolar electric field effect and absorbs
only 2.3% of the incident visible light. Graphene, also exhibits the quantum Hall effect.
Graphene is mechanically stiff and chemically inert. Thus, due to its intriguing electronic
and optoelectronic properties, graphene has become a hot topic of research during the last

decade.

Figure 1.16 The band structure of graphene in the honeycomb lattice. The enlarged picture shows
the conical band structure close to one of the Dirac points [reproduced from ref. 53].

1.6.7 Turbostratic Graphite

Most graphite samples are obtained after annealing hydrocarbon sources at high
temperatures (above 3000 K) and pressures. Highly oriented pyrolytic graphite (HOPG) is
a synthetic graphite, obtained through annealing of hydrocarbons at high temperatures
while applying the stress. The manner in which the graphene layers get stacked, the
graphite material can be classified broadly into two categories. Bernally stacked graphite
(ABABAB stacking) has the registry of the carbon atoms in the top and bottom graphene
layers. Turbostratic graphite looks very similar to graphite except that the adjacent planes
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are out of registry with one another. This results in an increase in the interlayer spacing,
which can increase from 0.335 nm to more than 0.345 nm. The random stacking of
graphene layers resulted from exfoliation, could possess the turbostratic nature. The
rotational disorder and random stacking among graphene layers could lead to the electronic
decoupling among the graphene layers (see Figure 1.17). Thus, the turbostratic graphite is
treated as 2D graphite [54]. The rotational disorder can be measured through the mosaicity
which is a measure of the angle of mis-orientation of top graphene layers with respect to
the bottom layers. Lower the mosaicity, lesser is the rotational disorder along the c-axis.
Raman spectroscopy is also a good tool for finding the stacking of the graphitic layers
along the c-axis. The shape of the 2D band indicates the stacking order of the graphite
layers along the c-axis. For turbostratic graphite, 2D band is seen as single peak where as
for Bernally stacked graphite, it is seen as a peak with a shoulder at lower wave number.
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Figure 1.17 A schematic representation of a hexagonal turbostratic graphite as compared to a three-
dimensional Bernal-stacked graphite lattice [reproduced from 54].

1.6.8 Nanocrystalline graphene

Besides graphene, its derivatives have also become popular in the recent years due
to their interesting properties. For example, graphene is a zero band gap semiconductor and
the band gap can be introduced through lateral confinement of charge carriers by carving
graphene nanoribbons (GNRs) [55]. Graphene in the form of quantum dots fluoresce and

the color can be tuned depending on the size [56]. Nanocrystalline graphene contain the
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domains of graphene with the sizes of the order of 10-100 nm with the interconnectivity
among the domains. They find applciations in the fields of electronics and photovoltaics
[57].
1.6.9 Raman spectroscopy-Nanocarbons

Raman spectroscopy has been extensively used as a tool for studying vibrational,
rotational and other low frequency modes of molecular systems. Raman scattering is due to
inelastic scattering of photons by phonons resulting in change of polarization. Since
polarisability is a function of interatomic distance, Raman spectra become very sensitive to
the changes in the local bond lengths, bond angles to provide unique information unlike
other spectroscopy techniques. It is very easy, fast and non-destructive way of probing

vibrational and structural aspects of molecules to materials under ambient conditions [58].
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Figure 1.18 Raman spectra from different types of sp? nanocarbons [60].

Raman has become an important structural and electronic characterization tool for
various carbon materials as it is sensitive to the local changes in bonding and molecular
morphology (see Figure 1.18). In the case of graphitic materials, it can provide information

about sp? crystallite size, the presence of sp®-sp® hybridization, doping effects, edge
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structure, strain, number of graphene layers, nanotube diameter, chirality, curvature, and
finally the metallic vs semiconducting behavior. As the m-electrons of the sp? carbon can
easily be polarized by visible photons which make the Raman technique sensitive to sp?
sites. It is a very sensitive and versatile tool for knowing about defects, stacking and finite
sizes of crystallites parallel or perpendicular to the hexagonal axis of graphitic materials.
Raman spectroscopy is one of the most sensitive and informative technique to characterize
disorder in the sp® carbon lattice. In graphene related materials, the Raman spectrum
predominantly consists of three peaks which are named as D, G and 2D bands [59, 60]

D band: It is also called defective band, which arises due to breathing motion of six atom
rings and requires a defect for its activation (see Figure 1.19). Any phonon mode satisfying
k=qg/2 (where Kk is the wave vector for the electronic transition excited by incident photon
and q is the phonon wave vector) condition gives rise to the D peak with Aig symmetry;
involve phonons near the k zone boundary. This mode is forbidden in perfect graphite and
only becomes active in the presence of disorder. Typically, the D band position is found to
be at 1350 cm™ and it changes with excitation energy. The dispersion of D band is
proportional to the order in the sp? carbon lattice. The intensity and integrated area of D
band reveals the presence of disorders such as defects, grain boundaries, and functional
groups in the sp? carbon lattice. Lower the D band; higher is the electronic quality of the

graphitic lattice.

D band (A,,) G band (E,,)

Figure 1.19 schematic representation of D and G bands.

G band: It is also called graphitic band, arises due to in-plane bond stretching motion of
pairs of sp® carbon atoms (see Figure 1.19). G band doesn’t require the presence of six fold
rings unlike D band and it occurs at all sp? sites. The position of G band is at 1580 cm™,

related to the zone center phonons with E;q symmetry. G band doesn’t disperse in graphitic
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samples and disperses in more disordered carbon, where dispersion is proportional to the
degree of disorder. The position and FWHM of the G band changes with increasing

number of defects in the graphitic systems.

2D band: It is the overtone of the D band, reveals the stacking order and periodicity along
the c-axis. Though the D band is absent in some locations of a graphite sample, the 2D
band is always seen. The position of 2D band is at 2700 cm™, arises due to non-center zone
boundary phonons and its origin can be explained by double resonance Raman
phenomenon [60]. The position and shape of the 2D band gives information about the
number of layers and type of stacking. For a single layer, the 2D band is single, sharp
Lorenzian peak with FWHM 20-30 cm™. For few and multi layers; FWHM and number of
peaks of 2D band increases. For turbostratic graphite where the electronic coupling along
the c-axis is not good, we observe a single 2D band even for a multi-layer graphene with
FWHM of 80-100 cm™ (e.g. graphene grown by CVD on metal surfaces). Typically, in the
case of turbostratic stacking, the FWHM of 2D band is atleast 20-30 cm™ higher as
compared to the Bernal type of stacking for a given number of layers. The 2D band for
single layer graphene and turbostratic graphite look similar, the latter is considered as 2D
graphite. As the disorder in the sp? lattice increases (the probability of inelastic scattering
of photons increases), one phonon assisted D band processes will increase compared to the
two phonon assisted 2D band processes. This competition between Raman allowed and
defect induced peaks, leads to the decreasing intensity of the 2D band at the cost of
increasing D band intensity. The 2D band becomes absent for the highly disordered
graphene systems and only disorder free graphene layers will contribute to the intense G
and 2D bands [61].
I/l ratio: The ratio of the intensity of D and G bands (Ip/lg) is proportional to the
abundance of six-fold aromatic rings, or in other words, the sp? carbon cluster area in
amorphous deposit. This ratio gives us the in-plane crystallite size (La) of the sp? carbon
lattice which is given by
La(nm) = 560/E”aser(Io/1) ... (L.8) [59]

Where Ejaser IS the laser excitation energy in eV

Typical Ip/lg ratio for high quality graphene samples is in the order of 0-0.05,
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defected graphene samples 0.5-2.
Ic/l2p ratio: This ratio provides us the number of graphene layers.

For a single layer, ratio is in the range of 0.2-0.4, FWHM of 2D band, 25-35 cm™
and 2D band position is at 2690 cm™. For few and multi-layer samples, the ratio is in the
range of 0.5-4, with increase in the FWHM to 50 cm™ and beyond, the position of 2D band
will be upshifted to 2700 cm™ as compared to the single layer [62].

1.7 Micro and Nanolithography

Lithography (in latin, litho = stone, graphein = writing) is a surface patterning
technique, which comes under the category of top-down approach. Lithography was first
introduced in 1798 by Alois Senefelder as a printing tool for transferring geometric shapes
on a mask to the surface of a desired substrate. The patterning can be achieved using
photons, electrons, ions or even sharp probes. Various lithography techniques have
emerged based on the source employed, which are discussed below. Nanolithography is
useful in patterning periodic arrays, gratings and also fabricating nanodevices. Basically,
the lithography techniques are broadly classified into serial and parallel techniques [63].
1.7.1 Photolithography

This technique utilizes the exposure of the UV light on a photoresist through a
photomask containing desired pattern. Depending on the exposure conditions, polymer
chains of photoresist may get either broken into smaller oligomers or get crosslinked in the
exposed regions. After dipping in a developer solution, if the material from the exposed
regions get washed away, it is called a positive tone resist. In the case of negative tone
resist, the exposed regions will get crosslinked and remain intact while the unexposed
regions get washed away during the developing stage. Thus, the patterns on the
photoresist can be used as a protective layer in subsequent etching or deposition processes
to create desired patterns on the substrate [64].

Photolithography can be performed in three different ways, namely contact
printing, proximity printing and projection printing (see Figure 1.20). The placement of the
photomask either in contact or in proximity to the photoresist followed by exposure of the
UV light to record the patterns on the surface of the photoresist. In contrast, a projection
printing system (so-called ‘stepper’) utilizes an optical lens system to project a deep-UV
pattern from an excimer laser (wavelength of 193 or 248 nm) on the photoresist enabling
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pattern size reduction by 2-10 times. It is capable of fabricating high-resolution patterns as
small as few tens of nanometers (~50 nm) at a high throughput (~50 wafers/hr). However,
it requires a sophisticated optical lens system and precise control systems of temperature
and position resulting in a very expensive setup. Thus, it has been employed in
manufacturing of advanced ICs and CPU chips. In recent years, immersion lithography,
resolution enhancement technology and extreme-UV lithography have been developed
to improve the lithography resolution of projection printing.

UV light UV light
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Figure 1.20 Schematic illustration of three forms of photolithography: (a) contact printing (b)
proximity printing and (c) projection printing [reproduced from ref. 65].

1.7.2 Electron beam lithography

Electron beam lithography (EBL) utilizes an electron beam instead of photons to
achieve high resolution patterns due to small wavelength and a small probe size. It is a
serial technique, capable of creating finer features for the fabrication of high density
packaging. The process steps involved in EBL are similar to that of photolithography.
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Poly(methyl methacrlylate) (PMMA) has been the most widely used and high resolution
positive tone resist and hydrogen silsesquioxane (HSQ), a relatively new resist material, is
a high resolution negative tone resist. One of the most important parameters of the EBL
process is the resolution of a resist [66]. It is defined as the smallest line width which can
be consistently patterned. Lower the molecular weight of the polymeric resist, higher is the
resolution. The resolution is ultimately decided by the relation between the probe diameter
and the interaction volume of the polymer. For any given polymer, the interaction volume
is always greater than the probe diameter because of proximity effects, causing the higher
widths for the defined features in comparison to the probe diameter (see Figure 1.21). Due
to proximity effects, the resist will get re-exposed by the secondary and back scattered
electrons. The resolution is also limited by another factor which is swelling of the polymer
in the developing solvent, leading to the higher feature size than expected [67, 68]. To
suppress the proximity effect, higher electron beam energy can be used. Primary beam
scattering occurs when electrons in the beam elastically collide with atomic nuclei in the
material and their trajectory is subsequently altered, commonly described as two sub

processes, namely, forward scattering and backscattering.

beam (b)

backscattered

electron \

secondary
electrons

resist
519 forward-scattered

electrons

.......

Zum (a) Zpm (0)

Figure 1.21 Monte Carlo simulation of electron scattering in resist on a silicon substrate at (a) 10
kV and (b) 20 kV (reproduced from ref. 67]). (b) Schematic illustration of the various processes
that influence the point-spread function. An electron beam traveling through a resist film can
interact with particles both elastically (producing forward scattering and beam broadening) and
inelastically (producing secondary elections) [reproduced from ref. 68].

Thus, the photolithography and electron beam lithography involve multiple steps
such as baking, exposure, developing and lift-off for the creation of final patterns. Hence,
direct write lithography techniques have been employed for fabrication of the surfaces in a

single step.
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1.7.3 Direct write lithography techniques
1.7.3a Electron beam induced deposition (EBID)

Focused electron beam induced deposition (EBID) is a direct write lithography
technique that allows the fabrication of patterns on a substrate induced by electron beams
(e-beams). EBID of metal deposition has been employed as a glue or nanosolder for
interconnecting the nanoscale features. Precursors used in EBID process include
contamination (carbon species from the residual gas in the electron optical system), metal-
organic precursors (for instance, W(CO)s or trimethyl-platinum-cyclopentadienyl

(Me3PtCp)), or inorganic precursors (for instance, WFg or XeF,).

Figure 1.22 A schematic drawing of (a) electron beam induced deposition and (b) etching
[reproduced from ref. 69].

EBID of metal deposition results in the formation of metal nanocrystals embedded
in the amorphous carbon matrix whch can be made conducting by post treatments. EBID
has been employed to create structures either on planar or nonplanar surfaces besides the
fabrication of three-dimensional (3D) structures. Apart from deposition, the e-beam can
also be used to induce other effects such as local etching or heating (see Figure 1.22).
Together, these processes come under the category of focused e-beam induced processing
(FEBIP) [70].

Electron beam induced carbonaceous deposition (EBICD) is a technique to pattern
carbonaceous species in a direct manner with the aid of residual hydrocarbons in the
vacuum chamber, or by supplying through pump oil. The irradiation of primary electron
beam on the sample surface, generates the secondary electrons (energy of 5-50 eV) which

induce the crosslinking of the hydrocarbon species, leading to the stitching of
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carbonaceous species on to the surface. These carbonaceous deposits were found to be
chemically robust, structurally amorphous and electrically insulating, employed as etch
resist for the fabrication of semiconductor nanostructures and also as a dielectric in the
fabrication of metal-insulator-metal diodes [71-73].

1.7.3b AFM nanolithography

The invention of scanning probe techniques namely STM (1981) and AFM (1986),
capable of imaging atomic and nanoscale features, proliferated the rapid progress of the
nanotechnology field. Soon after, in 1990’s, nanolithographies based on scanning probes
were developed for manipulation and modification of surfaces at nanoscale to study
various fundamental quantum mechanical phenomenon experimentally [74, 75].

Compared to STM, AFM nanolithography is being widely employed for the
modification of surfaces locally by application of either mechanical force or voltage bias
[76]. The relative ease of conversion of a force microscope into a modification tool has
prompted a fascinating variety of atomic and nanometer-scale modification approaches.
Those approaches involve the interaction of a sharp probe with a local region of the sample
surface. Mechanical, thermal, electrostatic and chemical interactions, or several
combinations among them, are currently exploited to modify surfaces at the nanoscale with
probe microscopes (see Figure 1.23). Force assisted lithography involves the local
deformation of material surfaces via elastic or plastic deformations, mostly used for
patterning polymer surfaces [10]. Typical examples of force assisted nanolithography
includes, indentation and plowing where a rigid AFM tip is used to mechanically modify a
soft sample surface by applying certain load in the range of hundreds of nanoNewtons
[76].

Resistively heated AFM probe (temperature of ~400 °C) along with the application of
mechanical force, was employed to write a data bit by scanning over a polymer surface.
Here, the combined effect of heat and mechanical force of the tip is the reason for the
polymer flow, which can be of potential use in writing data bits in a storage medium [77].
Dip pen nanolithography (DPN) is a direct write lithographic technique in which various
functional molecules can be patterned onto the substrate surface, mediated through the
water meniscus formed at the tip-sample interface (see Figure 1.23b). DPN has been used

extensively to pattern a wide variety of inks such as small organic molecules, polymers,

31




Part |

bio-molecules, colloids and metal ions onto surfaces with nanoscale resolution [78]. In the
case of bias-assisted AFM nanolithography, the water meniscus formed between the tip
and the sample acts as a nanoelectrolyte and the localized electric field (10% V/m to 10"
V/m) causes the dissociation of water molecules into the oxidative species (OH", O") which
could oxidize the surface locally, called as local anodic oxidation (LAQO). Besides the
LAO, sometimes the biased AFM tip could cause other phenomenon such as electrostatic
attraction, electrochemical deposition as well as nanoscale explosion and shock wave
propagation [75, 76]. Local anodic oxidation (LAO) is a standard method used for the
fabrication of nanosized oxide structures which have been employed as dielectric layers,
etch masks and templates for specific affinity of the functional molecules. Thus, AFM
based lithography techniques could be used for selective functionalization and patterning
of the surfaces besides the fabrication of complex quantum devices and high density flash

memories [75-78].
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Figure 1.23 (a) Schematic of some common mechanisms to modify surfaces with scanning probe
nanolithographies. (b) Schematic showing the DPN lithography technique (c) local anodic
oxidation through a nanoelectrochemical cell [reproduced from 75, 78].
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1.7.3c Laser interference ablative patterning

Laser interference lithography is a technique in which a single laser beam is split into two
beams using optical elements followed by setting up the interference patterns where the
periodic modulation in the laser intensity, is used for creating periodic patterns over a large
area on the sample surface (see Figure 1.24a). This technique has been widely employed
for patterning various kinds of materials including metals, semiconductors, polymers, etc
[79]. Carbon nanotube films have also been patterned using laser interference ablation
technique (see Figure 1.24b) [80]. Near field phase mask lithography employs a phase
mask in contact with the sample surface and the helps in modulating the parallel beam to

create periodic structures over a large area [81].
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Figure 1.24 (a)Schemtatic diagram showing the laser interference lithography. (b) periodic patterns
of the carbon nanotube films created using laser interference ablative patterning [reproduced from
79, 80].

1.8 Nanodevices and applications

Nanotechnology essentially leads to miniaturisation of electronic devices. Moore,
co-founder of intel has predicted that the number of transistors on a chip can double or
triple every 18 months, known as Moore’s law [82].

Augmented by the prediction of Moore that the number of transistors on a chip
started growing exponentially with time, there has been a greater thrust towards
miniaturization of devices and the existing silicon technology pose several practical
problems when the thickness comes below 40 nm. This boosted the development of
nanotechnology and molecular electronics and current research focuses mainly on

electronic properties of nanomaterials.
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Buckminsterfullerene, Cgo, a spherical organic solid with unsaturated n-molecular
orbitals, has a rich electronic and vibrational structure. The derivatives of fullerenes have
been found to be good electron acceptor systems in the excited state and have been
employed in fabricating acceptor-donor based solar cells [83].

Interesting electronic properties exhibited by carbon nanotubes (CNTSs) are due to
the inherent folding of graphitic sheets in 1-dimensional nature [84]. Electronic structure
of CNTs has been well investigated and major contribution is from the =n-derived
electronic states. Calculations and experimental studies show that CNTs can be as good
conductors as copper, although the degree of helicity together with the number of six-
membered rings per turn decides their electronic properties. Electron transport in metallic
CNTs occurs ballistically with quantized conductance over long nanotube lengths,
enabling them to carry high currents with essentially no heating. Hence, they can carry
high current densities and field effect transistors and logic circuits have been demonstrated
by employing cross-wire configuration of CNTs. The variation in the conductivity on
adsorption of gases or attachment of molecules inherent to the material of the nanotube or
nanowire is utilized in sensing action [85]. One of the most important applications of
CNTs that is already commercialized is its field emission property with low emission
threshold potentials and high local field due to their sharp tip. They have longer lifetimes
and are exploited in flat panel displays [85].
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Figure 1.25 Graphene based flexible and transparent nanodevices [reproduced from ref. 86, 87].
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Graphene, 2D nanoallotrope of carbon, is considered to be potential candidate
material for post-silicon electronics due to intriguing electronic and optoelectronic
properties [50]. Due to absence of sizable band gap, graphene FETs suffer from poor
on/off ratios and absence of saturation currents, limits them for digital applications. By
carving graphene nanoribbons with widths of sub 10 nm, introduces band gap of 500 meV,
exhibits good on/off ratio but the mobility values are degraded. Still efforts are in progress
towards achieving high on/off ratios in the graphene based FETs without sacrificing
mobility [88]. Graphene, due to its optical transparency and conducting nature, has been
employed as a transparent conducting electrode in solar cell applications. Ultrafast
graphene based photodetectors have been fabricated. Due to high electrical conductivity,
large surface area and good electrochemical stability, graphene and its derivatives are the
potential candidates in fabricating energy storage devices [89]. Thus, graphene is a
potential candidate material for the fabrication of flexible and transparent electronic
devices (see Figure 1.25).

1.9 Nanotools-characterisation

Objects of interest can be evaluated either by seeing through eyes or touching with
hands. As the human eye can visualize objects as small as 70 um and the dimensions lower
than this could be visualized after enlarging the image under a microscope. The
microscopes are broadly classified into three categories, namely optical, electron and probe
microscopes [90].

1.9.1 Optical Microscope

An optical microscope consists of a simple lens system for magnifying the small
objects. The objective lens first creates an image of the object in the intermediate image
plane which further can be magnified through another lens, the eye-piece. The resolution
of the optical microscope is limited by diffraction. The Abbe-Rayleigh criterion states that,
for a wavelength A, the smallest distance dmin resolvable between two point sources as
deduced from diffraction theory is given by the following relation

Resolution (dyin) = 0.612A/n sina......... (1.9)
where NA = n xsina is called numerical aperture of the objective lens, n is the index of
refraction in the object space, and a half the maximal angle under which the objective lens

collects light from the object. The numerical aperture should be as large as possible due to
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the following reasons

i) the spatial resolution improves for larger NA (using oil-immersion lenses)

i) the collection efficiency, i.e. the brightness of the image, increases very quickly with
NA, quadratically for small apertures [91].

1.9.2 Electron Microscopes

To overcome the resolution limitations of the optical microscopes, electron beams
came into play in place of optical beams. In 1927, de Broglie proposed the concept of
wave-particle duality and the wavelength of the electrons is given by the following
equation

A=h/mv=122/E" Qisinnm EisineV)......... (1.10)

For example, electron beam energy of 100 keV has a wavelength of 4 pm (ignoring the
relativistic effects) [92].

1.9.2a Transmission Electron Microscope (TEM)
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Figure 1.26 Signals generated when a high-energy beam of electrons interacts with a thin
specimen. Each signal would give different information about the sample under investigation. The
directions shown for each signal do not always represent the physical direction of the signal, but
indicate, in a relative manner, where the signal is strongest or where it is detected [reproduced from
ref. 92].
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The first ever electron microscope was built in transmission mode by Ruska and
Knoll in 1930s. In the modern version, a beam of electrons is transmitted through an ultra-
thin specimen and an image formed from the interaction of the electrons transmitted
through the specimen, is detected by an area sensor such as a CCD camera. The focusing
of electron beam can be achieved by using a set of electromagnetic lenses and a resolution
of the order of 0.2 nm has been achieved. The electron diffraction pattern provides
information about the local crystallinity (defects in the form of dislocations, grain
boundaries, etc), an essential characteristic for controlling the materials properties. This
requires extensive instrumentation such as electron optics, vacuum system (~10° Torr) and
high accelerating voltages (~300 keV). TEM is routinely used in nanoscience research for
imaging nanostructures and to understand local structure and can be integrated with other
techniques like electron energy loss spectroscopy and energy dispersive X-ray
spectroscopy to get information on the local chemical composition [92].

The interaction of the primary electron beam with the specimen generates various
kinds of signals such as secondary electrons, backscattered electrons, X-rays, etc are
shown in Figure 1.26. Much information about sample surface, composition and structure
can be gained by harnessing the scattered beam.
1.9.2b Scanning Electron microscope (SEM)

In SEM, the focused electron beam scans across the sample surface in a raster
fashion, generates the secondary and backscattered electrons, detected by the detectors to
generate the topography of the sample surface. The elastic scatterning produces
backscattered electrons (energy > 50 eV) and inelastic scattering produces secondary
electrons (energy < 50 eV), X-rays and also Auger electrons. These signals are obtained
from specific emission volumes within the sample and can be used to examine many
characteristics of the sample. X-rays emitted are characteristic of the elements present in
the sample, hence can be used to study the chemical composition and is called energy
dispersive X-ray spectroscopy. The Auger electrons can be used to map local chemical
composition of nanostructures with good spatial resolution and is called scanning auger
microscopy and spectroscopy [93].

Backscattered and secondary electrons are utilized in imaging surface topography.

Topography contrast arises because the number and trajectories of backscattered electrons
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and the number of secondary electrons depend on the angle of incidence between the beam
and specimen surface. The backscattered image can provide a contrast of the chemical
composition in terms of variation in atomic number. Due to large depth of focus of
electron beams, 3D images can be acquired. Although the probe beam diameter can be
made to 1 nm and high currents can be generated using field-emission electron sources, the
ultimate resolution depends on the interaction volume of the sample from where the
scattered beams are generated. The instrumentation has advanced to such an extent that
even biological samples can be imaged without metal coating under low vacuum
conditions and also scanning TEM is possible with the present day FESEMs.
1.9.3 Scanning Probe Microscopes (SPMs)

The fundamental principle of all SPMs is based on the interaction between a sharp
tip and the sample surface for measuring the topography and the other local physical
properties [94].

1.9.3a Scanning tunneling microscope (STM)
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Figure 1.27 Schematic showing the dependence of the tunneling current on the tip-sample
separation. Tunneling of the electronic wavefunctions between the tip and the sample [reproduced
from ref. 95].

STM is based on measuring the tunneling current between the sharp conducting tip
and the conducting sample (see Figure 1.27). The mapping of the tunneling current at each
pixel of the sample surface (xy-palne) according to the z-coordinate produces topography
and the contours of the electron density maps. The magnitude of the tunneling current
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related to the tip-sample separation is given by the following equation

Tunnelling current, | o< exp(-2kd)...... (L11)
where d is the distance between tip and sample surface and K=(2m(p)1/ ’/h

¢ being the DOS at the Fermi level of the tip (for a small bias applied to the
sample). This exponential dependence of tunnel current makes the STM as sensitive probe
for atomic information. STM can image the surface of the sample with sub-angstrom
precision vertically, and atomic resolution laterally.

STM can also give information about the local density of states (LDOS) which is
also called scanning tunneling spectroscopy (STS). Reconstructions and the electronic
properties of the conducting sample surfaces can be studied. For mapping the electronic
density of the atoms of a surface, one needs to minimize the perturbations from the thermal
drift and the effects of the ambient environment. For better results, STM is operated in the
ultra high vacuum at low temperature conditions. Binnig and Rohrer were honoured with
the Nobel prize in Physics in 1986, shared by Knoll for the discovery of the electron
microscope.

1.9.3b Atomic force microscope
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Figure 1.28 (a) Schematic for the AFM layout. (b) cantilever restoring force against the tip-sample
interaction forces [reproduced from 96, 97].

As STM is limited to conducting or semiconducting samples, an alternate technique
was proposed based on measuring forces between the cantilever and the sample surface.

This technique was developed by Binnig, Quate and Gerber in the year 1986, called
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Atomic Force Microscope (AFM). AFM is a mechanical technique and can be used for
insulating as well as for conducting samples. The layout for an AFM is shown in Figure
1.28a. The cantilever and tip assembly is called the probe, mounted on a piezo scanner with
three independent electrodes for controlling the movement of the probe along the X, Y and
Z-axes. A laser beam falls on the back side of the cantilever and reflects back to the
quadrupole photodetector. The deflection of the cantilever depends on the spatial variation
of forces on the sample surface, which gets recorded by the photodetector and further this
signal gets feeded to the feedback circuit which guides the controller to control the tip
movement without getting crashed on the sample surface. The cantilevers are designed
with specified spring constants according to the mode of operation. Typically, two kinds of
forces are encountered during the operation of AFM which include repulsive and attractive
van der Waals forces depending on the position of the tip from the sample surface besides

the chemical and capillary forces (see Figure 1.28b).
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Figure 1.29 Lennard-Jones potential to explain the various operating force according to the tip-
sample separation [reproduced from ref. 97].

The tip-sample interaction forces are given by Lennard-Jones potential (see Figure
1.29). AFM can be operated in static (contact) and dynamic modes. In the contact mode,
repulsive interactions between the tip and the sample provides the information about the
topography. As the tip is always in contact with the sample surface while imaging, there
will be a local pressure of the order of GPa (Pressure = Force/area = nN/nm?). To minimize

the local deformations of the sample surfaces, dynamic modes were invented such as
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tapping and noncontact modes. In dynamic modes, the probe vibrates at its resonance
frequency and the effective spring constant of the cantilever changes according to the force
gradients felt from the sample surface. Typically, dynamic modes are used for imaging soft
samples such as polymers, bio-molecules, etc. Besides imaging, AFM has also been
extensively used for probing local mechanical, electrical and magnetic properties, etc.
Thus, in general, various kinds of forces can be mapped out from the sample surface to
extract various local properties such as mechanical, electrical, magnetic, etc, come under
the category of scanning probe force microscopes. AFM has also been employed as a local
tool for manipulation, modification of the surfaces locally [97].

1.9.4 Characterisation techniques-specifications

Several spectroscopic and microscopic techniques have been used to characterize
the prepared samples reported in this thesis. In the following paragraphs, the details of
instruments used and the sample preparation methods are described.

Scanning electron microscope (SEM):

Scanning electron microscopy (SEM) measurements were performed using a Nova
NanoSEM 600 equipment (FEI Co., The Netherlands). Energy dispersive spectroscopic
(EDS) mapping was performed using EDAX Genesis V4.52 (USA) attached to the SEM
column. The EDS mapping was performed at 10 kV (energy window, 10 eV) with a beam
current of 1.1 nA, the dwell time per pixel being 25 ps. STEM (scanning transmission
electron microscopy) and low vacuum imaging were performed on the same instrument
using STEM and helix detectors respectively. Electron beam lithography (EBL) was
performed under high vacuum conditions, typically 10° Torr. Before patterning, the
sample was well grounded to avoid any charging while patterning, as charging can broaden
the patterned feature. The patterns were created using a e-beam write software available
with the instrument. The e-beam energy was varied between 5-30 kV. For fine structures,
higher kVs were employed whereas for larger area patterning, lower kVs were preferred.
The patterning was performed in parallel mode. The beam current was varied between 91
pA to 24 nA. The dwell time, i.e., exposure time per pixel was varied from 0.1- 50 ps.
Number of passes was varied from 1-16000. EBICD was performed using residual
hydrocarbons of the vacuum chamber (pressure of 10 Torr) at a working distance of 3-4

mm. Selected regions on the substrate were exposed to e-dosages of 0.7-2.5 C cm™ at 10
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KV in the patterning mode, large area depositions are made by raster scanning of the e
beam in the TV mode. e-dosage increases with increasing time of exposure and number of
passes and its formula is given by

Area dosage = (beam current*dwell time*number of passes)/area per pixel....(1.12)

For working in low vacuum environment, the pole piece was mounted with low
vacuum detector (LVD) and the chamber was filled with water vapor at a chamber pressure
of 0.4 Torr.

Transmission electron microscope (TEM):

Transmission electron microscopy (TEM) measurements were carried out with a
JEOL-3010 instrument operating at 300 kV (A= 0.0196 A) and selected area electron
diffraction (SAED) patterns were collected at a camera length 20 cm (calibrated with
respect to the standard polycrystalline Au thin film). Samples for TEM were prepared by
depositing a drop of the nanomaterial on a holey carbon copper grid, allowing it to dry in a
desiccator overnight. Carbonaceous platforms have been synthesized on a holey carbon
film supported by a Cu TEM grid. This grid was used for TEM and selected area electron
diffraction (SAED) analysis. Vacuum annealed EBIC deposits and nc-graphene on the
Si0,/Si surface were transferred to holey carbon film of the Cu TEM grid by lifting with a
PMMA layer. 50 pL of 3 wt% PMMA (M, ~996 kDa, Sigma-Aldrich) was drop-coated
on the annealed EBIC patterns followed by curing at 180 °C for 5 minutes. The underlying
SiO, was etched away using buffer oxide etchant (6:1 40% NH4F and 49% HF) overnight
and the floating PMMA films carrying nc-graphene were thoroughly washed in water. The
support PMMA film was placed on the TEM grid and then dissolved away in acetone to
leave behind nc-graphene on the grid which was subsequently dried [98]. Pencil powder
has been dispersed in chloroform solvent followed by drying over the holey carbon film of
the Cu TEM grid in order to look at the nature of the graphite.

Atomic force microscopy (AFM):

Atomic force microscopy (AFM) experiments were carried out using Veeco
Dimension 3100 SPM with Nanoscope-1V controller and Veeco dilnnova SPM with
Nanodrive controller. Tapping and contact (lateral force) mode imaging was carried out
using standard etched Si or Si3sN,4 cantilevers, respectively. The scanner was calibrated

using a standard Pt coated Au grid with a pitch of 1 pm. Both height and
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deflection/amplitude information were recorded at a scan rate of 1 Hz, and stored in a
512x512 pixel format. Both intermittent contact (dynamic AFM) and direct contact
scanning modes were used. Images were processed using the Nanoscope version 7.15
software. During the lithography, the feedback is turned off, and the lateral specific
movements and the Z-position of the tip were adjusted using the “Nanoman Software”.
The depth of the trenches has been controlled by the experimental conditions such as mode
of operation, tip bias, amount of the force (Z- position) and relative humidity (RH).
Metalized Pt/Ir coated Si cantilevers with a nominal spring constant of 2.2 N/m and
resonance frequency of 75 kHz (Veeco Model, SCM-PIT) were used for tapping mode
AFM. For contact mode work, Pt/Ir coated Si cantilevers (Veeco Model SCM-PIC) with a
nominal spring constant of 0.2 N/m and resonance frequency of 16 kHz were used. In
some cases, conducting atomic force microscopy (CAFM) was performed on this device
using Pt/Ir coated Si tips (SCM-PIC) operating in contact mode on dilnnova SPM. The
conducting tip is brought into contact with the substrate until a preset loading force is
reached. The bias voltage on the sample is then varied while the resulting current is
measured. For this reason, it is important to use clean tips to minimize unwanted contact
resistance effects. Electrostatic Force Microscopy (EFM) was performed in two pass mode
where in the second pass the tip is lifted by the scan height defined by the user to record
electrostatic signals only. The magnetic force microscopy (MFM) was performed using a
magnetic coated (Co/Cr coated) Si tip. It was magnetized vertically along the tip axis,
thereby allowing detection of the perpendicular component of the stray field emanating
from the sample surface with a spatial resolution of ~50 nm.
Optical and stylus profiler:

For film thickness measurements, a Wyko NT9100 (Veeco, USA) optical profiler
(OP) and a stylus profiler Dektak 6M (Veeco, USA) were used. In OP, the vertical
scanning interferometry (VSI) for roughness of samples more than 160 nm and phase
shifting interferometry (PSI) mode for roughness of samples less than 160 nm were
employed with a field of view and objective lens magnifications from 0.5x — 2x and 5x —
50x respectively.
Raman spectroscopy:

Raman spectra of carbon materials were recorded in the backscattering geometry
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using a 532 nm excitation from a diode pumped frequency doubled Nd:YAG solid state
laser (model GDLM -5015L, Photop Swutech, China) and a custom-built Raman
spectrometer equipped with a SPEX TRIAX 550 monochromator and a liquid nitrogen
cooled CCD detector (Spectrum One with CCD3000 controller, ISA Jobin Yvon) [99].
Temperature dependent Raman studies were done using a heating stage (Linkam THMS
600) equipped with a temperature controller (Linkam TMS 94). Raman measurements
were performed using LabRAM HR apparatus (Horiba, USA) with an excitation
wavelength of 632.8 nm and 5 mW.cm™. Signal accumulation was performed for 10 s with
a spot size of ~1 um.

X-ray photoelectron spectroscopy (XPS):

X-ray photoelectron spectroscopy (XPS) was carried out with OMICRON
spectrophotometer (1x10™° Torr vacuum) with nonchromatic X-ray source of Al Ka (E
=1486.6 eV). Samples for XPS (solid substrates) were mounted on the stub using high
vacuum compatible Ag paint and dried in a vacuum.

UV-Vis and IR:

UV-visible spectra were recorded using a Perkin-Elmer Lambda 900 UV/vis/NIR
spectrophotometer. The photoluminescence (PL) spectra were taken with different
excitation wavelength from the spectroflurometer. PL was measured on Perkin- Elmer
LS55 Luminescence spectrometer. Fourier transform infrared (FTIR) measurements were
done using a Bruker IFS66v/s spectrometer with a resolution of ~ 2 cm™.

Optical and confocal microscopes:

The optical images were procured with the microscope of Laben, India with a
zoom-in lens of 100x. The images were captured using pixel link software. The confocal
images were taken by using a Zeiss LSM 510 laser scanning confocal microscope at
different excitation wavelengths.

X-ray diffraction (XRD):

Powder X-ray diffraction measurements were performed using a Siemens Seifert
3000TT diffractometer employing Cu Ka (A = 1.5406 A) radiation. Samples were prepared
by depositing the materials in the form of films on glass slides and typical scan rate was 1
deg.min™. The X-ray tube was set at 40 kV and 30 mA. With a receiving slit of 0.3 mm

wide and a scintillation counter as detector, the 6 -20 scans were performed.
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High-purity silicon powder was used as an internal standard. The coherently
diffracting crystallographic domain size (D) of the nanoparticles was calculated from X-
ray diffraction (XRD) line broadening after subtracting the contribution from the Cu Ka
component (Rachinger correction) and correcting for the instrumental width. The integral
line width was used in the Scherrer formula [128] to calculate dXRD of the high intensity
peak.

D = 0.9V/BcosH....(1.13)
where A is the wavelength of the X-ray beam, f is the angular width at the half-maximum
intensity and 0 is the Bragg angle [100].
Laser ablative patterning:

A frequency tripled pulsed Nd:YAG laser (Quanta-Ray GCR-170, spectra-Physica,
USA. A=355 nm) of energy 100 mJ/pulse, with a pulse width of ~ 10 ns was used in the
single shot mode for the ablation of HOPG. The laser beam was partially defocused
towards the HOPG using a 90° TIR prism and a lens with a focal length of 30 cm. All the
experiments were performed in ambient conditions of pressure and temperature. The laser
fluence was varied from 1.1 to 4.2 J cm™. Aluminum layer on the commercially available
compact disk and digital video disks (Sony CD-R, DVD-R) was peeled off using a sharp
tweezers followed by cleaning in isopropanol and ethanol solvents to remove the dye. The
disks were cut into 15x15 mm? pieces for use as optical mask. A commercial TEM grid of
type G200HS obtained from Ted Pella Inc., USA with a strand width of 15 pym was used as
a shadow mask.

Contact angle (CA):

For contact angle measurements, a Rame’-Hart digital contact angle (CA)
goniometer was used to measure the surface wetting properties of hierarchical Pd films at
room temperature. A deionized (DI) water droplet (3 uL) was deposited gently on the
sample surface using an automatic pipette, and a photograph of the water droplet was taken
immediately with the goniometer camera. CA values were given by the DROP image
advanced software measurement; the CA values obtained from the software were also
crosschecked with the CA values measured manually on the printed photograph of the
water droplet. An average was taken after a few point measurements. For each point, a few

images were recorded and measured. The typical error of the CA measurements is £3°.
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Electrical measurements:

Au metal (99.99% pure) was physically deposited by resistive heating using 12"
vacuum coating unit, (12A4D, HindHivac system, Bangalore) under 10 Torr vacuum. In
order to fabricate gap electrodes, 60 nm thick Au film was deposited on SiO,/Si substrate
by physical vapor deposition (PVD) (Hind Hivac, Bangalore) while using a carbon fiber
(diameter, 6-9 um) such as P100 as a shadow mask which defined the source-drain
electrodes (top contacts) for the graphene and nc-graphene samples. Conductive Ag
contacts (Ted Pella, USA) are made with hand directly on the pencil mark on the paper
substrate.

Two probe electrical measurements were performed on Keithley 236 source-
measure unit with a current compliance setting at 100 mA. Temperature dependent
resistance measurements were done using a cooling/heating stage (Linkam THMS 600)
equipped with a temperature controller (Linkam TMS 94) interfaced with the Keithley 236
source and measure unit. Four-probe resistivity measurements were done by using a
physical properties measurement system (PPMS, Quantum Design). A Keithley-4200
semiconductor characterization system was used for measuring the transistor and
capacitance characteristics.

IR photoresponse:

For photo response measurements, a Nd:YAG laser with a wavelength of 1064 nm
(Quanta-Ray GCR-170, Spectra-Physics, USA) was used as IR source with maximum
power output of 50 mWcm™. The resistance before and after illuminating with IR laser,
was monitored using a digital multimeter (TestLink, India) with computer control. The
resistance measurements were done by applying a constant bias of 10 mV. All the
measurements have been carried out maintaining similar device configuration.
Electrochemical measurements:

The electrochemical properties of the nc-Pd/C films were investigated in two
electrode configuration using 6M KOH, 1M Na,SO,4, PVA/H3PO,4 gel and 1M 1-butyl-3-
methyl-imidazolium tetrafluoroborate (EMIMBF,) in acetonitrile. The PVA/H3PO, gel
electrolyte was prepared as follows: 1 g of H3PO, was added into 10 mL of deionized
water, followed by 1 g of PVA powder. The whole mixture was heated to 85 °C under

stirring until the solution became clear. A Whatmann filter paper (pore size of 220 nm,
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NKK TF40, 40 um) was used as a separator, sandwiched between two symmetric nc-Pd/C
electrodes. Cyclic voltammetry and galvanostatic charge/discharge experiments were
performed on the potentiostat equipment from Technoscience Instruments (Model PG
16250). The impedance spectra were recorded in the frequency range 1Hz to 1 MHz using
CH Instruments 650 Electrochemical Station (Austin, TX, USA).

Function generator and Oscilloscope:

Function generator (8116A Pulse/Function generator 50 MHz, HP) was used to
apply different voltage pulses from 10 Hz-50 MHz at amplitude of 1 V. The input and
output signals are monitored using oscilloscope (DPO4104 Digital Phosphor Oscilloscope
1 GHz, Tektronix).
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PART II
Electron Beam Induced Carbonaceous Deposition - Fabrication,

Characterization and Applications

Summary

Electron beam induced carbonaceous deposition (EBICD) derived from residual
hydrocarbons in a vacuum chamber has many fascinating properties. The as-deposited
carbonaceous deposits are comprised of several chemical functional groups; found to be
chemically inert, structurally amorphous and electrically insulating as revealed by XPS,
Raman, TEM and electrical measurements. Interestingly, EBIC patterns are found to be
weakly blue fluorescent when excited with UV radiation, a property which owes much to
sp? carbon clusters amidst sp® matrix. The insulating nature of the EBICD was confirmed
through electrical measurements and the local dielectric properties of the EBICD were
examined using conducting atomic force microscope (CAFM). Further, the EBICD was
employed as local dielectric for CNTs. When performed at a CNT location on a Si
substrate with low e-beam energy (10 kV), the deposition was taking place beneath the
CNT. While higher beam energy (25 kV) aiding the deposition on the top surface of the
CNT, in agreement with literature reports. The longitudinal current-voltage characteristics
of CNTs were investigated using cAFM after inserting the dielectric carbonaceous layer
beneath the CNT. By fixing one end of the CNT on the Ag/Si substrate using electron
beam induced deposition of Pt (EBID-Pt) followed by depositing the carbonaceous layer in
order to isolate the CNT from the bottom electrode. The |-V data from nanotubes of
varying resistances have been collected using cAFM. Further, this technique was
generalized to define local dielectric layers for few layer graphene and carbon nanospheres
also.

EBICD was thermally treated to induce the graphitization in order to make it
electrically conducting. Temperature-dependent Raman and electrical measurements have
confirmed the graphitization of the EBICD through the decomposition of functional groups
above 300 °C. These graphitized EBIC patterns were employed as channel material to
fabricate field-effect transistors (FETs), which showed p-type behavior with typical hole
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mobilities in the range of 0.2—4 cm?/V/s. Further, the EBIC patterns were employed for the
selective growth of nanocrystalline graphene (nc-graphene) in a transfer-free manner with
the aid of Ni catalyst layer via vacuum annealing. The electrical nature of the nc-graphene
was examined and the FETs based on nc-graphene showed p-type behavior, a typical hole
mobility of ~90 cm?/ Vs was obtained. The nc-graphene also proved to be suitable material
for IR detection.
I1.1 Introduction

Carbon is unique, exhibiting a variety of nanoallotropes. Starting from the
discovery of the zero dimensional allotrope Cg, the saga of carbon nanotubes (1D) and
more recently graphene (2D) is astounding. In hindsight, fullerenes and nanotubes may be
viewed as single layers of sp? graphene rolled in different fashions [1, 2]. The way the
dimensionality brings about diverse properties in carbon is something unparalleled [1-4].
While the electrical transport in these materials owes much to the prevalent sp?
hybridization, an admixture of sp® carbon at corners and bends always induces defect
levels in a given morphology which often are responsible for the observed interesting
properties [2, 5]. For instance, Cgo contains both hexagonal and pentagonal rings where the
pentagonal rings (due to certain amount of sp® character) tend to avoid the delocalization of
electrons, making an alkene-like electron deficient system exhibiting semiconducting
properties [6]. Carbon nanotubes are considered as bucky tubes with cylindrical
morphology, whose properties can be tuned from semiconducting to conducting depending
on the tube diameter and chirality [7]. Graphene with lateral dimensions of more than 0.3
pum behaves as a semi-metallic system [8]. The edge states of graphene can be metallic or
semiconducting depending on the edge configuration, namely zig-zag or arm chair
respectively [9]. The graphene nanoribbons (widths ~ a few nanometers) show
semiconducting properties with opening of a band gap due to edge scattering and quantum
confinement [10]. These nanoallotropes find applications in photovoltaics, field effect
transistors, sensors and supercapacitors etc [1-10].

The eldest cousin of these allotropes, amorphous carbon (a-C), is after all a mixture
of sp? and sp* hybridized carbon atoms, exhibiting both diamond- and graphite-like
properties depending on the sp*/sp’ ratio, higher the ratio better are the chemical stability,

optical transparency and mechanical properties [11-13]. Thus, a-C structures have been
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used as protective coatings for hard discs [14], and joint implants in the field of medicine
[15]. Carbon deposits in the form of thin films are usually obtained by chemical vapor
deposition [16], pulsed laser deposition [18], arc discharge methods [19] and sputtering
[20]. The above methods involve high temperature and intense plasma conditions where
the nature of the carbon produced depends on the deposition conditions and type of the
precursor source [16-22]. While these techniques may offer control on the electrical
properties of the carbon deposit, producing patterned carbon deposits with tunable
electrical properties at desired locations is still challenging which may be required for
establishing local dielectric platforms and active elements for the electronic devices.

Patterned deposition of carbonaceous species using an energetic electron beam has
become popular in the recent years. Electron beam induced deposition (EBID) is direct
write technique which offers a way to obtain patterned deposition of carbonaceous species.
The carbonaceous deposition is usually performed by supplying the scanning electron
microscope (SEM) chamber with a hydrocarbon source such as pump oil [23-25] or
paraffin [26]. Even, residual hydrocarbons present in a low grade vacuum can also serve
the purpose [27]. It is believed that when an electron beam is focused on to a substrate, it
generates the secondary electrons from the sample surface which trigger the complex
reactions among the hydrocarbon molecules in the proximity leading to the formation of
carbonaceous deposits [23-27]. Raman spectroscopy measurements have shown that it is
essentially hydrogenated amorphous carbon with more sp? than sp® character [26]. It is
chemically robust and electrically insulating in nature. Although the exact chemical nature
is yet to be established, its unique properties have been exploited. It has been used as an
etch resist for micromachining [28, 29] and local dielectric in diode fabrication [25]. The
deposit has also been employed as glue or a local solder in order to lower the electrical
contact resistance and strengthen the mechanical characteristics [30-36] of CNT-CNT and
CNT-AFM tip interfaces [37-40]. Even, high quality photonic crystals were fabricated
through patterned carbonaceous deposits [41].
11.2 Scope of the present investigation

The present investigation deals with the fabrication and characterization of the
EBICD obtained through high and low vacuum environments. It is known to be chemically

complex but robust, structurally amorphous, and electrically insulating. In the present
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study, the chemical nature of the EBICD has been studied systematically. The growth
dynamics of the carbonaceous deposit on CNT surface has been studied [42]. However,
under the conditions optimized in the present study, lower e-beam energy (10 kV) favored
the carbonaceous deposition beneath the CNT while higher e-beam energy (25 kV) caused
the carbonaceous deposition on the top of the CNT, the latter in agreement with the
previous reports in the literature. The insertion of dielectric carbonaceous layer beneath the
CNT enabled -V measurement along the length of the nanotube using cAFM. This
technique has offered a unique way of establishing local dielectric for the carbon nanotube
and graphene, etc. The insulating EBICD was made conducting through thermal treatment
under vacuum conditions. Further, the graphitized EBICD was employed as a channel
material to fabricate field effect transistors which showed p-type with typical hole
mobilities of 0.2-4 cm?/Vs. EBIC patterns have been transformed into nc-graphene through
thermal treatment in presence of thin Ni catalyst layer. Using this technique, nc-graphene
has been grown selectively and also fabricated the FETs which showed a typical hole
mobility of ~ 90 cm?/Vs. It has been shown that the nc-graphene could also be a potential
candidate for the detection of infrared (IR) radiation.
11.3 Experimental Details

Si wafers (p = 4 — 7 Q-cm) and SiO,(300 nm)/Si substrates were cleaned by
sonicating in acetone and isopropanol followed by a rinse in double distilled water for 2
minutes and dried by blowing nitrogen. Multiwall carbon nanotubes, 10 — 200 nm in
diameter and 5 — 10 um in length (Sigma Aldrich) were dispersed on the Si substrate by
spin coating a 15 pL of the dispersant in dichlorobenzene (1 mg/5 mL) at 3000 rpm for 45
sec. This resulted in the wide spread of individual CNTs all over the surface [45]. The set
up for cAFM consisted of a Multimode scanning force microscope attached to a
Nanoscope IV controller (Digital Instruments, USA) and an external multimeter (Keithley
236) as the source and measurement unit for current-voltage characteristics. Au coated tip
served as one electrode and the substrate as a second electrode, which was isolated from
the scanner by proper insulation. The electrical noise was minimized by proper earthing of
the instrument. Electric force microscopy (EFM) was carried out using a biased conducting
tip (Pt/Ir) and scanning at a lift height of 30 nm.

Insulating EBICD was transformed into conducting carbon via vacuum annealing
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(pressure = 4 x10™° Torr) at a temperature of 500 °C for 15 minutes. The selective growth
of nanocrystalline graphene patterns were obtained via vacuum annealing of EBICD after
depositing Ni catalyst layer (thickness, 10-40 nm) at chamber pressure of 6 x 10 Torr.
Thermal treatment was done under vacuum conditions (pressure ~ 2 x 10° Torr) at
different temperatures 600-1100 °C for 5-15 minutes.

11.4 Results and Discussion

11.4.1 Fabrication and characterization of EBICD
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Figure 11.1 The process of electron beam induced carbonaceous deposition (EBICD) in the SEM
vacuum chamber. (@) and (b) schematic illustrations of the EBICD in high and low vacuum
environments respectively. The corresponding AFM topography of the EBIC deposits on Si surface
with z-profiles.

The fabrication and characterization of the EBIC deposits are discussed in this section.
Schematic representations for the high and low vacuum environments of the SEM in order
to fabricate EBIC deposits are shown in Figure I1.1. Here, high vacuum corresponds to the
vacuum chamber pressure in the range 10 to 10°® Torr while low vacuum corresponds to a
pressure of 10" Torr with the presence of water vapor. The latter is also called
environmental SEM which is typically used for imaging insulating samples such as organic

and bio materials where any charging can be neutralized by the water molecules. The SEM
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vacuum chamber is pumped by a turbomolecular pump (entire pumping system is designed
oil-free at a base pressure of 10 Torr), which is equipped with a nitrogen-purged bearing
and is backed by a scroll pump. The residual gases such as water vapor and oxygen
(possibly a little nitrogen) may exist in the vacuum chamber [47].

7 8 HighVacuum
7 Low Vacuum

.

T

1.0 15 20 25
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Figure 11.2 Comparison of variation in the thickness of the carbonaceous deposits with e-dosage in
high (squares) and low vacuum (circles) environments. This set of experiments was performed
without breaking vacuum.

The hydrocarbon species in the form of residuals may originate from degassing of the
sample holder and conducting glue etc. Secondary electrons generated from the substrate
surface after the interaction of the primary e-beam, induce the crosslinking of hydrocarbon
molecules leading to the formation of EBIC deposits. Though, the exact chemical reactions
leading to EBICD are unclear, some of the aspects have been well discussed in the
literature [24-42]. The deposition of the carbonaceous species on Si substrate has been
performed in both high and low vacuum environments (see Schematic (a) and (b) in Figure
11.1) with e-dosage of 2.5 C cm™ at 10 kV beam energy. The corresponding AFM images
of the EBICD along with the z-profiles are shown. The peripheral regions are of slightly
higher thickness compared to the interior regions due to slightly larger e-dosages (see
Figure 11.1). The thickness was found to be 4.5 and 7.5 nm for the high and low vacuum

deposits respectively.
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The thickness of the carbonaceous deposits was controlled through e-dosage and
also the residual pressure of the vacuum chamber (see Figure 11.2). Thicker carbon deposits
(~ 8 nm) were obtained under the low vacuum conditions and the thickness was varied
from 3 to 7.5 nm with increasing the e-dosage from 1 to 2.5 C cm™. This is attributed to
the additional ionic current generation due to ionization of the water molecules which
induces the enhanced deposition of carbonaceous species. Under the high vacuum
condition, the thickness of the carbonaceous deposits varied in a smaller range, ~1 to 4 nm.
The slopes of the plots were found to be 2.7(3) and 1.9(2) nm/C cm for the low vacuum
and high vacuum environments respectively. The thickness and the chemical nature of the
carbon deposits would depend on the quality of the vacuum chamber which is the source

for the residual hydrocarbons [48].
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Figure 11.3 C1s and O1s core-level spectra of the carbonaceous platforms deposited in high (a) and
low (b) vacuum environments. The SEM image of the EBIC deposit over large area used for XPS
measurement is shown in the inset. FTIR spectrum of carbonaceous deposit with the presence of C-
H stretching vibrational modes (see inset of Figure 11.3b). Curve fitting of the C1s and O1s spectra
was performed assuming a Gaussian peak shape after appropriate background correction.
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In order to examine the chemical nature of the carbonaceous deposits, X-ray
photoelectron spectroscopy (XPS) measurements were performed (see Figure 11.3). Figure
I1.3a shows the core level spectra of the deposits made in the high vacuum environment.
The C1s spectrum has the main peak at 285.1 eV corresponding to C-C sp® species and
additional peaks at 286.8 and 288.4 eV assignable to C-OH and O=C-OH species,
respectively [49]. The O1s peak positioned at 530.3 eV is assigned to O=C-OH and that at
532.8 eV to C-OH groups. The Cls and O1s spectra for the carbonaceous deposits from
the low vacuum environment are shown in Figure 11.3b. The C1s spectrum shows the main
peak at 285.2 eV and additional peaks at 287.2 and 288.7 eV corresponding to C=0 and
O=C-OH groups, respectively. Similarly, Ol1s contains two peaks at 530.4 and 532.9 eV
due to O=C and O=C-OH; C-OH groups, respectively. The atomic ratio of carbon to
oxygen was estimated to be 3:1 and 2.7:1 for the high and low vacuum deposits,
respectively. From the above observations, it is clear that under low vacuum; the deposited
carbon is relatively more oxygenated compared to that from the high vacuum deposition.
The presence of hydrogen in the carbonaceous deposits was examined using infra-red
spectroscopy (IR). The spectrum in the inset of Figure 11.3b exhibits two vibrational modes
at 2920 and 2856 cm™ which correspond to the aliphatic C-H stretching modes [50].

As Raman spectroscopy is a structural characterization tool for carbon based
materials [51], it was employed here to understand the structure of carbon in the EBICD.
The optical micrograph in Figure Il.4a shows the carbonaceous deposits on Au pads from
both high and low vacuum environments. The Raman spectrum recorded on the
carbonaceous platforms is shown in Figure 11.4b. The positions of the D and G bands are
found to be centered around 1389 cm™ (FWHM, 274 cm™) and 1557 cm™ (FWHM, 126
cm™), respectively (see Figure 11.4b). In general, the G band relates to the bond stretching
vibrations of sp? carbon atoms whereas the D band originates from the breathing motion of
the six-fold aromatic rings. The ratio of the intensity of D and G bands (Ip/lg) is
proportional to the probability of finding six-fold aromatic rings which depends on the sp?
carbon cluster area in amorphous carbon deposits [52]. The D and G bands being broad, is
a clear signature of the amorphous nature of the carbon deposits (see Figures 11.4b). The
Io/lG ratio was found to be 0.57 for the EBIC deposits.
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Figure 11.4 (a) Optical micrograph of the carbonaceous platforms on the Au pads. (b) Raman
spectrum recorded from EBICD. The overlapping D and G bands were deconvoluted by fitting two
Gaussian peaks.

Figure 11.5 TEM micrographs of the carbonaceous deposits on a holey carbon grid, deposited from
(@) high and (b) low vacuum environments. The corresponding electron diffraction patterns from
the interior of the carbonaceous platforms are shown in (c) and (d). The black dotted lines show the
boundary of the carbonaceous platforms.
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The micro structure of the carbonaceous deposits was examined using TEM (Figure 11.5).
The TEM micrographs of the carbonaceous deposits from the high and low vacuum are
shown in Figures I1.5a and b. The electron diffraction patterns from both types of deposits
are diffused halos, indicating their amorphous nature (see Figures I1.5¢ and d). These
results are consistent with the previous reports based on Raman and TEM measurements
[26].

Intensity (a. u.)

460 480 500 520 540 560 580
Emission wavelength (nm)

Figure 11.6 (a) Confocal laser scanning image of the EBIC-deposits; the fluorescence map was
obtained by exciting at 355 nm. (b) Emission spectrum of the EBICD with a emission maximum at
485 nm.

The emission map is shown in Figure 11.6 (excitation, 355 nm), where the EBIC
deposits are seen as blue fluorescent regions and the emission is non-uniform from the
EBICD. This weak fluorescent nature arises due to the presence of the carbonyl, carboxyl
and hydroxyl functional groups which goes well with the XPS analysis. The emission
spectrum of the EBICD showed a peak at 485 nm (see Figure 11.6b). Based on Raman
measurements, the G band arises from the sp® carbon domains in the EBICD (see Figure
11.4b). These sp? carbon domains are surrounded by the presence of functional groups

which induces localization of electrons giving rise to isolated sp® clusters in the sp* carbon
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matrix [53]. These clusters behave as luminescence centers or chromophores, fluorescence
originates from the recombination of electron-hole (e—h) pairs within the localized small
sp’ carbon clusters embedded within the functionalized carbon sp® matrix.
11.4.2 Electrical characterization-EBICD as local dielectric for carbon nanomaterials
In order to investigate the electrical properties of the EBICD, Au contact pads (50 nm
thick) were deposited on the carbonaceous platform using a shadow mask (~ 9 pum
diameter). The 1-V data shows a blockade region across zero bias (-2 V to +3 V) and
beyond -3V, the curve is slightly asymmetric with current in the range of 20 nA (Figure
[1.7). The I-V behavior of the EBIC deposits (widths of 10 and 20 um across length of 9
pum) between Au contact pads, confirms the insulating nature (see black and red curves in
Figure 11.7).

width of EBICD
——10 um 60 7

—— 20 um

Figure 11.7 Two probe I-V of the EBICD (high vacuum) on a glass substrate with a width of 10
pum (black curve) and 20 um (red curve) with a length of 9 um. I-V is non-linear with a current of
10 nA above 2 V, indicating the highly insulating nature of the EBICD.

The 1-V characteristics of the EBICD obtained from low vacuum environment, showed
blockade region across zero bias (-4 V to +10 V) and beyond -4V, the curve is slightly
asymmetric with current in the range of 2-4 nA (Figure 11.8). This implies that the EBICD
obtained under low vacuum conditions was more insulating compared to that of high

vacuum conditions.
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Figure 11.8 I-V characteristics of the EBICD deposited under low vacuum conditions.

Further, the electrical behavior of the EBICD was investigated by employing

cAFM where the AFM tip acts as a top electrode and Ag/Si substrate as bottom electrode.
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Figure 11.9 (a) The current as measured by the conducting AFM tip in contact with the
carbonaceous platform, against the applied bias. The current compliance was set to 80 PA.
Adjacent AFM image shows rupturing of the carbonaceous platform due to electrical breakdown.
(b) Variation of the breakdown field with the thickness of the carbonaceous platform. The inset
shows a schematic diagram of the cAFM setup.

Conducting atomic force microscope (CAFM) tip was employed as a local top
electrode. It was observed that on increasing the tip bias, a sudden increase in current was

observed at a certain positive voltage which can be attributed to the electrical breakdown
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of EBICD. In the example shown in Figure 11.9a for a 25 nm thick EBICD platform, the
electrical breakdown occurred at a tip bias of ~ +2.2 V. This aspect has been examined in
detail on carbonaceous platforms of different thicknesses using the cAFM set up. The
breakdown indeed leads to rupturing of the dielectric platform as apparent from the
adjacent AFM image. This process was repeated for platforms of different thicknesses and
in each case, the breakdown field was calculated. The variation of the breakdown field
with the dielectric layer thickness (see Figure 11.9b) was fitted to an empirical power-law
of the form given by [54],
Eg(d)=constxd™....... (IL.1)

The curve fitting of data yielded a value of n ~ 0.75 + 0.01. Typical values of n for
dielectric films are in the range of 0.3-0.5 [55]. The observed higher value may arise due to
non-ideal electrode configuration (one electrode being the AFM tip) as well as due to the
possibility of high field emission from the tip.

Due to its insulating nature, EBICD has been used as a dielectric for the fabrication
of metal-insulator-metal (MIM) diodes [25]. In order to study the nature of interaction of
EBICD with the carbon nanotubes; CNTs were dispersed on a Si substrate. The process of
carbonaceous deposition on a CNT is depicted in Figure 11.10. Figure 11.10a shows the
SEM image of a CNT with ~200 nm diameter and several ums long.

At one end of the CNT under consideration, a rectangular region of carbonaceous
deposition was produced (Figure 11.10b) using an e-dose of 0.7 C cm™. On careful
examination, it is rather not difficult to make out from the image that the CNT is located
on top of the carbonaceous platform, instead of getting buried underneath. This is
somewhat similar to the observation made in the case of Fe-Co-Ni nanoparticles, which
were soldered by the carbonaceous layer from beneath [56]. Some deposition was observed
on top as well. Unlike the case of nanoparticles, the CNTSs in this case were found to roll
away easily from their original positions even with minimal force of few nano Newtons
applied during AFM scans, revealing that the interaction of CNT with the carbonaceous
layer was rather weak (see Figure 11.10c).
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Before

Figure 11.10 (a) SEM image of a CNT on Si substrate. (b) Carbonaceous deposition (e-beam
energy, 10 keV and e dose 0.7 C cm™) in the form of a black rectangular platform at one end of the
CNT. (c) AFM scan leading to rolling of CNT away from the carbonaceous platform. The foot
print of the CNT on the carbonaceous platform (thickness, 4 nm) can be seen. (d) AFM z-profile of
the footprint. The top schematic illustrating the CNT on the carbonaceous platform before rolling
away. SEM images of a CNT (e) before (f) after depositing the carbonaceous patterns (e-beam
energy, 25 keV and e dose, 15.2 C cm™) on the CNT surface, and (g) the corresponding AFM
image showing the carbonaceous deposition on top of the CNT. Scale bar, 1 pm.
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However, the footprint of the CNT could be seen clearly. From the z-profile shown
in Figure 11.10d, the CNT footprint is 135 nm wide and 0.6 nm deep with nearly 1.4 nm of
the deposit beneath. It appears that there is some contribution from the tip convolution to
the width of the footprint (the tip radius being ~ 30 nm). The platform is somewhat non-
uniform in thickness, something which is commonly observed during the EBID of carbon
[26]. The footprint in Figure 11.10c closely follows the shape of the CNT as seen in Figure
11.10b. When the 10 kV e-beam was focused to a spot (instead of scanning) right on top of
the CNT, no deposition has occurred. Thus, under the deposition conditions using low e-
beam energies, the carbonaceous deposition seems to dewet from the CNT surface
effectively lifting it on top. This observation is unique in this study. It required higher e-
beam energy (25 keV) to produce the carbonaceous deposition wetting the CNT surface on
top (Figures 11.10e, f and g), as has also been observed by many others [42].

Height(nm)

o

Figure 11.11 AFM amplitude images of two thin CNTs on the Si substrate prior to (a) and after (b)
the carbonaceous deposition. The corresponding height profiles are shown below. Scale bar, 2 pum.

When thin CNTs (diameter ~ 3-10 nm) were used, AFM measurements could be
done without causing any displacement from the raised carbonaceous platform (e-dose, 3.0
C cm™) (Figure 11.11). It is interesting to note that the overall shape of the CNTs was
unaltered during the deposition. From the z-profiles shown under Figures Il.11a and b, it

can be seen that nearly half of the tube diameter is immersed in the carbonaceous platform,
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the latter being ~16 nm high. The CNTSs being very thin, the footprint on the platform can
be quite comparable to the diameter. Because of this, they would remain firm during AFM

scans. Importantly, this experiment shows that the CNTs could be repeatedly lifted to the

top surface of the carbonaceous platform.

(a)

Figure 11.12 EFM phase images (corresponding to the amplitude image in Figure 11.11b) were
obtained with tip bias of (a) 0 V, (b) 4 V, (c) 8 V and (d) -4 V, (e) -8 V, Scan lift height of 30 nm
was used throughout. Scale bar, 2 um.

EFM measurements were performed on the raised CNTs at a lift height of 30 nm and at
different tip voltages of 0, 4 and 8 V (Figure 11.12). Corresponding to the amplitude image
in Figure Il.11a, the zero bias phase image in Figure 11.12a is featureless, while those
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obtained with 4 and 8 V bias (Figures 11.12b and c, respectively), show increasing contrast
of the CNT on the carbonaceous deposit. The EFM phase images for the negative tip bias
polarity (-4 and -8 V) are shown in Figures 11.12d and e. Importantly, the carbonaceous
deposit itself exhibited a weak signal in EFM, implying its dielectric nature. The tip-bias-
dependent phase behavior seen here is typical of a conducting species like CNTs.

The longitudinal electrical transport of the CNTs was investigated by selectively
lifting individual CNTs using the dielectric carbonaceous layer. As the CNT was only
loosely bound as noted earlier (Figures 11.10c and d), a method was followed where a
desired CNT was first located and one end of the CNT was fixed to a Ag coated Si
substrate by depositing Pt on top from a metal-organic precursor using the EBID process.

This formed one electrode for the CNT.
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Figure 11.13 1-V characteristics of a CNT using cAFM. The AFM image of the circuit is also
shown (top- left). The streak in the middle is perhaps due to movement of the CNT while scanning.
The 1-V data from the carbonaceous platform away from the nanotube is shown in the inset. The
schematic illustrating that the I-VV measurement along the CNT length is shown (down-right).
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After pumping away the precursor and introducing water vapor to 0.4 Torr, the
carbonaceous deposition was then carried out (10 kV) to cover the rest of the length of the
CNT so that it got almost entirely lifted on top of the carbonaceous platform of 10 nm
thick (Figure 11.13). The I-V measurement using cAFM in the central region of the
nanotube showed a nearly linear behavior with a resistance of ~ 44 kQ, typical of a
MWNT. It may be noted that the resistance measurement was along the length of the
nanotube but not across its diameter, as the tube was lying on the dielectric carbonaceous
platform. Indeed, there was no current when the tip was positioned directly on the
carbonaceous platform, away from the CNT (see inset in Figure 11.13). As the raised CNT
was electrically accessible, its surface must be devoid of the carbonaceous species from the
deposition, affirming complete dewetting. These observations are in line with the results
shown in Figures 11.10-12.

Further, the carbonaceous deposition was employed to evaluate the longitudinal
electrical behavior of the CNTSs through depositing 10 nm thick EBICD beneath them (see
Figure 11.14). For the two CNTs under consideration, the carbonaceous deposition was
carried out such that a 2 um region in the middle was left free for micro-Raman
measurement. The 1-V measurement in the case of CNT-i was nearly linear in contrast to
the non-linear behavior found in CNT-ii (see Figure I1.14a), indicating that the former was
more metallic.

G-band

\
D-band

1200 1400 1600 1800
Raman Shift (cm™)

(a) (b)

Figure 11.14 (a) 1-V characteristics of CNTs i and ii wired into a circuit using cAFM and
corresponding AFM images have shown. (b) Raman spectra of the CNTs recorded at the black
spots. Scale bar, 3um.
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In the corresponding Raman spectrum from CNT-i (see Figure 11.14b), the intensity
of the G band around 1560 cm™ is relatively high compared to that of the D band at 1360
cm™. For CNT-ii, the spectrum is broad with D band intensity comparable to the G band.
Clearly, the CNT-i is more crystalline [57, 58] which goes well with its electrical nature.
Thus, the present technique allows a unique way of determining the electrical nature of
CNTs randomly spread over a surface. Although the method employs cAFM to contact the
CNT, it was unconventional in the sense that the electrical measurement here refers along
the length of the tube lying on the dielectric carbonaceous platform.

A note on the nature of interaction between carbonaceous deposit and CNT surface
is worthwhile. When a carbon source is deliberately introduced, the deposit produced can
wet a carbon nanofibre surface and clamp it [39]. On the other hand, there are several
studies which relied only on residual hydrocarbons. The deposit in these cases may come
up below as well as on top [42] which has been used to stick two CNTs [33], to glue CNTs
to electrodes [32] and AFM tips [31, 39, 40], or to clamp and freeze deformation in a CNT,
while bending it by a nanomanipulator [34, 35]. EBICD has been used to clamp CNTs and
form junctions [36]. In all the cases, the electron beam energy was above 25 keV. In this
study, employing residual hydrocarbons in the presence of water vapor seems to make the
deposition more facile. While the growth of the carbonaceous deposit below CNT is not
altogether surprising, its dewetting nature is a novel observation. Indeed for 10 kV beam
energy, no deposit is seen on the CNT surface! The hydrophobic nature of the CNT surface
[59] may also play a role here. Under the low e-beam energy employed in this study, the
secondary electrons generated from the substrate are causing the deposition beneath the
CNT and the chemical nature of the carbonaceous species is perhaps quite different.

The unique observations of lifting on top of the carbonaceous platform and
dewetting are not limited to CNTs (Figure 11.15). Carbonaceous deposition was carried out
on an isolated piece of few layer graphene (FLG) on a Si substrate as well as on carbon
nanospheres of 80 nm diameter. As shown in Figure 11.15a, the FLG feature (~3 nm) is
seen on top of the carbonaceous platform (~4 nm) with a part of it touching the bottom Si.
Similarly, from Figure 11.15b, it was evident that the carbon nanospheres were seen on top

of 40 nm thick carbonaceous platform.
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Figure 11.15 (a) The AFM image with the corresponding height profile of the carbonaceous
deposition (rectangular region) on a few layer graphene (FLG). The extraneous features are
smaller chunks of the graphite. (b) The AFM image and the corresponding z-profile showing the
lifting of carbon nanospheres on top of the carbonaceous platform.

11.4.3 Graphitization and electrical characterization of EBICD

As the pristine EBICD is insulating and it can be made conducting through thermal
treatment. Raman spectroscopy was used as a tool to monitor the graphitization of the
EBICD during heat treatment.

The evolution of D and G bands of Raman spectra of the EBICD after annealing at
different temperature in air is shown in Figure 11.16. At room temperature, the D band
appears as a shoulder to the G band. As the temperature increases, the FWHM of both D
and G bands decrease and peaks become prominent above 300 °C. The G band appearing
at 1561 cm™ at room temperature shifts gradually towards higher frequencies as the
temperature is increased to a position finally at 1584 cm™ at 500 °C, similar as observed by
Dillon et al [60]. Defects introduced in the sp? carbon network soften the phonon band
which is responsible for broadening of the peaks. The upshift of the G band together with
its narrowing of the width indicates that the carbonaceous deposit becomes progressively

defect free (decomposition of functional groups to form nano-crystalline graphite) at
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higher temperatures [60]. As indicated in Figure 11.16, Ip/lg is 0.88 at room temperature
and it increases with temperature to reach 1.05 at 500 °C. The thickness of the
carbonaceous deposits decreased significantly (up to 20-30%) during heat treatment in air.
The significant increase in the Ip/lg ratio with temperature indicates that the growth of the

sp® carbon clusters induce graphitic ordering in the carbonaceous deposits [51, 52].
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: 25°C
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Figure 11.16 Raman spectra of EBICD recorded at different temperatures.

It is well known that the thermal treatment in air, converts the solid EBICD into
volatile CO and CO; gases. In order to prevent the volatilization, the samples were
annealed under vacuum conditions at 500 °C for 15 minutes (pressure of 5x10™ Torr).
AFM topography shows the presence of nanoparticle domains in the EBICD after vacuum
annealing (see Figure 11.17a). The increase in the roughness of EBICD is due to
decomposition of functional groups after the heat treatment (see Figure 11.1b for the AFM
topography of the EBICD). The similar behavior is reflected in the TEM analysis (see
Figure 11.17b). The nano domains are crystalline in nature as evidenced from the hexagonal

electron diffraction pattern from the same region (see the inset in Figure 11.17b). Therefore,
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vacuum annealing of the EBICD leading to the formation of nano crystalline graphitic
domains with typical crystallite sizes of 20-30 nm which is consistent with the sizes

obtained from Raman studies.

The electrical nature of the pristine and thermally treated EBICD was investigated.
The gold contacts (50 nm thick) were established on the carbonaceous platform using
shadow mask technique (see inset in Figure 11.17¢). The 1-V data (Figure 11.17c) shows a
blockade region across zero bias (-2 V to +3 V) and beyond -3V, the curve is slightly
asymmetric with current in the range of 20 nA. This behavior is typical of the
carbonaceous species produced by e-beam [27] which is usually insulating due to its
amorphous state containing several functional groups. The carbonaceous deposits are
thermally annealed under vacuum (5x10° Torr) at 500 °C for 15 minutes. The I-V data
changed significantly (Figure 11.17c), with current in the range of ~ 1 pA at a low bias of 1
V, which is at least three orders of magnitude higher compared to the pristine deposit [61].
The electrical nature of the pristine carbonaceous deposits has also been examined under
ambient conditions with respect to temperature (see top inset in Figure 11.17c). The current
was monitored with time at a bias of 5 V with increasing temperature. Until 200 °C, there
is no change in the current but at 300 °C; current value has increased by an order (0.1 pA
to 1.3 pA). Further enhancement in the current (at least five times) was observed after
heating the sample up to 400 °C. This can be attributed to the graphitization of
carbonaceous deposits above 300 °C, supporting the temperature dependent Raman studies
(Figure 11.16) [60].

Thermal treatment can decompose the functional groups to induce graphitization in
an otherwise insulating carbonaceous species. As discussed under Figure I1.4, the as-
deposited EBICD shows broad D and G bands, G band is centered around 1557 cm’
Y(FWHM, 126 cm™) (see black curve in Figure 11.17d). After vacuum annealing, the
position of the G band is upshifted to 1599 cm™ and the FWHM decreases to 76 cm™ (see
red curve in Figure 11.17d). This upshift in the G band position and smaller FWHM are
clear signatures for the growth of nanocrystalline graphitic domains in the carbonaceous

deposits after vacuum annealing [52].
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Figure 11.17 (a) AFM topography and (b) TEM micrograph of the nanocrystalline domains of the
carbonaceous platforms after vacuum annealing. Inset shows the hexagonal electron diffraction
pattern from the same region. (¢) Two probe I-V measurements of the EBICD between two Au
electrodes on SiO,/Si, before (black curve) and after (red curve) vacuum annealing at 500 °C for 15
minutes. Top inset shows the increase in the conductance of EBICD with temperature under
ambient conditions, bottom inset shows the optical micrograph of the EBICD across the gold pads.
(d) Raman spectra for the EBICD before (black curve) and after (red curve) vacuum annealing.

Three terminal electrical transport measurements were performed on vacuum
annealed EBICD deposits in the form of stripes between Au source-drain electrodes on
Si0,/Si substrates (Figure 11.18). Figure 11.18a shows the output characteristics (Ips Vs Vps)
with varying negative gate voltage (V). Ips is increasing with negative Vg; demonstrating
the p-type FET operation, similar to the amorphous carbon material deposited by other
methods [62, 63]. Four such devices were tried and all exhibited p-type channel behavior
with similar low operating voltages. The absence of saturation indicates that the
conduction is by hopping rather than extended state transport, across the nanocrystalline
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graphitic domains present in the amorphous carbon deposit.
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Figure 11.18 (a) The output and (b) the transfer characteristics of thermally annealed carbonaceous
patterns on a 300 nm SiO,/Si substrate with Au source-drain electrodes.

Based on the transfer characteristics (Figure 11.18b), the hole mobilities were calculated
using following formula [64].

los = (W/2L) Cip (Va-Vin)?  [for Vos> (Ve-Vip)]....(IL2)
where Ips = source-drain current; W = width of the channel, 45 um; L = length of the
channel, 9 um; C; = capacitance per unit area, 12 nF cm™; p = field effect mobility; Vg =
Gate voltage, -0.4 V. A hole mobility of 4 cm?V.s was obtained with threshold voltage
(Vi) of -0.3 V and current on-off ratio (lon/lof) Of 20.
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Figure 11.19 Output characteristics of the thermally annealed EBICD with bottom Au contacts.
Inset shows the transfer curve, p-type behavior with field effect mobility of 0.2 cm?/V s.
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The FET is also made with the bottom contacts to the thermally treated EBICD and the
output and transfer characteristics are shown in Figure 11.19. The channel current is
increasing with increasing negative gate bias, which is also exhibiting p-type behavior with
a hole mobility of 0.2 cm?/Vs. The mobility values of the other two devices were found to
be 1 and 2 cm?/V.s. The varied mobility values in the thermally treated EBICD samples
can be attributed to the configuration of the source-drain electrodes (top or bottom
contacts), carbon-Au interface and the crystallite size of the graphitic domains.

11.4.4 Selective growth patterns of nanocrystalline graphene from EBICD

In order to transform EBICD into graphene like patterns, a Ni catalyst layer was
deposited on the EBICD patterns followed by vacuum annealing and etching away the Ni
layer in concentrated HNO3 (see the schematic in Figure 11.20a). The Raman spectrum of
EBICD (~5 nm thick) on SiO/Si is shown in Figure 11.20b. After deconvoluting the
spectrum, D band appears as shoulder to the G band with the positions of the D and G
bands centered around 1392 cm™ (line width, 278 cm™) and 1559 cm™ (line width, 128 cm
1) respectively (see Figure 11.20b). The D and G bands are broad with the absence of the
2D band at 2700 cm™ (2D band region was not shown in the given spectrum), indicating
that the EBICD obtained under given conditions (see inset of Figure 11.20b for its optical
image) is predominantly amorphous carbon [51, 52]. Upon Ni deposition followed by
vacuum annealing at 1000 °C, due to solubility of carbon in Ni [65-68], the carbon atoms
can diffuse through the metal and precipitate as nanocrystallites of graphene on the Ni
surface (see the schematic in Figure 11.20a). Raman spectra are recorded from the
precipitated regions and it is observed that the D (1350 cm™) and G (1585 cm™) bands (see
schematic in Figures 11.20a and c) became significantly sharp (line widths of 90 and 40 cm’
! respectively) with the evolution of 2D band at 2690 cm™. It is noteworthy that the
underlying patterns of nc-graphene remained intact on the SiO,/Si substrate after etching
away the Ni layer in conc. nitric acid (compare insets in Figures 11.20c and d). The
corresponding Raman spectrum (Figure 11.20d) contained a D band with diminished

intensity and a 2D band with slightly higher intensity.
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Figure 11.20 (a) Schematic illustration of growth of nc-graphene patterns from the EBICD. Each
stripe of EBICD is comprised of interconnected nanocrystalline domains of graphene after vacuum
annealing in presence of Ni layer. Raman spectra for the as deposited EBICD (b), precipitated nc-
graphene patterns on the Ni (b) and SiO,/Si (c) respectively. The corresponding optical
micrographs of the EBIC deposits, nc-graphene patterns before and after Ni etching are shown in
the insets of (b), (c) and (d) respectively.
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The Ip/lg ratio is found to be ~0.6 which corresponds to the average crystallite size
of 30 nm [51, 52]. The crystallite size (L,) is calculated using the following formula [52].
La(hm) = (2.4x10° 2% (Ip/1e) ™t ... (IL.3)
where A is the excitation wavelength. Importantly, the evolution of the 2D band at ~ 2690

cm™ as a single peak with line width of 70 cm™ (see Figure 11.20d) signifies the
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turbostratic nature of the graphene layers produced by this method [69]. The 2D band
intensity is somewhat lower due to the presence of intense D band [70, 71] but this is
something typical of nc-graphene [72, 73]. The Raman spectrum looks similar to that of
nc-graphene produced by various other methods in the literature. The Ig/l2p ratio is in the
range of 2.5-3.5 indicating the presence of regions containing few to multi-layer graphene
[74].
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Figure 11.21 The top schematic illustrates the process of precipitation of graphene from the EBICD
patterns in presence of Ni catalyst layer after vacuum annealing. AFM topography of the EBICD
patterns on SiO,/Si (a), deposition of Ni film over the EBICD (b), precipitation of graphene
patterns on the Ni surface after annealing (c). The average thickness of the nc-graphene is 1.5-2
nm, z-profile is shown in (d).

The AFM topography EBIC deposits (thickness, 10 nm) are shown in Figure 11.21a.
Nickel layer of 30 nm thickness was deposited over the EBIC deposits (see Figure 11.21b),
followed by annealing at 1000 °C for 15 minutes. The graphene has been precipitated over
the Ni surface only from the regions of the EBICD (see Figure 11.21c). The nickel layer has
been etched away using conc. nitric acid and the patterns of nc-graphene remained intact
on the SiO; surface. The high temperature treatment may be causing stress in the EBICD
which lead to nanocrystallites rather than continuous graphene. It appears that during the
annealing stage, around half of the thickness of EBICD gets vaporized or precipitated on
the Ni surface and remaining amount will be intact as graphene on the SiO, surface.
Interestingly, the precipitation of graphene occurred only in those regions on the Ni surface
where there was a supply of carbon feedstock from the pre-defined EBICD patterns on the
SiO, surface (see Figure 11.21). The Raman spectra of evolution of nc-graphene growth at
different temperatures (600-1100 °C) for a particular thickness (30 nm) of Ni and constant
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annealing time of 15 minutes are shown in Figure 11.22a.
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Figure 11.22 (a) Raman spectra of the nc-graphene obtained after annealing at different temperatures
from 600-1100 °C (Ni thickness of 30 nm, annealing time of 15 minutes). (b) The crystallite size with

Io/lg ratio at different annealing temperatures.
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Figure 11.23 (a) Raman spectra of the nc-graphene obtained at various annealing times (30 nm Ni,
1000 °C). (b) Raman spectra of nc-graphene with various Ni thicknesses at annealing temperature
of 1000 °C for 15 minutes.

The Ip/lg ratio is decreasing from 1.2 to 0.2 with increasing annealing temperature
from 600 to 1100 °C. The crystallite size is also increasing accordingly from 5 to 70 nm
(see Figure 11.22b). Hence, higher the annealing temperature, larger will be the size of the

graphene crystallite.

The growth conditions as a function of annealing time were monitored for
particular thickness (30 nm) of the Ni catalyst and constant annealing temperature (1000

°C) (see Figure 11.23a). The role of the thickness of the Ni catalyst layer was monitored in
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the growth of nc-graphene at a temperature of 1000 °C for 15 minutes (see Figure 11.23b).
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Figure 11.24 (a) TEM micrograph of the nc-graphene transferred using PMMA and the inset shows

the electron diffraction pattern, revealing the crystalline nature. (b) HRTEM showing 3-4 layers of
graphene in nc-graphene.

In order to investigate the micro structure of the nc-graphene, these patterns were
lifted off by PMMA via etching away the bottom SiO, in buffer oxide solution. Then, the
PMMA was thoroughly washed with water and dissolved in acetone. The suspension was
dropped onto the TEM grid followed by drying. The bright hexagonal pattern of the
diffraction spots clearly indicate the crystalline nature of the nc-graphene (see Figure
11.24a). The multiple electron diffraction spots arise due to the randomly oriented graphene
layers along the c-direction. The high resolution TEM image shows 3-4 layers of the nc-

graphene (see Figure 11.24b).

In order to examine the role of Ni in catalyzing the growth of graphene crystallites,
an experiment was carried out where Ni deposition was performed over the EBICD in a
selective manner using a TEM grid as a shadow mask. The substrate was subjected to
thermal treatment at 1000 °C for 15 minutes under vacuum conditions. This is found
optimal as longer durations (>15 min) may lead to the decomposition of SiO, under
vacuum conditions [12, 13].

The optical micrograph of the thermally treated EBICD between two Ni pads is
shown in Figure 11.25a. The AFM topography of precipitated graphene crystallites on the
Ni surface (see inset of Figure 11.25a), shows nanocrystalline domains of 20-30 nm wide.
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Raman spectra were recorded from the different regions marked as 1, 2 and 3 as shown in
Figure 11.25b. The 2D band is seen in the spectrum recorded from the Ni/EBICD/SiO,
sample (see spectrum 1) while it is absent in the case of EBICD/Ni/SiO, (spectrum 2,
Figure 11.25b) and EBICD/SiO, samples (spectrum 3, Figure 11.25b). Moreover, the spectra
2’ and ‘3’ consist of broad D and G bands indicating the amorphous nature of carbon.
Thus, it is evident that the Ni capping layer indeed plays a key role in crystallizing the
amorphous carbon in EBICD into nc-graphene [68].
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Figure 11.25 (a) Optical micrograph showing the regions of precipitated nc-graphene on the Ni
surface and amorphous carbon (a-C) on SiO, surface after vacuum annealing. Top right inset
showing the optical micrograph of the annealed EBIC deposits on Ni surface. The bottom right
inset shows the AFM topography of the nanocrystallites of graphene. (b) Raman spectra of the
annealed samples of EBICD/SiO,, EBICD/Ni/SiO, and Ni/EBICD/SiO, indicated with the curves
3, 2 and 1 respectively. (c) Schematic demonstrates the suitable conditions for the growth of
graphene form EBICD.

Based on the above observations, the conditions favorable for the growth of
graphene from EBICD can be explained as in the schematic in Figure 11.25c. The EBIC
deposition on SiO; or on Ni surface (Ni/SiO,), followed by vacuum annealing, leads to the
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formation of a-C (see spectra 3 and 2 of Figure 11.25b). In the case of CVD grown
graphene, it is customary to have the graphene grown over the metal catalyst [75].
However, this represents a scenario where there is constant supply of hydrocarbon in
contrast to the present case, where the carbon source as EBICD is limited during annealing.
When the Ni layer is deposited on top of EBICD, it results in the formation of graphene
following thermal treatment. This provides a strong evidence that Ni is indeed playing two
roles, namely, as a capping layer (to build enough pressure and prevent complete
volatilization of hydrocarbon species during the heat treatment) and as a catalyst to induce
the growth of crystalline sp® carbon (see Figure 11.26). The contact of the Ni surface to the
EBICD without the deposition may not induce the graphitization (see red spectrum, Figure
11.26).

1000 1500 2000 2500 3000
Raman shift (cm'1)

Figure 11.26 Raman spectra of the annealed EBICD samples where the Ni is just in contact (red
curve) and intimate contact (black curve).
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11.4.5 Nanocrystalline graphene based FETs and photodetectors

The AFM topography and the Raman spectrum of the nc-graphene between the Au
source-drain contacts are shown in Figure 11.27a. Temperature dependence conductivity of
the nc-graphene showed linear dependence which is typical of semi-metallic nature (see
Figure 11.27b). The enhanced electrical transport across the nanocrystalline domains of the
graphene is clear from its nonexponential o(T) dependence, similar nature was also
observed for the other semi-metallic systems such as nc-graphene obtained from the self-
assembled monolayers after annealing at high temperatures [76]. The conductivity of the
nc-graphene is varying linearly with temperature and this behavior can be attributed to the
2D weak localization. Transistor characteristics recorded on a device using a nc-graphene

strip (24 um wide) as active element are shown in Figures 11.27c and d.
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Figure 11.27 (a) AFM topography of the nc-graphene (average thickness 1.5-2 nm) between Au
source-drain electrodes. The corresponding Raman spectrum, revealing 4-5 layer graphene in the
inset. (b) Conductivity versus temperature of the nc-graphene which was obtained after annealing
at 1000 °C for 15 minutes (30 nm thick Ni catalyst layer). (c) and (d) transfer characteristics of the
nc-graphene derived from EBICD at different source-drain voltages (Vps of 80, 100, 120 and 150
mV). Blue curve is for the gate leakage current.
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In the output characteristics, the Ips (source-drain current) versus Vps (source-drain
voltage) curve is linear indicating an ohmic contact between the nc-graphene pattern and
the Au electrodes (not shown). This linear behavior is akin to graphene and nc-graphene
produced by various methods with the absence of saturation in the currents [65-68, 76].
The transfer characteristics (Figure 11.27¢) reveal a p-type behavior with holes as charge
carriers. The carrier (hole) mobility, u, was estimated from the channel trans-conductance
(gm= 4.6x107 A/V) of the FET, gmn= (dlps/dVs ) = (W/L)uC,Vps in the linear regime of the
Ips-Ve curve, where W/L is the width-to-length ratio of the channel and C, is the gate
capacitance per unit area [77]. The W/L for the given device is equal to 4. For 300 nm
Si0,, C, is about 12 nF/cm? and based on this value, the hole mobility was derived to be u,
~ 90 cm?/V s. The gate leakage curve is shown as blue curve in Figure 11.27c which is
three orders of magnitude lesser as compared to the channel current. The transfer curves
for the same device at different source-drain voltages are shown in Figure 11.27d. The
mobility of nc-graphene depends on the size of graphene crystallites (can be controlled
through annealing temperature) and also the interaction of nc-graphene with the bottom
SiO, surface [76, 78].
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Figure 11.28 (a) Photo-response curve for five cycles with turning on and off the IR laser. (b) The
photo response behavior for different laser energies. (c) Growth and (d) decay of the photocurrent
of the nc-graphene in response to turn on and off of the IR laser.
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It has been shown that FETs based on large-area single or few-layers of graphene serve
as ultrafast photodetectors [79]. Reduced graphene oxide and graphene nanoribbons have
been shown as materials for IR photo detectors [80-82]. The photo-response of the nc-

graphene (in 2 probe configuration) towards IR laser (1064 nm) is shown in Figure 11.28.
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Figure 11.29 (a) I-V characteristics of the nc-graphene in the dark (black curve) and illuminated by
IR laser (1064 nm) (red curve). The increase in the current is due to absorption of IR radiation,
leading to the formation of photoexcited charge carriers. (b) Photo-response curve for four cycles
without saturation with respect to turning on and off the IR beam for every 60 seconds. (c) Few
cycles with saturation in the photocurrent. (d) and (e) growth and decay of the photocurrent with
respect to the turning on and off the IR beam respectively (time constant are found to be 48 and 50
seconds respectively) . (f) Photoresponse of the circuit calculated from one cycle after dividing
base current with the difference in the saturated and base current values.

The change in the current was monitored (Figure 11.28a) while turning the IR laser on
and off repeatedly for five times with a time interval of 60 seconds. Accordingly, there was
increase and decrease in the current as the laser beam was turned on and off, respectively.
The increase in the base current for every cycle is due to thermal effects after illuminating
with the IR beam besides the photoexcitation [80-82]. The photo-response was found to be
23%, calculated after dividing the dark current with change in the current due to IR
illumination [79-82]. The photocurrent increased linearly with increasing the laser power
(see Figure 11.28b). The time constants for the growth and decay of the photo current were
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calculated after fitting with the exponential functions (see Figures 11.28c and d) and they
were found to be 28 and 30 seconds respectively. The time response is much slower for the
nc-graphene when compared with the large area graphene which is of the order of pico
seconds [79].

Another similar device based on nc-graphene showed a photo-response of 16% (Figure
11.29). 1-V characteristics of the nc-graphene in the dark (black curve) and illuminated by
IR laser (1064 nm) (red curve) is shown in Figure I1.29a. The increase in the current is due
to absorption of IR radiation by the nc-graphene, leading to the formation of photoexcited
charge carriers. The temporal photoresponse with respect to turning on and off the IR beam
for every 60 seconds was shown in Figures 11.29b and c. The growth and decay of the
photocurrent was fitted to exponential functions which were giving rise to the time
constants of 48 and 50 seconds, respectively (see Figures 11.29d and e). The photoresponse
was calculated by dividing base current with the difference in the saturated and base
current values (see Figure 11.29f). The slower response times of the nc-graphene when
compared with the large area graphene devices can be attributed to the presence of disorder
and interfaces in the nc-graphene [80]. The scattering of the charge carriers by the traps

and boundaries can also lead to a slower time response.
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Figure 11.30 (a) Raman spectra of the few layer graphene obtained from PMMA after thermal
treatment in the presence of Ni capping layer. Inset shows the AFM topography of the graphene
flakes over SiO,/Si. (b) Raman spectra of the graphene patterns on SiO,/Si obtained from the pre-
patterned PMMA films via laser interference, shadow mask and electron beam lithography
techniques followed by thermal treatment using Ni catalyst layer. Inset shows the optical
micrographs of the graphene patterns. Scale bar, 5 um.
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The formation of graphene and nc-graphene from the films and patterns of PMMA
is described in Figure 11.30. PMMA films (thickness =10 nm) have been formed on SiO,/Si
substrates through spin coating. A frequency tripled pulsed Nd:YAG laser (Quanta-Ray
GCR-170, spectra-Physica, USA. A=355 nm) of energy 100 mJ/pulse, with a pulse width
of ~ 10 ns was used in the single shot mode for the ablative patterning of PMMA [83]. The
laser beam was partially defocused towards the PMMA using a 90° TIR prism and a lens
with a focal length of 30 cm. All the experiments were performed in ambient conditions of
pressure and temperature. The laser fluence was maintained at 1.1 J cm™. Commercially
available compact disk (Sony CD-R) was cleaned with isopropanol and ethanol solvents to
remove the dye and Al layer was peeled off using sharp tweezers. The disks were cut into
15x15 mm? pieces for use as optical mask. A commercial TEM grid of type G200HS
obtained from Ted Pella Inc., USA with a strand width of 15 um was used as a shadow
mask.

Once these films have been patterned via laser interference, shadow mask and
electron beam lithography techniques. A piece of compact disc (CD) is placed on top of the
PMMA, followed by laser ablation leading to the formation of the 1 um stripes of PMMA.
Another sample of the PMMA film has been patterned by placing TEM grid as a shadow
mask followed by laser ablation. Since PMMA is an e-beam resist, it can be patterned by
exposing e-beam at higher dosages (e dosage of 1 mC/cm?) leading to the crosslinking of
the polymer chains followed by developing in acetone. Now the above substrates were
deposited with a nickel layer of 30 nm thickness followed by vacuum annealing at 1000 °C
for 15 minutes. After etching away the Ni in conc. nitric acid, patterns of graphene
remained intact on SiO; surface. The Raman spectra of the nc-graphene patterns are shown
in Figure 11.30b. The presence of 2D band signifies the crystalline nature of obtained
graphene. The intensity of D band is high for patterns of nc-graphene compared to the
films which is attributed to the incorporation of defects due to laser and e-beam irradiation.
In/lg ratio is found to be 1-1.2 and Ig/lyp ratio is 2-3. This indicates that the each pattern
region is composed of few to multi-layer graphene.

As evident from this study, the simple method of EBICD which enables nano
patterning without the need of an external carbon source can be extended with a following

step of vacuum annealing to produce a-C patterns, which serve as active elements in FET
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devices. Instead of vacuum annealing, the graphitization of the carbonaceous deposits can
also be achieved through Joule heating by passing high currents. This form of a-C may
find applications in resistive switching memory where the resistance states can be
controlled through the ratio of sp?/sp® carbon bonding through partial graphitization. By
introducing suitable organometallic precursors in vacuum during EBICD, the electronic
properties of the carbonaceous deposits can be varied through local doping and a-C based
p-n junctions can be realized for designing All-carbon based nanoelectronic devices [76]. It
is noteworthy to mention that the nc-graphene showed less mobility (~ 90 cm?/V/s) when
compared with the crystalline carbon nanomaterials (carbon nanotubes, graphene and
graphene nanoribbons) produced by various synthesis methods (mobilities >1000 cm?/Vs).
But mobilities of nc-graphene are much higher as compared to a-C based devices.
Moreover, nc-graphene produced in this method exhibits higher mobility compared to the
nc-graphene produced by other methods (see Table 11.1). There are other factors such as
density of defects in nc-graphene domains and the electronic coupling among the domains
as well as with the source-drain electrodes, which may have a strong influence on the
mobility and photo-response behavior. The present investigation has the following merits
such as, firstly, it does not require a hydrocarbon source to be connected and consumed in
the process; the source is ‘vacuum’ itself. Degassing and residuals in vacuum can be an
ample supply of hydrocarbon. EBICD is a direct way of patterning residual hydrocarbon
species into carbonaceous deposits which further can be transformed into graphene
patterns with the help of catalytic Ni layer through thermal treatment. This technique offers
to obtain graphene patterns with less number of processing steps over the graphene derived
from other solid carbon sources in the literature [65-68]. EBICD can withstand even harsh
acid and base environments. On the other hand, most polymers suffer from the solubility
issues while processing and patterning them on a given substrate. For example, the growth
of graphene from PMMA was also demonstrated through thermal treatment in the presence
of Ni catalyst layer (see Figure 11.30). PMMA requires additional steps for processing and
patterning which is not the case for EBICD, although both processes finally lead to similar

quality of graphene.
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Table I11.1 Synthesis of nc-graphene by various methods and their functional applications-

examples from literature.

S. Method of synthesis Carbon  source | Substrates Applications Reference
No. and conditions
1. Remote plasma | Pure Methane, SiO,/Si, glass, Transparent  conducting | Zhang et al.
enhancement chemical | 550 °C Quartz films NanoRes. 4, 315,
vapor deposition (r- | 2h-4h 2011.
PECVD)
2. Chemical Vapor | Methane, H, MgO Characterization Mark et al. Acs
deposition (CVD) 325°C-825°C Nano, 4, 4206,
1h-10's 2010.
3. Thermal annealing Self-assembled Au surface | FETs, ambipolar (0.01, | Turchanin et al.
monolayers, 1000 | followed by | 0.02, 0.2, 0.5 cm?Vs). | Acs Nano, 5,
°C, 30 min. transferring onto | Max mobility 40 cm?Vs | 3896, 2011.
SiO, Increase in the electrical
transport with the growth
of graphene crystallites
4. Carbon molecular | Pyrolytic carbon, | Sapphire Hall effect measurements, | Jerng et al. J.
beam epitaxy 1100 °C Nanocrystalline graphite, | Phys. Chem. C
mobility ~1 cm?/Vs 115, 4491, 2011.
5. Thermal annealing SiC, Ni Sio, Characterization Hofrichter et al.
1100°C, 30's Nano lett.,, 10,
36, 2010.
6. CVvD C,H,, Ar Glass Transmittance of the | Lee et al. Appl.
750 °C, 60 min. graphene films on glass Phys. Lett., 98,
183106, 2011.
7. CVvD CHy, H, SiO, FETSs, mobility ~ Sun et al, J
1000 °C, 30-60 40 cm?/Vs Appl. Phys. 111,
min. 044103, 2012.
8. Microwave  assisted | C,H,, Ar Si, Glass, SiO, Photovoltaics Kalita et al., RSC
surface plasma CVD Power 1.2 kW, Advances, 2,
70-120 s 3225, 2012.
9. Thermal annealing Photo resist | SiO, FET, mobility ~10° | Fujita et al., J.
pattern, liquid cm?/Vs Vac. Sci.
Ga, 1000 °C Technol. B, 28,
C6D1, 2010.
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The other advantage of converting EBICD into graphene is that the thickness of
graphene can be well controlled through the initial thickness of EBICD (which in turn can
be controlled through e-dosage conditions). The lateral dimensions of the EBICD can be
tuned from millimeter to nanometer range using focused and flooded electron beams
respectively. The graphene features of different geometrical shapes can also be realized
using this technique. By depositing Ni at specific locations on EBICD, one can have
domains of nc-graphene and a-C in a desired fashion which may have interesting electronic
applications. This technique offers transfer-free growth of graphene on insulating surfaces.
Though, the graphene produced in this method is nanocrystalline in nature, the quality of

graphene can be improved by coating higher thickness (300 nm) of Ni [65-68].

11.5. Conclusions

The nature of the carbonaceous deposit produced by EBICD is known in the literature.
The present study has brought out additional features of the carbonaceous deposit
produced by EBICD namely, the weak blue fluorescing nature due to presence of
functional groups and the porous nature of the carbonaceous deposit obtained in presence
of moisture (low vacuum deposition). The insulating nature of the EBICD was exploited as
local dielectric for the fabrication of CNT and graphene circuits. Following one step
vacuum annealing, it has been effectively converted to patterned a-C which in turn served
as an active channel material in field effect transistors. The FET devices are of p-type
behavior with mobilities in the range of 0.2-4 cm?/Vs. The operating voltages are rather
low (~ 2 V). The EBICD has also been transformed into patterns of nanocrystalline (nc)
graphene on SiO, substrate directly through vacuum annealing using Ni capping layer.
Thus patterned nc-graphene has been effectively employed as an active channel material in
field effect transistors. The FET devices exhibit p-type behavior with a mobility of ~ 90
cm?/Vs. Nc-graphene was found to be sensitive to IR radiation and showed a photo
response of 23%. Thus, the insulating and conducting nature of the pristine and the treated

EBICD may envisage applications in all-carbon electronics [84].
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Part I11

Atomic Force Microscopy bias nanolithography on carbon

surfaces

Summary

This study explores the atomic force microscopy (AFM) bias nanolithography on carbon
surfaces. A variety of local electrochemical and physical modifications have been observed
under controlled experimental conditions adopted. Carbonaceous platforms can be
produced on Si substrates by the technique called electron beam induced carbonaceous
deposition (EBICD), discussed in the part-11. AFM bias lithography in tapping mode with a
positive tip bias resulted in the nucleation of attoliter water on the EBICD surface under
moderate humidity conditions (35-50%). This is essentially electrocondensation of water
leading to charged droplets, as evidenced from the electrostatic force microscopy (EFM)
measurements. The droplets are highly corrugated and evaporate rather slowly taking
several tens of minutes. While the lithography in contact mode with a negative tip bias
caused the electrochemical modifications such as anodic oxidation and etching of the
EBICD under moderate (45%) and higher (60%) humidity conditions respectively. Finally,
reversible charge patterns are created on these EBICD surfaces under low (30%) humidity

conditions and investigated by means of EFM.

Electrochemical oxidation and etching of highly oriented pyrolytic graphite
(HOPG) has been achieved using biased atomic force microscopy (AFM) lithography,
allowing patterns of varying complexity to be written on the top layers of HOPG. The
graphitic oxidation process and the trench geometry after writing was monitored using
intermittent contact-mode AFM. Electrostatic force microscopy reveals that the isolated
mesoscopic islands formed during the AFM lithography process become positively
charged, suggesting that they are laterally isolated from the surrounding HOPG substrate.
The electrical transport studies of these laterally isolated finite-layer graphitic islands
enable detailed characterization of electrical conduction along the c-direction and reveal an

unexpected stability of the charged state. Utilizing conducting atomic force microscopy,
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the measured I-V characteristics revealed significant non-linearities. Micro Raman studies

confirmed the presence of oxy functional groups formed during the lithography process.
I11.1 Introduction

Atomic force microscopy (AFM) is a powerful characterization tool for imaging
the surface morphology with atomic and molecular resolution [1]. As AFM relies on the
local tip-sample forces, it has been employed to study a variety of materials which include
conducting, semiconducting and even insulating samples [1, 2]. In addition to surface
characterization, AFM has been used to modify the substrate surfaces locally either by
application of force or bias [3]. In force assisted AFM nanolithography, the force applied
on the tip is larger than for normal AFM imaging which may bring local physical
modifications to surfaces via elastic or plastic deformations. Mechanical indentation,
scratching, plowing and nanomanipulation come under the category of force assisted AFM
nanolithography where the tip-sample interactions are of mechanical in nature [4, 5].
Nanoscale patterning using AFM based surface wetting is well known in the form of dip-
pen nanolithography (DPN) [6]. DPN is a direct write lithographic technique in which an
AFM tip is inked with molecules of interest. A narrow gap capillary is formed between the
AFM tip and the surface which in the ambient atmosphere, leads to the formation of a
water bridge, enabling transport of molecules from the tip to the surface, even without an
electric field. A vast variety of inks made of small organic molecules, colloids, polymers,
biological molecules, and metal ions have been patterned onto surfaces of interest with
nanoscale resolution via the DPN process [6-8]. Unlike DPN where water is acting only as
a solvent or mediator for molecules, electrochemical DPN utilizes this tiny water meniscus
as a nanometer-sized cell in which metal salts can be locally electrochemically reduced
into metals and deposited on the surface. Thus, for instance, metallic patterns of Pt, Pd, Cu,
Ag and Ge have been fabricated using this technique [9]. The water meniscus which forms
at the tip-sample interface has also been employed as an electrolyte to set up a
nanoelectrochemical cell under a biased AFM tip. The applied voltage bias of few volts
would generate an electric field of 10°-10" V/m which induces the ionization of water
molecules, leading to the generation of oxidative species (OH’, O°) which cause the

oxidation of material surfaces locally, known as local anodic oxidation (LAO) [10].
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LAO has been employed to fabricate nanoscale oxide features on various materials
which include metals, semiconductors and even sometimes insulators [3, 10]. In the case of
polymeric films deposited on conductive substrates, the intense fields (10%-10° V/m) can
cause dielectrophoretic manipulation of a thin polymer film softened locally due to joule
heating to its glass transition temperature [11]. Below the characteristic dielectric
breakdown voltage of the polymer, mass transport to the tip takes place producing stable
protruded patterns [11-13] or features which decay with time [13], while at higher voltages
the polymer can get ablated, producing trenches [12]. Nanoscale explosion and shock wave
propagation were also observed in case of polymers and semiconductor surfaces under
higher humidity and bias conditions [14]. Besides the above mentioned local chemical
modifications, AFM bias lithography has also been employed to write charge patterns on
the electret films [15], polymers [16], and fluorocarbon films [17] and recently
LaAIO3/SrTiO; interfaces [18]. Thus, AFM bias lithography became an effective tool to
cause various kinds of local modifications depending on the material surface and operating

conditions.

AFM based local electrochemical reactions could be exploited to carve the carbon
nanostructures precisely in a desired fashion. Carbon layers can either be oxidized or
etched at a rate that depends on the strength and polarity of the applied bias, tip scan
velocity, tip-sample force, and relative humidity. It is therefore not surprising that scanning
tunneling and atomic force microscopes have been used to pattern graphene nano ribbons
from graphene flakes [19, 20]. A number of other scanning probe nanofabrication
approaches have reported work on HOPG with a variety of empirical observations and
proposed etching mechanisms [21-24]. AFM has also been used to fabricate single-wall
carbon nanotube charging devices and to cut multi-walled carbon nanotubes [25, 26].
Graphene nanodevices were fabricated in the form of nanoribbons, nanorings and quantum
dots using AFM bias lithography and further investigated their electrical transport
behaviors [27-30]. AFM bias lithography has also been employed to modify the various
amorphous carbon films locally [31, 32]. Hence, it is always interesting to modify carbon

surfaces via electrophysical/chemical ways to derive local functionality.
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As this study is about AFM bias lithography, a brief note on the basic modes of
performing lithography is in order. AFM bias lithography can be performed either in
contact or dynamic modes (see Figure I11.1). During the contact mode operation, as the tip
IS in intimate contact with the sample surface, the normal force remains same throughout.
Once, the voltage bias is applied, it results the electrolytic dissociation of the water
meniscus giving rise to the constant ionic current during the lithography process (see
Figure I11.1a). When contact mode is used, the tip-substrate force is preset to a value of 5-
10 nN. But in the tapping mode, as the tip is half the time in contact with the sample
surface, a normal force varies periodically. Upon application of bias, the ionic current
profile will look similar to that of the normal force profile (see Figure 111.1b). Under the
given experimental conditions, it is possible to estimate theoretically the peak tip-substrate
force when the tip comes into intermittent contact with the HOPG substrate. Using the
VEDA AFM simulation tool [23], the tip-substrate force estimated to be approximately 6
nN (see Figure Il1.1c).
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Figure I11.1 A schematic diagram showing the difference between (a) contact mode bias
lithography and (b) intermittent contact bias lithography. (c) peak force plot for the intermittent
contact bias lithography, simulated using VEDA software tool.
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111.2 Scope of present investigation

In most of the AFM based lithography techniques, either water mediates an
interaction or a reaction, but need not be part of the final product itself; its presence is often
inferred only from the tip-surface interaction forces [34, 35]. Indeed, there are many
experimental as well as theoretical reports on water bridge formation, relating to cantilever
dynamics and meniscus forces [36-38]. Water meniscus formation between a tip and a
surface has been directly visualized using environmental SEM [39, 40]. Only under high
humidity conditions on a highly hydrophilic surface (such as mica) stable water droplets
can be deposited from an AFM tip [41]. Else, the droplets disappear instantly, not
accessible to the present day AFM, which takes typically several minutes for imaging [42].
The present investigation is about how a biased AFM tip on carbonaceous platform is able
to induce charged water condensation which could be imaged through its evaporation for
several minutes. The carbonaceous platforms are created by the exposure of focused
electron beam on a surface in the presence of abundant residual hydrocarbons within the
scanning electron microscope (SEM) chamber. The unique and diverse surface properties
of EBICD have been reflected by employing AFM bias lithography under different
operating conditions such as mode of operation, tip bias polarity and humidity. A
positively biased AFM tip in the tapping mode under moderate humidity conditions (40-
45%) could nucleate the attoliter water on the EBICD surface. The carbonaceous platforms
are chemically robust and electrically insulating which can preserve the charge and
minimize the effects of electrolytic decomposition, particularly at high tip voltages.
Besides water condensation, electrochemical oxidation, etching and charge writing have
also been observed on these carbonaceous platforms under specified experimental
conditions. Lithography in the contact mode with a negative tip bias bring in the
electrochemical modifications such as anodic oxidation and etching of the EBICD under
moderate (45%) and higher (60%) humidity conditions respectively. Reversible charge
patterns are created on these EBICD surfaces under low (30%) humidity conditions in

contact mode.

AFM bias lithography on conducting carbon surfaces such as highly oriented

pyrolytic graphite (HOPG) resulted in the electrochemical oxidation and etching, allowing
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patterns of varying complexity to be written into the top layers of HOPG. This technique
was utilized to carve isolated graphitic regions, named as mesoscopic graphitic islands
(MGIs). EFM reveals that isolated mesoscopic islands formed during the AFM lithography
process become positively charged, suggesting that they are laterally isolated from the
surrounding HOPG substrate. The electrical transport studies of these laterally isolated
finite-layer graphitic islands enable detailed characterization of electrical conduction along
the c-direction and reveal an unexpected stability of the charged state. Using cAFM, the
measured |-V characteristics revealed significant non-linearities. Micro Raman studies

confirm the presence of oxy functional groups formed during the lithography process.
111.3 Experimental details

The HOPG used in our experiments was purchased from NT-MDT, ZYB grade and
was characterized by a mosaic spread of ~0.8°. Before scanning, a clean HOPG surface
was freshly prepared by stripping away a few layers using the conventional sticky tape

technique.

Silicon substrates of 1x1 cm? dimensions are cut from the n-type Si wafer (p = 4 —
7 Q.cm) followed by cleaning through sonication in acetone, ethanol and double distilled
water for 5 minutes. Electron beam induced carbonaceous deposition was performed in the
environmental mode making use of the residual hydrocarbons present in the vacuum
chamber of SEM. AFM imaging and bias lithography were performed at room temperature
employing a Dimension 3100 SPM with a NS-IV controller (Veeco, USA). Both
intermittent contact (dynamic AFM) and direct contact scanning modes where used.
During the lithography, the feedback is turned off, and the lateral specific movements and
the Z-position of the tip were adjusted using the “Nanoman Software”. The depth of the
trenches has been controlled by the experimental conditions such as mode of operation, tip

bias, amount of the force (Z- position) and relative humidity.

Metalized Pt/Ir coated Si cantilevers with a nominal spring constant of 2.2 N/m and
resonance frequency of 75 kHz (Veeco Model, SCM-PIT) were used for tapping mode
AFM. For contact mode work, Pt/Ir coated Si cantilevers (Veeco Model SCM-PIC) with a

nominal spring constant of 0.2 N/m and resonance frequency of 16 kHz were used. Where
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required, Sader’s method was used to measure the precise spring constant of the cantilever
[43]. Typically, a set point in the 5-10 nN range is used during contact mode lithography.
In intermittent contact scans, the free amplitude cantilever oscillation was set to 35-47 nm
when the tip is far from the substrate. Tapping mode imaging and lithography were
performed with a set point amplitude ratio of 50-60%. The tip-substrate force was
estimated using the VEDA AFM simulation tool [33]. Unless stated otherwise in the text,
the tip velocity used while electrochemically writing a feature was 0.5 pm/s. A bias
voltage could be applied to the metalized AFM tips using the AFM controller electronics
and a controllable negative tip bias ranging up to -12V was applied duringlithography with
the substrate at ground potential. The majority of the experiments were carried out in a

clean room under ambient conditions (relative humidity = 30-50%, temperature = 22 °C).

EFM was performed using a biased conducting tip coated with a 20 nm layer of
Pt/Ir evaporated on top of a thin 3 nm Cr adhesion layer. The electrostatic force was
detected as a phase shift in the cantilever response with respect to the diether piezo drive
signal as measured after performing a topographic line scan and then lifting the tip by an
additional height of 60 nm. For a cantilever operating near resonance, a fixed bias voltage
applied to the tip causes an attractive (repulsive) electrostatic force producing a frequency
shift to lower (higher) frequencies and resulting in a negative (positive) phase shift of the
cantilever that depends on the magnitude of the electrostatic force gradient. By adjusting
the voltage on the tip until the phase shift vanishes, it is possible to estimate both the
magnitude and polarity of the electrostatic potential difference between the tip and a local

region on the substrate.

Another useful technique employed in this study is conducting atomic force
microscopy (CAFM) using Pt/Ir coated Si tips operated in contact mode on an Innova AFM
(Dilnnova, Bruker). The conducting tip is brought into contact with the substrate until a
preset loading force is reached. The bias voltage on the sample is then varied while the
resulting current is measured. This technique provides useful information about the local
I(V) characteristics of a sample under study, but the data include any unknown contact
resistance that may develop between the tip and substrate. For this reason, it is important to

use clean tips to minimize unwanted contact resistance effects.
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111.4 Results and Discussion
I11.4.1a Tip-substrate interactions

It is necessary to examine the nature of tip-substrate interactions under the
experimental conditions employed in order to exercise the optimized or favorable cases to
achieve desired local modifications. The contribution of the electrostatic force during the
AFM bias lithography can be estimated by taking into account two contributions: (i) the
electrostatic force (Fyp) that develops between the tip apex and the substrate and (ii) the
electrostatic force exerted by the cantilever (Fcant) due to the applied bias [44]. For the tip

apex, the electrostatic force was modeled by using a planar capacitor model
2
&,AV
tip 2
2d (IIL.1)

where &, is the dielectric constant, A is the effective tip-substrate contact area, V the
applied bias voltage, and d the gap between the tip and the sample. Assuming a reasonable
value for the contact area A of 240 nm? (tip radius, 20 nm) and a minimum tip-substrate air
gap d of 0.5 nm, a bias voltage of 8 V produces an additional applied force of 250 nN.

The cantilever force Fcant is calculated in much the same way, but a small tilt angle o is
included to account for the tilt between the cantilever and the sample surface [44]. For

small angles (a ~ 20°), Fcan: can be described by:
2
ERJAY

o = 2(¢2+1 4, tana)

cant

where b and ¢ are the width and length of the cantilever, respectively, and ¢; is the length
of the tip. For the cantilevers used here (Veeco SCM-PIT intermittent contact: £ = 225+25
um, b = 505 pum, £ = 12.5£2.5 um or Veeco SCM-PIC contact: ¢; = 450+45 um, b =
28+5 um, ¢ = 12.5+2.5 um), The estimated forces are less than 3 nN at an applied bias
voltage of 8 V. Based on these estimates, the dominant force during intermittent contact

nanolithography is ~250 nN due to the electrostatic force between the tip apex and the
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grounded substrate. For a nominal tip radius of ~10 nm, this force can easily exert
pressures greater than a few tens of GPa in the tip-contact region. The mode of AFM
operation (direct contact or intermittent contact) has great influence over the
electrochemical etching process because the modification to the surface relies on a variety
of parameters that include the duration and strength of electric field, the ionic current in the

tip-sample gap, and the tip scan velocity.

111.4.1b Condensed water bridges formed between tip and substrate

The water bridge that forms between the tip and substrate plays a crucial role in any
AFM-based nanolithographic process and for this reason; it is useful to review some of the
underlying principles and the standard equilibrium theory that are believed to describe its
formation. The general principles underlying the formation of the water bridge seems clear
enough. The molecular structure of water at the interfaces determines the wetting
phenomena such as hydrophilicity and hydrophobicity which are fundamental in biology
and in materials sciences [45].

All surfaces when exposed to humid air quickly acquire a thin layer of water
molecules with a thickness (h) that depends on relative humidity (RH). The thickness of
the water layers measured under controlled conditions can be inferred from attenuated total
reflection-infrared (ATR-IR) spectroscopy, transmission Fourier transform IR,
ellipsometry, X-ray photoelectron spectroscopy (XPS), and mass up-take measurements.
The fractional coverage can be described by a Brunauer, Emmett and Teller (BET) model
for multilayer adsorption with an adjustable constant to describe the strength of the water-
substrate interaction [46]. ATR-IR measurements indicate the mean thickness of water
layers on SiO; substrates that are on the order of ~1nm thick at relative humidity near 50%
[47, 48].

When a spherical tip comes into close proximity to a substrate, the surface water
layers coating the tip and substrate merge to form a water bridge with an air-liquid
interface that assumes a characteristic crescent shape (see Figure 111.2). The crescent-
shaped curvature of the water meniscus is of fundamental interest since it reflects the
strength of molecule-molecule interactions within the liquid. An expenditure of energy in
the form of work is necessary to move a molecule from the interior of the liquid water

bridge toward the water-air interface. If a water molecule moves from the liquid (molecular
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density of ~3x10%?/cm®) into the vapor (molecular density of ~2x10'%/cm?®), work must be
expended to overcome a net inward force of attraction due to the vastly greater number of
water molecules in the liquid. This work adds additional potential energy to molecules on
the surface, making their potential energy greater than those embedded in the interior of
the liquid. However, in stable equilibrium, the system must have a minimum in potential
energy. In order to achieve this condition, the water-air interface minimizes its surface
area, thereby minimizing the number of high potential molecules at the surface. Thus, in
equilibrium, the shape of the interfacial surface of the water bridge is said to be a minimal
surface bounded by fixed arbitrarily-shaped boundaries that are imposed by the geometry
of the tip apex and the substrate. A minimal surface develops with a shape governed
locally by the principle of area-minimization. The final result is an interface having the

smallest area consistent with the largely unknowable, fixed boundary conditions.

Temperature T

water

System in equilibrium

Figure 111.2 A diagram schematically illustrating the water bridge that forms when a spherical tip
is brought close to a flat substrate. The case when the tip is in contact with the substrate is
illustrated.

The standard theory of liquid interfaces predicts a pressure difference across the

liquid-vapor interface of the water bridge given by the Young-Laplace equation

(P -Pu)= V{é * é} ........... (I1L.3)
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where 7y is the surface tension of water at room temperature (y=0.072 J/m? for bulk water)
and Ry, R, are the radii of the curved surface (in meters) along any two orthogonal
directions. The Young-Laplace equation relates the pressure discontinuity at a given point
on a curved interface to the product of the local value of surface tension and the mean

curvature (i +iJ of the interface. Since |R;| is typically much smaller than |Ry|, the
sign conventions for the radii of curvature dictate that the internal pressure inside the water
bridge is less than the pressure of the ambient vapor. Again, according to the standard
theory of liquid interfaces, any curvature in a liquid causes a change in the equilibrium
vapor pressure of the liquid from the vapor pressure existing over a flat liquid surface at

the same temperature. This effect is traditionally described by the Kelvin equation

R T [P
| |2y 1.1 R e (I1.4)
Ve | P R R i

where Rgss is the universal gas constant (Rgs=8.314 J/(K-mol)), T is the absolute

temperature in Kelvin, Ve is the molar volume (Vo (H20) = 18 cm®mol for bulk water),

Pv‘;p is the vapor pressure of water above the curved surface, and Pof is the vapor pressure of

water measured above a flat surface. Equilibrium water vapor saturation (relative

c
vap

rat
R

humidity) is assumed to set the ratio The right hand side of the equation contains

geometric terms already defined above. According to this theory, when the water bridge

[
vap
Pf

(o]

is established and the

forms, R; and R, dynamically change until equilibrium with

Kelvin equation is satisfied. For water at room temperature, the constant vao,/R T =

gas

0.52 nm and this constant sets the length scale for the effective radius Res defined as

1 1 1 P J /
= =+ —|n| = | /052
Reff Rl Rz ( Pof (I11.5)
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Even though the volume of liquid in the water bridge is quite small, in equilibrium, when
vapor evaporation and vapor condensation equilibrate, the water bridge will stabilize once
Refr satisfies the equation given above for a specified humidity.

Lastly, the non-zero Laplace pressure difference, Py apiace, defined above acts over
the lateral area of the liquid neck which has an area approximately equal to 7R,% This
develops an additional, uncontrollable capillary adhesion force of ~10-50 nN that pushes
the tip toward the substrate whenever the water bridge forms [47, 49, 50]. This additional
adhesive force must be added to any tip-substrate attractive force while executing
nanolithography.

While the standard theory discussed above enjoys a long history, is widely cited,
and is generally accepted, it is nevertheless worthwhile to review how expectations match
AFM-based liquid bridge experiments and whether bulk values for the various parameters
like surface tension can be used to adequately describe the properties of small liquid
bridges. Furthermore, using the water bridge to perform local electrochemistry requires an
electric field between the tip and substrate, a factor not included in the above discussion. In
the following sections, recent experimental evidence regarding the formation and
dimensions of the water bridge between an AFM tip and a substrate will be summarized.
The nascent meniscus formed by a tip at its closest contact with the substrate is
independent of the tip geometry and wettability. In general, the meniscus becomes smaller
when the temperature is raised.

111.4.1c Estimation of water meniscus

Figure 111.3 provides direct evidence for both long-range electrostatic interaction
forces as well as water meniscus formation when the tip is biased. Useful information can
be obtained by monitoring the cantilever deflection as the substrate is approached in both
the direct and intermittent contact modes of operation. The biased AFM tip can enhance
the condensation of water at the tip substrate interface due to electrostatic attraction of
polarized water molecules, a process often referred to as field enhanced water
condensation [51]. As a result, the biased AFM tip can experience two attractive forces,
electrostatic and capillary. In Figure 111.3a, the increase in lift-off force as the tip bias is
increased indicates the formation of a water meniscus. The Z-hysteresis upon retraction

increased from 93 nm to 150 nm as tip bias increased from 0 to -5V (see Figure 111.3a). As
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shown in Figure 111.3b, evidence for long-range attractive electrostatic forces is evident
from amplitude-displacement data at different tip biases using tapping mode AFM. Taken
together, the data presented in Figure I11.3 provide confirming evidence of bias-induced
water condensation and long-range electrostatic interactions between the tip and substrate.
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Figure 111.3 Evidence for the formation of a water neck can be found in both the static and
dynamic force and amplitude vs. displacement data.

111.4.2 Nucleation of water patterns under the electric field

The asymmetry of a water molecule leads to an electric dipole moment that lies in
the symmetry plane of the molecule. The dipole moment points toward the more positive
hydrogen atoms and has a measured magnitude of 6.2x10°° C-m = 1.8 D, resulting in a
very polar liquid with a high dielectric constant (k=80). Water molecules can be easily
manipulated or controlled via external applied electric fields. As an example, water
molecules tend to become aligned in high electric fields. As a result, the molecular
rotational kinetic energy decreases as well as the diffusivity. These effects change the free
energy of condensation and facilitate the nucleation of ice layers on the surface of

electrified wires [52].

The carbonaceous platforms on Si substrate were chosen for performing the AFM
bias lithography. These carbonaceous platforms are created by the technique called
electron beam induced carbonaceous deposition (EBICD). Briefly, the abundant residual
hydrocarbon molecules in the scanning electron microscope vacuum chamber get adsorbed

onto the substrate surface which gets cross-linked by the secondary electrons originated
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from the substrate through complex reactions. Thus, the carbonaceous species could be
stitched to form the EBIC platforms. Square shaped carbonaceous deposits (5 X 5 um)
were created on the Si substrate at e-beam dosages of 1.3 C/cm? with an accelerating
voltage of 10 kV in the TV mode (area deposition mode) at a working distance of 4 mm
(see scheme in Figure 111.4).
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Figure 111.4 AFM images (left side) and corresponding height profiles (right) illustrating the
electro condensation process. The carbonaceous platforms on a Si substrate are shown in (a). The
process for fabricating the carbonaceous platforms is shown schematically in the inset. (b) Shows
the same region immediately after writing water patterns (NANO) on a carbonaceous platform with
a positively-biased AFM tip. For comparison, 'NANO’ is also written using a standard local anodic
oxidation (LAO) process employing a negatively biased. Over time, the water patterns dissipate, as
shown in (c) and (d), whereas the LAO pattern remains unchanged. The images shown in b, ¢ and d

are recorded at elapsed times of 5, 20 and 35 minutes with respect to the image in a. The scale bar
iS 2 um.
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Following lithographic writing, the topography image showed a pattern, somewhat
corresponding to the intended shape “NANO” (Figure I11.4b). It is amazing that the raised
pattern in some places is as high as ~15 nm above the carbonaceous platform (see between
points A and B in Figure 111.4b). The same tip with a negative bias produced typical LAO
patterns on bare regions of the Si substrate (see between points C and D in Figure 111.4b),
where the height is only ~2.5 nm as expected [53]. Repeated AFM imaging of the region
revealed that the raised structures exhibit a time dependent behavior (Figures I11.4b-d). The
image in Figure Ill.4c captured after a lapse of 15 minutes shows the patterned region
diminishing in height as depicted in the adjoining profile. Interestingly, there was no trace
of the raised pattern after 30 min as evident from the image in Figure I11.4d; the
corresponding height profile resembles closely that of the bare carbonaceous platform (see
Figure 111.4a). The LAO pattern on Si however remains unchanged (between points C and
D in Figure 111.4d). From the images shown in Figures Ill.4a and d, it is clear that the
carbonaceous platform itself does not participate chemically but only witnesses temporary
physical changes on the surface leading to the formation of raised features. These raised
features, attributed to water condensation from the biased tip, evaporate subsequently,
leading to reduced feature heights and eventual disappearance! The pattern being made of
water is of low aspect ratio with blurred boundaries. It appears that this is an electro-
condensation process induced by a biased AFM tip under moderate humid conditions (RH,
45%).

Carbonaceous platform

Figure 111.5 AFM topographic image showing the carbonaceous deposition (a) before lithography
(b) structure formation on the carbonaceous platform in contact mode(Tip V=+10V, S=0.5 pm/s)
shown in marked area. (c) Negative tip bias induces the local chemical modification of
carbonaceous layer, typical protruded features are of 1-2 nm in height shown with AFM z-profile.
Lines 1 and 2 are created in contact and tapping mode respectively with a bias of -10 V, tip
velocity= 1 um/s. Scale bar, 2 pm.
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While the lithography performed in the contact mode under similar conditions
however, did not produce raised features but instead meek features (around 2 nm, see
Figure I11.5a and b) similar to previous reports on carbonaceous films [54]. Neither
negatively biasing the tip helps the situation, be it contact or tapping mode (see Figure

111.5¢). Thus among other conditions, a positively biased tip in the tapping mode seem to
be important to produce the water patterns.
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Figure 111.6 The dimensions of the water pattern can be controlled by varying the writing
conditions. The effects of tip bias (left) and tip wvelocity (right) during patterning were
characterized. AFM images of representative 2 wm single-pass lines written under different
conditions are shown in (a). The variations in water feature height and width with respect to tip

bias and velocity are shown in (b) and (c), respectively. Similarly, the variations in volume are
shown in (d) and (e), respectively.

The lithography process has been carried out at different tip voltages and velocities

(Figure 111.6). Figure I11.6a is showing an example image scanned within the first minute
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of drawing lines of water condensates at tip voltages of 5, 7, and 9 V, respectively (tip
velocity=1 um/s); increasing tip bias produced increasingly prominent water condensates.
Below 3 V, no water condensation was observed. The z-profiles showed a linear increase
in the height of the condensate for increasing tip bias but beyond 8 V, the height decreased
(Figure 111.6b). This trend is reflected in volume as well. The volume of water calculated
using SPIP software [30], increases gradually up to 8 V (see Figure I11.6¢) and seems to
settle thereafter to around ~20 aL. A higher voltage can bring about increased ionization of
water molecules and ionic currents [31]. The scatter in volume data in Figure I11.6¢c is
therefore not surprising. The influence of tip velocity on the electro-condensation process
is relatively less (Figures 111.6d and e). The right images in Figure I11.6a corresponding to
0.1 and 1.0 pum/s (tip voltage, 10 V) show only marginal differences. The height variation
is between 20 - 27 nm with a change of trend around 1.0 pum/s. Greater dwell times at
lower speeds can make the tip dump more water on the surface, while above 2 pum/s
velocity, the water meniscus itself may become unstable. Such situations are quite
common while performing DPN [6-8]. As regards water volume (Figure Ill.6e), it is
difficult to decipher a definite trend due to data scatter, although a gradual decrease is

evident.

At lower tip velocities or smaller areas, one may also expect effects due to
ionization and joule heating. While drawing the circular and spot patterns, chemical
modification of the carbonaceous layer takes place as the interaction time of tip is more
with the surface species on a small area compared to the line patterns (see Figure I11.7).
Permanent local chemical modification of the EBICD surface was observed for the lower
tip velocities (0.1-0.5 um/s), seen as circular oxidized patterns in Figure Il1l.7a. While
increasing the tip velocity (up to 1um/s), could lead to the nucleation of water (see Figure
111.7b).
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2 Um

Q)
2 hm
Figure II1.7 (a) Circular rings shows the chemical oxidation of carbonaceous layer drawn a with a

tip voltage of +10 V and at different tip velocities 0.1, 0.3 and 0.5 pm/s labeled as 1,2 and 3
respectively. (b) Series of rings drawn with a tip velocity of 1.0 um/s and +10 V. Scale bar, 2 um.

Topography Phase

Figure 111.8 Electrostatic force microscopy (EFM) was used to probe the charge and polarization
within the water droplet. Topography images (left) and corresponding EFM phase images of a
water feature as it evaporates are shown. (a) and (c) were taken with positive EFM tip voltage
(+2V) whereas (b) and (d) where taken with negative EFM voltage (-2V). The reversal of contrast
for different tip biases in EFM clearly indicates that the water droplet is charged. The local charge
dissipates as the water evaporates. The scale bars correspond to 2 um.
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EFM was carried out on a water condensate at a tip lift height of 120 nm (Figure 111.8).
The phase image obtained with a tip bias of +2 V (Figure 111.8a) shows a bright contrast
corresponding to the water feature, whereas that in Figure 111.8b recorded with -2 V tip
bias showed a darker contrast. This color contrast relates to charge accumulation in the
water condensate. A brighter contrast from positive bias data is taken to indicate positive
charge accumulation in the condensate [55]. Figures I11.8c and d show diminishing
features due to water evaporation. The charge seems to dissipate locally as the molecules
evaporate. Although the observation is qualitative, it certainly indicates the presence of
electric charges on the condensed water features from the lithography process. The charge

quantification was not attempted due to the temporal nature of the features.

It appears that a congregation of experimental parameters is at play to give rise to water
condensation. In the tapping mode, there is no mechanical contact of the tip with the
surface and the water bridge formation is not spontaneous. A certain threshold voltage
(Vh, ~ +3V in this case) is therefore required to induce the formation of a water bridge
[56, 57]. The substrate also seems to play an important role. The carbonaceous species is
dielectric [58], but its surface functionality is locally polarizable, a property which owes
much to the presence of moisture during deposition using e beam. During the AFM
lithography process, the deposited water carries positive charges from the positively biased
tip (negative bias leads to no water condensation) which means that the substrate is
polarisable only with positive charges. Contact mode lithography would be hopeless under
these conditions. Higher voltage conditions are also not favorable as ionic currents would
destabilize the condensed water droplets. This is more so with negative voltages [59],
adding another reason to why negative tip voltages cannot induce electrocondensation in

our studies.

Having realized positive charge accumulation in electrocondensed water on
carbonaceous platform, the influence of negatively biased tip was investigated (Figure
[11.9). For this purpose, a large water drop was created on a carbonaceous platform as
shown in Figure 111.9a, by drawing closely spaced lines with 10 V tip bias. Although the
topography is not quite even (discussed later), it enabled us to make further observations.

The image in Figure 111.9b obtained after patterning on the water feature with a — 10 V
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biased tip, shows that water can be instantaneously evaporated locally. Although the
intended pattern, ‘K’ is barely seen distinctly, water evaporation in the region is quite
apparent. It appears that neutralization of the positive charge locally by the negatively
biased tip leads to ionic current and joule heating causing instantaneous evaporation.

Figure 111.9 3-dimensional AFM topography images of subtractive water patterning by tip-induced
evaporation. (a) Shows a large water feature written at positive bias. By applying negative bias (-
10V), it is possible to induce rapid evaporation, as shown in (b). The dotted line shows
schematically the nominal feature (letter 'K’). The corresponding phase images of (a) and (b) are
shown in right side. The scale bar is 2 um.

From the above observations (Figures 111.4, 6, 8, 9), it is clear that a positively
biased AFM tip can trigger the nucleation of water via electrocondensation. The
implications of surface charge on the evaporation of droplets are striking. The time-
dependent behavior of the water condensate is shown in Figure 111.10 in terms of image
contrast, z-profiles and volume. The water condensate was created with a tip bias of +10
V, indicated as 0 min in Figure 111.10a. The gradual evaporation of the water condensate is
observed through the images obtained after 8 and 16 minutes and complete evaporation
after 24 minutes. Correspondingly, the height of water condensate decreases from 25 to 2
nm as shown by AFM z-profiles in Figure 111.10b. There was also considerable smearing
as seen from the width variation, ~ 0.5 to 2.5 um. Figures 111.10c and d contain trends in
height and width variations respectively, for water condensates produced with different tip
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voltages. A gradual variation in height is observed, where the different curves are seen
lifted up depending on the initial height (Figure 111.10c). The 8 V curve is on the top
extending up to 38 min. On the other hand, the width variation is not found to be
monotonous. The width increases in each case to a point beyond which it decreases, the
turnaround time itself is found to increase with the tip voltage employed to create the water

condensate. Interestingly, the low bias curves (4, 5, 6 and 8 V) group themselves with the

initial width at ~ 0.5 pm. The 10 V and 12 V curves are much wider (see Figure 111.10d).
Similar trends are observed in the volume data (Figure 111.10e).
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Figure 111.10 Evolution of water feature size and shape during evaporation. A representative series
of images taken at different times after writing are shown in (a). (b) Shows height profiles of an
evaporating drop illustrating that the height decreases and the width increases over a period of 24
minutes. Height variation (c), width variation (d) and (e) volume variation of water condensates at
different tip voltages. Scale bar 1 pum.
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Thus, the water condensates created using lower tip biases evaporate rather quickly (within
~ 12 min), while those from above 8 V bias, exhibit an initial drop lasting 5 min and a
more gradual evaporation during the following 20 min or so. The behavior with the 8 V

curve is quite unique, an overall gradual evaporation going beyond 25 min.
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Figure 111.11 (a) and (b) show the instantaneous and overall evaporation rates, respectively. Over
time, the feature spreads as it evaporates.

The instantaneous and overall evaporation rates of the water condnesates are
plotted in Figure I11.11. The maximum evaporation rate is estimated to be 2 aL/min. The
evaporation of macro or microdroplets of water is known to be a rapid process; the
evaporation rate of a water droplet on PMMA surface under similar humidity conditions is
typically 0.1 pL/min [60]. Assuming that trends in evaporation are independent of droplet
size, attolitre volumes of water such as shown in Figure 111.10a, should evaporate within
picoseconds (102 sec)! In contrast, the aL quantities of water evaporate very slowly,
indicating that physical mechanisms are quite different relevant only for nanoscale
volumes [61, 62]. Besides, the droplets of water are highly charged and the dimensions are
perhaps small relative to the screening lengths in water, which are typically on the order of
a few hundred nms [63]. Since the carbonaceous platform serving as substrate for water is
dielectric, the dissipation of charges is expected to be slow. It appears that water molecules
require extraneous energy to leave the droplet surface [61, 62, 64, 65]. As a result, the
evaporation is significantly slowed, enabling us to visualize the droplets on macroscopic
timescale. Interestingly, the evaporation curves in Figure Il11.10e show that when the
droplet volume is above 20 aL (see 10 V and 12 V curves in Figure I11.10e), initial

evaporation is fast (~ 5 min) and thereafter becomes gradual, much the same way micro
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liter droplets would behave [60]. Smaller droplets (< 20 aL, see 8, 6, 5, 4 and 3 V curves in

Figure 111.10e), differ from this behavior in that their trends are relatively monotonic.

’ “s—> Water

Carbonaceous platform

(b)

Carbonaceous platform

Figure 111.12 (a) 3-dimensional image and corresponding line profile of a hexagonal water pattern
showing the unusually sharp local water morphology that can be achieved using AFM-induced
electrocondensation. The scale bar is 2 um and the maximum height of the water feature is 27 nm.
The schematic in (b) illustrates the presence of local tip-induced charge and polarization in the
water which contributes to the anomalous droplet shapes and evaporation characteristics observed.

The electrocondensed water on the carbonaceous platform is different from
standard droplets in yet another sense. One may recall the topography of the image shown
in Figure 111.9a, where the square water island is seen with highly uneven surface, a
behavior foreign to bulk water. Another example is the topography image in Figure 111.12a
of a ring of water condensate, which did not show any tendency to collapse into a rounded
droplet. The overlapping z-profile shows unusually sharp local morphology and

corrugations of the water condensate.

This is illustrated with the schematic shown in Figure I11.12b. Small volumes
combined with localized charges arise due to alignment of water dipoles under the electric

fields may attribute special properties different from the macroscopic behavior of water
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condensates [62]. With time the hexagon is becoming a rounded droplet, demonstrating the
evaporation phenomenon (see Figure 111.13). The evaporation pattern for the water coral

was recorded for every 2 minutes and the images are shown in Figure 111.13.

Figure II1.13 The series of AFM images showing the evaporation of hexagonal water nanopattern
with time (indicated in minutes at the top of right corner). Scale bar, 1 um.

111.4.3 Local Anodic oxidation and etching

In order to study the influence of mode of operation, lithography was performed in
contact mode. Figure I11.14a shows the AFM topography of the EBICD (thickness ~ 10
nm) on the Si substrate. Lithography was performed by drawing lines from Si to the
EBICD using negatively biased AFM tip (-10 V) at a relative humidity of 45%. At these
conditions, the biased AFM tip initiates local anodic oxidation of both Si and EBICD,
which can be seen as raised features which remained indefinitely (see Figure 111.14b) [66,
67]. The inset shows a zoom-in-view of the grid pattern of oxide lines on the EBICD
surface. The typical height of these features is 1.5-2 nm as determined from the

116



AFM bias nanolithography on carbon surfaces

corresponding z-profile (see Figure I11.14c). Further, the lithography was executed with a
tip bias of -10 V at relative humidity of 60%. Lithography was performed on the set of
EBICD platforms (thickness ~ 5 nm) on Si is shown in Figure 111.14d. After performing
the lithography, almost the entire region underwent modification. This is due to parallel
spreading of oxidative species on the substrate surface under high humidity conditions [68,
69]. AFM z-profile analysis in Figure 111.14f shows that ~ 2 nm of the EBICD got etched
away during this process as the oxidative species transformed solid carbon into volatile CO
and CO,. The propagation of the shock waves can spread the oxidative species to a lateral
distance of several ums generating oxide structures on the Si surface [68]. This behavior is
also observed in polymer films under higher humidity conditions, where nanoexplosion
under the tip apex and a shock wave propagation with a center cone and outer ring-like
structures [68-70].
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Figure 111.14 Electrochemical modifications on Si and EBICD surfaces with a negatively biased
AFM tip (-10 V) in contact mode. (a) AFM topography of the EBICD on Si. (b) oxide patterns in
the form of lines on the Si and EBICD surfaces (RH=40-45%). Inset shows the grid pattern of
oxide features on the EBICD surface. (c) z-profile for the oxide feature. AFM topography of the (d)
EBICD platforms and (e) electrochemical etching of EBICD under high humidity (RH=60%)
conditions. Scale bar, 3 um. (f) AFM z-profile for the etched part of the EBICD platform with
respect to the unmodified region.
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111.4.4 Charge Patterning

Lithography was performed on the EBICD surface under lower humidity
conditions (RH=30%) in the contact mode. Tip biases of +6 and -10 V are applied to write
the lines on the top and bottom EBICD platforms respectively. No appreciable changes in
the topography of the EBICD surfaces were seen before and after writing with the given tip

biases (see Figures I11.15a and b).

Topography Phase

Figure 111.15 (a) and (b) AFM topography of the EBICD platforms before and after charge
patterning respectively. EFM phase images after writing three lines at V. 0of +6 V (top), -10 V
(bottom), read with Ve, -3 V (), and +3 V (d), lift scan height of 120 nm. EFM phase images
With Vie,q Of (€) -3 V and (f) 3 V after rewriting with tip bias of -10 V on same patterns of the top
EBICD platform. Scale bar, 3 pm.

EFM was performed in order to examine whether there exist any charge patterns
which could not been seen in topography. To determine the sign of these surface charges,
EFM phase images were recorded with Vg 0f -3 and +3 V, both at a lift scan height of
120 nm. The two bias polarities showed opposite contrast in the images. In EFM, attractive
and repulsive force gradients result in the negative and positive phase shifts which give
darker and brighter contrasts respectively. The three lines written with a Vit 0f +6 V on
the top EBICD platform showed bright and dark contrasts for Vieg of -3 and +3 V
respectively (see Figures I11.15¢ and d). On the other hand, the lines written with -10 V on
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the bottom EBICD platform showed dark and bright contrasts for Vi, Of -3 and +3 V
respectively (see Figures I11.15c and d). This indicates that writing with the positive tip
bias results in the negative surface charges and reverses for the negative tip bias writing.
This observation was further confirmed by drawing lines with Vi 0of -10 V on the top
EBICD platform only without rewriting on the bottom. Now the top and bottom platforms
showed similar contrasts for the lines, indicating the possibility of reversible charging

depending on the sign of Vit (See Figures 111.15e and f).

Figure 111.16 (a) and (b) EFM phase images after writing three lines at Vi 0of -10 V (1 and 2
platforms), +6 V (3 and 4 platforms), read with V.4, -3 V and +3 V lift scan height of 120 nm.
EFM phase images with V.4 0f () -3 V and (d) 3 V after rewriting with tip bias of +6 V and -10
V, indicated on the platforms. Scale bar, 4 um.

The charges on the carbonaceous platforms can be erasable and rewritten. The
same platforms (as in Figure 111.15) were used for further writing process. AFM tip bias of
-10 V and +6 V were used for writing on the carbonaceous platforms numbered 1, 2 and 3,
4 respectively. The EFM phase contrast seen according to the Vit used for the writing
purpose (see Figures I111.16a and b). Circles and cross lines are written and showed EFM

phase contrast according to the Vit (See Figures 111.16¢ and d).
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A summary of the AFM bias lithography on the EBICD surface is presented in Figure
I11.17. The surface of EBICD stabilizes the water condensation under a positively biased
AFM tip in tapping mode at a moderate humidity (45%). As the humidity decreased to
30%, the formation of reversible charge patterns were observe depending on the tip bias
polarity guided by the water-cycle mechanism. These modifications are treated as
electrophysical which do not involve any chemical modifications to the EBICD surface.
After changing the mode of operation to contact mode, the negatively biased AFM tip
induces the local anodic oxidation of the EBICD surface under moderate humidity (45%).
Further, increase in the humidity up to 60% resulted in the lateral spreading of oxidative
species (which is known in the literature as shock wave propagation) causing the

electrochemical etching of the EBICD surfaces over microns range.

Water condensation | AFM bias lithography | Local anodic oxidation

Charge writing Shock wave generation

Figure 111.17 AFM bias lithography on the EBICD surface under different conditions favoring the
electrophysical modifications such as water condensation and charge writing and the
electrochemical modifications such as local anodic oxidation and shock wave generation.

The charge patterning on the EBICD surface can be explained by the water-cycle
mechanism [71] in which the electrochemical reactions are not favorable on these EBICD
platforms rather only physical processes such as charge patterning is possible at low
humidity conditions. Charge patterning involves no changes in the topography and only
detected either through EFM or KPFM imaging. It is known that the negative and positive
tip biases drive the OH and H" ions respectively towards the substrate surface, resulting in
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charge deposition on the EBICD surface. Under low humidity conditions, the number of
the oxidative ions are low enough not causing the local chemical modification but only
resulting in the physical incorporation of charged ions such as OH™ and H”, leading to the
charge writing on the carbonaceous platforms.

The novel surface functionality of the EBICD surface is responsible for the tunable
local modifications according to the operating conditions adopted. The electron beam
inducing the complex reactions of residual hydrocarbons along with the moisture leading
to the formation of stitched carbonaceous patterns. The carbon to oxygen ratio of the
carbonaceous deposits is found to be 70:30 determined through XPS analysis. A local
probe technique such as AFM was employed as to exploit the unique surface functionality
of the EBICD surface. Firstly, EBICD was employed as a suitable platform for the
condensation of water patterns and their stability under ambient conditions. This can be
explained by the polarizable surface functional groups under the electric field from the
AFM tip followed by subsequent electrostatic clamping of water molecules leading to the
condensation of water features. The relaxation of polarized functional groups with time
causes detachment of water molecules leading to the evaporation. Thus, the reversible
polarization of surface functional groups allowed us to study the nature of water
condensation under different tip bias conditions during tapping mode of operation. On the
other hand, using a negative tip bias in contact mode, the local electrochemical
modifications were observed. At moderate humidity, the oxidation of the EBICD surface
was observed while at higher humidity the spreading of the oxidative species via shock
wave propagation causing the electrochemical etching of the EBICD surfaces relatively
over large areas conditions. Apart from these permanent chemical modifications, the
charge patterns could be written on the EBICD surfaces under low humidity in contact
mode. The charge patterns have been reversibly changed according to the sign of tip bias.
As there is no change in the topography, the written charge patterns are imaged through
EFM. Thus, this study brought out the important observations about the electrophysical
processes such as water condensation, charge patterning and electrochemical modifications
such as oxidation and etching of the EBICD surfaces by choosing the appropriate operating

conditions.
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111.4.5 Charge storage in mesoscopic graphitic islands (MGIs)
I11.4.5a Local anodic oxidation

In 1990, Dagata and co-workers have observed the modification of a hydrogen-
terminated silicon surface through application of a bias voltage between an STM tip and
the surface [72]. The composition of the modified region was found to be silicon oxide,
confirmed through secondary ion mass spectroscopy (SIMS). This phenomenon has been
attributed to the local oxidation of the Si under the electric field from the STM tip. In 1993,
similar observations were made by employing AFM which could cause the local oxidation
of Si (111) surfaces. Since these early stuides AFM has been extensively used for the local

oxidation of surfaces due to its ease of operation and speed.

Typically, conducting AFM tips such as Pt/Ir, Au, W,C coated and heavily doped
Si probes have been employed for the local oxidation of surfaces in contact and dynamic
modes. Local anodic oxidation (LAO) is about the formation of a simple
nanoelectrochemical cell in which AFM tip serves as a cathode, the water bridge formed
between the tip and surface as electrolyte, and the substrate serves as the anode. LAO
resembles conventional anodic oxidation except that the former relies on 10%-10° water
molecules while latter uses Avogadro’s number of (6x10%%) electrolyte molecules. Another
fundamental difference is that in LAO, the anode and cathode are separated by a few
nanometer (~1-2 nm) distance where the application of nominal bias voltage of 10 V
would generate an intense electric field (E = VV/d = 10 VV/nm), more than enough for the
electrolytic dissociation of water to cause local chemical modifications. The high aspect
ratio of the AFM tip further concentrates the electric field upon application of a bias
voltage. Besides the electrochemical modifications, such extremely high electric fields can
initiate various physical and chemical processes such as electrostatic charging, field
emission, Joule heating, explosive discharge, nanoexplosion and shock wave generations
[3]. As discussed in the previous section, the formation of a water bridge is usually formed
either by mechanical contact between tip and sample surface or through the application of

an electrical field in the case of dynamic modes of operation.
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Figure 111.18 Local anodic oxidation and etching of Si (100) surface and corresponding z-profiles.

Most of the initial LAO experiments were performed on Si surfaces to gain the
basic understanding of the oxide growth kinetics and optimization of experimental
parameters. The anodic oxidation of the semiconductors and metal surfaces can be
explained through the following chemical reactions proposed by Sugimura and Nakagiri
[73].

Atanode: M + nH,O —» MO, +2nH" +2ne” | ... (111.6)

At cathode: 2H 5q) + 267 —Hy(q)

2H,0 + 2" —> H, + 20H"

In the case of Si surface, after LAO as the resulted SiO, has more volume compared to Si,
it forms a protrusion on the surface. Alternatively, depressions on Si can be formed
through wet chemical etching of SiO, using dilute HF (see Figure 111.18).

This LAO technique has been employed widely for the oxidation of various
surfaces such as metals (Ti, Ta, AL, Mo, Ni, Nb), semiconductors (SiC, IlI-V
semiconductors), dielectrics (SisNg4, perovskite films), self-assembled monolayers and
carbonaceous films, etc. Mode of operation is very important during the lithography; it is
found that during the contact mode lithography, due to continuous voltage bias, there is a
buildup of space charge within the oxide during the growth. Whereas dynamic modes such
as tapping and non-contact modes resulted in the high aspect ratio oxide features due to

pulsing nature of the applied bias which minimizes the width of the meniscus.
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Though much of the earlier reports are mainly focused on Si surfaces and to some
extent various metal surfaces, due to recent interest in fabrication of carbon-based devices,
SPM lithography has become a popular tool for realizing carbon nanodevices directly. The
basic difference between the Si and C substrates is that Si can only be oxidized whereas
carbon either can be oxidized or etched during the SPM lithography. As the electronic
properties of carbon are very sensitive to the local electrochemical modifications, SPM
lithography can offer the possibility of fabricating carbon nanodevices with tunable
properties. In addition, SPM lithography provides a resist free method for fabricating
carbon nanostructures. The advantages are far-reaching since the intrinsic electronic
properties remain preserved, unlike other lithographic techniques such as electron beam
lithography and photolithography which involve resist coating with multiple steps of
chemical processing. Nanofabrication with scanning probe microscopes provides a widely
accessible method for high resolution nanofabrication with a precision approaching atomic
(0.1 nm) dimensions.

111.4.5b Relevant Electrochemical Reactions

AFM bias lithography was performed on the conducting carbon such as highly
oriented pyrolytic graphite (HOPG). HOPG is a standard calibration sample for STM and
cAFM due to its smooth surface. The local electrochemical reactions on HOPG may be
partial or complete leading to the oxidation or etching of the graphene layers depending on
the experimental conditions. A brief discussion is presented related to local
electrochemical processes on the graphite surfaces. When a local electric field is applied
between a tip and a carbon substrate in the presence of a water meniscus, a number of
possible electrochemical reactions can take place to affect localized domains on the carbon
substrate. The features produced can be either due to an oxidation or an etching process,
which process dominates depends on the strength of the applied electric field and the
duration of resulting ionic current. Oxidation produces raised oxide features while etching
produces localized pits [74]. For the purpose of this study, the pits can be classified as
either deep (depth greater than ~2 nm) or shallow (depth less than ~2 nm). In all cases, a
permanent chemical modification of the carbon surface occurs that will impact the
performance of any intended device. This distinction based on trench depth is important
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because significant differences in electrical behavior between shallow and deep trenches

are observed.
2H,O +E field » 20H + 2H"

C +20H — CO,+ 2H + 4e’
2H ™+ 2H ™+ 4¢” — 2H,

C +2H,0 — CO, T+ 2H, (Overall reaction)

The chemical reaction to etch a carbon surface can be understood by converting solid
carbon into gaseous CO and CO, through reactions mentioned above. Although this
process is slow under normal conditions, it is accelerated by the high electric fields
between the biased tip and carbon substrate. As a result, OH™ is driven toward the
substrate, and the chemical reaction goes to completion with the end result that C atoms

are removed to form trenches [75-77].

H,0 ~E field > OH = H
C+~OH —»C-OH=+¢
C-OH— C-O~H
C-O0+H ~H — C=O-+H,

C —H,0 = C=0 (catbonyl) ~H, (Overall reaction). (111.8)

Under sufficiently low bias or when the electric field is applied for a sufficiently
short period of time, carbon can be oxidized rather than etched. Even though, Pourbaix
diagram shows the possibility of etching at low voltages, the chemical kinetics favor the
oxidation of the carbon surface resulting in a raised surface feature rather than a depressed
pit [78]. Hence, the conversion of C to gaseous CO and CO, is incomplete and only

surface carbonyl, carboxyl and epoxy formation is expected (see Equation I11.7).

Under practical conditions, both processes outlined above may occur in parallel,
producing localized features that contain carbon atoms modified by oxy-functional groups
due to incomplete reactions. The presence of such species is confirmed by Raman

measurements (vide infra).
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111.4.5¢c Geometric Characterization of Electrochemical Oxidation on HOPG

Figure 111.19 summarizes the results of typical electrochemical oxidation and
etching experiments performed on the topmost layers on an atomically flat HOPG
substrate. In Figure 111.19a, the observed patterns (lines and hexagons) were created
through local anodic oxidation of the HOPG surface using intermittent contact mode under
a relative humidity of 35% and a tip bias of -8 V. Under these conditions, protruded
features were observed on the HOPG substrate. The typical height of these features was
found to be 1-1.5 nm as determined from the corresponding z-height profile (shown in the
line scan in below Figure 111.19a).

Since the features are raised above the substrate, they were formed by
electrochemically oxidizing the topmost graphitic layers (see Eq. 111.8 in section 111.4.5b).
Under similar conditions (-8 V tip bias and 35% relative humidity), when the tip is in
contact mode, local anodic etching of graphitic layers is observed (see Eq. 111.7 in section
[11.4.5b and related discussion). Figure 111.19b shows a sequence of line features created by
scanning the biased tip at a velocity of 0.5 um/s. This experiment demonstrates control of
trench depth as a function of the bias applied to the tip. Bias voltages from -8.0 V to -6.8 V
in steps of -0.2 V (‘a’ to ‘g’) were investigated. As deduced from the z-height profiles in
Figure 111.19b, a negative tip bias of -8V in contact mode etches a trench ~40 nm wide and
with an apparent depth of 1.5 nm, suggesting the formation of a cut through ~4-5 carbon
layers. This observation is comparable to that obtained by Jiang et al. [24] who ramped
voltage pulses from 8 V to 5 V for a duration of 10 s in order to produce shallower cuts
(less than 2 nm deep) through the HOPG layers. Figure 111.19¢c demonstrates the reliability
of localized electrochemical etching to form well-defined geometries in the top-most
graphitic layers of HOPG. The formation of hexagonal islands of different sizes is
demonstrated. After analyzing these images, it can be confirmed that the inner portion
(marked as ‘i’ in Figure II1.19¢) of the hexagon forms a graphitic island that is laterally
isolated from the surrounding infinite graphite substrate (marked as ‘o’ in Figure II1.19¢).

For this reason, the inner region was referred to as a “mesoscopic graphitic island (MGI).”
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Figure 111.19 Electrochemical oxidation and etching of graphitic layers with a negatively biased
AFM tip. (a) Graphite oxide patterns in the form of lines and hexagons with heights of 1 nm
obtained in intermittent contact mode with a tip bias of -8V. (b) AFM topography of the trench
patterns labeled ‘a’ to ‘g’ were drawn in contact mode with biases ranging from -8 VV t0 -6.8 V in
steps of 0.2 V respectively. (c) Hexagonal island-like patterns are created at two locations on
HOPG (marked as T1 and T2) by locally etching away layers of graphite with a tip bias of -8 V.
Inset shows the narrow constriction of 50 nm ide separating two MGls. The corresponding z-
profiles are shown below for each image. A relative humidity of 35% was kept constant for this set
of experiments.

111.4.5d Electrostatic Charging of MGls with Deep Trench Perimeter

Because chemical modification of the graphitic layers is likely to result from
electrochemical etching, systematic experiments were conducted to characterize the contact
potential difference between MGlIs and the surrounding HOPG substrate. Figure 111.20 illustrates a
typical electrostatic force microscopy (EFM) study of MGIs with varying size and trench
dimensions. The AFM topography image in Figure 111.20a shows MGIs with lateral dimensions of
500 nm (top pair of hexagons), 300 nm (middle pair) and 150 nm (bottom pair). Note that the
perimeter around the upper right hexagon has intentionally not been completed, allowing the
interior region of this partially formed hexagon to retain connectivity to the uppermost graphitic

layers of the surrounding HOPG substrate. Trench depths were measured to be in the range of 2-5
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nm. The corresponding EFM phase images (shown in Figures I11.20b, c, d, ¢) were recorded with
tip biases of 0, +3, -3, +5V using a lift height of 60 nm. Figure I11.20b shows the EFM phase image
recorded with a zero tip bias that reveals a small but measurable electrostatic signal presumably
due to a work function difference between the tip and HOPG. Interestingly, this signal provides
evidence for a small phase contrast inside the hexagonal MGls, when compared with topography

image in Figure I11.20a.

a) topography

Phase 3V [0) A o

Figure II1.20 EFM studies on MGIs with different lateral dimensions. (a) Topography image
showing the MGlIs with lateral dimensions of 500 nm (top pair of hexagons), 300 nm (middle pair)
and 150 nm (bottom pair), depths of 2-5 nm. EFM phase images obtained with a tip bias of (b) 0 V,
(¢) 3 Vand (d) -3 V. EFM phase images obtained with a tip bias of (¢) 3V and (f) -3V for the MGls
defined under mild electrochemical conditions (g) Topography shows a small circle drawn inside
of hexagon 1 and nearly complete etching of hexagon 2, with only a small bridge connecting the
interior of the hexagon to the surrounding HOPG substrate. EFM phase images recorded with a tip
bias of (h) 3 V and (i) -3 V. The lift height is maintained constant throughout as 60 nm. Scale bar,
0.5 pm.

It is noteworthy that the upper right partial hexagon does not exhibit this phase
contrast because of continuity of the top graphene layers which allows charge equilibration
between the partial MGI and the surrounding surface. The observations are more striking
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with bias applied on the tip. In Figure 111.20c, the EFM image recorded with a tip bias of
+3 V, shows a positive phase shift of 0.4° from the interior of the hexagons with respect to
rest of HOPG surface. This phase shift is similar irrespective of the size of the hexagon and
is uniform throughout the inside region. The trench regions are seen darker due to
attractive capacitive interactions irrespective of the tip bias polarity. Moreover, the upper
right hexagon does not exhibit any difference in phase. Upon reversal of tip bias (to -3V),
it was observed that a reversal of EFM phase contrast for the MGls, confirming the
electrostatic nature of the interaction producing the phase shift (shown in Figure 111.20d).
Analysis of this data suggests that the interior MGI regions are positively charged (see
Figure 111.20e). Further examination of the data in Figure 111.20d provides evidence that the
trench regions surrounding the hexagonal MGls are oppositely charged with respect to the
MGI interior. As mentioned above, the upper right partial hexagon imaged in Figure
[11.20a was intentionally cut on only five sides, allowing for electrical continuity between
the interior of the partial-hexagon and the surrounding HOPG substrate. It is clear from the
data in Figure 111.20e that the EFM phase contrast is greatly diminished when the MGI
interior is intentionally connected to the surrounding HOPG substrate.

From this set of experiments, it can be inferred that the local lithographic etching of
HOPG with a biased AFM tip creates MGls that appear to be electrically charged. It was
also noted that the charge persists over extended periods of time (at least several hours)
lapsed between the different experiments. The apparent charging of isolated MGls was
further investigated in a second set of experiments. In these experiments, modifications
were made to the top pair of large hexagons previously shown in Figure 111.20a.
Specifically, a small 0.2 um diameter circle has been electrochemically etched inside the
hexagon marked 1 in Figure 111.20g using a negative tip bias of -10 V. Subsequent EFM
phase imaging with the tip biased at +3 V (see Figures 111.20h and i) reveals a reduction in
the phase contrast when compared to Figures 111.20c and d. A second modification was
made to close the open side of the hexagonal MGI marked 2 in Figure 111.20g. This
modification reduced the electrical contact and further isolated the interior of the MGI
from the surrounding HOPG. Only a small bridge of ~ 50 nm width (see Figure 111.20g)

now connects the interior of the MGI to the surrounding topmost layers of HOPG.
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Significantly, a pronounced EFM phase contrast develops within the interior of the MGI as
can be seen by comparing Figures 111.20g and i with Figures 111.18c and d. It is clear that
the EFM phase difference across the interior of a hexagonal MGI can be controlled by the

degree of isolation between the interior region and the surrounding HOPG substrate.
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Figure 111.21 The width of the trench was 60 nm from the topography (a), and the apparent width
of the trench was decreasing to 50 nm and 40 nm for the EFM phase images recorded at tip bias of
(b) 3V and (c) -3 V respectively. The corresponding profiles are shown. (d) The EFM phase image
of MGIs with a tip bias of 5 V and (e) the phase shift of 0.7 ° shown in the profile.

The apparent width of the trench was lesser in the phase images when compared
with the topography image (see Figures I11.21a, b and c). This is due to the long- range
nature of electrostatic forces and broadening of the potential distribution near the edges of
the trench. This can also be inferred from the opposite phase shift that appears as a bright
halo around the perimeter of the MGIs. This feature may not be due to AFM controller
instability since this “opposite phase contrast” appears to be a unique characteristic of the
MGls surrounded by shallower trenches. Figure 111.21d shows phase image of the isolated
hexagonal MGIs when the tip bias is set to +5 V. The EFM phase shift in the interior of the
MGls is ~0.7° greater than the surrounding substrate (see Figure I11.21¢).
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111.4.5e Electrostatic Charging of MGls with Shallow Trench Perimeters

——

topography

Figure 111.22 (a) Topographic image recorded after mild electrochemical modification to form
various patterns. The topographic features are barely visible due to presence of large number of
steps at this location on HOPG. (b) Topography of an individual MGI with very mild features of
perimeter. However, the location of these features is clearly revealed by comparing with EFM
phase images obtained with a tip bias of (b) OV, (c) 3V and (d) -3V respectively. The lift height is
maintained constant throughout as 60 nm. The phase images clearly show patterns with reversal of
contrast for the opposite polarity of the tip biases.

In order to further investigate the electrostatic charging, both straight lines and
hexagonal MGIs were fabricated with interiors isolated from the surrounding HOPG by
shallow trenches (depths of less than 1 nm). Figure 1l1.22a illustrates the topographic
image recorded after performing bias lithography. It appears featureless when imaged at
this length scale due to the shallow depth of the trenches that were created. However, some

of the sides of the hexagons are the raised surface oxidized features rather than trenches.
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That location of HOPG contained a large number of steps, and therefore precise
determination of trench depth is difficult. However, the observation of EFM phase contrast
from the drawn features, indicating the delamination of the graphene layers because of the
electrostatic pressure exertion form the oxyanions. Figures 111.22b, ¢ and d show the EFM
phase image recorded with a tip bias of 0V, +3V, and -3V respectively. These images
provide clear evidence for the reversal of EFM phase contrast for the interior of the MGls,
and again indicate that a net positive charge accumulates on the interior of the MGls. This
result is not only consistent with the observations inferred from Figure 111. 20 but affirms
that charge accumulation is possible even with MGIs defined by shallow trenches (or
oxidation) Interestingly, the three straight lines etched into HOPG (as seen in the upper
region of Figures I11.22c and d) indicate an EFM phase contrast that is clearly opposite

with respect to the MGl interiors.

This suggests that the trenches are negatively charged along their length, a result
that is consistent with the formation of oxy-functional groups during electrochemical
etching. While working with mild conditions in tapping mode, it was difficult to
distinguish a shallow trench from a raised feature clearly, given the roughness the region
develops following the process. The formation of a raised feature joined along by a
shallow trench is also a possibility. However, it is quite clear that the perimeter of MGI in
such a case comprises of an oxide species.

Table-111.1 The measured EFM phase shift values for the different dimensions of MGIls compared
with that of HOPG background.

HOPG background 0.03-0.06
Shallow trenches (1 nm deep) 0.1-0.3
Medium trenches (10 nm deep) 0.1-0.5
Very deep trenches (40 nm deep) 0.4-1.0

111.4.5f Electrical Characterization

In order to assess the degree of electrical isolation of the MGls, the current-voltage
characteristics were measured using conducting AFM (CAFM). First, as shown in Figure
[11.23a, hexagonal MGls were created in a flat region of HOPG.
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Figure 111.23 conducting AFM (cAFM) studies on graphene oxide island. The black linear curve is
typical of that found when the tip is loaded and positioned on flat HOPG with a contact resistance
of 3.6 kQ. The I-V from the interior of the graphene oxide island shown with red curve, contact
resistance of 16 kQ. The inset shows the AFM topographic image.

For the purposes of this study, both completely enclosed hexagons as well as half-
hexagons were fabricated. When the tip is positioned on flat HOPG, the resulting 1-V
curves are linear as shown in Figure 111.23b. Analysis of the slope of the I-V data near V =
0 gives a contact resistance of ~3 kQ. Positioning near the half-completed hexagons shown
in Figure 111.23a produced similar 1-V characteristics, indicating that the etching process
alone did not significantly affect the electrical transport. However, when the tip is

positioned within an isolated MGI-hexagon with a lateral dimension of 1 um, separated
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from the surrounding HOPG by a trench of depth 70 nm, a distinctly non-linear I-V
behavior occurs. Analysis of the slope of the 1(V) data near V=0 gives a contact resistance

of ~200 kQ. This is nearly 70 times that higher resistance compared to HOPG.

A number of I-V curves recorded inside and outside the hexagon reveals that I-V
from anywhere inside the isolated hexagon is nonlinear, whereas linear 1-V behavior is
always observed with the tip positioned outside of the hexagon. The non-linear I-V
recorded inside the MGls suggests an electrical decoupling of the hexagonal islands from
the surrounding HOPG substrate with a degree of electrical isolation that is ~70 times
greater when compared to direct contact to the flat HOPG. Interestingly, current mapping
on the MGIs has revealed that the edges on either side of the trench regions appear as
brighter features, indicating their highly conducting nature due to localization of charge
carriers, this observation is consistent with prior work [79]. Further experiments were
conducted on the interior of an MGI separated from the surrounding HOPG by a raised
oxide line, similar to that shown in Figure I11.19a. These data are presented in Figure
[11.23b and indicate a factor of 4.4 increase in resistance as well as a slight non-linearity

near V=0.

€)) topography (b) Cq rrentmap

Figure 111.24 (a) Topography of the hexagons with deep trenches and the corresponding current
mapping image is shown in (b) with a sample bias of 1 V and tip was grounded. The perimeters of
the trenches appear as brighter contrast, revealing the local higher conductance as compared to the
rest of the HOPG.

Conducting maps of the MGlIs were performed with a tip bias of 1 V and results are
presented in Figure 111.24. The current map in Figure 111.24b shows that the edges of the
MGlIs were of brighter contrast as compared to the rest of the regions. The corresponding

AFM topography is shown in Figure I11.24a. The edge regions are of higher conducting
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due to the a little overlap of the graphene layers with the bottom. This leads to the

localization of the charge carriers, giving rise to the higher conducting edges.

111.4.5g Dissipation of charges through thermal treatment

Before After

Figure 111.25 Charge decay after the heat treatment. EFM phase images showed the reversal of the
phase contrast in the interior of the hexagons before the heat treatment with a tip bias of (a) 3V (b)
-3V respectively. The EFM phase images for the same after heating the sample at 200°C for 5
minutes, no reversal of the phase contrast. For the tip biases of (c) 3V and (d) -3V respectively.

The positive charge in the interior of the hexagons has been neutralized by
contacting with a negatively biased tip (while drawing a circle inside of hexagon, see
Figure 111.209). It was also found that thermal activation of charge carriers can also be used
as a method to dissipate the charges. In a typical experiment shown in Figure 111.25, EFM
was recorded on a set of hexagons with different lateral and vertical dimensions before and
after heat treatment to realize the process of dissipation of charges. Figures I11.25a and b
correspond to the EFM phase images recorded on the MGls with different dimensions with
tip biases of 3V and -3V, lift height of 120 nm respectively. As usual, the interior of the
hexagons are positively charged (similar to Figures 111.20 and 22). The hexagons with the
shallow trenches are marked with the rectangular box. The sample was then heated to 200
°C for 5 minutes, followed by EFM mapping of the same area. Interestingly, the EFM
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phase contrast after thermal treatment is the same, regardless of tip polarity (see Figures
[11.25¢ and d). One can easily observe from Figure I11.25 that following heat treatment,
there is no trace of charge in the interior of the hexagons defined by shallow trenches. This
result clearly indicates a strong coupling of the layers after the heat treatment along the c-
axis, which leads to the dissipation of the charges.

The 1-V behavior reverts to a linear characteristic after heat treatment; with

resistance values from MGlIs comparable to the surrounding HOPG (see Figure 111.26).

V(V)
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Figure 111.26 Conducting AFM on different dimensions of the hexagonal MGls after heating the
sample at 200° C for 5 minutes. The similar behavior in the current-voltage characteristics from the
interior regions of the hexagons as that of rest of HOPG (resistance near V=0 is 13 kQ). The
thermal treatment was helpful in reducing the potential barriers for the flow of charge carriers
along the c-direction.

111.4.5h Micro-Raman Characterization

The Raman spectrum of HOPG (curve a in Figure 111.27) has two major peaks at
1580 cm™(G -band) and 2690 cm™ (2D band). The G band is due to in plane vibrations of
sp® carbon network. The D band at 1330cm™, arises due to the presence of topological or
functional defects which introduce the sp® carbons into the large sp? carbon network.
Though the D band is not seen at all locations on a HOPG surface, its overtone (2D band)
IS seen as it is very sensitive to the stacking order of graphene sheets along c-axis [80].
During the AFM electrochemical oxidation of HOPG, the oxidative species (OH", O) react
with the sp® carbon and convert to sp® with hydroxyl and epoxy functional attachments.
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Spectrum ‘b’ recorded on an electrochemically etched trench of 200 nm width (Raman
probe diameter, 1 pm) shows a broad D band at 1330 cm™ and a small upshift in the G
band position (to 1582 cm™). As shown in the inset of spectrum ‘b’, the shoulder at 1613
cm clearly indicates the presence of oxy functional groups along with topological defects
[80].
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Figure 111.27 Comparison of Raman spectra during the AFM electrochemical oxidation with that
of HOPG. The evolution of D band, up shift in the position of G band and its broadening, signifies

the attachment of oxy functional groups to the carbon lattice (plots ‘b’ and ‘c’ are compared
against ‘a’). The position of G band peak is indicated by a vertical line.

Large pits were also created on HOPG whose dimensions (diameter, 1-2 um and
depth 500 nm) are comparable to the micro Raman probe diameter. The spectrum ‘¢’ is
very different from the HOPG (‘a’) and the most salient differences are (i) a strong D band
(~1330 cm™) with higher intensity as compared to the G band; (ii) a much broader G band
whose position at 1595 cm™ (an up shift of 15 cm™ with respect to HOPG), signifies the

oxidation of the graphite lattice (see spectrum ‘c’). The shape of 2D band is very different
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as compared to the spectra ‘a’ and ‘b’ and may reflect a disruption in c-axis periodicity due

to the introduction of oxy functional groups during oxidation of graphitic layers.
111.4.5i Further discussion

Using a biased AFM tip, the electrochemical oxidation and etching of HOPG has
been studied. By varying the tip bias voltage, lines or trenches have been written into the
top layers of HOPG. The depth of the trenches can be controlled by adjusting the tip bias
voltage. Using the lithographic capabilities inherent in AFM, patterns of varying
complexity have been defined by writing trenches with specific geometry. Of particular
interest is the formation of mesoscopic graphitic islands (MGIs) with an interior that is
laterally electrically isolated from the surrounding HOPG substrate. Using EFM
techniques, shallow trenches with a depth of ~ 2 nm or less are found to exhibit a
pronounced negative charge distribution along their length, suggesting the presence of
oxy-functional groups that form during the electrochemical etching. Subsequent micro-
Raman examination of such electrochemically etched features provides direct evidence for
the presence of such groups. Examination of the interior of MGls by EFM indicates that a
net positive charge is distributed uniformly across the island interior. The charge persists
for many hours, suggesting that a permanent electrostatic polarization of a MGI interior
has been produced. When the interior of a MGI remains partially connected to the
surrounding HOPG substrate by a bridge, the positive charge distribution is greatly
reduced. Experiments show that the net positive charge distribution can also be reduced by
performing lithography in the interior of a closed hexagon (essentially contacting it) with a
negatively biased tip. Taken together, these experiments suggest that the net negative
charge distributed around the perimeter of a MGl is formed at least partially from electrons

removed from the interior of the MGI.

Similar charge persistence has been reported for carbon nanotubes supported on
insulating SiO, substrates [81]. After contact with a biased AFM tip, a nanotube could
remain charged for many hours. Separate experiments were conducted to assess the degree
of electrical isolation of a MGI from the surrounding HOPG substrate. The highly non-
linear I-V data obtained when the MGls are bounded by deep trenches (see Figure 111.23a)

suggests that current flow through the islands is indeed weakly coupled to the surrounding
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HOPG substrate. Such a weak coupling could be produced by filamentary contacts
bridging the topmost carbon layers to the surrounding HOPG substrate. Alternatively, the
large resistivity ratio between the basal plane and c-axis directions in pyrolytic graphite is
well known; measured values for the c-axis resistivity are ~100 times greater than for the
basal plane [82]. If the top few layers of the MGI interior are well isolated laterally from
the surrounding HOPG substrate, then current flow through the MGI will occur
predominantly along the c-axis, with the result that a higher resistance might be expected.
The fact remains that electrical current can flow through the islands, suggesting that the
persistence of the interior charge distribution is likely the result of a permanent charge
polarization that sets up in the top few graphitic layers in HOPG during the oxidative
lithography process. Such a charge polarization will have deleterious effects on any
electronic devices that may be formed using an AFM-based nanolithography process. On
the other hand, it may have potential applications where charge localization and storage is

desirable.

Because the exact quantitative estimation of charges is limited by self-capacitance
effects induced by the tip-cone and cantilever of the scanning probe, an approximate
parallel plate capacitor model was used to estimate the charges in the interior of the
hexagons. Experiments were conducted to specifically determine the tip bias voltage at
which the EFM phase contrast disappeared. When this condition is met, the tip voltage
approximately equals the potential of the MGI. In a series of such experiments, it can be
inferred that the interior of an MGI was charged to a potential of approximately +0.5 V.
This result can be understood by considering the electrostatic potential V(z) that develops
as a function of distance z above a disk of radius R with a uniform charge density . The

solution of this problem is given by

V(2) =27c 1
4re,

[x/22+R2 —z}; z>0.

as z—0, V(0) = +O.5V~%R. For the MGI used in this study, R=0.25 pm, implying
0

............... (111.9)

charge densities 6~+3.5x10° C/m?are present on the top surface of an MGI, roughly
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equivalent to the permanent removal of ~40 electronic charges from the interior of the 0.5

um diameter hexagonal island.

It is possible that during the formation of an MGI, a disruption in the c-axis
periodicity from its nominal value of 0.35 nm has occurred. It has been reported that the
pressure required to exfoliate graphite is ~0.4 MPa [83]. There are two possible forces that
might initiate delamination: (i) electrostatic pressure on the topmost surface due to the
electric field produced by the surface charge distribution o and (ii) the capillary force
exerted on the substrate upon liftoff when using a biased tip. Using values of o inferred
above, it is easy to decide that the electrostatic pressure is negligible. However, the ~ 32
nN liftoff forces, as inferred from Figure 111.3a, can produce a pressure that exceeds that
required to exfoliate graphite. This lift-off force is concentrated around the perimeter of the
MGI and it may serve to delaminate the top-most graphitic layers as the tip is pulled away.
Furthermore, the evolution of CO and CO, gases during lithography may also contribute to
a disruption of the c-axis periodicity. Such delamination effects would further isolate the
topmost layer(s) of graphite from the underlying substrate and may contribute to the
observed non-linearity in I-V when measured along the c-direction. This observation
further suggests that in addition to the lateral isolation produced by the trenches formed
around the perimeter, there may be an additional isolation along the c-axis due to
incorporation of oxy moieties inducing some charge localization in the top most layers of
MGils.

I11.5 Conclusions

This study brings out a set of conditions required for electrophysical and chemical
modifications on a dielectric EBICD surface using a biased AFM tip under different
humidity conditions and mode of operation. The carbonaceous platforms on Si were
created by the electron beam induced deposition using residual hydrocarbons along with
water vapor at 0.4 Torr. The carbonaceous deposits contain functional groups such as
carbonyl, carboxyl and hydroxyl etc. AFM bias lithography was performed under different
conditions such as mode of operation, polarity of the tip bias and RH. Under an optimum
RH of 40-45% favor the local anodic oxidation in either contact or tapping modes under a
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negative tip bias. Further, higher humidity conditions (~60%) cause the spatial distribution
of oxidative species due to shock wave generation. Under low humidity conditions (~
30%), reversible charge patterns have been created depending on the tip bias polarity.
Exclusively, positive tip voltages in the tapping mode at humidity of 40-45% favor the

condensation of water on the carbonaceous platforms.

The electrochemical modifications (oxidation and etching) of HOPG surfaces have
been realized during AFM bias lithography in contact and intermittent contact modes. The
above phenomenon was utilized to fabricate MGIs that are laterally isolated from the
HOPG substrate. The electrical properties of these MGIs were characterized using EFM
and conducting AFM. The EFM studies have revealed that these MGls are permanently
polarized. The electrical transport through the interior of an MGI is non-linear as shown by
conducting AFM experiments. These observations can be attributed to the local change of
electronic structure by incorporation of oxy functional groups around the perimeter of an
MGI during the lithographic process. The above study offers a facile method to create
spatially confined graphene-like structure that could form the foundation of functional
devices, namely mesoscopic graphitic islands. Further studies should focus on extraction
and transfer of few-layer graphene from MGIs onto desired substrates such as boron nitride
[84] in lieu of growing graphene on common substrates. This way, the advantages of
pristine, suspended graphene can be preserved in lieu of the deleterious interactions with
most substrates. In addition, the oxy functional groups at the trenches offer a means of
decorating molecules of specific interest carrying suitable mating groups [85].
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Part IV
Graphene and turbostratic graphite: Electronic and

optoelectronic properties

Summary
Graphene, the two dimensional crystalline allotrope of carbon, exhibits unique and extra-
ordinary electronic [1-3], optoelectronic [4-6] and physical properties [7-10]. This study
pertains to obtaining graphene by top-down (physical) and bottom up (chemical)
approaches in addition to investigating electronic and optoelectronic properties. This part
also includes a section on deriving the electric field effect from the pencil-traces and
fabrication of resistor-capacitor (RC) filters.

The top-down method comprises of laser ablative patterning of highly oriented
pyrolytic graphite (HOPG) using a near field transmitting phase mask in a single step and
ultra-fast manner. Periodic arrays of lines are patterned on the HOPG surface over large
areas by spatially modulating the laser intensity through the mask. Thus, the patterned
surface serves as a source for multi- and few-layer graphene ribbons for transferring onto
desired substrates using polydimethylsiloxane (PDMS) as the transferring agent. The
transferred regions are contained with few-layer graphene (5-6 layers) ribbons as well as
thick graphitic ribbons (30-40 nm), with widths ~ 1 um and lengths of several
micrometers. Raman, TEM and electrical measurements have confirmed that the
transferred ribbons are highly crystalline in nature. Using combinations of shadow and
transmitting phase masks, other patterns such as checker boards and diamond-shaped pits
are produced.

Few-layer graphene (FLG) films have been grown via bottom-up (chemical) route
with the aid of residual hydrocarbons and polymethylmethacrylate (PMMA) carbon
sources. FLG films were directly grown on insulating substrates through thermal annealing
in the presence of Ni catalyst. A comparative study of the infrared (IR) photoconductive
and bolometric response from FLG to graphitic films obtained by different methods was
investigated. FLG obtained from the residual hydrocarbons show IR photoresponse of 73%
which is far higher compared to the FLG films (6-14%) obtained from CVD and scotch

tape methods. The photoconductive nature of FLG films is due to the generation of
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photoexcited charge carriers. On the other hand, the photoresponse of the bulk graphitic
films is bolometric in nature where the resistance changes are due to thermal effects. The
IR photoresponse from these graphitic films are correlated with the Raman peak intensities
which are very sensitive to the nature of the FLG.

Pencil drawing on paper is essentially graphite with turbostratic nature, confirmed
through Raman studies. The turbostratic graphite, which is essentially a 2D system due to
electronic decoupling of the graphene layers, may have some electronic properties similar
to those of graphene. Pencil drawings have been employed as resistor and an ion gel, 1-
butyl-3-methyl-imidazolium octylsulfate mixed with PDMS as dielectric for the fabrication
of paper based RC filters which showed a cut-off frequency of ~ 9 kHz. Ambipolar electric
field effect was observed from the pencil-trace at low operating voltages with the aid of an
ion gel as gate dielectric. The carrier mobilities were found to be ~ 106 and 59 cm?%/\/s for
holes and electrons respectively. The mobility value showed only 15% variation among
few devices tested, truly remarkable given the simplicity of the fabrication process.

V.1 Laser ablative patterning of HOPG to produce graphene ribbons
IV.1.1 Introduction

Besides the high mobility of charge carriers in the sp? carbon lattice, graphene also
exhibits extraordinary properties such as quantum Hall effect and ambipolar electric field
effect, which have promoted graphene to be key component in the future electronic devices
[2, 11-13]. The ballistic transport of charge carriers in graphene, an important property of
this 2D system, remains almost unaffected even down to sub micrometer lateral
dimensions, say 0.3 um at 300 K [1, 2]. Further, the electronic properties of graphene can
be tuned from semi-metallic to semiconducting by reducing the lateral dimensions to a few
tens of nanometers [14, 15]. It was demonstrated that graphene nanoribbons with lateral
dimensions of sub tens of nanometers are semiconducting and the electronic properties are
highly influenced by edge states and quantum confinement [14-16].

The reduction in the mobility of the charge carriers due to edge effects (see Table
IV.1) may limit the usage of graphene in electronic applications [17, 18]. While it is
important to restrict the thickness, it is also desirable to maintain the lateral dimensions of
graphene big enough so that the edge effects are minimal [17, 19], unless such effects are

desired for specific applications. There have been several attempts in the literature to
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isolate the graphene sheets, 1-10 layers thick spreading over several micrometers, from
graphite bulk crystals (HOPG) employing micro-mechanical cleavage [1-3, 20], chemical
exfoliation [11, 21, 22], liquid-phase exfoliation [23, 24] and growth using chemical vapor
deposition [25]. These methods produce randomly distributed graphene sheets on a given
substrate and locating them for device fabrication is usually tedious. In order to exercise a
control over the site specific placement of graphene, methods such as transfer printing [26,
27], electrostatic exfoliation [28] and site specific stamping of patterned graphite have been
developed [29]. A combination of photolithography and reactive ion etching techniques,
involving multiple processing steps has also been used for patterning HOPG; such methods
are time consuming and expensive [26-29].
IVV.1.2 Scope of the present investigation

Here, a resistless direct patterning method for HOPG is presented, which operates
based on single laser pulses through a transmitting phase mask. This approach is different
from the commonly used pulsed laser interference lithography. The latter is a well-
established technique where two or more laser beams are made to interfere to produce
periodic structures on surfaces of metals, polymers and amorphous-carbon films [30-32].
Recently, the carbon nanotube films have been patterned using this technique [33]. Unlike
the laser interference lithography, which requires multiple beams with additional optical
elements, single laser pulse based lithography using a near field phase shifting mask
sounds equally promising. The light passing through a phase shifting mask diffracts in the
far field and modulates the intensity in the near field according to its grating parameters
[34]. This concept has been employed in photolithography to improve resolution [34, 35]
which has been adopted for direct patterning by near-field ablation. Using this method,
various types of patterns on HOPG surfaces have been produced, by ablating carbon to
form periodic array of check boards, line gratings of ~ 1.1 um wide and spacing of 450 nm
over mm? area. Other shapes such as diamond or square pits have also been produced in
large arrays. Using polydimethylsiloxane (PDMS) layer, the patterned regions were
transferred onto different substrates and thus produce essentially multi or few layer

graphene ribbons.
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IV.1.3 Experimental Details

The HOPG used in the present experiments was purchased from NT-MDT, ZYB
grade and was characterized by a mosaic spread of ~0.8°. Before patterning, a fresh surface
was prepared by stripping away a few layers using the conventional sticky tape technique.
Polycarbonate absorbs at 193 nm with an absorption coefficient of ~10° cm™. It absorbs
only 15% at 355 nm and transmits 85% of the light (see Figure IV.1) [36].

0.90- —Polycarbonate

At 355 nm, A=0.15

o
o
S

1 L

320 330 340 350 360 370 380
Wavelength(nm)

Figure I1VV.1 UV-Vis absorption spectrum for the polycarbonate, with absorption of 15% at 355
nm.

PDMS required for transferring the patterned graphene layers was prepared by
mixing Sylgard 184 curing agent (Dow Corning) and its elastomer in the ratio of 1:5 by
weight. The mixture is then degassed under vacuum for 30 minutes. A SiO, (300 nm)/Si
wafers were cleaned by sonicating in acetone and isopropanol, dried by blowing dry

nitrogen.

IVV.1.4 Results and Discussion

The table below shows the dependence of the electronic properties of the graphene
with respect to its lateral dimensions. Graphene exhibits ballistic transport up to a width of
0.3 um and as the size decreases, the band gap opens up and scattering of charge carriers
by the edges come into picture which cause the degradation in the mobility of the charge

carriers (see Table-1V.1).
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Width=10 ym 1-03 pm o/ 300-50 nm 50-5 nm
Edge effects
Edge No edge effects No edge effects edge effects and dominating
effects Only phonon scattering Only phonon scattering phonon scattering & Band gap
opening
Mobility
(cm?V-is ) 40,000 [1, 2] 40,000 [1, 2] 3,000-1,000 [14, 15] | 200-10 [16, 19]
Band gap
V) 0 0 0.05 0.3-1.0
C Transparent conducting Nano electronics, space Field effect Field effect
Applications S . .
electrodes, solar cells optimization transistors transistors

Table-1V.1 Dependence of electronic properties of graphene with respect to different lateral
dimensions. The relevant references are indicated.

IV.1.4.a Pulsed Laser Ablative Patterning of HOPG

90° TIR prism

< _ S <4+—lens, f=30cm

Single step
ﬁ
O
9

Before

ﬁ

Figure 1V.2 Direct laser interference patterning using a proximal transmitting diffraction grating.
A schematic showing ultrafast, single step and large area direct fabrication of patterns on HOPG
surface. The bottom panel shows a side view of the HOPG grating structure.
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355 nm, 10 ns
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Figure 1V.2 describes the direct patterning process of HOPG by laser ablation. A
small (15 x 15 mm?) piece of a compact disc (CD), composed of an array of parallel lines
with a width of 1 pum, spacing of 500 nm and a height 180 nm, was used as a transmitting
phase mask and kept in contact to the HOPG substrate (Figure 1V.2) with no additional
pressure. This assembly was exposed to a single shot of Nd:YAG laser (A= 355 nm, ~ 100
mJ/pulse) in a Q-switch mode under ambient atmosphere. A 30 cm focal point lens was
used and the diameter of the partially defocused laser beam was typically ~ 2 mm. A single
shot of laser pulse was sufficient to produce the imprint of the phase mask on the HOPG
surface (Figure 1V.2).

(b) intensity/]\ ' ' '
200-

Phase mask 90-
E 100 ET5
= 3 60-
R 04 3 o
() 45
T
-100+ 3042

10 15 2.0 25 3.0 35 4.0
um Energy density(J cm'z)

Figure 1V.3 (a) AFM topography image of graphitic grating patterns on HOPG and inset is the
magnified AFM image of the HOPG grating (b) The comparative AFM z-profiles of CD phase
mask (gray) and patterned HOPG (black) in close proximity, a schematic of the spatially varying
laser intensity pattern is shown on top (c) Typical SEM image of the patterned HOPG surface, and
the inset shows the optical image of HOPG grating spots which diffract the light (d) Plot of depth
of patterns with laser fluence (J cm™) used in the experiments.

AFM topography image of the periodic line arrays on HOPG (Figure 1V.3a) showed
parallel stripes with width of 1.1 um separated by ~ 450 nm and height of ~ 80 nm. The
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periodic unablated areas of HOPG are smooth as those regions are unaffected during the
laser irradiation (see inset of Figure 1V.3a). The AFM height profile of the phase mask
when compared with that of the produced pattern (Figure 1V.3b), shows that the width of
the pattern is nearly the same as the relief feature (~ 1100 nm), but the trench depth is only
~ 80 nm, in contrast to 180 nm in the phase mask. This observation implies that the laser
intensity gets amplified through land regions [35], thus causing periodic ablation of
graphite surface (see schematic in Figure 1V.3b). Figure IV.3c shows typical SEM image
of the HOPG grating pattern over a large area. The optical photograph in the inset shows
the grating action from the patterns exhibiting colors. The depth of laser ablation can be
well controlled by adjusting the laser fluence (Figure 1V.3d); the variation is as expected,
linear at lower laser fluence [37]. A minimum depth of 25-30 nm was achievable with a Q-
switch threshold fluence of 1.1 J cm™ and is comparable to the skin depth of HOPG,
typically 20 nm (absorption coefficient ~ 5x10° cm™) [37].

IV.1.4b Transferring of graphitic ribbons

04
15 20 25 30 35 40 45 50 55 60
Height(nm)

Figure IV.4 Left, schematic showing the steps involved in the transferring of G-ribbons on a
desired substrate. Right, Optical micrographs of graphitic ribbons on the cured PDMS (a) and
transferred onto SiO,/Si (b). (c) AFM image of graphitic ribbons transferred on a SiO,/Si substrate
and (d) a histogram showing the distribution of heights of the transferred graphitic ribbons in (c).
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The patterned regions from HOPG could be successfully transferred onto a desired
substrate such as SiO,/Si (Figure 1V.4) using a known method [38, 39]. A small drop of the
PDMS pre-polymer and curing agent (5:1) was drop coated on the HOPG surface covering
the pattern, this was subjected to curing at 60 °C overnight (Figure IV.4a). On gently
peeling off the cured PDMS from the HOPG, the patterns came attached to the PDMS
surface. The optical image in Figure 1V.4a shows parallel sets of the ribbon-like structures
adhering to the PDMS surface. The PDMS surface carrying the ribbons was then placed on
a desired substrate (SiO,/Si) while pouring few drops of toluene under gentle pressure.
This procedure enables the swelling of PDMS (see the schematic in the left, Figure 1V.4)
followed by the release the ribbons from its surface. PDMS was then removed and the
substrate was heated to 130 °C to remove residual solvent. From the optical and AFM
images shown in Figures IV.4b and c respectively, several individual and aligned ribbons
can be seen lying on the SiO,/Si substrate with relative orientation well maintained. The
histogram of thickness distribution estimated using AFM height profiles (Figure 1V.4d),
indicates that most ribbons exhibit thickness in the range of 30-40 nm with only a few
below 20 nm. Thus, the features are essentially multi-layer graphene ribbons (MLGRS).
The widths of MLGRs are nearly 1.1 um as expected.

T e O
sioysit
e 7.“'"~ ~

- <]

carbon. The line drawn across the width is from electrochemcial etching using a biased AFM tip in
a different experiment. (b) High throughput production of graphitic ribbons on SiO,/Si.
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The uneven edges of graphitic ribbons at some locations may arise during the
transferring process (see Figure 1V.5a). Biased AFM tip could etch the graphitic ribbons
via local electrochemical oxidation (see Figure 1V.5a). The above described transfer
method enables high through-put production of MLGRs as illustrated in Figure 1V.5b.
IV.1.4c Characterization of MLGRs

The Raman spectrum of HOPG (curve (i) in Figure 1V.6a) has two major peaks at 1580
cm (G -band) and 2690 cm™ (2D band). The G band is due to in plane vibrations of sp?
carbon network [40]. The D band at 1330 cm™ arises due to disorder such as topological or
functional defects in the large sp? carbon network. Though the D band is not seen at all
locations on a HOPG surface, its overtone (2D band) is seen as it is very sensitive to the
stacking order of graphite sheets along c-axis [41]. A Raman spectrum has been recorded
on the HOPG grating (see red curve, (ii)) and it is similar to the HOPG (black curve). This
indicates that under single shot mild irradiation (laser fluence ~ 1.1 J cm™), the pristine
nature of graphite is well preserved [33]. The evolution of small D band in the MLGRs
(see blue curve, (iii)) is essentially due to the edge defects. What is noteworthy is that the
sp? crystallinity is highly preserved across the interior regions of the ribbon as the edges

get formed during ablation.

(a) G MLGR

2D
Sio,/Si A (i

/JL HOPG grating )

J HOPG 4..//\_9.)_

1200 1500 1800 2100 2400 2700 3000
Raman shift (cm'1)

Figure 1V.6 (a) The comparative (and normalized) micro Raman spectra (A = 632.8 nm, spot
diameter = 2 pm) of the HOPG (black curve, (i)), HOPG grating (red curve, (ii)) and the
transferred graphitic ribbons on SiO,/Si (blue curve, (iii)). Inset shows optical image of the ribbons
on SiO,/Si during Raman measurements, and (b) Electron diffraction pattern of the ribbon.
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The transferring process using PDMS in the presence of mild solvents also do not seem to
affect the crystallinity. The electron diffraction patterns collected at the different locations
on a MLGR showed bright spots with the hexagonal symmetry (see Figure 1V.6b). The
mis-alignment of secondary set of hexagonal diffraction spots with respect to the inner set
was observed. This occurs either due to the slight mis-orientation between A-B stacked
graphene layers or due to incidence of the electron beam away from the normal [42].

On the other hand, multiple laser shots (5-10) may cause structural modification of the
HOPG depending on the magnitude of laser fluence where the intensity of the D band is

more than that of the G band, disrupting the c-axis periodicity [41] (see Figure I1V.7).

HOPG grating@ 5 shots
(fluence=4.2J cm2)

77,

Intensity

2D

%
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Figure 1V.7 Raman spectrum on the HOPG grating created under laser irradiation(fluence = 4.2 J
cm®) of 5 shots. The higher intensity of D band compared to the G band and changes in the shape
of 2D band reveals those significant structural modifications to the HOPG. Inset shows the optical
image of the HOPG grating.

The electrical nature of the MLGRs has been investigated. The in-plane |-V
characteristics measured by placing a MLGR of thickness 25 nm across the Au gap
electrodes on SiO,/Si substrate (Figure 1V.8a), showed a linear behavior with a resistance
of ~1 kQ which also includes the contact resistance from the gold-graphite interface (see
bottom panel of Figure 1V.8a). The two probe measurements have also been performed in
the transverse direction (across the thickness of the MLGR). For this purpose, the MLGRs
from PDMS were transferred onto a fresh HOPG surface which served as the bottom
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electrode while a conducting atomic force microscopy tip was brought in contact as the top
electrode. In order to minimize the contact resistance between the MLGR and HOPG, the
sample has been heated at 200 °C for 15 minutes, prior to CAFM measurement. Figure
IV.8b shows the AFM topography image of MLGRs (thickness of 30 nm, 3 um wide and
12 um long) on HOPG substrate.
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Figure 1V.8 Two probe current-voltage characteristics MLGRs. (a) Top, FESEM image of single
ribbon across gold contacts on SiO,/Si substrate and bottom, in plane |-V measurement, and (b)
AFM topography of ribbons on HOPG and the I-V curves acquired using CAFM in transverse
geometry are shown below.
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A number of I-V curves have been recorded by placing the conducting tip at different
locations on the surface of the MLGRs (see bottom panel of Figure 1V.8b). The average
resistance of MLGR in the transverse geometry was found to be ~ 23 kQ with unknown
tip-sample contact resistance. These observations indicate that the MLGRs produced from

the patterning process are well conducting and retain the graphitic character.

IV.1.4d Transferring and characterization of graphene ribbons
By optimizing the transferring conditions, it is possible to obtain quite thin and few
layer graphene ribbons (FLGRS) (thickness ~ 2-3 nm) as shown in Figure IV.9.
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Figure 1V.9 Transferring few layer graphene ribbons (FLGRs) onto SiO,/Si substrate. AFM
topography images revealing ribbons of different thicknesses, (a) 2 nm, (b) 2.5 nm and (c) 5 nm.
The corresponding z-profiles are shown; ribbon width is ~ 1.2 um. (d) Raman spectrum of the
FLGR and the 2D band from the ribbon is compared with that from HOPG in the inset. (e) Optical
micrograph showing the FLGR patterns after transferring onto the SiO,/Si.

This was made possible by bringing HOPG in contact with PDMS while the latter was
being cured at 120 °C, instead of contacting prior to curing. This way, the adhesion of
PDMS with HOPG could be controlled. After thinning the ribbons while being on the
PDMS surface by repeated peel-off, the ribbons were transferred onto SiO,/Si substrate by
swelling the PDMS (see Figure 1V.4).

The ribbons are relatively thin as seen from the AFM images and the associated
profiles in Figure IV.9. The FLG ribbon in Figure 1\VV.9b, for example, is ~ 2 nm thick
containing ~ 6 graphene layers and its Raman spectrum in Figure 1V.9d shows the D-band
at 1380 cm™, G band at 1580 cm™ and the 2D band at 2685 cm™. As the 2D band reflects
the electronic band structure, the shape and position of 2D band is very sensitive to the
number of graphene layers [43]. As shown in the inset of Figure 1V.9d, the 2D band of the
FLGRs consists of a broad single peak red shifted with respect to the HOPG 2D band,
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which is a signature of 5-6 layer graphene [44]. The optical micrograph shows the
transferred FLGR patterns on the SiO,/Si substrate (see Figure 1V.9e).
IV.1.4e HOPG gratings-other geometric patterns

Figure 1V.10 Ultra-fast large area patterning of HOPG using shadow mask and transmitting phase
masks or a combination of both, FESEM images of (a) the imprint of TEM grid on the HOPG (b) a
block of line patterns in the laser irradiated regions (TEM grid was used in combination with the
CD) and the optical micrograph shows square blocks of colors due to diffraction light from the
grating features (see inset). Optical micrographs of laser ablative patterning of the HOPG (c) in
continuous manner (d) raster fashion (e) circular and (f) well separated periodic manner using a
motor controlled X-Y stage.

To explore the versatility of the presented lithography technique, HOPG was patterned
with many functional geometrical shapes (shown in Figure 1V.10) using a combination of a
shadow mask and a transmitting phase mask. A second laser shot on a HOPG grating
hosting a phase mask with its features running perpendicular, produced a check board
pattern on the HOPG (Figure 1VV.11a). This is simply a superposition of the two sequential
patterns. Similarly, an array of diamond like pits were patterned on HOPG (Figure 1V.11b)
after irradiating the single laser pulse (energy fluence = 4.2 J cm™) through the stack of
two phase masks with their patterns aligned at an angle of 130°. This is a clear indication
of modulating the laser intensity in the 2-dimensional manner to produce periodic array of
holes whose shape depends on the orientation of the patterns of phase masks. Similar to the
CD imprint on HOPG, digital videodisk (DVD) or anything similar can also serve as a
transmitting phase mask (Figure IV.11c). In this case, obviously, the patterned features

were much narrower, in conformity with grating parameters of the phase mask.
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Figure 1V.11 AFM images of various grating patterns on HOPG (a) a check board, (b) periodic
diamond like pits (c) fine grating derived from using DVD as a transmitting diffraction grating.

In this study, the periodicity of the fabricated features on the HOPG does not primarily
depend on the wavelength of the laser light used, but depends on the periodicity of the
phase mask. A CD as a phase mask served ideally. The feature widths (~ 1.2 pm) are
somewhat larger for edge effects to really dominate, yet small enough for miniaturization.
Besides, the CD is flat and smooth and makes conformal contact with the substrate surface,
important for large area patterning. The CD material, polycarbonate, absorbs only below
300 nm so that optical and UV lasers could be used. Unlike other UV transmission masks
such as quartz gratings, a CD is inexpensive (also quartz is hard and may pose difficulty
for conformal contact). The method uses rather simple laser geometry with a single pulse
to imprint the periodic features of the mask via the near field. While this principle has been
demonstrated in photolithography to create fine features [34, 35], in this study, it has been
employed to imprint features on carbon (HOPG) surface by direct ablative patterning. It
can be applied to the other surfaces (metals, semiconductors and insulators) as well. The
patterning of HOPG is due to ablation of the carbon and not oxidation, as there was no
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evidence for any oxy functional groups in Raman studies. A simple PDMS mediated
transfer process produced ribbons from patterned regions. The Raman measurements along
with TEM, SEM and AFM confirmed the graphitic nature of the ribbons with smooth
surfaces. PDMS transfer process is not restricted to one time from a given region of
HOPG, indeed it has been employed at least 5 to 6 times successfully from a patterned
region, interestingly, using the same PDMS stamp. While some control on the ribbon
thickness has been possible while transferring, very thin ribbons amounting to single layers
has been somewhat difficult. Lowering the laser fluence to cause very mild ablation (to
result in single layers while transferring) is also not viable, as the ablation took place only
above a threshold fluence (1.1 J cm™) already causing a depth of 20-25 nm. This is due to
the intrinsic optical properties of HOPG (skin depth = 20 nm, absorption coefficient =
5x10° cm™). Below the threshold energy, there will be no ablation and only electronic
excitations of the material takes place. Leaving apart these few limitations, the method is
ultra-fast and covers large areas and makes use of neither the expensive combinations of
optics and lasers nor a number of process steps involving resists, developers and etchants
as in photolithography. Using a combination of masks to generate interesting patterns is a
simple extension.
IV.1.5 Conclusions

Ultra-fast, large area and direct patterning of HOPG surfaces have been realized using
single shots of pulsed laser in presence of a transmitting diffraction grating. This is
essentially a near field interference ablation process. The periodic modulation of laser
beam intensity in the presence of a phase mask, ablates the material to produce the patterns
on the HOPG. The patterned areas of HOPG were transferred to the desired substrates
using PDMS as a transferring agent. The transferred areas contain few layer (5-6 layers)
graphene ribbons with a width of ~ 1um and a length of several microns. As the minimum
depth of laser ablation is around 30-40 nm, the transferred regions contain high vyield of
30-40 nm thick graphitic ribbons. The graphitic ribbons have been characterized through
Raman, TEM and electrical measurements, confirming they are high quality and crystalline

in nature.
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IV.2 Few-layer graphene to graphitic films: Infrared photoconductive versus
bolometric response
IVV.2.1 Introduction

Graphene absorbs only 2.3% of visible radiation and has been employed as a
transparent conductor in the solar cell applications [45-47]. Graphene absorbs over a wide
range of electromagnetic radiation from infra-red (IR) to terahertz, due to the large strength
of intraband and interband transitions involving the valence and conduction bands [45, 48].
Due to high mobility of charge carriers in graphene, single and also few layer graphene
have been exploited in fabricating ultrafast photodetectors [49]. In addition,
phototransistors have been fabricated using graphene nanoribbons [50]. Different studies
have demonstrated the origin of photocurrent generation by studying the role of interfaces
which mainly include single and bilayer regions [51], edge regions [52] and near metallic
contacts [53]. The photoresponse from graphene based p-n junctions [54, 55], ultrafast hot
carrier effects in graphene, electron-hole separation near the graphene-metal contacts and
the generation of photocurrents have been investigated [56-58]. Position dependent
photocurrents in reduced graphene oxide (RGO) films have demonstrated the role of the
carbon-metal interface [59-61]. Hybrid structures of Au, ZnO and PbS quantum dots in
combination with graphene have been fabricated to enhance the performance of
phototransistors [62-65]. Recently, dual-gated bilayer graphene has been employed to
fabricate a hot-electron bolometer [66]. In bolometric response, the resistance changes are
due to thermal effects and not due to photoexcited holes and electrons [67]. Graphene
based superconducting tunnel junctions showing bolometric response have been projected
in ultrasensitive bolometry and calorimetry applications useful in fields such as astronomy
and quantum information [68, 69]. In general, photoconductive and bolometric responses
are dependent on the material properties such as absorption coefficient, thermal
conductivity along with the nature of the material-electrode interface. Graphene for such
purposes is usually obtained via mechanical exfoliation [49], epitaxially grown films [70],
chemical vapor deposited graphene [62] and reduced graphene oxide films [59-61].
However, there is no systematic study on the photoresponse behavior of the graphene

obtained from various methods and also in relation to the bulk graphite.
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I1VV.2.2 Scope of the present investigation

There are no systematic studies in the literature discussing the influence of the number
of graphene layers and defects on the IR photoresponse in relation to bulk graphite. Here,
in this study, the IR photoconductive and bolometric response of FLG and bulk graphite
were studied. The FLG films were grown directly on insulating substrates (quartz, SiO,) by
annealing sacrificial Ni thin films in the ambience of residual hydrocarbons of the vacuum
chamber. Thus obtained FLG films showed a maximum photoresponse of 73%. The IR
photoresponse of the FLG films obtained from PMMA as carbon source and also the
transferred FLG films (CVD grown graphene and from mechanical exfoliation) have been
compared. The IR response of the bulk graphitic films, on the other hand, was bolometric
where the change in the resistance is due to thermal effects. Thus, by controlling the
thickness and crystallite size of the graphene layers, one can tune the IR photoresponse
from photoconductive to bolometric regime.
IV.2.3 Experimental Details

SiO; (300 nm)/Si substrates were cleaned by sonicating in acetone, isopropanol
followed by a rinse in double distilled water for 2 minutes. Ni catalyst layer (30 nm) was
deposited onto SiO,/Si substrates by physical vapor deposition (PVD) at a chamber
pressure of 6 x 10 Torr. At this vacuum, the substrate surface gets covered with adsorbed
residual hydrocarbons (1 monolayer) within one second [71]. Vacuum annealing (P = 2 x
10 Torr) was carried out in the range 950-1050 °C for 15 minutes. The steps involved in
the formation of graphene films from the residual hydrocarbons are shown in Figure
IV.12a. For the sake of comparison, other sources of graphene were also tried out. A 2
wt% of PMMA (molecular weight ~ 996 kDa) was spin coated on the SiO, surface at a
spin speed of 5000 rpm for 60 s to form a thin film (20 nm). It was subjected to similar
heat treatment as done for the residual hydrocarbons resulted in the formation of FLG. This
is similar to the formation of FLG from solid carbon sources. In another experiment, a
CVD grown graphene on Ni (Graphene Supermarket, Germany) was transferred onto a
SiO, surface by an electrochemical delamination method [72]. Mechanically peeled
graphene from HOPG (NT-MDT, mosaic spread ~ 0.8°) using the scotch tape technique
also served as a source of FLG in another experiment. The scotch tape containing flakes of

graphene was stamped against a SiO,/Si surface followed by cleaning in hot acetone [2].

161



Part IV

1VV.2.4 Results and Discussion

Figure 1V.12a illustrates the growth of few layer graphene (FLG) on insulating SiO,/Si
substrate with the aid of residual hydrocarbons abundant in the vacuum chamber. The
vacuum chamber used in this study is pumped by an oil-based diffusion pump (at a base
pressure of 10° Torr) which is backed by a rotary pump. These pumps liberate volatile
hydrocarbon species into the vacuum chamber which get adsorbed onto the substrate
surface. The adsorbed hydrocarbon species on the Ni/SiO,/Si substrates, could get
transformed into graphene upon vacuum annealing at the temperatures of 1050 °C as
evidenced from Raman analysis (see Figure 1V.12b). The spectrum showed characteristic
G and 2D bands at 1585 and 2690 cm™ respectively. Thus, Ni acts as a catalyst layer to
induce the growth of crystalline sp? carbon from the volatile residual hydrocarbons present
in the vacuum chamber [73-75].
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Figure 1V.12 (a) Schematic illustration of direct growth of FLG on SiO,/Si over large area using
residual hydrocarbons of the vacuum chamber. (b) Raman spectra of the precipitated FLG and
amorphous carbon from Ni (spectrum 1) and SiO, (spectrum 2) regions respectively. Inset shows
the optical micrograph of Ni and SiO, regions. (c) AFM topography of the FLG features on SiO,
surface.
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The Raman spectrum of the graphitic deposits obtained after etching away the Ni layer
consists of D (1350 cm™) and G (1585 cm™) bands (spectrum 1, Figure 1V.12b) with line
widths of 85 and 40 cm™ respectively (Ip/lg ratio of ~ 0.50). The 2D band appeared as a
single peak (position ~ 2690 cm™) with a line width of 70 cm™. The lg/l,p ratio was found
to be 1.5-2, indicating that the obtained graphene is of few layers [76]. Due to high
solubility of carbon in Ni at the annealing temperature, the carbon atoms can diffuse
through the Ni lattice and precipitate as graphene on the bottom SiO, surface (see the
schematic in Figure 1\VV12a) [77, 78]. Without the Ni overlayer, the carbon species hardly
undergoes a change. The spectrum recorded from the SiO, region (without Ni layer)
consists of only broad D and G bands with the 2D band being absent, indicating the
amorphous nature of carbon unlike that from the Ni etched region (see spectrum 2, Figure
IV.12b and the optical micrograph in the inset) [79, 80]. AFM topography in Figure 1V.12c
shows interconnected graphene features along with some residual Ni crystallites, which

could not get etched away; perhaps they have been passivated with the graphene layers.
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Figure 1V.13 AFM topography of the FLG-RHC (thickness ~1.3 nm) (a), FLG-PMMA (~2.2 nm)
(b), CVD-FLG (~2.5 nm) (c), scotch-FLG (~3 nm) (d), bulk graphite piece (~600 nm) (e) and
carbon fibre (~18 um) (f) respectively. The corresponding z-profiles are provided.

The AFM topography along with the z-profiles for the FLG and graphitic samples are

shown in Figure 1V.13. The typical thickness of FLG samples are in the range of 1-3 nm
and the bulk graphitic samples of 0.6 and 18 um were used for the photoresponse studies.
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The mobility values of the FLG samples are obtained from the field effect transistor

(FET) measurements in which SiO, (300 nm) was used as bottom gate dielectric. All the

FLG samples showed p-type behavior and hole mobilities were in the range of 550 to 8

cm?/Vs (see Figure 1V.14). The p-type doping is due to unintentional doping by the

ambient water and oxygen molecules supported by the bottom SiO, surface. The defects

present in the FLG may also support the adsorption of water molecules leading to the p-

type behavior [77, 78, 81].
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Figure 1V.14 (a-d) Transfer curves for the FLG derived from different methods. Hole Mobilities
are calculated from the transfer curves are found to be 550, 110, 27 and 8 cm?Vs for the FLG
ribbon, CVD-FLG, FLG-PMMA and FLG-RHC respectively. SiO, (300 nm) was used as the
bottom gate dielectric (specific capacitance, 12 nF/cm?). Source-drain voltage (Vps) was 0.1 V in

all the measurements.

The mobilities are calculated from the transconductance values
...... (Iv.2.1)

Om= (C“Ds/dVG ) = (W/L),uCoVDs

where W and L are the width and length of the channel.

L 1s mobility and Vs is the source-drain voltage.

C, is the specific capacitance ~12 nF/cm?.
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Figure 1V.15 (a) Two probe I-V characteristics of the FLG films (derived from the residual
hydrocarbons) in the dark (black curve) and illuminated by IR laser (1064 nm) (red curve). (b) Plot
showing the photoresponse behavior towards the IR beam. (c) Few cycles of response, and (d) the
response with varying IR beam energy. The inset shows a plot of change in resistance versus laser
beam energy. “on” is indicated with a green dot which indicates the time when the IR beam is
turned on and at that moment the resistance starts decreasing. “Off” is indicated with a red dot,
indicating the time when IR beam was turned off.

The photoresponse behavior of FLG derived from residual hydrocarbons (RHC-FLG)
was examined under the IR source (Figure 1V.15). From the I-V characteristics shown in
Figure 1V.153, it is observed that the current in the circuit increases under IR illumination
(red curve) relative to that obtained without illumination (black curve). This can be
attributed to the generation of photoexcited charge carriers resulting in the enhanced
photocurrent. When monitored with time (Figure 1V.15b), the base resistance was found to
decrease from ~ 30 to 9 kQ within ~ 70 s under the IR beam (power, 20 mWem™). The
reduction in the resistance value is mainly due to the generation of photoexcited charge

carriers and not due to photocurrent. The latter, which arises due to excitation of charge
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carriers near the metal-graphene interface and their separation by the built-in electric field
or local thermal fields, is typically of the order of nanoamperes. The dependence of
resistance with photoexcited carrier density is given as, AR= (L/W) (1/ep) (1/An), where
AR is the change in the resistance due to IR illumination, L and W are length and width of
the FLG, e is the electron charge, p is the mobility and An, is the change in the charge
carrier concentration due to IR illumination. After substituting the values, a change in the
carrier concentration of 3.7x10™ cm™ for a given change of resistance of 21 kQ in the FLG
sample (equilibrium charge carrier concentration ~ 2.6x10™ cm™ at room temperature) was
observed. The resistance increased to nearly its original value at the moment when the IR
beam was turned off (see Figure IV.15b). The estimated photoresponse based on the
resistance values, is 73%, which qualifies RHC-FLG as IR detector. The stability of the
circuit has been tested by turning the IR laser source on and off repeatedly for four cycles
(Figure 1V.15c). Accordingly, the changes in resistance were consistent in each cycle.
There is a gradual decrease in the resistance with increasing the laser power from 10 to 40
mW cm (Figure 1V.15d). The change in the resistance is slightly non-linear (see inset in
Figure 1V.15d).

It may be noted that the photoresponse is lower compared to that from the graphene
thin films derived from RGO [60]. In the present study, typical thickness of FLG is of the
order of 1-3 nm (see Figure 1V.13), i.e., ~ 4 orders of magnitude less, compared to that in
reference 60, and correspondingly, its IR absorption is also less. The observed large
photocurrent responses upto 1800% (in reference 60) at the metal-RGO interface has been
attributed to the built-in electric fields and optically generated temperature gradients. The
photoresponse has increased from 150% to 1800% with increasing laser power of 40 to
335 mW respectively [60]. Ghosh et al. have explained the enhanced photocurrents upto
193% for the reduced graphene oxide films (0.6 pum thick) using a Schottky barrier model
[61]. Thus, the magnitude of photoresponse depends on the thickness of the graphene

layers, the graphene-metal interface and the laser power [60, 61].

The time constants for the growth and decay of the photocurrent induced by the IR
laser beam were calculated after fitting with exponential functions (see Figure 1V.16) and

they were found to be 41 and 50 seconds respectively. The time response is much slower
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for these graphene films as compared to the crystalline graphene which could be in
picoseconds [49]. The slower response times can be attributed to the presence of disorder
and interfaces in the graphene films. The scattering of the charge carriers by the traps and
boundaries can lead to a slower response. In this study, a shadow mask technique was used
to deposit the electrode which is a ‘clean’ method unlike photolithography and electron
beam lithography, which leave residues of resists behind and may influence the

optoelectronic properties of FLG.
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Figure 1V.16 (a) and (b) Fall and rise of the resistance with respect to turning on and off of the IR
beam.
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Figure 1VV.17 (a) and (b) IR photoresponse of the RHC-FLG on the quartz and sapphire substrates
respectively. The photoresponses are found to be 37% and 25% respectively.

The IR photoresponse from the RHC-FLG deposited on the quartz and sapphire
substrates is shown in Figure IV.17. The varied photoresponse of RHC-FLG films can be
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attributed to the number of defects which is tunable through annealing temperature and

annealing time.

The plot shown in Figure 1V.18 illustrates the sensitivity of RHC-FLG with respect to
IR radiation from an incandescent bulb. The temperature near the circuit was found to be
40-50 °C. It is noteworthy that the FLG circuits showed a response to the IR radiation

emitted from an incandescent bulb as well (surrounding temperature was ~ 40-50 °C).
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Figure 1V.18 Decrease in the resistance of the FLG-RHCs towards the IR radiation (source:
incandescent bulb, 60 W at a distance of 15 cm).

In order to examine the photoresponse behavior of the FLG obtained from other
methods, PMMA was chosen as a solid carbon source, which was transformed into FLG
by thermal treatment in presence of a Ni catalyst layer (see experimental section for
details). The Raman spectrum recorded after washing away the Ni catalyst layer (Figure
IV.19a) showed D, G and 2D bands at ~ 1350, 1587 and 2678 cm™ respectively with Ip/lg
and Ig/lyp ratios of 0.5 and 2.5, respectively. The AFM topography of the PMMA-FLG
shows graphene sheets interconnected with each other over a large area (see inset in Figure
IV.19a), similar to that observed with RHC-FLG (Figure IV.15c) [74, 75]. The PMMA-
FLG film with a base resistance of 2.16 kQ showed photoresponse of 21%, the temporal
behavior is shown for four cycles (see Figure 1V.19b). Similarly, the photoresponse of
16% observed for the PMMA-FLG film with a base resistance of 1.75 kQ (see Figure
IV.19c¢). It appears that the PMMA-FLG films were more conducting compared to the

RHC-FLG films but the former exhibited lower photoresponse as compared to the latter.
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Figure 1V.19 (a) Raman spectrum of the FLG derived from PMMA (FLG-PMMA), inset shows
the AFM topography of the PMMA-FLG film on the SiO,/Si surface. (b) and (c) IR photoresponse

of two different circuits of PMMA-FLG. Inset is the optical micrograph of the circuit with Au
contact pads.

The IR photoresponse properties of the FLG obtained from CVD and scotch tape
methods have been illustrated in Figure 1V.20. A decrease in the resistance after
illuminating with the IR laser beam from 276 to 236 Q corresponding to a photoresponse
of 14% was observed (see Figure 1V.20a). This value is comparable to that obtained with
the PMMA-FLG films (see Figure 1V.19).The temporal IR photoresponse of the CVD-
graphene was shown in Figure 1V.20b for few cycles. It was observed that the final
resistance value (Ry) was not returning to the original base resistance (Rp) after turning off
the IR beam which may be due to non-equilibration of photoexcited charge carriers.
Another FLG circuit was made from the FLG ribbon obtained by scotch tape technique

which was also exhibiting photoconductive response. The resistance of the FLG ribbon
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was decreasing from 1.54 to 1.44 kQ after illuminating with the IR beam, which
corresponds to photoresponse of only 6% (see Figures 1VV.20c and d). The final resistance
value (Ry) is found to be higher compared to the original base resistance (Rp) after turning

off the IR beam which is due to the heating effect.
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Figure 1V.20 (a) and (b) IR photoresponse of the FLG transferred onto SiO, surface (CVD grown
graphene film on the Ni surface). The inset shows the optical micrograph of FLG between two Au
contact pads. (c) and (d) IR Photoresponse of the FLG obtained by scotch tape method. The inset
shows the optical micrograph of the circuit containing FLG across 6 um Au contact pads.

Figure 1VV.21 describes the IR photoresponse from the bulk graphitic films. The base
resistance of the sample was found to be 15.8 Q which was increased up to 18.2 Q after
illuminating with the IR beam (see Figure 1V.21a). The increase in the resistance should be
due to thermal energy imparted to the carbon lattice upon illuminating with the IR beam.
Similar photoresponse behavior was observed for the carbon fibre which is also graphitic
(many layers) in nature (see Figure IV.21b). The photoresponses were found to be 12 and
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10% for bulk graphite and carbon fibre samples respectively.
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Figure 1V.21 (a) Temporal photoresponse from the bulk graphite which is bolometric in nature
with %R ~12%. Inset shows the optical micrograph of the HOPG piece between two Au contact
pads. (b) The IR photoresponse from carbon fibre, cylces showing the increase and decrease in the
resistance with respect to turning on and off of IR beam (%R=10%). Optical micrograph shows the
carbon fibre circuit between Au contacts.

The time constants for the rise and fall of the resistance for the graphite sample are found
to be ~21 and ~31 seconds respectively (see Figure 1V.22). The response time is found to
be rather high compared to that observed in suspended a SWNT film which is of the order
of 50 ms [67]. Typically, the response time of a bolometer is limited by the ratio, T = C/G
where C is the heat capacity and G is the thermal conductance. It is obvious that the low
thermal conductance and low heat capacity can minimize the response time. In the present
study, the response was measured under ambient conditions giving rise to a high value of
the response time. In the case of bulk graphite, the photoexcited charge carriers recombine
in an ultra-fast (time scale of pico to femto seconds) manner which is a non-radiative decay
producing heat in the graphite lattice. Thus, the absorbed IR radiation has transformed into
heat leading to the temperature rise in the graphite lattice. The change in the resistance can
be equated with the temperature change as, AR = (dR/dT)AT, where the temperature
coefficient of resistance (dR/dT) is found to be 0.0165 Q/K (from Figure IV.25b) and AR ~
2.45 Q is found from Figure IV.21a. Substituting these values in the above equation, AT
comes out to be ~ 150 °C (laser power of 20 mWcm™). This way, the bolometric response

can be tied to the temperature dependent resistance of the bulk graphitic films.
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Figure 1V.22 (a) Growth and (b) decay in the resistance of the bulk graphite samples with respect
to turning on and off of the IR laser. Response times are found to be 21 and 31 seconds for the
growth and decay respectively after fitting to exponential function.
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Figure 1V.23 (a) and (b) IR photoresponse of the FLG and graphitic films with respect to I,p/lg
and Ip/lg ratios respectively. Points represent different FLG and graphitic samples (1, 2-bulk
graphite; 3, 4-transferred graphene by scotch tape and CVD; 5, 6- PMMA-FLG; 7, 8- RHC-FLG).

In graphitic carbon, IR radiation causes intra-band transitions as well as lattice heating,
which in terms of electrical transport have opposite effects. The intra-band transitions
could generate photoexcited charge carriers while the thermal effects could rise the
temperature, the latter being dominant, increase the resistance value which is nothing but a
bolometric effect. The relative influence of these two effects on electrical transport
depends on the ‘thickness’ of the graphitic carbon and accordingly, the IR response can be
positive or negative. As the Raman intensities may be taken to indicate the ‘thickness’ and

the nature of the carbon, the IR response from the various samples studied may be
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correlated with the I,p/lg and Ip/ls ratios as shown in the plot in Figure 1V.23. In the case
of bulk graphitic samples (HOPG and C-fibre), whose I,p/lg ratio is found to be ~ 0.31
(see points 1 and 2, Figure 1V.23a), the IR response is bolometric (negative) in nature (%R,
10-12%). Clearly, thermal effects overcome the photoexcitation events due to high IR
absorbance of the bulk graphitic species. Those from the CVD and the scotch tape methods
exhibit a similar but positive response (%R, 6-14%) as the I,p/lg value increases (see
points 3 and 4, Figure 1V.23a), typical of FLGs. The IR response remains nearly steady for
the FLGs derived from the PMMA although I2p/lg is relatively higher (up to 0.39). In this
‘thickness’ regime, the two opposing effects seem to balance each other! As Iop/lg further
increases as in the case of FLGs from residual hydrocarbon (points 7 and 8, Figure
IV.23a), the photoconductive nature takes over the bolometric behavior resulting in higher
IR response (21% to 73%). Besides the number of layers, the presence of defects in the
graphitic films can also influence the photoresponse (Figure 1V.23b). A defect is
essentially a scattering center contributing to increased electrical resistance. It is possible
that the IR absorption can thermally activate the charge carriers to overcome the defect
barriers giving rise to a higher photoresponse. Thus, the presence of defects, in a way,
diverts part of the thermal energy away from bolometric process to photocurrent. The
variation of %R with Ip/lg (Figure 1V.23b) is therefore quite striking and supports this
view. It is noteworthy that the FLG with in-built defects is more like a self-doped system
in contrast to graphene doped externally by metal or semiconductor nanoparticles in order
to tune its photoresponse properties [62-65].

Based on the observed photoresponse from FLG and graphitic samples, photoconductive
and bolometric behaviours can be explained using a schematic band level diagram shown
in Figure 1V.24. The FLG obtained from scotch tape and CVD methods is shown to have
less number of localised defect states and accordingly, the change in the current
(occupancy above Ef) is not significantly different after IR irradiation (Figure 1V.24a).
This is closer to being a bolometric than a photoconductive system. The extreme case is
bulk graphite which exhibits only bolometric behaviour. The RHC-FLG, on the other hand
(Figure 1V.24b) may be represented by a discretised band diagram endowed with a large
number of localised defect states. In this scenario, the current is less due to limited number

of charge carriers. While the nature of conversion from photon to current is unclear [63], it
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is likely that the defects aid the dissociation of excitons (produced by IR irradiation) into
free carriers which can cross the defect potential barrier due to thermal energy leading to

enhanced photoconductive response [61].
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Figure 1V.24 Schematic illustration of energy level diagrams and charge carrier excitations under
an applied bias, for FLG with (a) less and (b) more number of localized defect states which are
shown with short lines (-) above and below the Er. The band gap is typically few meV. The
situations favoring the photoconductive and bolometric responses are indicated.

In order to gain further insight of the interplay between charge trapping and
recombination processes, measurement on temperature dependent resistance variation were
investigated with and without IR illumination (see Figure 1V.25). The FLG-RHC showed a
decrease in the resistance with temperature (negative dR/dT) and the HOPG sample
showed an opposite behavior (positive dR/dT) (see Figures 1V.25a and b). Interestingly,
the photoresponse (AR/R(300K)) is found to vary nearly linear with temperature and
higher photoresponse is observed at lower temperatures (compare %R ~ 50% at 100 K
with %R ~ 10% at 400 K in Figure 1V.25c). It is clear that the recombination rates are
higher at higher temperatures leading to the diminished photoresponse. But at lower
temperatures due to low recombination rates and enhanced trapping, the photoresponse is
higher [82, 83]. Similar kind of temperature dependent photoconductive effects was
observed in the case of disordered carbon aerogel systems [84]. The bolometric response

showed weak temperature dependence as shown in Figure 1V.25d with a variation of 3% in
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the temperature range of 80-470 K, as the change of resistance with temperature [R(80
K)/R(470 K) = 0.86] is small [67].
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Figure 1VV.25 Temperature dependence resistance of FLG-RHC (a) and HOPG (b) with negative
and positive temperature coefficients of resistance respectively. (¢) and (d) are photoresponse of
the FLG-RHC and HOPG samples with temperature respectively.

Photoconductive effects in a given system are guided by the interplay between trapping
and recombination centers. Defect levels in a system can either act as trapping sites which
assist the excitation of the electron into the conduction band or act as recombination sites
for the holes as it is easier to capture the electron into these levels and release the hole into
the valence band. Trapping is a one step process whereas recombination is a two-step
process. Trapping centers increase the photoresponse while the recombination centers
decrease the photoresponse.

The mutual cooperation of traps and recombination centers and their influence on the
carrier mobility (lifetime) depends on the wavelength and intensity of illumination as well
as on the temperature. The carrier recombination at the defect sites plays a dominant role in

determining the carrier transport mechanism at different temperatures. Thus, the
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temperature dependent photoconductive effects are quite complicated to understand. A
modeling of the temperature dependent photoconductive effects may deserve a separate
study requiring information about the temperature dependent mobility of the charge
carriers which are influenced by the traps and the recombination centers in order to

correlate with the observed photoresponse [82, 83].

1VV.2.5 Conclusions

The IR photoresponse of FLGs obtained from different methods have been compared
with that of bulk graphitic films. FLG films obtained through residual hydrocarbon source
exhibited photoconductive response up to 73% due to generation of photoexcited charge
carriers after illuminating with the IR beam. The FLG films obtained from CVD and
scotch tape methods showed typical photoresponse of 6-12%. On the other hand, the
photoresponse of the bulk graphitic films is bolometric in nature where the resistance
changes are due to thermal effects. Thus, by controlling the thickness and defects of the
graphitic films, it is possible to fabricate IR based photoconductive and bolometric
detectors. The Raman data clearly elucidated the role of defects in the tunability of the IR

response of the FLGs.

176



Graphene and turbostratic graphite

IVV.3 Pencil-on-Paper based RC filters and FETs with lon Gel Dielectric
IV.3.1 Introduction

Pencil writing on paper, which is a day-to-day practice since 16" century [85], deserves
to be revisited in the light of recent developments in graphene research. Pencil is
essentially a nanocomposite of graphite and a kaolin based clay, the latter acting as a
binder to maintain the macroscopic continuity in the form of pencil rod [85-87]. Due to
intercalated clay particles, the properties of the pencil are different compared to pure
graphite [88, 89]. As pencil is moved on, the cellulose fibres constituting paper act
abrasively to exfoliate the graphitic material from the pencil rod producing black deposits
which form the ‘pencil trace’. This humble deposit contains some interesting graphitic
species, if not single or few layer graphene! It contains multi layers of graphene [90] which
makes it reasonably conducting, in spite of the presence of insulating clay particles. Thus,
pencil deposit on paper has made its way into various applications such as supercapacitors
[90], piezoresistive sensors [91], air electrode of a Li-air battery [92] and also as electrode
material for UV sensors [93, 94]. Recently, electro-kinetics of the fluid-flow has been
studied with paper-and-pencil devices [95]. Paper based analytical devices have been
developed for glucose biosensing using graphite pencil electrodes [96].
Although paper is not regarded as a suitable substrate, it is becoming popular in electronic
and microfluidic applications due to its widespread availability [97-100]. Given its surface
roughness, ensuring electrical continuity of a deposit (including pencil mark) and more so,
its reproducibility, is indeed challenging [97, 100]. While paper has been employed in
energy storage devices in combination with carbon nanotubes and metal nanowires [101,
102], it may not be well suited in devices such as field effect transistors (FETS) which
generally require smooth dielectric layers with controlled thickness [97]. On the other
hand, inorganic based dielectrics, which require high growth temperatures [103] but suffer
from lower gate coupling efficiency, may not be suitable for fabricating FETs on a paper
substrate [104]. To be compatible with paper, the dielectric has to be deposited near
ambient room conditions yet possessing a high gate capacitance. lonic liquids such as 1-
ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide [EMITFSI], readily form
electrochemical double layers (EDLS) and possess high thermal stability, non-volatility and

high ion conductivity at room temperature (~0.02 S/cm), and therefore are used as
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dielectric medium for low voltage operation of FETs [105, 106]. The gelation of ionic
liquids with the block copolymers is also an approach for achieving high specific
capacitance due to formation of EDLS, widely employed in fabricating flexible FETs [106-
109].
1VV.3.2 Scope of the present investigation

The electric field effect from turbostratic graphite has not been investigated in the
literature. Here, in this study the electric field effect was realized from the pencil-traces on
paper with the aid of iongel dielectric. The fabricated devices showed ambipolar electric
field effect with carrier mobilities of around hundred cm?/Vs under low operating voltages
(< 3V). The passive devices such as RC filters have been fabricated by employing pencil-
trace as a resistor and ion gel as a capacitor dielectric.
1VV.3.3 Experimental Details

Paper substrates used in this study are normal A4 sheets, thickness of 100 um. Pencil
used in this study is (HB grade, APSARA, India) with graphitic content of ~70%. Top gate
dielectric used in this study ion gel based which is composed of polydimethylsiloxane and
ionic liquid (1-butyl-3-methyl-imidazoliumoctyl sulfate) in the ratio 1:0.2, with typical
capacitances of 0.3 pF/cm? Paper substrates with the pencil marks along with the Ag
contacts and top gate dielectric were baked at 150 °C for 10-15 minutes.

1VV.3.4 Results and Discussion

Figure 1V.26 (a) SEM image showing the surface morphology of the pencil rod, inset shows the
optical micrograph of the pencil rod. (b) Optical profilometric image showing the cellulose fibres
of the plane paper surface (¢) AFM topography and (d) optical profiolometric images of the pencil
trace on the paper.
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The morphology of the pencil rod and its trace on paper surface has been examined
through FESEM, optical profiler and AFM. The surface of the pencil rod appears to be
corrugated with petal-like morphology of graphitic layers (see Figure 1VV.26a). The random
alignment of the cellulose fibers of the paper was imaged using optical profiler (see Figure
IV.26b). AFM topography and optical profilometric images of the pencil-trace on paper,

revealing its domain structure (see Figures IV.26¢ and d).

While writing, the graphite layers get exfoliated and laid flat on the paper surface.
Pencil-trace on paper thus contains interconnected graphitic domains with lots of edges
and boundaries (see Figure 1VV.27a). The layer nature of the domains is apparent as shown
in the inset of Figure IV.27a. The EDS spectrum is shown in Figure 1V.27a, showing the
signals for C, Fe, Ca and Mg. Energy dispersive spectroscopy (EDS) maps in Figure
IV.27b show the distribution of the constituent elements, Fe, Ca and Mg, present in the
graphitic matrix of the pencil-trace. TEM micrograph showing the nanocomposite
constitution of the pencil powder where clay particles were seen among the graphitic layers
(Figure 1V.27c¢). The crystalline nature of the graphitic domains is evident from the
electron diffraction pattern with hexagonal symmetry of the spots [110] (see inset of Figure
IV.27¢). Raman spectrum recorded from the pencil-trace made on a stainless steel substrate
(Figure 1V.27d, red curve) comprises of three prominent peaks at 1348, 1574 cm™ and
2701 cm™ which correspond to the D, G and 2D bands respectively. The G band arises
from stretching of sp? bonded carbon lattice and D band originates from the presence of
defects in the form of edges and grain boundaries. Using the estimated Ip/Ig ratio (~0.2),
the average crystallite size of the graphitic domains was calculated [79] to be ~100 nm.
The position, width and shape of 2D band provide information about number of layers,
type of stacking along the c-axis of graphitic samples. In the case of pencil trace, the 2D
band appears as a single symmetric peak at 2701 cm™ with a width of 85 cm™ (red curve,
Figure 1V.27d) which is quite different compared to asymmetric peak of HOPG (black
curve, Figure 1V.27d). The former is typical of turbostratic graphite, a close cousin of
graphene [79, 80]. Due to mis-orientation of graphene layers along the c-axis, there is

substantial electronic decoupling of the layers leading essentially to a 2D system.
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Figure 1V.27 (a) FESEM images showing morphology of graphitic layers in pencil trace on paper
along with the EDS spectrum. Inset shows a magnified view. The corresponding EDS maps of
graphitic carbon (CK) along with the metallic elements present in the clay (FeK, CaK and MgK),
scale bar 10 um (b). (¢) TEM micrograph of the graphitic layers, with the electron diffraction
pattern in the inset, the sample for TEM was prepared by crushing a pencil rod into fine powder
and dispersing it in chloroform followed by depositing on to a holey carbon grid. (d) Raman
spectrum of the pencil trace (red curve) compared with HOPG (black curve). The 2D band
intensities have been multiplied by two.

In order to investigate the electrical properties of the pencil trace on paper, its I-V
characteristics were measured, which was found to be linear. A given trace with ~ 5 mm
width showed a resistance of 12.5 kQ (see Figure 1V.28a). Typical resistance of the traces
was in the order of few kQs which of course depends on the length and thickness of the
pencil trace. The resistance was found to vary linearly with length of the trace, confirming
uniformity of the deposit (see inset of Figure IV.28b). Pencil drawing on paper could also
be employed as a variable resistor (see inset of Figure IV.28b). Temperature dependent
resistivity measurement was performed using a physical properties measurement system
(see Figure IV.28c¢). The resistivity of the pencil trace decreases from 0.24 to 0.17 mQ.m

with increasing temperature, 20 to 250 K, indicating its semiconducting behavior. The
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resistivity of the pencil-trace is ~ 3 orders magnitude higher compared to that of bulk

graphite (ppui ~ 0.4 pQ.m) [111].
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Figure 1V.28 (a) Two probe current-voltage characteristics of a pencil-trace on paper substrate. (b)
Normalized resistance of the pencil-trace on paper (width, 3 mm; thickness, 50 um) over different
lengths. Insets show photographs of varying brightness of a LED based on the resistance of the
pencil-trace, (c) Four-probe resistivity of the pencil measured between 20 and 250 K. The distance
between contacts was 1 mm with a width and thickness of the trace, ~ 3 mm and 50 pm
respectively. Inset plot showing the resistivity of the pencil-trace varying as p ~ exp((-To/T)) above
100 K, where T, is constant, T is the temperature. (d) |In(p)| vs T* plot, which is linear,
characteristic of VRH model of electrical transport at low temperatures (20-100 K).

The higher resistivity of the pencil trace can be attributed to the scattering of the charge
carriers by the intercalated clay particles, edges and boundaries of the interconnected
graphitic domains. The transport being mesoscopic across the graphitic domains resembles
a semiconductor behavior. As the graphite crystallites are interconnected with each other,
the electrical transport at low temperatures (20-100 K) can be explained using the variable
range hopping (VRH) model [112]. As shown in Figure IV.28d, |In(p)| is seen varying
linearly with T (in the 20-100 K range), characteristic of Mott type VRH which is
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distinct from Efros-Shklovskii type VRH [113], implying that the Coulomb interactions are
negligible in the conduction mechanism. At higher temperatures (above 100 K), resistivity
decreases exponentially, characteristic of an activated transport behavior (see inset of

Figure IV.28d).
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Figure 1V.29 Specific capacitance-voltage characteristics of the ion gel at a frequency of 1 Hz.

lon gel used as the dielectric was prepared by mixing PDMS with ionic liquid (1-butyl-3-
methyl-imidazolium octylsulfate) in the ratio 5:1, which showed a typical dc specific
capacitance of 0.3 uF cm™ (see Figure IV.29). The higher gate capacitance of the ion gel is

due to the formation of electrochemical double layers [107].

Simple first-order passive filters were made by employing pencil-trace on paper as a
resistor and ion gel (made of PDMS and ionic liquid) as dielectric between two Ag
contacts as capacitor (Figure 1V.30a). The Ag contacts were established using a tiny paint
brush. The input signal (Vin) was applied using a function generator at voltage amplitude of
1 V, to the series combination (both the resistor and capacitor together) and the output
signal (Vour) Was measured using an oscilloscope across the capacitor (see Figure 1V.30a).
The resistance of the pencil-trace is found to be 350 kQ. Figures IV.30b-d shows the
voltage response of the filter at different frequencies, 100 Hz, 10 kHz, and 100 kHz
respectively. The input signal is a square wave-shaped signal (blue curves in Figure 1V.30)
with almost vertical step input and the response of this integrator changed dramatically

with increasing frequency.
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Figure IV.30 (a) Photograph showing a resistor-capacitor (RC) low pass filter on paper and its
circuit diagram. The transient response from the filter at (b) 0.1 kHz, (c¢) 10 kHz and (d) 100 kHz.
Input and output wave forms are shown with sky blue and yellow, respectively. (¢) Normalized
output voltage response with frequency of the RC low pass filter. The cut-off frequency
corresponding to 0.707 of the maximum response is 9 kHz.

At low frequencies (100 Hz), the input and output wave forms are of similar shape
except that the amplitude of the output is lower compared to the input due to charging of
the capacitor (see Figure 1V.30b). At higher frequencies (~ 10 kHz), the output voltage
response converted to a triangular shaped waveform (yellow curve in Figure 1V.30c) with
respect to the input square wave signal. This shaping of the waveforms in the low pass RC
circuits can be attributed to the frequency dependent reactance of the capacitor (see Figures
IV.30c and d). A triangular waveform consisted of alternate but equal positive and
negative ramps. At higher frequencies (~100 kHz), the output became a well shaped
triangular wave (see Figure 1V.30d). The performance of the circuit is as expected of a RC
filter; the higher the input frequency, the lower will be the output amplitude due to
decreasing capacitive reactance (X = 1/2afC where f is the frequency and C is the

capacitnace). The normalized output voltage with frequency of the RC low pass filter is
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shown in Figure 1V.30e. The frequency corresponds to 0.707 level of the normalized
output voltage is the cut-off frequency (f.), which is found to be 9 kHz [114]. The time
constant (t) can be equated to the cut-off frequency (f;) of the RC low pass filter by the
following equation

fe=1/2m7 = 1/2nRC....(IV.3.1)
The phase shift angle () is given by the following equation

¢ = -arctan (2nf.RC).....(IV.3.2)
At f., the phase angle is found to be -45° out of phase with respect to the input signal. As
the input voltage changes, the time taken by the capacitor for charging up results in an
output voltage (the voltage across the capacitor) "lagging™ behind the input signal. The
higher the input frequency applied to the filter the more the capacitor lags and thus, the
circuit goes "out of phase”. The above study shows the possibility of making such circuit
elements. Besides this integrator, a RC based differentiator circuit was also built simply by
interchanging the positions of the resistor and capacitor of the integrator circuit (see Figure

IV.31).
o-—|c|——o

Figure 1VV.31 RC differentiator circuit and the voltage response at 500 Hz. Sky blue curve is the
input signal and yellow curve is for the output signal.

Pencil trace on paper was then exploited as active element in field effect transistors. Ag
paint was laid out with a paint brush forming source, drain electrodes on paper contacting
the pencil trace. Initially, paper was used as gate dielectric in the in-plane geometry with

Ag as gate electrode. Transistor characteristics recorded using a Keithley-4200
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semiconductor characterization system produced no measurable field effect (see Figure

IV.32), implying that paper on its own was not adequate as gate dielectric.
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Figure IV.32 Transfer curve of the pencil-trace with the paper as gate dielectric, no field effect was
observed.
A drop of the ion gel was placed on top of the pencil trace and baked for 15 minutes.

While being hot, Ag paint was applied which dried instantly forming the gate electrode
(see inset of Figure 1V.33a). Figure 4a shows the output characteristics obtained, where the
Ips (source-drain current) varies linearly with Vps (source-drain voltage) with a base
resistance of ~11 kQ for zero gate voltage (Vg = 0) indicating ohmic contact between the
pencil-trace/Ag interface. The output characteristics showed increase in the current with
varying gate voltages from 1.5 to -1.5 V (see Figure 1V.33a). Transfer characteristics
(Figure 1V.33b) reflected the ambipolar nature where the positive and negative regions of
gate voltage represent electron and hole transport respectively [104]. The asymmetry in the
transfer curve indicates that the hole and electron mobilities are not equal. This may be
attributed to the unintentional doping of pencil marks by the water molecules through
capillaries of the paper which may suppress the electron mobility. The broad Dirac point
minimum in the transfer curve can be attributed to the deriving of electric field effect from
multilayers of graphene in the pencil trace [115]. The gate leakage current (see Figure
IV.33Db) is at least 2-3 orders of magnitude lower compared to the channel current.
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Figure 1V.33 (a) Output and (b) transfer characteristics of the pencil trace on paper with PDMS-IL
ion gel as top gate dielectric. Inset shows the optical micrograph of the pencil trace on a paper with
the source, drain and gate as Ag paint and ion gel as top gate dielectric. The gate leakage current
(blue curve) is also shown. Inset shows the geometry of the pencil-trace FET with ion gel as
dielectric. (c) Output and (d) transfer characteristics of a HOPG trace on paper with ion-gel as gate
dielectric, similar to the device shown above. Inset shows a photograph of a mounted paper FET
device. The devices were baked at 150 °C for 15 minutes. All measurements were carried out in
ambient conditions.

It is clear that the ion gel due to its high gate capacitance is effective in deriving the
electric field effect from the pencil trace at such low operating voltages. The carrier (holes
and electrons) mobilities (n) were estimated from the channel transconductance (gm ~ 7 and
3.9 HA/V for holes and electrons respectively) of the FET, gn= (dlps/dVes ) = (W/L)uCoVps
in the linear regime of the Ips-Vs curve, where W/L is the width-to-length ratio of the
channel and C, is the gate capacitance per unit area [108].Taking W/L as 0.2 and C, as 0.3
UF/cm?, the hole and electron mobilities were estimated to be x, ~ 106 cm?/Vs and ge ~ 59
cm?/Vs. In contrast to the turbostratic nature of the pencil trace, a HOPG trace (which is
completely graphitic) was made on paper by rubbing and the FET characteristics were
examined while using the same ion gel as dielectric. The output characteristics showed

only a little dependence on the gate voltage (see Figure 1VV.33c) while the drain current at
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zero gate bias was almost four times higher compared to the pencil trace (length and width
are similar). The transfer curve (see Figure 1V.33d) showed the ambipolar behavior with
change in the Ips of 1.5 pA and 0.5 pA for the hole and electron branches according to the
applied gate voltages respectively. This indicates that electric field effect is less in the case
of HOPG trace, which may be due to higher screening effects [104]. The pencil trace being
turbostratic in nature with the intercalated clay particles, behaves like a 2D graphite system
which is revealed through the observation of significant electric field effect induced by the
gate.

Transfer characteristics of two more devices exhibited high mobility values but
with some variation (~15%) (see Figure 1V.34). Given that the substrate (paper) is rough
and non-uniformity of pencil traces may cause the variation in the mobility values. The
mobility values are less compared to the literature values obtained with graphite crystallites
on SiO, surfaces [104], but are much higher compared to reduced graphene oxide based
FETs [116]. However, the simple device reported here is not to be compared in terms of
reproducible behavior and performance with a well-controlled single layer graphene device

for example.
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Figure 1V.34 (a) and (b) Transfer curves of the pencil traces on the paper with ion gel as top gate
dielectric. (hole and electron mobilities are found to be p, ~ 81, 112 and p ~ 63, 69 cm?/Vs for (a)
and (b) respectively).

The electric field effect on the pencil-traces with varying resistances has also been
investigated. It is observed that thicker pencil-traces with resistances up to 10 kQ, showed
a significant transconductance of 12-5 uS for holes and 4-2 uS for electrons (see marked

region I, in Figure 1V.35a). As the resistance of the pencil-trace increases upto 40 kQ, the
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transconductance gradually decreases (see region Il, Figure 1V.35a) and becomes
negligible at higher channel resistance above 50 kQ (region III, see Figure IV.35a). The
corresponding SEM morphology of the pencil-traces in Figure 1V.35b show that the low
resistance thick trace is smooth and therefore the electrical transport is facile while the
thinner pencil-traces may depend on percolative paths for electrical transport as the
bottom cellulose fibers seem to intercept and disturbs the connectivity of the graphite
domains of the pencil trace. Such scattering leads to lesser transverse electric field effect
from the gate electrode (see Figure 1V.35D).
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Figure 1V.35 (a) Transconductance with respect to the varying resistance of the pencil-traces on
paper. The corresponding SEM morphology of the pencil-traces (b). Scale bar, 50 pm.

The flexibility of the ion gel dielectric is demonstrated in Figure 1V.36. The changes in
the resistance of the channel and gate are normalised and plotted with respect to the
bending angle in Figure 1V.36a. It is observed that the resistance of the pencil mark
changes significantly up to 160% at a maximum bending angle of 90°. The gate resistance,
however, changes only up to 15% at a bending angle of 90° (see Figure 1V.36b). Clearly,
the ion gel dielectric is stable against substrate bending. Thus, the flexible ion gel based

dielectrics can be explored as components for fabricating flexible electronic devices.
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Figure 1V.36 (a) Normalised resistance changes in the channel and the gate with respect to
bending. The associated error bars are shown. (b) Photographs showing the extent of bending.

It is noteworthy that this study brings out clearly the turbostratic nature of the
graphite in pencil trace and exploits it in making an active element of a field effect
transistor. As substrate, common paper has been used which is attractive by all means.
The dielectric properties of paper are supplemented by a PDMS based ion gel which could
form conformal contact with the mating surface. Pencil traces with varied thicknesses and
compositions can be obtained by applying different predefined pressures or by using
pencils of different grades, which may offer interesting variations in device properties. The
Ag electrodes may be screen or inkjet printed for the large area fabrication of pencil based
FETs on paper. The passive circuits such as RC filters of higher orders can be built on a
paper substrates in a cost effective manner.
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IV.3.5 Conclusions

In conclusion, RC filters as well as FETs have been fabricated based on pencil markings
on paper, with an ion-gel (1-butyl-3-methyl-imidazolium octylsulfate mixed with PDMS)
as capacitor or gate dielectric. Graphite crystallites of the pencil-trace, which are
turbostratic in nature, exhibited ambipolar electric field effect at low operating voltages.
The carrier mobilities were found to be ~ 106 and 59 cm?®Vs for holes and electrons
respectively. The RC filter exhibited a cut-off frequency of 9 kHz for a square wave input
in the range of 100 Hz — 100 kHz, the output being a triangular wave. This approach offers
a simple, solvent-free, low-cost method of fabricating filters and transistors on paper
substrate, in use-and-throw applications not involving critical performance criteria. The
fabrication of pencil-on-paper devices does not require any sophisticated facilities (clean
room) and high end fabrication equipment. Being a direct-write method, it holds a great
promise for graphite based electronic devices on paper. Future work may include the
fabrication of large area pencil-trace based devices created using pencil plotters which may
pave way to affordable and recycle electronics. This approach may also be used for

fabricating higher order passive and active filters.
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Part V
Solar baked electrodes for the fabrication of high performance

supercapacitors

Summary

This study introduces a new strategy for making electrodes for supercapacitors based on
nanocrystalline Pd/carbon (nc-Pd/C) composite, obtained through thermolysing the thin
film of Pd hexadecylthiolate under the concentrated sunlight. The nc-Pd/C composite
exhibited a porous morphology and hydrophilic nature besides the good electrical
conductivity (resistivity of ~ 2 uQ.m); confirmed through microscopy, contact angle and
electrical measurements. The electrochemical performance of the nc-Pd/C composite was
examined in aqueous (6M KOH), ion gel (PVA/H3PO,), ionic liquid (1M EMIMBF,/ACN)
and neutral (1M NaySQO,) electrolytes. Further, these nc-Pd/C composite electrodes were
patterned by laser ablative lithography which enhanced the specific capacitance by 1.5
times compared to that of unpatterned films.

The autocatalytic nature of nc-Pd/C composite was exploited by depositing
inexpensive pseudocapacitive material such as manganesedioxide (MnQ,) in an electroless
manner. The electrochemical performance of MnO, coated nc-Pd/C composite was
investigated by cyclic voltammetry (CV) and charge-discharge (CD) experiments in 1M
Na,SO, aqueous electrolyte, which showed a high specific capacitance of ~ 450 F/g.
Further, an asymmetric supercapacitor was fabricated by employing MnO,/nc-Pd/C as a
positive electrode while the nc-Pd/C as a negative electrode, the potential window was
extended up to 1.8 V, exhibited a maximum energy density of 86 Wh/kg. This synthesis
protocol eludes processing involving high temperatures, multistep solution processes as
well as the use of binders without compromising the electrochemical performance.

V.1 Introduction

There is a great deal of interest worldwide in developing electrochemical energy
storage devices with the aim of achieving high energy and power densities [1-3].
Conventionally, batteries and fuel cells which work based on Faradaic processes [4], store
high energy (~ 10 to 200 Wh/kg), but suffer from low power densities, low cyclability and
discharge rates [3-6]. To circumvent these problems, alternative devices with higher power
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densities are being developed which are known as electrochemical capacitors or
supercapacitors [6-9]. Besides the high power density, long cycle life and fast discharge
rates have made supercapacitors quite attractive in recent times [1, 7-9].

The electrode materials of a supercapacitor can be characterized by their high
surface area and electrically conducting nature. The capacitance of a supercapacitor is
superior to conventional capacitor due to the formation of electric double layers (EDLS)
where the ions of the electrolyte get accumulated at the electrode/electrolyte interface upon
the application of potential [3, 10, 11]. This double-layer capacitance generates a potential
between the plates which gets harnessed in an external circuit [1, 3, 10, 11]. In this context,
carbon based materials have been extensively explored as they possess large surface area,
high electrical conductivity and excellent electrochemical stability; essential for a
supercapacitor electrode [12-15]. The carbon materials have been activated through
chemical, thermal and plasma methods in order to enhance porosity along with the tunable
morphology [16-19]. Thus, activated carbons in the form of onions [20], nanoparticles
[21], fibres [22] and nanotubes [23] have been explored as electrode materials in
supercapacitors. Similarly, graphene and its derivatives such as curved [24], activated [25],
solvated [26], doped graphene [27] as well as three dimensional graphene networks [28]
have been employed as electrode materials in supercapacitors. It was found that the
graphene layers tend to restack themselves with increasing number of cycles and this issue
has been addressed by mixing the spacers such as CNTs and Au nanoparticles [29, 30].

The major challenge is to improve the energy density without sacrificing the power
density, which translates to searching novel electrode materials involving balanced design
of material composition, size and morphology, as well as employing suitable electrolytes
[3, 31]. Pseudo capacitive coatings such as metal oxides (RuO,, MnO,, and NiO) [32-35],
conducting polymers (polyaniline, polythiophenes and polypyrrole) [36, 37] and also
hybrid electrodes [38, 39] in combination with the high surface area electrodes to attain the
desired values of energy and power densities. However, supercapacitors based on carbon
materials and pseudo capacitive coatings involve high temperature treatments, activation
by the chemicals, multi-step complex solution processing and chemical vapor deposition

techniques [16-39]. Implementation of additives such as polymer binders and conductive
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adhesives may increase electrode stability but often cause degradation of the
electrochemical performance [30-35].
V.2 Scope of the present investigation

The quest is to arrive at an optimized electrode material involving simple and
inexpensive chemical recipes in a binder-free manner. Here, a new strategy was introduced
in order to fabricate electrode materials of a supercapacitor which essentially consisting of
nanocrystalline Pd/carbon composite (nc-Pd/C) derived from a molecular precursor
subjected to mild thermolysis under the concentrated sunlight. Further, the autocatalytic
nature of the nc-Pd/C composite could assist in depositing nanoscale MnO, features after
dipping in neutral permanganate solution. The electrochemical performance was
investigated in neutral 1M Na,SO, electrolyte with a maximum specific capacitance of 450
F/g at a scan rate of 10 mV/s. Further, an asymmetric supercapacitor MnO,/nc-Pd/C//nc-
Pd/C was also designed which showed the maximum energy and power densities of 86
Wh/kg and 30 kW/kg, respectively. This synthesis protocol eludes processing involving
high temperatures, multistep solution processing as well as the use of binders without
compromising the electrochemical performance.
V.3. Experimental Details
Synthesis of nc-Pd/C composite

The synthesis procedure for the precursor, Pd hexadecylthiolate, Pd(SC1sH33)2, Is
reported elsewhere [40]. Briefly, 100 mmol of hexadecylthiol (Sigma Aldrich) was added
to 100 mmol of Pd(OAc), (Sigma Aldrich) in toluene solution under stirring. The solution
became viscous and color changed from orange to reddish orange. The glass substrates
used for film formation were cleaned with deionized water and acetone followed by drying
under N, flow. A 50 pl of 100 mM Pd hexadecylthiolate precursor solution was drop
casted on a cleaned glass substrate which appears as orange color film. A convex lens with
diameter of 8’” and a focal length of 50 cm was used for focusing sunlight which produces
a temperature of 220 °C on the film, measured using a thermometer. During the heat
treatments, the precursor decomposes leading to the formation of conducting nc-Pd/C
composite within 30 minutes. Alternatively, nc-Pd/C was also obtained through heating on
a hot plate (temperature ~ 220 °C) for 3 h.
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Electroless deposition of MnO,

6 mM KMnO, in water solution was prepared and it was used as a precursor
solution for depositing nanoscale MnO, features. Different loadings of MnO, were
obtained at different dipping times (30 sec-10 min) followed by washing in distilled water
to remove the unreacted permanganate.

Electrochemical characterization
Electrochemical double layer capacitor

Supercapacitor is a commonly used term to a versatile class of energy storage
devices that rely on the physical adsorption of ions at an electrode/electrolyte interface to
form an electric double layer with a typical charge separation distance of ~ 1 nm. The
geometry of the supercapacitors includes two identical porous carbon based electrodes
separated by an ion permeable separator and electrolyte. The performance of
supercapacitors can be investigated through cyclic voltammetry, charge-discharge and
impedance measurements.

Cyclic voltammetry gives a voltammogram which is a measure of charge response with
respect to changing voltage, estimating capacitance of a supercapacitor. The
voltammogram records the current change with respect to the changing voltages at constant
scan rate (dV/dt). The capacitance can be related to current (I) and scan rate (s) by the
following equation

C=1/s.....(V.1)
The specific capacitance was calculated from the equation Cs= 2(1/my)(1/s).....(V.2)
where m is the total mass of the electrodes (0.4-0.45 mg), | is the current in mA and s is
the sweep rate in mV/sec (s = dV/dt).
The voltammogram for an ideal capacitor with no resistance would be of rectangular
shape, but most real EDLC voltammograms would have the shape of parallelogram with
irregular peaks. Prominent peaks at particular voltages are usually due to Faradaic
processes (pseudocapacitive behavior). Higher scan rates correspond to charging and
discharging of the supercapacitor at higher power levels. Typically, a set of cyclic
voltammograms will be displayed at different scan rates in the same graph to determine the
impact on charging characteristics at different power levels. The degree of reversibility of

an electrode reaction can also be inferred from the voltammogram in which the reversible
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and irreversible processes would have mirror image and two separate charge and discharge
profiles respectively.

The energy and power densities of a supercapacitor can be estimated from after
performing charge-discharge experiment at constant current. The voltage response can be
obtained through charging or discharging the cell at a constant current. The equivalent
series resistance (ESR) was calculated from the IR drop in the discharge curve. IR drop is
the potential drop at the beginning of the discharge curve which arises due to the resistance
of the electrodes, electrolyte and interfaces (AV=2I¢R where I. is the charging current and
R is the ESR).

Energy (E) =% QV =% CVZ......(V.3)
The energy density was calculated from the formula
E = (1/2)Cs(V)%......(V.4)

where V is the working potential window of an electrolyte.

Power (P) =1 xV ...... (V.5)
Power densities are calculated by multiplying different discharge current densities with the
value of working potential (V). The maximum power density was calculated from the
formula,

Prax = (V)4Rm......(V.6)
Electrical impedance spectroscopy (EIS) is a powerful method for evaluating the
supercapacitor performance in the frequency domain. After applying a small AC voltage,
the changes in magnitude and phase over a range of frequencies will be measured. The
impedance can then be plotted on a Nyquist diagram where the imaginary part of
impedance (-Z’’(ohm)) is plotted against the real part (Z’(ohm)). For an ideal capacitor, a
vertical straight line shifted on the real axis by its ESR is seen.
V.4 Results and Discussion
V.4a Fabrication of nc-Pd/C composite

Pd hexadecylthiolate is a novel precursor which upon mild thermolysis, produces
nanocrystalline Pd in carbon matrix (nc-Pd/C) with tunable conducting property [41]. The
precursor is amenable for patterning by various lithography techniques to achieve fine
features of the nc-Pd/C [40-43]. This composite was previously employed in our laboratory

as an active element in fabricating hydrogen [42] and strain sensors [41]. Drop coating of
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Pd hexadecylthiolate precursor followed by drying of the solvent in air leaves orange
colored film, which is insulating in nature (see Figure V.1). Now this film was baked under
the sun light after focusing through a convex lens (diameter, 8’ and focal length of 50 cm)
which could produce the maximum temperature of 220 °C. The heat energy generated at
the hot spot of the sunlight causes the decomposition of Pd hexadecylthiolate, leading to
the liberation of volatile carbonaceous species. Subsequently, the Pd nanoparticles get
nucleated leading to the formation of porous nc-Pd/C film within 30 minutes of irradiation
(see Figure V.1). The multimeter display showing the two probe resistance value of nc-
Pd/C film is of ~ 9 Q. Even, similar kind of nc-Pd/C film can also be made through
thermolysis of Pd hexadecylthiolate at 220 °C in air on a hot plate. The composite of nc-
Pd/C was employed as a porous conducting electrode material in fabricating

supercapacitors.
N
QF

Figure V.1 Photograph showing the metal-organic precursor, Pd hexadecylthiolate. Thermolysis of
Pd hexadecylthiolate (orange color) into nc-Pd/C (black color) using concentrated sunlight,
obtained through focusing by convex lens. Focused spot of sunlight on the sample surface along
with the lens is shown in the top. Bottom multimeter reading displaying the resistance value of the
nc-Pd/C composite film.

nc-Pd/C
conducting

Pd hexadecylthiolate
Non-conducting
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V.4b Characterization of nc-Pd/C composite
The crystalline nature of nc-Pd/C was analyzed using the X-ray diffraction technique. The
XRD pattern of the film showed peaks corresponding to metallic Pd, with the estimated
particle size of ~16 nm (Fig. V.2). The Pd nanoparticles size can be calculated from (111)
peak of XRD using Scherrer formula.

L =kMBcosh.....(V.7)

where L = grain size
k = 0.9 (constant)
L = wavelength (1.54A)
B =(FWHM-FWHM for standard) * /180
L =0.9*1.54/ [(0.503)*(n/180)* cos(20.28*(n/180))]
=158.2 A
=15.8 nm.
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Figure V.2 XRD of nc-Pd/C composite film. The indexed peaks are matching well with metallic
Pd. Inset shows the peak fitting for the calculation of particle size.

The morphology, composition and electrical nature of the nc-Pd/C composite were
examined through microscopy and electrical measurements. This composite consists of

densely packed, interconnected Pd nanoparticles (typical size, 15-20 nm) as seen in the
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FESEM image (see Figure V.3a). The EDS spectra collected from different regions of the
sample showed the presence of C and Pd in the atomic ratio, 1:2 (see inset of Fig V.3a). It
is evident that the Pd hexadecylthiolate underwent decomposition leading to the formation
of the Pd nanoparticles along with the carbonaceous species. The size of the Pd
nanoparticles and the amount of the carbon content can be controlled through the annealing
temperature [41]. The Pd particle size increases and the carbon content decreases with

increase in the annealing temperature.

1200 1500 1800 100 150 200 250 300
Raman shift (cm1) Temperature (K)

Figure V.3 (a) FESEM image showing the densely packed Pd nanoparticles, inset is the energy
dispersive spectrum (EDS) showing Pd L and C K signals. (b) AFM topography and (c) Raman
spectrum of the nc-Pd/C film showing the presence of functionalized amorphous carbon. (d)
Temperature dependent resistivity of the film with near metallic behavior.

AFM topography of the nc-Pd/C film also showed the particle nature of the film
(see Figure V.3b). In order to understand the nature of the carbon present in the nc-Pd/C
film, Raman spectra was recorded from different regions of the film which showed the
presence of broad D (position, 1377 cm™, width 185 cm™) and G bands (1564 cm™, width
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38 cm™) with a shoulder at 1620 cm™ corresponding to the G' band (width of 55 cm™),
implying that the presence of functionalized amorphous carbon (see Figure V.3c) [44]. The
electrical nature of the nc-Pd/C film was investigated through the temperature dependent
resistivity measurements. The resistivity increased with increasing temperature, exhibiting
metallic type behavior (see Figure V.3d). The room temperature resistivity was found to be

~ 2 uQ.m, which reflects the highly conducting nature of the nc-Pd/C composite.
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Figure V.4 EDS mapping of nc-Pd/C film on glass substrate. (a) SEM image of nc-Pd/C film in
which mapping was done. (b) and (c) shows the presence of palladium and carbon uniformly over
the substrate. (d) The optical profile image of prepared nc-Pd/C film over glass substrate to
estimate thickness of the film. Inset shows the water contact angle on the nc-Pd/C film, found to be
49° hydrophilic surface due to functionalized carbon. (e) the z-profile of the nc-Pd/C film on glass.

The uniformity of the Pd and carbon over the entire area of the nc-Pd/C film was
investigated through EDS mapping (Figure V.4a, b, ¢). The PdL and CK maps showed the
presence of carbon and Pd throughout the entire surface region mapped. The thickness of
the nc-Pd/C films measured using profilometer with a typical thickness of ~ 300 nm
(Figure V.4d, e). The water contact angle on the nc-Pd/C film is found to be 49°, indicating
the hydrophilic nature of the surface due to presence of functional groups (see inset of
Figure V.4d).
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V.4c Electrochemical characterization of nc-Pd/C composites
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Figure V.5 The performance of the nc-Pd/C electrochemical capacitor in aqueous 1M Na,SO,
solution. (a) Cyclic voltammograms (CV) at different scan rates, from 10 to 2000 mV/s. (b) Two-
electrode configuration of the nc-Pd/C electrodes along with the separator. (c) Galvanostatic
charge/discharge (CD) curves at a current density of 5 A/g. (d) Specific capacitance as a function
of scan rate.

In order to examine the electrochemical properties, an assembly of two symmetric
electrodes of nc-Pd/C composite (size, 1 x 1 cm) with a filter paper separator was
immersed in 1M Na,SO, aqueous electrolyte (5 ml). The electrochemical performance was
analyzed through both cyclic voltammetry (CV) and galvanostatic charge/discharge (CD)
experiments, as shown in Figure V.5. The CV curves are of nearly rectangular shape over
scan rates of 10 to 2000 mV/s in the potential window of 0 - 0.8 V, indicating the
formation of EDLs (Figure V.5a), which is an indication for the capacitive behavior of
these nc-Pd/C electrodes. A galvanostatic charging/discharging (CD) test was conducted in
the potential window of 0 - 0.8 V at a fixed current density of 5 A/g (see Figure V.5c). The
CD curves show nearly triangular shape indicative of the formation of efficient EDLs

205



nC-Pd/C Supercapacitors

within the nc-Pd/C electrodes. The specific capacitance of ~ 140 F/g was observed at a low
scan rate of 10 mV/s and deceasing with increasing scan rates (see Figure V.5d). Based on
the value of specific capacitance, one can also estimate the active electrochemical surface
area from the following equation.

Specific capacitance (Cj) = e,cAel/d..... (V.8)
Where, &,— permittivity of free space = 8.85x10™? F/m
e - dielectric constant of the 1M Na,SO, ~ 75
d- double layer thickness ~ 1 nm
Ci=140F/g
After substituting the above values, electrochemical active surface area (A¢) was found to
be ~ 420 m?/g.
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Figure V.6 The performance of the nc-Pd/C electrochemical capacitor in aqueous 6 M KOH
solution. (a) Cyclic voltammetry (CV) curves at different scan rates, from 10 to 200 mV/s. A nearly
rectangular shape of the CV curves indicates an efficient double-layer formation. (b) Galvanostatic
charge/discharge (CD) curves at a current density of 2 A/g. (c) Specific capacitance as a function of
scan rate, inset shows the Normalized capacitance versus number of cycles. (d) The Nyquist
impedance plot of nc-Pd/C supercapacitor in the frequency range 1 MHz to 1 Hz, with the inset
showing the high-frequency region.

The electrochemical performance of the nc-Pd/C electrodes were also examined in

6M KOH aqueous electrolyte. The CV curves are nearly rectangular in shape over scan
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rates of 10 to 200 mV/s in the potential window of 0 - 0.7 V, indicating the capacitive
behavior (Figure V.6a). CV curves contain a small peak at around 0.4 V which may be a
redox peak corresponding to the functional groups of the amorphous carbon matrix. On the
other hand, the presence of functional groups is advantageous in that the wetting of the
electrolyte solution is enhanced while the Pd nanoparticles along with amorphous carbon
bring in the desired porosity to the electrode. Neither a separate metal electrode as current
collector nor any binder (or electro-active additives) was used. The nc-Pd/C composite
along with the functionalized carbon species supports the formation of EDLs and also as a
current collector. A galvanostatic charging/discharging (CD) test was conducted in the
potential window of 0 - 0.7 V at a fixed current density of 2 A/g (see Figure V.6b). The
CD curves show nearly triangular shape indicative of the formation of efficient EDLs
within the nc-Pd/C electrodes. In addition, the CD curves show only a small voltage drop
of 0.06 V at the start of the discharge curve, indicating that the device had a low equivalent
series resistance (ESR) of the order of 30 Q (Figure V.6b). The specific capacitance
decreased from 110 to 25 F/g with increasing scan rate, 10 to 200 mV/s (see Figure V.6c).
The long term cycling stability of the nc-Pd/C supercapacitor was tested through a cyclic
CD curves at a fixed current density of 2 A/g (see inset of Figure V.6c¢). The capacitance
remained at 95% of the initial capacitance after 1000 CD cycles, demonstrating its
excellent long term cycling stability. Further, the electrochemical impedance
measurements for the nc-Pd/C composite electrodes were performed in order to understand
the frequency response. Nyquist plot in Figure V.6d shows the imaginary component (Z’”)
of impedance against the real component (Z’) as the frequency of the ac voltage is varied
from 1 Hz to 1 MHz. The intersection of the curve at the X-axis corresponding to higher
frequency region, represents the equivalent series resistance (ESR) which in this case was
found to be ~ 29 Q, which determines the rate at which the supercapacitor can be charged
or discharged. The vertical nature of the curve at lower frequencies reflects the capacitive
behavior indicating facile ion diffusion in the electrode structure [10].

A solid state supercapacitor of nc-Pd/C was designed using PVA/H3PO, gel
electrolyte (see Figure V.7). The cyclic voltammograms for different scan rates (20 - 400
mV/s) show nearly rectangular shape, indicating the EDL formation (see Figure V.7a). The

specific capacitance was found to be ~ 45 F/g at a scan rate of 10 mV/s. In the case of
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PVA/H3PO, gel, the mobility of the ions is restricted due to presence of PVA matrix unlike
the case of aqueous KOH electrolyte. The specific capacitance decreased from 45 to 5 F/g
with increasing scan rate from 10 to 400 mV/s (see Figure V.7b). The galvanostatic
charge-discharge curves showed the triangular shape which is an indication of the EDL
formation. The voltage drop corresponds to the ~ 0.09 V (see Figure V.7c). The
capacitance retention test conducted over 1000 cycles demonstrated the excellent stability

of the supercapacitor (see Figure V.7d).
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Figure V.7 Solid state supercapacitors based on nc-Pd/C films using PVA/H3PO, gel electrolyte.
(a) Cyclic voltammetry (CV) curves at different scan rates ranging from 20 to 400 mV/s. (b)
Specific capacitance as a function of scan rate. (c) Galvanostatic charge/discharge (CD) curves at a
current density of 3 A/g. (d) Normalized capacitance versus number of cycles, inset is for the
higher cycle numbers.

The electrochemical performance of the nc-Pd/C film has also been investigated in
1M EMIMBF, in acetonitrile (Figure V.8). The CV curves are of nearly rectangular shape
over scan rates of 10 to 400 mV/s in the potential window of 0 — 1.5 V, indicating the

formation of EDLs (Figure V.8a), which is an efficient capacitive behavior. A
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galvanostatic charging/discharging (CD) test was conducted in the potential window of 0 —

1.5V at a fixed current density of 10 A/g (see Figure V.8b).
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Figure V.8 (a) CV and (b) CD curves for the nc-Pd/C films using the ionic liquid electrolyte 1M
EMIMBF, in acetonitrile (current density of 5 A/g). (c) Nyquist impedance plot of the nc-Pd/C in

ionic liquid electrolyte.

The CD curves show nearly triangular shape indicative of the formation of efficient
EDLs within the nc-Pd/C electrodes. Further, the electrochemical impedance
measurements for the nc-Pd/C composite electrodes were performed in order to understand
the frequency response. Nyquist plot in Figure V.8c shows the imaginary component (Z°’)
of impedance against the real component (Z’) as the frequency of the ac voltage is varied
from 1 Hz to 1 MHz. The vertical nature of the curve at lower frequencies reflects the

capacitive behavior indicating facile ion diffusion in the electrode structure [10].
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Figure V.9 (a) FESEM images of the periodic pits on the nc-Pd film over a large area, inset shows
the diffraction of the light from the nc-Pd/C grating. (b) Zoom-in view of the pits on the nc-Pd
film. (c) Comparison of the specific capacitance of the nc-Pd/C film (black) with the patterned
(red) film in PVA/H3PO, gel at a scan rate of 400 mV/s. (d) CV curves for the nc-Pd film over the
flexible kapton substrate at different scan rates. Inset shows the flexible nc-Pd/C film over kapton
sheet.

Pd hexadecylthiolate is amenable for patterning by various lithography techniques
such as electron beam lithography, soft lithography and nanoimprint lithography [40, 41,
43, 44]. Near-field laser ablative patterning was employed to create periodic pits on the nc-
Pd/C film over a large area by using combination of phase masks. Previously, this method
has been used on graphite to make graphene ribbons [45]. Single shot laser ablation of the
nc-Pd/C film through two DVD phase masks resulted in the formation of periodic pits over
a large area (see Figure V.9a). The pits are typically 200 nm wide and 100 nm deep (see
Figure V.9b). Specific capacitance was found to be 1.5 times higher compared with the
plane nc-Pd/C films (scan rate of 400 mV/s, see Figure V.9c). This indicates that the
periodic pits on the nc-Pd/C film helps in the formation of greater number of EDLSs due to
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increase in the effective surface area, leading to an increment in specific capacitance. The
nc-Pd/C films are electrically stable against bending [41]. These films could be formed on
flexible kapton sheets and the electrochemical performance was examined in the
PVA/H3PO, gel. The CV curves recorded at different scan rates, from 40 to 400 mV/s, are
nearly rectangular, indicating the capacitive nature of the nc-Pd/C electrodes (see Figure
V.9d).

V.4d Pseudocapacitive MnO; coating and electrochemical characterization

MnO, ions can be spontaneously reduced to MnO; on a functionalized carbon

surfaces based on the following reaction [46, 47].

4MnOy + 3C+ H,0 — 4MnO, + CO3* +2HCOy3 .....(V.9)

Reduction of permanganate ion (MnOj) to MnO, on carbon is pH dependent. The
electrically conducting nature of nc-Pd/C helps in the spontaneous reduction of
permanganate ions into manganese dioxide. Neutral permanganate solution leads to the
formation of thin films of MnO,, while acidic solution would result in the formation of
large agglomerated MnO, particles [46]. It has been shown that the nc-Pd/C surface
exhibits autocatalytic property which could assist the spontaneous growth of Cu, ZnO,
polyaniline [47]. MnO; is a very cheap and good pseudocapacitve material which was
brought onto the nc-Pd/C surface in an electroless manner after dipping in neutral
permanganate solution. The typical morphology of the MnO, was found to be petal-like
vertical growth which is very good for the formation of double layers besides its
pseudocapacitive behavior. The electrolyte ions can thus access the entire surface of the
vertical petals which should lead to enhanced capacitance. The amount of MnO, deposited
on the nc-Pd/C surface was controlled depending on the dipping time (30 sec-10 min).

The growth conditions of MnO; on the nc-Pd/C surface were optimized. Dipping of
nc-Pd/C substrates in neutral permanganate solution for 30 seconds resulted in the less
dense deposits while dipping for longer times (10 minutes) resulted in the formation of
thicker deposits (see Figures V.10a-e). It was found that the deposition time of 2 minutes
resulted in the optimal coverage of MnO, where the bottom the nc-Pd/C surface is also
seen (see Figure V.10c). The Raman spectrum of the MnO, is characterized by one sharp
peak at 638 cm™ and two weak peaks at around 290 and 347 cm™ respectively (see Figure

V.10f). The peak at 638 cm™ may be assigned to the symmetric Mn-O stretching vibration
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of MnOg octahedra group [49]. The low-frequency bands at 290 cm™ and 347 cm™ are
assigned to the bending modes of Mn-O. The bands in the Raman spectrum of MnO, are

closely matching to that of y-MnO, [49].
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Figure V.10 Electroless deposition of MnO, nanowall structures on the autocatalytic nc-Pd/C
surface. (a-¢) FESEM images of the MnO, nanowall structures after dipping in neutral
permangante solution for 30 sec, 1 min, 2 min, 5 min and 10 minutes respectively. (f) Raman
spectra of the MnO, in comparision with palne surface. Scale bar, 1 pm.

Cyclic voltammetry (CV) measurements were performed for the MnO2/nc-Pd/C
composites for different mass loadings of MnO,. All the electrochemical measurements
were performed in two electrode configuration in 1M Na,SO, solution. Figure V.1la
shows the scan rate dependent CVs for 30 seconds deposited MnO, on nc-Pd/C surface at
different scan rates of 10-500 mV/s, with a potential window of 0-0.8 V. The current
values of CVs for 5 min deposited MnO; on nc-Pd/C are found to be higher and good
symmetrical rectangular shape for CVs at various scan rates were observed showing the
capacitive behavior of MnO,/nc-Pd/C electrodes (see Figures V.11a-d).
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Figure V.11 (a-d) Cyclic voltammetry curves for MnO,/nc-Pd/C structure at different scan rates
(10-500 mV/s) with different MnO, deposition times of 0.5, 1, 5 and 10 min, respectively.

Figure V.12a shows the scan rate dependent CVs for 2 min MnO,/nc-Pd/C at scan
rates of 10-200mV/s, with a potential window of 0-0.8 V. The current values of CVs were
higher than those of plane nc-Pd/C and also different deposition times of MnO, at the same
scan rates (see Figures V.11 and 12a). The galvanostatic charge/discharge curves at
different current densities are shown in Figure V.12b. The triangular nature of the of
charge and discharge curves revealing that the good capacitive characteristics of the
device. The specific capacitance for different amounts of MnO, on nc-Pd/C was plotted
against the scan rate (see Figure V.12c). It was found that the 2 minutes deposited MnO,
showed the maximum specific capacitance of 450 F/g at a scan rate of 10 mV/s. In other
words, the optimal coverage of MnO, increases the specific capacitance from 140 F/g
(plane nc-Pd/C without MnO,) to 450 F/g (see Figure V.12d). As MnO; is an insulating
material, thicker deposits result in the higher resistivity for electron transfer, leading to the

decreased specific capacitance values at longer deposition times. The optimal coverage of
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MnO, over nc-Pd/C is required for obtaining better performance which in this case found

to be depositing time of 2 minutes.
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Figure V.12 (a) Cyclic voltammetry curves for (2 min) MnO,/nc-Pd/C at different scan rates
ranging from 5 to 100 mV/s. (b) Galvanostatic charging/discharging curves at different current
densities. (c) Specific capacitance versus scan rates at varied mass loadings of MnO, in comparison
to the plane nc-Pd/C. (d) Plot of specific capacitance with respect to MnO, deposition times at scan
rates of 10 and 20 mV/s.

V.4e Asymmetric supercapacitor

As the energy density is directly proportional to specific capacitance and square of
the operating potential window (E = % C;V?), broadening of the total potential range and
increases the energy density through an asymmetric configuration of electrodes. Here, in
this study, ASC was made by connecting MnO,/nc-Pd/C//nc-Pd/C to the positive and
negative electrodes respectively in 1M Na,SO, solution. The CV curves for MnO,/nc-
Pd/C//nc-Pd/C ASC at different scan rates in the potential window of 0-0.8 V showed
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rectangular curves (see Figure V.13a). Further, the CV curves were recorded at a scan rate
of 80 mV/s via extending the potential range up to 1.8 V which showed rectangular curves,
indicating that the stable electrochemical window of the ASC till 1.8 V (see Figure V.13b).
In order to further evaluate the performance of the cell, the galvanostatic charge and
discharge was performed at a current density of 7 A/g by extending the potential window
from 0.8 V to 1.8 V (see Figure V.13c). The electrochemical stability of the ASC was

tested by performing charge-discharge cycles over 1000 times at a current density of 7 A/g.
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Figure V.13 (a) CV curves of (2 min) MnOy/nc-Pd/C//nc-Pd/C asymmetric supercapacitor (ASC)
measured at different scan rates between 0 and 0.8 V. (b) CV curves of optimized (2 min)
MnQO,/nc-Pd/C//nc-Pd/C ASC measured at different potential windows at a scan rate of 80 mV/s.
(c) galvanostatic charge—discharge curves at 7 A/g in different potential windows. (d) Cycling
stability of a ASC over 1000 cycles of charge-discharge at a current density of 7 A/g.
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Figure V.14 Ragone plots for nc-Pd/C, MnO,/nc-Pd/C and MnO,/nc-Pd/C//nc-Pd/C ASC in 1M
Na,SQO,. Inset shows the red LED glowing after connecting to three cells in series.

In order to compare the electrochemical performance of nc-Pd/C, MnO,/nc-Pd/C
and MnO,/nc-Pd/C//nc-Pd/C ASCs, the corresponding energy densities are plotted against
power densities as shown in the Ragone plot (see Figure V.14). The Ragone plot is a
graphical representation of the energy density against power density of the energy storage
devices [10]. Typically, it is represented in log-log plot for making a comparison among
various energy storage devices or the same device in different electrolytes or both. The
maximum energy density obtained for the MnO,/nc-Pd/C//nc-Pd/C ASCs reaches 86 W h/
kg at a power density of 3 kW/kg and reaches to 36 Wh/kg at a power density of 29 kW/kg
which is much higher than the commercially available supercapacitor devices (energy
density: 1-10 Wh/kg and power density: 2-10 kW/kg), which are mainly based on porous
activated carbon [21]. Further, the performance of the ASC made in this study was either
comparable or better when compared with the previous literature reports, mentioned
below. The energy density of various ASC such as MnO,//activated carbon (<28.8 W h/kg)
[50], MnOj/graphene//graphene (30.4 W h/kg) [51], Ko27 MnO,.0.6H,0O//AC (25.3 W
h/kg) [52], MnO2//polyaniline (5.86 W h/kg) [53], MnO.//polypyrrole (7.37 W h/kg) [53],
MnO,//poly(3,4-ethylenedioxythiophene) (13.5 Wh/kg) [53] and 3D porous
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graphene/MnO, nanorod//graphene/Ag hybrid (50.8 Wh/kg) [54] have been fabricated.
The symmetric supercapacitor based on MnO,/nc-Pd/C electrodes showed a maximum
energy density of 40 Wh/kg with a maximum power density of 20 kW/kg. Plane nc-Pd/C
electrodes have a maximum energy density of 12 Wh/kg with a maximum power density
of 6 kW/kg. The inset shows the demonstration of the working of the ASC for glowing a
1.5V LED. Series connections of 3 cells (each cell of size of 1x2 cm) were charged at 1.5
V for 30 seconds, to glow the LED for ~ 2 minutes.

It is worthwhile to mention few merits of the nc-Pd/C composites as electrodes for
designing supercapacitors. This method offers a way to fabricate the metal
nanoparticle/carbon composites via solution processable route in which the decomposition
of the metal-organic precursors leading to the nucleation of the metal nanoparticles along
with the functionalized carbon. While being porous, this composite is highly conducting,
assisting the formation of EDLs. The functionalized nature of the carbon matrix to
excellent wetting property of the electrolyte, a critical factor for the functioning of a
supercapacitor. By employing the appropriate metal organic precursors, it is possible to
fabricate the supercapacitors based on metal nanoparticle/carbon composites. An additional
advantage offered is the low thermolysis temperatures (<250 °C) which can be easily
obtained by simply focusing sunlight. The performance of the electrode materials can be
improved via patterning as the initial metal organic precursors are amenable for patterning
by various lithography techniques such as nanoimprint lithography, electron beam
lithography and soft lithography. It is also possible to fabricate planar and micro
supercapacitors based on metal nanoparticle-carbon composites from metal-organic
precursors.

V.5 Conclusions

In conclusion, a simple strategy to fabricate electrode materials for supercapacitors
has been demonstrated using nc-Pd/C composites which is essentially a single step
thermolysis of Pd hexadecylthiolate under the focused sunlight in ambient conditions. The
electrochemical performance of the nc-Pd/Carbon composites has been tested in aqueous,
ion gel and ionic liquid electrolytes. The electrochemical performance of the nc-Pd/C
composites has been tested in aqueous, ion gel and ionic liquid electrolytes. The

nanostructures of MnO, were grown spontaneously on the autocatalytic nc-Pd/C surface by

217



nC-Pd/C Supercapacitors

dipping in neutral permanganate solution. Maximum specific capacitance of 450 F/g was
achieved for 2 minutes growth of MnO,. Asymmetric supercapacitors with the design,
MnO,/nc-Pd/C//Inc-Pd/C, which showed maximum energy density of 86 Wh/kg, higher
compared to symmetric MnO; supercapacitor (40 Wh/kg). Power densities of 20 and 30
kW/kg were achieved for the symmetric and asymmetric supercapacitors respectively. The
performance the ASC based on MnO,/nc-Pd/C/Inc-Pd/C design showed much higher

performance than the commercially available activated carbon based supercapacitors.
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Outlook

Outlook

“Be a scientist, save the world”- Richard Smalley

The thesis is about exploring the 2D nanocarbon materials in terms of their functional
aspects and device fabrication. In Part 11, the carbonaceous deposits obtained by electron
beams are indeed fascinating in that they serve as a local dielectric and also as a source for
obtaining graphene in a selective manner. This technique can be utilized in growing
various graphene structures in the form of nanoribbons and nanomeshes with controlled
electronic and optoelectronic properties. Further, AFM bias lithography on these
carbonaceous platforms (Part-111) turned out to be interesting in terms of observing various
kinds of nanoscale phenomenon such as nucleation of water droplets, electrochemical
modifications and charge patterning depending on the experimental conditions adopted.
Mesoscopic graphitic islands could be carved on the graphite surface by AFM bias
lithography which showed unusual charge storage properties. This idea may be extended to
graphene to control the charge transport behavior by creating charge islands and studying
the phenomenon at low temperatures will be interesting to study quantum/nanoscale
phenomenon.

A laser patterning technique is detailed out in part IV for fabrication of graphene
ribbons of uniform shapes can be generalized to other layered materials such as MoS,
WS, etc. to pattern them in a direct manner. Patterning of metallic films similarly, may
lead to the formation of metallic photonic crystals, which is of current interest in
developing photonic devices. Pencil on paper is a simple approach for the fabrication of
various kinds of active and passive electronic devices. Higher order passive devices may
be possible which can be integrated with the active device components to achieve the
desired functionality based on simple pencil-on-paper devices. In part-V, supercapacitors
were designed out of nc-Pd/C composites, obtained by thermolysing the metal-organic
precursors under the concentrated sunlight. This technique can be generalized to other
metal-organic precursors in order to obtain metal nanoparticle-carbon composites which
are highly conducting and autocatalytic in nature to assist the spontaneous growth of the
psuedocapacitive coatings for fabrication of high performance supercapacitors in a simple

manner.
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