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Preface 

This thesis entitled “Electrical Characterization and Potential Application of Graphene-like 

Nanocarbon and Au Nanoparticle-PDMS Nanocomposite” presents the investigation of the 

nanocarbon material with focus on graphene and turbostratic graphite. Electrical characterization of the 

Au-PDMS was realized in the last part. The thesis has been allocated into three parts. 

Part I introduces nanoscience and nanoparticles and their important properties. Carbon nanomaterials, 2D 

nanocarbon, graphene and turbostratic graphite have been briefly presented. The novel properties of the 

turbostratic graphite in realizing devices have been exploited. The last section describes polymer 

nanocomposites with special stress on metal nanoparticle polymer nanocomposite. 

Part II pertains to the electronic and optoelectronic properties of graphene, amorphous carbon and 

turbostratic graphite. Graphene film have been grown by electrochemical and electrostatic method. The 

infrared photoresponse behavior of amorphous carbon and graphene has been investigated.  

Pencil traces on paper produce turbostratic graphite which shows high mosaicity i.e. rotationally 

disordered graphene layers. This leads to electronic decoupling between the layers. Passive devices like 

resistor-capacitor filters could be made by employing this turbostratic graphite as a resistor and ion gel as 

dielectric. Field effect transistor has been made out of the pencil traces with aid of ion gel having high 

specific capacitance. 

Part III deals with the synthesis of Au-PDMS nanocomposite. Electrical characterization of the capacitor 

geometry has been done using Au-PDMS as dielectric. Application of pressure on the Au-PDMS leads to 

improved current values. Other stimuli have been applied as well, like application of electrical stress or 

passing of nitrogen and toluene vapor through the circuit, and conductivity have been checked. Varying 

the environment around the circuit steered to improved values of electrical conductivity. 
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 Part I 

 

Overview of Nanoparticles and 

Nanocomposites 

 

I.1. Introduction 

The prefix nano came from the Greek word νάνoς or the Latin word nannus, both meaning dwarf. At the 

11
th
 Conférence Générale des Poids et Mesures (CGPM) in 1960 it was adopted as an official SI prefix, 

meaning 10-
9
 of an SI base unit. 

  

 

 

 

 

Figure I.1 From micro to nanoscale few natural examples which one comes across daily. 
 

Study on fundamental relationship between physical properties and the material dimensions on the 

nanometer scale forms the basics of nanoscience.
1
 The physical dimension of a material is along the X, Y 

and Z axes. Nanomaterials are defined as materials with at least one of the above mentioned dimensions 

in the range of 1-100 nanometers approximately.
1
 Nanoparticles are objects with all three external 
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dimensions at the nanoscale. The properties of the nanomaterial are decided by its dimensions. The 

behavior of nanomaterials also depends on its surface area more rather than the composition of the 

particles. Relative-surface area is one of the principal factors that enhance its reactivity, strength and 

electrical properties. 

The properties in macroscopic length scales, like physical, electronic and other properties, can be 

explained based on classical laws. But at the atomic and molecular length scales, the classical laws fail 

and quantum mechanics takes over in order to explain the properties and the phenomena. Nanoscale thus 

bridges the macroscopic and atomic scales.
2
  

 

Figure I.2 Comparison between macro, micro and nanoscale with different examples both natural and 

engineered (reproduced from ref. (2)). 

Nanotechnology is the applied stream of nanoscience.
1,3

 It deals with the architectural designing at 

nanoscale. This engineered nanoparticles evolved, are designed with very specific properties related to 

shape, size, surface properties and chemistry. Engineered nanoparticles are generated via experimental 

procedures for example CNTs are produced by laser ablation, arc discharge, and chemical vapor 
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deposition (CVD). Examples of engineered nanomaterials include: carbon buckeyballs or fullerenes; 

carbon nanotubes; metal or metal oxide nanoparticles (e.g., gold, titanium dioxide);
4
 quantum dots,

5
 

among many others.  

Table I.1-Different categories of nanomaterials.6 

Examples Category of nanomaterials 

They are also known as nanoparticles and 

include colloids and quantum dots (tiny 

particles of semiconductor materials) and their 

subsets.  

0-dimensional nanomaterials 

This includes nanowires, nanofibres made from 

a variety of elements mostly carbon. Examples 

are nanotubes. 

1-dimensional nanomaterials 

This includes layers, thin films, platelets and 

surface coatings. They have been known for 

quite a long time and it is used mostly in the 

electronics industry. 

2-dimensional nanomaterials 

Nanoparticles made of metals, semiconductors, or oxides are of particular interest for their mechanical, 

electrical, magnetic, optical, chemical and other properties. Nanoparticles have been used as quantum 

dots and as chemical catalysts. They bridge the bulk materials and atomic structures. 

I.2 History of Nanomaterials 

The first record of nanomaterials goes back to 2600 years ago when Indian sage ―Kanada‖ proposed about 

the atomistic theory when atom was considered as an indestructible particle of matter. It was since ancient 

Roman times, 4
th
 century A.D., when the roman colored glasses fabricated from colloidal particles of gold 

and silver dust, that nanomaterials came to picture. The extraordinary Lycurgus Cup, presently at British 

Museum still bears the evidence. It displays unique colors, appears green when observed in reflected light 

(daylight) and becomes red when light is propagated through it. This apparent dichroism is because of the 

light interaction of the gold particles embedded in the glass matrix of the cup.
7
 Damascus steel was used 

http://en.wikipedia.org/wiki/Atom
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to produce blades since 500 AD in Damascus.
8
 These blades are recognized for their resilience, sharpness, 

extreme strength and the appeal of their unique surface pattern. Researchers revealed the reason behind 

these special properties is due to the presence of multi-walled carbon nanotube in the material.
8
  

 

Figure I.3 (a) Damascus blade used in 500A.D. Inset shows the detailing of the steel. (b) The dichroism 

of Lycurgus cup towards the direction of light illumination. (c) Gold sol prepared by Michael Faraday. 

Inset shows bulk gold which is yellow in color (reproduced from ref. (8), (9), (10)).
9
 

Michael Faraday, the greatest scientist of his time, was the first person to report about the colloidal gold 

particles in the year 1857. He stated that ―the divided state of the metal‖ was responsible for the various 

colors of the gold sol.
10

 Thus began the investigation on nanostructured materials and it continued for 

over 70 years until 1940 when precipitated and fumed silica nanoparticles
11

 were manufactured in USA 

and Germany. In the 1960s and 1970s metallic nanopowders for magnetic recording tapes came to 

picture.
12

 In 1976, for the first time, nanocrystals produced by the inert-gas evaporation technique were 

published by Granqvist and Buhrman.  

Probably the most celebrated visionary comment on the advancement of modern nanomaterials was 

catalyzed by physicist Richard Feynman in 1959 at a meeting of the American Physical Society.
13

 

Quoting his words ―There’s plenty of room at the bottom‖, he pioneered the fabrication of nanomaterials 

for miniaturization of devices. The discovery of fullerenes and carbon nanotubes around 1990s was the 

starting point of the new era ―Nano age‖ which fast-tracked the quest to improve technological aspects by 

reducing dimension of every other material in a similar fashion. 

(a) (b) (c) 
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I.3 Nanomaterials Unique from bulk 

The dimension of the nanomaterial plays a vital role in deciding its properties. The reason is that here the 

dimension of the object becomes comparable to the mean free path of the electrons in it.
14

 Thus the 

electrons begin to feel as if it is bound resulting in a dramatic change of the properties of the solid. The 

change depends on the number of atoms and electrons, in contrast to the properties arising from the atoms 

in bulk state. 

I.3.1 Surface to Volume Ratio 

Most reactions take place at the surface of a material. Thus the greater the surface area for a given 

volume, the greater will be the reactivity of the material. In nanotechnology we deal with particles which   

 

Figure I.4 Plot depicting the dependence of the percentage of the surface atoms on the number of atoms 

in a particle (reproduced from ref. 15).
15

 

have dimension of few nanometers making their surface area to volume ratio dramatically high. This can 

be illustrated by taking a cube of sugar, which reacts with water and the water dissolves, the outside of the 

sugar. Now the same cube of sugar when fragmented into many little pieces, each cut makes new outer 

surfaces for the water to dissolve. Thus the same volume of sugar now has larger surface area.
16

 This thus 
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proved that a particle with a high surface area has a greater number of reaction sites than a particle with 

low surface area, and thus, results in higher chemical reactivity.
17

  

For tis reason at the macroscale, gold behaves as an inert element but at the nanoscale, gold nanoparticles 

become extremely reactive and can also be used as catalysts.
18

 This increased reactivity for surface area to 

volume ratio can be seen in nature as well, for example in body’s digestive system the villi inside the 

intestine. Within the small intestine, there are millions of folds known as villi that increase the surface 

area of the inner lining of the digestive tract allowing more nutrients and chemicals to be absorbed at the 

same time.
19

 

I.3.2 Density of States 

Density of states (DoS) of a system is the number of states per energy interval, at each energy level, 

available to be occupied by electrons.
20

 High DoS at a specific energy level means that there are many  

 

Figure I.5 DoS of the charge carriers for 3D, 2D, 1D and 0D materials (reproduced from ref. 22).  

states available for occupation by the electrons. DoS is an average value over the space and time domains 

occupied by the system.  
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The DoS of a solid with electrons confined to one, two and three dimensions are named as 2D, 1D and 0D 

nanomaterials respectively, in comparison with the 3D material.
6,21

 

DoS = dN/dE= (dN/dk) x (dk/dE)………… (i) 

N(k)= k space volume/ vol. per state = (4/3 π k
3
)xV/ 8π

3
……..(ii) 

N(k) thus depends on the dimensionality of the system.  

The relation between DoS and the energy for 0D, 1D, 2D in comparison with the 3D is given below. 

Table I.2-DoS of for materials of different dimensionalities.22 

 

I.3.3 Quantum Confinement 

The quantum confinement effect is observed in particles whose size is too small almost comparable to the 

wavelength of the electron. As is known that materials in bulk exhibit extended band structures but with 

the decrement in size, spacing between the levels increases as is described qualitatively by particle in a 

box model. So as the particle size decreases to nanoscale one or more of its dimension will be confined 

making the energy levels discrete and this widens up the band gap leading to an increment of the band 

gap energy.
23

  



Overview of nanoparticles and nanocomposites                                                              Part I 

[8] 
 

The spacing between the energy levels is inversely proportional to the dimensions of the material given 

by the equation 

ΔEn= (2n+1) h2/8mL2……………(iii) 

where h is Planck’s constant, m is the electron mass, L is the dimension of the material and n is the 

quantum number. As discussed above the band gap and wavelength are inversely related to each other. 

Increase of bandgap energy means more energy, that is shorter wavelength, will be required for it to be 

absorbed by the bandgap of the material.
24

 The wavelength of the fluorescent light emitted from the nano-

sized material, will be higher, because of the quantum confinement so blue shift will occur.
25

 Hence 

tuning of optical absorption or emission by a nano-sized semiconductor over a range of wavelengths is 

possible. 

 

Figure I.6 Experimental evidence of the confined electronic wavefunctions in a quantum corral 

(reproduced from ref. 26).
26

  

A breakthrough result was obtained in 1993 by Eigler et al. when he found quantum corrals, which are 

nothing but closed structures of single atoms. An ellipitical ring of iron atoms on a copper surface was 

formed by the tip of a low-temperature scanning tunneling microscope.
27

 The ferromagnetic iron atoms 

reflected the surface electrons of the copper inside the ring into a wave like pattern, as predicted by the 
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theory of quantum mechanics. Interference effect of the confined electronic wavefunctions thus generated 

standing wave pattern of electrons, as was known theoretically till then. This was the first experimental 

mapping of quantum confinement, where the corral formed determines the quantum state of the electron. 

The invention of scanning probe microscopes to probe out the electronic wavefunctions of the atoms must 

be appreciated here.
28

  

I.4 Synthesis of Nanomaterials 

There are two general approaches for the synthesis of nanomaterials and fabrication of nanostructures.
29

 

I.4.1 Bottom-Up Approach 

Bottom-up methods involve assembly of atoms and molecules leading to the formation of nanospecies. 

This approach includes mostly chemical routes to assemble the nanoparticles. Self-assembly is one of the 

key for the assembly of nanomaterials in the bottom-up approach.
30

  

The reactions here can be carried out in various phases like gas, liquid as well as solid. The physical 

forces operating at nanoscale are the ingredients to combine basic units into larger stable structures. The 

different processes which come under this approach are Pyrolysis, Inert gas condensation, Solvothermal 

reaction, Sol-gel fabrication etc. 

I.4.2 Top-Down Approach 

This approach uses larger initial structures, which are then externally-controlled and broken down to 

nanostructures. Top-down approach is more of a physical technique. Here a bulk material is chipped 

down to nano species. Physical energy in the form of mechanical, thermal and other high energy sources 

are used to synthesize the nanomaterials.  
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Cutting, milling and machining are employed in the mechanical approach.
31

 Thermal process mostly 

exploits pyrolysis and sintering techniques. High energy sources like electric arcs, lasers, solar flux, 

electron beams etc. are used for the break down the material.
32

  

 

 

Figure I.7 Schematic representation of the top-down and bottom-up processes for the synthesis of 

nanomaterials (reproduced from ref. 33).
33

 

 

These approaches use larger (macroscopic) initial structures, which can be externally-controlled in the 

processing of nanostructures. Other examples include etching through the mask, ball milling etc. 

 
I.5 Properties of Nanomaterials 

The nanoparticles exhibit peculiar properties completely different from the bulk. The novel properties 

which make nanoparticles so unique from its bulk counterpart are its melting point, boiling point, band 

gap, optical properties, electrical properties, magnetic properties. Among them the electronic, optical and 

magnetic properties
34

 have been discussed below. 
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I.5.1 Electronic Properties 

When electronic property is being dealt, the size of the particle must be kept in mind. As discussed 

earlier, the energy levels changes from continuum state to quantized and discrete levels as one moves 

from bulk to nano. The famous phenomenon known as size induced metal-insulator transition plays a role 

here as a consequence of the reduction in the size.
35

 In quantum confinement it has been discussed that the 

size becomes comparable to de Broglie wavelength of conduction electrons.
36

 Because of the reduced 

dimension there is a lot less electron-phonon scattering giving rise to ballistic transport and mobility value 

reaches ~10
7 

cm
2
/s-V in in-plane direction.

37
 In nanoscale materials electrons can be steered, deflected 

and focused very similar to what one does in optics. 

When the size is in nano regime, the difference between ionization potential (energy required to remove 

an electron) and electron affinity (energy gained to add an electron) depends on the diameter of the 

material.
38

 This is known as charging energy given by,  

C= U/2e…………………………. (iv) 

where e is the electronic charge and C is the capacitance. 

 

Figure I.8 (a) I-V spectra of nanocrystals (mapping of the charging spectrum) exhibiting Coulomb 

staircase phenomena. Inset shows the coulomb blockade region and its dependence on temperature. (b) I-

V spectra of Pd nanocrystals of different sizes (reproduced from ref. 39).
39

 

(a) (b) 
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When electrons tunnel through a potential barrier into the cluster, the capacitance changes and block the 

entry of the next electron till a threshold potential of the charging field is applied. This phenomenon gives 

rise to Coulomb gap and Coulomb staircase,
40

 which is nothing but low dimensional tunneling effect. 

Thus charging becomes quantized as can be seen in coulomb staircase, bringing us the discrete regime.
41

 

The resulting effect is that one can manipulate single electron to realize various functionalities, e.g., 

single electron transistor (SET) for logical gate or memory cell.
42

 

I.5.2 Optical Properties 

The optical properties of the nanomaterials were known since 4
th
 century A.D. when Roman artists 

produced colorful stained glass windows.
43

 The optical properties depends on how light interacts with a 

material which again is dependent on three main factors that is absorption, scattering and emission 

phenomenon.
44

 In case of bulk metals, most of the light falling on the surface gets reflected. But when the 

size goes to the regime of nanoscale completely different phenomena occurs.
44

                                                  

 

Figure I.9 (a) Schematic showing the oscillation of the conduction electrons in presence of 

electromagnetic radiation. (b) The SPR absorption spectra corresponding to the different sizes of the 

AuNPs. Inset shows the SEM image of the octahedral AuNPs (reproduced from 45).
45

 

(a) 

(b) 
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This happens because of what is known as surface plasmon resonance. Light is nothing but 

electromagnetic radiation, when the electric field component of radiation falls on any material it displaces 

the free electrons away from the nuclei to form a small dipole. The dipole gets restored to its normal 

position by the electrostatic interaction between electrons and nuclei, giving rise to an oscillation which 

gets modulated according to the electric field of the electromagnetic radiation.
46

  

Unlike reflection in bulk metal, when both the frequency matches it gives rise to resonance resulting in 

the absorption. This phenomenon is termed as ―surface plasmon resonance (SPR)‖absorption. An 

important aspect for the phenomenon is the increased ratio of surface area to volume present in nanoscale 

materials. One example is the ―quantum size effect‖ where the optical properties become a function of the 

particle diameter.
47

 This effect is not visible when moving from macro to micro dimensions. It becomes 

pronounced only when the nanometer size range is reached.
48

 

 

Figure I.10 (a) Band Gap formation with decreasing size of the particle. (b) Photograph showing the 

beautiful colors emitted by CdSe QDs of different sizes. Emission spectra as a function of size of the 

CdSe QDs (reproduced from ref. 49).
49

 

The optical properties of metal nanoparticles can be tuned by varying the size and shape of the particle.
47

 

As can be seen from the graph how the SPR band shifts just by changing the diameter of the Au 

nanoparticle by 100 nm.
50

 The shape of the nanoparticle also affects the absorption properties.
51

 

(a) (b) 
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Due to quantum confinement, of electrons and holes the band gap in semiconductor material at nanoscale 

increases.
52 The optical absorption and emission peaks shift towards lower wavelengths because higher 

energies will be absorbed by the increased band gap. Here also by tuning the size of the quantum dot the 

emission of the particle can be varied.
52

 Thus quantized energy level depends on geometric dimension. 

This helps in tuning the absorption spectrum. The graph in Figure I.10 illustrates the spectrum for the 

CdSe quantum dots.
52

 

I.5.3 Magnetic Properties 

As the particle size is reduced the surface energy increases which leads to spontaneous change in 

polarization directions. The spontaneous change in such directions below a critical size leads to change in 

magnetic property.
53

 For this reason most nanoparticles show paramagnetic behavior even though the 

bulk may be ferromagnetic in nature.
54

 The paramagnetism thus exhibited is also not a common one. It is 

quite different from the normal paramagnetism one knows and hence named as superparamagnetism.
55

 

The coercivity of the nanomaterial strongly depends on its size. A large particle supports multidomain 

                                                                                                                                                                                                                                 

Figure I.11 Particle coercivity (Hc) versus particle diameter (d). The largest coercivity is observed at a 

particle size d corresponding to the transition from multidomain (MD) to single domain structure (SD) 

(reproduced from ref. 56).
56
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structure having low coercivity. In contrast, a single-domain particle can change direction of 

magnetization only by coherent rotation of spins, giving high coercivity value. 

When size of the particle is very small, in nano regime, thermal fluctuation leads to low coercivity value 

giving rise to superparamagnetic nanoparticles. The name is so because its response to an external field is 

very fast but exhibit negligible coercivity. Superparamagnetic nanoparticles have a wide range of 

applications.
57  

 I.6 Application of Nanomaterials 

Nanomaterials because of their fascinating properties can be used in various electronic or optical devices. 

Their optical and electronic properties can be tuned by their size and shape which again can be changed 

by the process they are synthesized. Thus they can find application in optoelectronic devices such as 

organic solar cells, OLEDs etc.
58

 These devices work on the principle of electron and energy transfer 

which is a photo induced process.  

It has been reported that nanoparticles has been used as sensors for special purposes, pharmaceutical 

drugs and quantum dots. The physical properties of the nanomaterials play a very important role in their 

performance. The novel physical and chemical properties of nanomaterials pave way to design advanced 

bioelectronic device.
59

 

I.7 Carbon Nanomaterial 

Carbon (Latin, ―Carbo‖ means coal) sitting in group 14 of the periodic table is the most versatile and 

unique element.
60

 Its atomic number is 6 and exhibits catenation property (an element can form bonds 

with itself or with other elements) thus giving birth to a generation of organic compounds.
61

 

http://en.wikipedia.org/wiki/OLEDs
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Pure carbon due to its valency can be present in varieties of forms known as the allotropes of carbon.
62

 

Graphite is the most common among them. Other allotropes include diamond, soot and recently a new 

avatar has been discovered known as fullerene.
63

 Fullerene is nothing but a caged molecule with a 

formula C60. Carbon-based nanomaterials have attracted particular attention due to their unique structural 

and physical properties. Carbon nanomaterials are composed of sp
2
 bonded graphitic carbon.

64
 

 

Figure I.12 Allotropes of carbon and carbon nanoparticles showing the varieties of structure it can form. 

Among the carbon nanomaterials carbon nanotubes, fullerenes, and mesoporous carbon structures have 

properties quite different from other forms of carbon such as graphite and diamond. Unlike the 

conventional graphite phase, carbon nanostructures may be metallic or semiconductor. Due to the 

exceptional electrical, thermal and mechanical properties they have found application in varieties of field 

such as composite materials, energy storage,
65

 sensors,
66

 drug delivery
67

 and nanoscale electronic devices. 

Graphene is perhaps the youngest of the carbon nanomaterials and promises to be a very active field. 

Already since its 'isolation' in 2004 it has grabbed the attention of the scientific as well as industrial 

world.
68

 The number of publications on graphene rose from ca. 130 in 2005 to ca. 2,800 in 2010. Few of 

the carbon allotropes have been discussed below. 

I.7.1 Graphite 

Graphite is a naturally found product on earth in the form of minerals such as marble and gneiss. It comes 

from the Greek word ―graphein‖ which means to draw or write. Graphite is formed of stacked, loosely 
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bound layers composed of interconnected hexagonal honeycomb rings of carbon atoms making it one of 

the softest materials known. It is a layered material with planar structure, with shorter in-plane bond 

length having a C-C bond distance of 0.142 nm. These layers are stacked together via weak van der Waals 

forces with a distance of 0.335 nm between the layers along the c-axis. Graphite has the distinction of 

being the only non-metallic substance which is an efficient conductor of electricity.
69

 Its high thermal and 

electrical conductivity, soft and greasy texture and structural strength are amongst the most appealing 

physical properties.
70,71

 

The two known forms of graphite, with hexagonal (ABABAB.. stacking) and rhombohedral (ABCABC.. 

stacking) stacking, have similar physical properties. Graphite being an anisotropic material, its properties 

are different in in-plane and out of plane.  

I.7.2 Carbon Nanotubes 

Carbon nanotubes are nothing but 1D carbon nanomaterials. They are single sheets of graphite rolled up 

into cylinders. The diameter of the tubes is in the nanometer regime. Typically a single walled nanotube 

has diameter of 1nm. The aspect ratio that is the ratio of length and diameter is high thus endorsing very 

unusual electrical property to it. Rolling up of few layers of graphite result in forming multi walled carbon 

nanotubes, which exhibit metallic behavior.
72 

I.7.3 Fullerenes 

In 1996 Harold W. Kroto won the Nobel Prize for Chemistry for the discovery of a new allotrope of 

carbon. The new form was named Buckminsterfullerene. They are caged molecules having formula C60. 

They possess good mechanical strength and electrical conductivity. Fullerenes are obtained by passing 

high current between two very close graphite electrodes in an inert atmosphere. Till date varieties of 

fullerenes have been produced like C70, C72, C76, C84 and even C100.
73
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I.7.4 Graphene 

Graphene, an extraordinary, strong, 2D and single atom thick sp
2 

carbon lattice, has caused waves of 

excitement in our scientific world. Graphene is world’s strongest, thinnest (one atom thin), harder than 

diamond, transparent and bendable carbon nanomaterial. 

 

Figure I.13 Graphene, mother of all graphitic forms. Graphene is a 2D building material for carbon 

materials of all other dimensionalities. It can be stacked into 3D graphite, rolled into 1D nanotubes or 

wrapped up into 0D buckyballs (reproduced from ref. 74).
74

 

It exhibits extraordinary fecundity thus inspiring the birth of new two-dimensional materials. It even 

garnered researchers a Nobel Prize in physics in 2010.
75-77

 Graphene is a zero band gap material and the 

E–k relation is linear for low energies near the six corners of the hexagonal Brillouin zone. The charge  

 

Figure I.14 (a) The band structure of graphene in the honeycomb lattice. (b) The enlarged picture shows 

the conical band structure close to one of the Dirac points (reproduced from ref. 78).
78

 

(a) (b) 
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carrier behaves as massless Fermi particles (zero effective mass). It behaves like relativistic particles 

which can be described by the Dirac equation for Fermions. Hence, charge carriers here are called Dirac 

Fermions which obey the Dirac equation.
79

 The Fermi velocity vF ~ 10
6 

m/s. The six corners of the 

Brillouin zone are called the Dirac points. Graphene exhibits ambipolar electric field effect because of the 

presence of both electrons and holes as charge carriers. It is 97% transparent and absorbs only 2.3% of the 

incident visible light. Graphene, also exhibits the quantum Hall effect.
80

 Thus, due to its intriguing 

electronic and optoelectronic properties, graphene has become a hot topic of research during the last 

decade.
81,82

 

I.7.5 Turbostratic Graphite 

Highly oriented pyrolytic graphite (HOPG) is synthetic graphite, produced by vacuum annealing process 

under high pressure or stress. Due to the annealing process most of the times the end product, that is 

graphene, will have some defects. One among them includes the defect of registry between the graphitic 

planes. The manner in which the stacking happens can be classified into two categories. Bernally stacked 

graphite, (ABABAB stacking), which has the registry of the carbon atoms between any two graphene 

layers.  

 

Figure I.15 A schematic representation of hexagonal turbostratic graphite as compared to a three 

dimensional Bernal-stacked graphite lattice (reproduced from ref. 83).
83

 

Bernal Stacking Turbostatic Structure 
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The second type is the turbostratic graphite. Here each layer is rotated by a certain angle with respect to 

its neighbouring layer, thus there is lack of registry between two layers. This rotational disorder leads to 

the electronic decoupling among the graphene layers. The turbostratic graphite is also known as 2D 

graphite.
83

 Mosaicity gives a measure of the angular mis-orientation between two graphene layers. 

Raman gives information about the type of stacking of the 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. 

I.7.6 Nanocarbon- Raman Sensitive 

Raman spectroscopy is used for studying low frequency modes like vibrational and rotational modes. 

Raman is a scattering phenomenon. It depends on inelastic scattering of photons by phonons and thus 

polarization changes. So Raman always needs a source for polarizing the molecule. Again this 

polarisability is a function of interatomic distance making Raman spectrum sensitive to small changes in 

the local bond lengths, bond angles to provide unique information about molecular morphology.
84

 

 D band  

It is known as the defective band. The breathing motion of six atom rings gives rise to this band. A defect 

is required for its activation. Thus perfect graphite with no defect won’t give rise to D bands. This 

involves phonons of the k (k is the wave vector for the electronic transition) zone boundary of the 

brillouin zone. The phonon mode which satisfies the condition k=q/2 (q is the phonon wave vector) is the 

origin of the D peak with A1g symmetry.  

Its position is at 1350 cm
-1 

and changes with excitation energy. D band reveals the disorders in the 

electronic structure such as defects, grain boundaries, and functional groups in the sp
2
 carbon lattice. The 
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          Figure I.16 Raman spectra from different types of sp
2 

nanocarbons (reproduced from ref. 85).
85

 

more intense the peak and greater the FWHM of the D band the more is the defect and lower is the 

electronic quality of the graphitic lattice.
86,87

 

 G band  

It is named as the graphitic band. The in-plane bond stretching of sp
2
 carbon atoms gives rise to such 

band. G band occurs at all sp
2
 sites and it does not require a defect to initiate it, unlike the D band. G band 

position is at 1580 cm
-1

. Here the zone center phonons instead of zone boundary phonons, with E2g 

symmetry are required for its origin. Dispersion is proportional to the degree of disorder. So G band also 

disperses more when the degree of defect or disorder is high.
88

  

 2D band  

If D band is taken as the fundamental, 2D band is nothing but its overtone. But it is only because of the 

position. As such D and 2D bands are completely different giving different information, complementary 

to each other. 2D band gives periodicity and how the graphene layers are stacked along the c-axis. Its 

position is at 2700 cm
-1

.
86

 The non-center zone boundary phonons are responsible for its origin. Double 

resonance Raman phenomenon is used to explain its genesis. For a single layer of graphene 2D band is 
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single and sharp with FWHM 20-30 cm
-1

. But as the number of layers increase FWHM of 2D band 

increases. Thus more number of peaks are required to be fitted. The 2D band for single layer graphene 

and turbostratic graphite is similar, that is it shows a single peak. But in the case of turbostratic stacking, 

the FWHM of 2D band is 20-30 cm
-1 

higher as compared to the Bernal stacked one.
89,90

  

 

     Figure I.17 Schematic representation of D and G bands. 

The latter is thus known as 2D graphite also. As the disorder increases, D band will become more 

prominent compared to 2D band.
91,92

 

ID/IG ratio: In Raman spectroscopy the ID/IG ratio gives the in-plane crystallite size (La) 

La(nm) = 560/E
4

laser(ID/IG)
-1  

 (Elaser is the laser excitation energy in eV.) 

It thus shows the abundance of six-fold aromatic rings and gives information of the sp
2 

carbon cluster 

area.               

IG/I2D ratio: This ratio bestow upon the number of graphene layers. The ratio is 0.2-0.4 for a single layer. 

But as the number of layers increase the ratio changes. It becomes 0.5-4 for a few layer graphene.
91
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 I.8 Nanocomposites 

Nanocomposites are materials where nanosized particles are incorporated into a matrix of another 

material. The reinforced material must have one of the dimensions in the nanometer range among them 

the most popular ones are nanoparticles, nanofibers and nanoclays. They are having smaller filer size so 

the surface to volume ratio increases drastically. The result of embedding the nanoparticles in a matrix 

shows drastic improvement in properties such as mechanical strength, toughness and electrical or thermal 

conductivity. The property thus obtained can be a mixture of that possessed by the materials or maybe a 

completely new property unknown to the parental material.
93

   

 

Figure I.18 (a) Steps showing how a nanocomposite is formed. (b) The nanoparticle lying inside matrix 

of the nanocomposite (reproduced from ref. 94).  

 

The properties of nano-composite materials thus depend on the properties of their individual parents and 

also on the morphology, size and shape of the nanoparticles used and also on the interfacial 

characteristics.
94

 Nanocomposites are well known in the research field. Effort is being made to control the 

nanoscale structures via innovative synthetic approaches so that varieties of novel properties of the 

nanocomposite can be achieved.  

Experimentally it has been shown that all types of nanocomposite materials lead to new or else improved 

properties rather than their macrocomposite counterparts. Hence it paves way to new applications in fields 

such as mechanics, non-linear optics, battery cathodes, nano-wires, sensors and other systems.
95

 

 

(a) (b) 
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1.8.1 Polymer Nanocomposite 

This consists of a polymer having nanoparticles dispersed in the polymer matrix.
96

 Polymer nanoscience 

is the study about polymer-nanoparticle matrices, where nanoparticles must have least one of the 

dimension in the nanometer regime. 

 

Figure I.19 Hybrid nanocomposite of cellulose nanocrystals and silver nanoparticles as reinforcing fillers 

for the polymer PVA (reproduced from ref. 97).
97

 

As discussed earlier, with decrement in particle size there is increase in surface area-to-volume ratio, 

which leads to dominant behavior of atoms on the surface area of the particle inside the matrix. This 

affects the interaction of the particles within the composite. The interaction of the nanoparticle with other 

particles within the mixture increases. Hence improvements of the properties like strength, heat 

resistance, etc. are visible. 

Polymer nanocomposites will soon generate smart membranes, new catalysts and sensors and new 

generation of smart microelectronic, photonic components and systems, imaging, therapy and controlled 

release properties.
98

 The real potential however will remain untapped, until the nanoscale mechanisms 

responsible for such properties are unveiled and are exploited.  

 

http://en.wikipedia.org/wiki/Polymer
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 Metal nanoparticle polymer nanonomposites 

Here metal nanoparticles are incorporated inside polymer matrix to improve the mechanical and electrical 

property of the nanocomposite.
99

 As is known metal nanoparticles exhibit quite unique optical and 

electronic properties than their bulk form. When reinforced inside a polymer it changes the behavior of 

the conventional polymer as such because of the increased inter particle interaction.
100

 The most common 

polymers used are PAN, PP, PMMA, PVC etc. Metal naocomposite shows very interesting functional 

application because the properties of the nanosized metals stays unmodified mostly even after it is 

embedded in the polymer sea. This nanocomposite will surely represent an adequate solution to the 

present and future technological demands because of their novel properties.
101
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Part II 

 

Graphene and Turbostratic Graphite:  

Properties and Application 
 

Summary 

Graphene is known for its versatility and its usage in various functional electronic and optoelectronic 

devices. Graphene with its extraordinary properties made itself the pivot and the most intricate fragment 

of this project. This project examines on how to obtain few layers of graphene and its characterization. 

Amorphous carbon obtained in such attempts was used to check the IR photoconductive response. Finally 

RC filter and transistor action have been checked for pencil trace on paper. 

Four methods were employed to obtain graphene. Two of them were electrochemical and the other two, 

physical methods. Raman being sensitive to carbon materials it was used for characterization of the 

graphene obtained by the above mentioned techniques. The electrochemical methods include: (i) 

Electrochemical delamination method and (ii) Thermal annealing of Ni electroplated carbon materials. 

The electrochemical delamination method was used to obtain large area graphene on soft substrates like, 

PMMA.  

*Experiments were done in collaboration with Dr. Narendra Kurra.. 
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The electrolyte used was NaOH and graphite rod and Ni/graphene was used as anode and cathode 

respectively. The obtained few layers of graphene on PMMA were placed on a SiO2/Si substrate and 

graphene was transferred on the Si substrate by dissolving the PMMA using acetone. For the 

electroplating method pencil, carbon-fiber and polymethylmethacrylate (PMMA) was used as carbon 

sources. Graphene layers were directly grown on the insulating substrates via thermal annealing (700 °C) 

of the carbon sources in presence of Ni catalyst. However in such attempts amorphous carbon films (as 

observed by Raman) were obtained. All these methods involved chemicals and wet synthesis in chemical 

laboratories. The objective was thus to develop a solvent free, room temperature, simple and direct 

method for obtaining graphene on any substrate. The physical methods includes: (i) Scotch tape technique 

(ii) Electrostatic delamination (iii) Pencil trace on paper. First the well-known scotch tape technique was 

used and few layers of graphene were obtained on SiO2/Si substrate. For the electrostatic method high 

voltage was applied between two electrodes which were kept at close proximity. HOPG was attached to 

one electrode and substrate was kept on the other electrode. Due to application of electric field graphene 

layers should get delaminated and settle on the substrate. The obtained result was amorphous carbon and 

not few layer graphene as confirmed by Raman spectroscopy. 

A study of the infrared (IR) photoconductive responses of graphitic films was investigated for amorphous 

carbon obtained on Si substrate by thermal annealing of Ni electroplated carbon materials. Literature 

survey on the photoconductive nature of the graphene films reports that it is due to the generation of 

photoexcited charge carriers, whereas 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 were correlated with the Raman peak intensities which were very sensitive to the nature of the 

graphene deposited. 

Pencil drawing on paper is nothing but graphite of turbostratic nature, confirmed by Raman studies. The 

turbostratic graphite is essentially a 2D system. Due to electronic decoupling of the graphene layers, it 

was predicted that they may have some electronic properties similar to those of graphene. Pencil drawings 
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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. The filter produced showed a cut-off 

frequency of ~ 9 kHz. Ambipolar electric field effect was observed for the pencil-traces on paper 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
2
/Vs for holes and electrons respectively. Mobility value showed only 15% variation 

among the few devices tested, truly remarkable given the simplicity of the fabrication process. 
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  II.1. Large area Graphene obtained by Physical and 

Chemical Methods: Infrared Photoconductive Response 

 

II.1.1 Introduction 

Graphene, an extraordinary, strong, 2D and single atom thick, sp
2 
carbon lattice fascinating material,

1
 has 

caused waves of excitement in our scientific world.
2
 The charge carriers in graphene behave like massless 

Dirac Fermions
3
 and also exhibit unique properties

4,5
 such as ambipolar electric field effect and quantum 

Hall effect.
6,7

 Its application in electronics,
8
 optics,

9
 quantum theory

7
 and mechanics

10
 have attained the 

epic in today’s research.
11

  

The charge carriers in graphene shows ballistic transport with very high mobility 15,000 cm
2
/Vs.

12
 This 

remains unaffected even when lateral dimensions is changed to micrometer range.
13

 The electronic 

properties of graphene
14

 shows semi-metallic behavior
15

 and it can be tuned to semiconducting state by 

changing the lateral dimensions.
16

 The reduction in mobility values of the charge carriers due to edge 

effects may limit the usage of graphene in electronic applications.
17

 There have been attempts like 

chemical exfoliation, liquid-phase exfoliation
18

 and chemical vapor deposition
19

 to obtain large area 

graphene.
20,21

 These methods produce randomly distributed graphene sheets on a given substrate. Thus 

locating them for device fabrication becomes difficult. In order to exercise a control over the site specific 

placement of graphene,
22

 methods such as electrostatic exfoliation
23

 and site specific stamping of graphite 

have been developed. 

A large amount of intraband and interband transitions in the valence and conduction bands is observed in 

graphene.
24

 Due to this graphene absorbs over a wide range of electromagnetic radiation. Because of its 
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high mobility value 15000 cm
2
/Vs, graphene has been exploited to fabricate ultrafast photodetectors.

25
 

The photoresponse from graphene based on p-n junction, fast hot carrier in graphene and the generation 

of photocurrents have been investigated.
26,27

 For hot-electron bolometer, demonstrated using graphene,
28

 

the resistance changes because of thermal effects and not photoexcited charge carriers. The thermal or the 

photoexited responses depends on the absorption coefficient and thermal conductivity of the material.
29

 

Graphene for such purposes is usually obtained via mechanical exfoliation, epitaxial film growth, 

chemical vapour deposition or chemical exfoliation of graphene films.  

II.1.2. Scope of Present Investigation 

In literature varieties of methods are reported to produce graphene. Systematic studies discussing about 

the influence of number of graphene layers
30

 and defects in relation to the bulk graphite
30

 and amorphous 

carbon on the IR photoresponse are not there in literature. Here, in this study different methods, both 

physical and chemical were employed (already reported) to grow FLG films directly on insulating 

substrates (quartz, SiO2). Among the physical methods used, electrostatic exfoliation holds a promise for 

efficient graphene growth and future application. This is because it solely depends on electric field energy 

and does not involve any chemicals, making the growth of graphene site specific, clean and solvent free. 

By tuning the amount of electric field and the time for which it is applied the number of graphene layers 

can be controlled. Among the chemical methods, Ni coated carbon materials when annealed at a 

temperature of 700 °C can produce graphene. This method used is also site specific and the annealing 

temperature is lower than the reported values. The IR photoconductive response of amorphous carbon, 

obtained in such attempts to get graphene was studied. The obtained amorphous carbon films showed a 

maximum photoresponse of 58.8%. The IR response of the bulk graphitic films is known to be bolometric 

in nature where the change in resistance is due to thermal effects. Controlling the thickness and crystallite 

size of the graphene layers, one can tune the IR photoresponse from photoconductive to bolometric 
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regime.
31

 Similarly the photoresponse behaviour of the amorphous carbon can be improved further 

depending on the growth mechanism. 

II.1.3. Experimental Section 

Materials required  

HOPG purchased from NT-MDT, ZYB, SiO2/Si substrate 300 nm single sided polished (Vin karola), 

Carbon nanofiber (1cm X 9μm) purchased from Sigma Aldrich, Ni/Graphene purchased from Graphene 

supermarket (10mm X 10nm). Chemicals used were anisole (99%), amyl acetate (95%), isopropanol 

(98%), double distilled water, nitrogen gas, sodium chloride (99.9%), nickel chloride (98%) and acetone 

(99%). 

Methods to get Large Area Graphene 

The famous scotch tape method for obtaining few layer graphene was first attempted. Graphene layers 

were mechanically exfoliated from the HOPG surface by scotch tape and characterized using Raman 

spectroscopy.
32,33

 HOPG was used as the source for graphene.
28

  

For Electrostatic delamination of graphene,
23

 SiO2/Si was taken as the substrate and patterned highly 

oriented pyroltic graphite (HOPG) was taken for exfoliating graphene from it. A lab built screw gauge 

setup was used to rotate and bring the HOPG substrate to close proximity with the insulating substrate.
34

 

A 50 V power supply was used. HOPG and the substrate were stuck to the electrodes using copper tapes. 

There are many reports in literature regarding electrochemical exfoliation of graphene.
35,36

 For obtaining 

large area graphene on a soft surface
37

 like PMMA, PMMA was first dissolved in 2 wt% anisole. It was 

then spin coated at a speed of 1000 rpm for 60 secs, using Polaron Sputter Coater SC502, uniformly on 
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Ni/Graphene.
38

 For the electrochemical cell, NaCl (1 M) was taken as electrolyte and graphite rod and 

Ni/Graphene plate was used as anode and cathode respectively. 

The electroplating method was carried out using carbon fiber, pencil lead and PMMA as carbon source. 

Pencil rod and carbon fiber were electroplated with nickel. For the electroplating process graphite rod was 

used as anode and carbon fiber or pencil rod, to be electroplated, was used as cathode. NiCl2, 6 H2O in 

0.12 M HCl was taken as the electroplating solution. Ni mesh covered with PMMA was taken as well to 

produce patterned graphene. The electroplated carbon sources were vacuum annealed at 700 °C inside a 

PVD chamber. Ni mesh coated with PMMA was vacuum annealed at same condition. PMMA here was 

used as a carbon source.
39

 For every experiment involving SiO2 (300 nm)/Si wafers, the wafers were 

cleaned by sonicating it in acetone and isopropanol and finally dried by blowing dry nitrogen. 

The graphene  and amorphous carbon thus obtained by the above methods were further characterized 

using Raman
40

 in backscattering  geometry. A 532 nm excitation from a 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 CCD detector (Spectrum One with CCD3000 controller,  ISA 

Jobin Yvon) was used for Rama measurements. Optical images were taken using optical microscope 

(LabEN instruments).
41,42

 Because of the novel interaction of graphene with light and electric field the 

number of graphene layers can be predicted by the optical images.
8
 Height measurements were done 

using atomic force microscope (AFM),
43,44

  using Veeco Dimension 3100 SPM. Tapping and contact 

mode imaging was carried out using standard etched Si or Si3N4 cantilevers respectively. Electrical 

characterization was done using Keithley 236. The resistance before and after IR laser (1064 nm) 

illumination, was monitored using a digital multimeter (TestLink, India) with computer control. A 

constant bias voltage of 10 mV was applied. During the measurements similar device configuration was 

maintained. 
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II.1.4. Results and Discussion 

Scotch tape method 

For the scotch tape method, scotch tape was stuck on HOPG surface and then it was peeled off. Few 

layers of graphene were mechanically exfoliated by the adhesive and it got stuck to the scotch tape. It was 

then placed on SiO2 (300nm)/Si substrate and pressed firmly, finally the scotch tape was removed. Figure 

II.1 shows the steps employed for the scotch tape technique.  

 

Figure II.1 Schematic showing the steps followed in the scotch tape technique to get few layers of 

graphene. 

The optical microscope image revealed clean layers of graphene.
8
 Due to the presence of adhesive of the 

scotch tape on the substrate the height could not be calculated properly by the AFM image (Figure II.2). 

Vacuum annealing of the substrate SiO2/Si removed the adhesive completely. 

 

Figure II.2 (a) Optical micrograph showing few layer of graphene on SiO2 substrate by scotch tape 

method. (b) AFM topography of the graphene stripes obtained. 
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Raman being very sensitive to carbon materials it was used to check the quality of graphene thus 

obtained.
40

 Raman measurements were done at two different positions of the obtained graphene layers. 

The negligible D band along with sharp and intense G band at 1557 cm
-1 

proved that few layers of 

graphene of high quality were obtained. The IG/I2D ratio was calculated to be around 2 which proved that 

4 to 5 layers of graphene were obtained (Figure II.3). 

                                                 

Figure II.3 Raman spectra recorded at region 1 and 2 as shown in the inset. IG/I2D ratio is 2. 

Electrostatic exfoliation 

The electrostatic exfoliation depends on the electrostatic pressure given by the equation 

                                              P = ε0 εr V
2 
/ (2x d

2
)……………………… (i) 

where d = 300 nm maintained all the time, ε0 permittivity of vacuum and εr is the relative permittivity of 

the dielectric and V is the applied voltage. The value of this pressure gives the amount of force required to 

exfoliate one layer of graphene ribbon using electrostatic interaction. The dielectric breakdown of SiO2 of 

300 nm width is around 10 MV/cm, putting an upper limit to the pressure that can be applied.
45
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The power applied was 50 V so the electric field generated was calculated by the equation 

E = V/d = 50 V /300 nm = 1 MV/cm ………………………. (ii) 

 (where d is the thickness of the substrate) was much below the dielectric breakdown of SiO2. Figure II.4 

shows the digital image and the schematic of the experimental setup. 

HOPG was patterned directly by laser ablative method using a compact CD grating.
46

 The patterned 

HOPG was then stuck to one electrode and the SiO2/Si substrate was attached to the other electrode with 

the help of copper tapes (Figure II.4).  

                                               

Figure II.4 (a) Image showing the setup for the electrostatic transfer of graphene. (b) The magnified 

image showing stubs carrying HOPG and SiO2/Si substrate. (c) Schematic depicting the overall 

electrostatic transfer procedure. 

The screw gauge was rotated to bring the substrate and HOPG to close proximity (Figure II.4a). 50 V was 

applied for 5 minutes across the electrodes. The electrostatic pressure applied on HOPG to peel of 

graphene layers from it was calculated by using equation (i). The value came out to be 12.36 kPa on an 

area of 1 cm x 1 cm, which is quite high, considering the weak Van der Waals force, to peel off the 

graphitic layers. Silicon substrate was then taken out and observed under optical microscope. The optical 
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image (Figure II.5) shows the transferred graphene ribbons of width 1μm approximately but the yellow 

tinged patches indicates that many layers of graphene were transferred rather than single layer. Raman 

peaks
47

 (Figure II.5) revealed the amorphous nature of the carbon obtained. From the intense D-band at 

1350 cm
-1 

and the low and broad 2-D band, it was concluded that the obtained carbon was amorphous in 

nature and not few layers of graphene.
48

 

 

Figure II.5 Raman spectra recorded at two different regions as shown in the inset. Inset shows optical 

micrograph of the graphene ribbons transferred on a SiO2/Si substrate by electrostatic method.  

Electrochemical Delamination 

Electrochemical methods, involving varieties of material as cathode and anode, for obtaining graphene 

are reported in literature.
49,41

 In the present method, for the cathode PMMA was spin coated uniformly on 

the nickel (Ni) plate containing the graphene sheet and then heated for 10 minutes at 180 °C. PMMA was 

dissolved across the border using acetone to simplify the peel off process. NaCl (1 M) was taken as the 

electrolyte and graphite rod as the anode (Figure II.6). For the electrochemical reaction a constant source 

of 5 V was applied across the electrodes. PMMA got peeled off from the nickel surface along with 

graphene. This PMMA containing graphene was placed on a silicon substrate firmly and acetone was 

poured on it to dissolve away the PMMA and leave the bare graphene on the silicon substrate. 
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In the electrochemical cell, the H
+
 produced penetrates through the PMMA edges and loosens the PMMA 

off the Ni surface. The PMMA along with graphene comes off leaving behind bare nickel at the cathode 

as shown in the schematic (Figure II.6). If nickel came out along with PMMA/graphene, it was dipped in 

nitric acid before pouring acetone, so that nickel gets dissolved in the nitric acid. 

 

Figure II.6 Schematic showing the electrochemical process where graphite rod was used as anode and 

1M NaOH as electrolyte. PMMA coated (thickness 500 nm) on Ni/ graphene was used as cathode 

(reproduced from ref. 50).
50

 

The graphene obtained on PMMA and silicon substrate was observed under optical microscope. The 

image shows large area transfer of graphene a stretch of almost 9 μm (Figure II.7a). Raman was checked 

at two different positions (Figure II.7b). A sharp G band was observed at 1573 cm
-1

 with very less intense 

D band. The IG/I2D ratio was calculated to be 2.22 which correspond to 4 to 5 layers of graphene. 

 

Figure II.7 (a) Optical image of domains of graphene on PMMA and on SiO2/Si substrate obtained by 

electrochemical method. (b) Raman spectra recorded from region 1 and 2. IG/I2D ratio calculated to be 2.2. 
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Annealing method with aid of nickel electroplating 

Thermal annealing of carbon sources using a metal catalyst
52

 for large area graphene deposition is well 

reported in literature.
51,53

 For the present method, nickel was electroplated on the carbon sources. NiCl2 

solution was used as electroplating solution. The electrolyte was obtained by dissolcing 1 g of NiCl2, 6 

H2O in 150 ml of 0.12 M HCl. Carbon fiber attached to the glass plate using silver paste was used as 

cathode (Figure II.8) and graphite rod as anode. C-fiber being hydrophobic in nature, 2 ml of IPA was 

added to every 50 ml of the electroplating solution to make the fiber hydrophilic. A constant source of 30 

V was supplied for 10 minutes during the electroplating process.  

 

Figure II.8 Schematic showing the process of electroplating of pencil lead/ C-fiber with Ni using NiCl2, 6 

H2O (30 mM) as the electroplating solution and graphite as anode. When C-fiber was electroplated IPA 

was added to the solution to make the fiber hydrophilic. 

Next pencil lead was used as the carbon source and was coated with nickel using the same electroplating 

solution. For the electrochemical reaction a constant voltage of 21 V was applied for 10 minutes. Energy 

dispersive spectroscopic (EDS) mapping was performed using EDAX Genesis V4.52 (USA). The EDS 

mapping was performed at 10 kV with a beam current  of  1.1  nA,  the  dwell  time  per  pixel  being  25  

µs. EDAX mapping shows the distribution of the constituent elements (Figure II.9).  
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Figure II.9. EDAX of pencil lead covered with Ni. Inset presents the SEM data (the white portions are 

the ones covered with Ni and black region is that of only lead). 

The data reveals the proficient coating of Ni on the lead of pencil. EDAX also promulgated the SEM 

image, which shows the uniform coating of Ni on pencil lead. 

Finally Ni mesh coated with PMMA was used to obtain large area patterned graphene. The electroplated 

carbon materials were vacuum annealed at temperature 600 – 700 °C.  

 

Figure II.10 (a) Optical image of the imprint of graphitic material deposited by annealing C-fiber kept on 

SiO2/Si substrate. (b) Optical image of the imprint of graphitic material produced by annealing Ni-coated 

pencil placed on SiO2/Si substrate. (c) Raman data for region 1 and 2 of the optical image (a) and for (b). 
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At high temperature annealing, carbon seeps through Ni and few layers of graphene imprint must form on 

the substrate. The optical image (Figure II.10) divulges the imprint of graphene formed after the 

annealing was complete. But the Raman peaks (Figure II.10) exhibited characteristics of amorphous 

carbon rather than few layers of graphene.
17 

The intensity of the D band is high at 1348 cm
-1 

revealing that 

the disruption of c axis periodicity and broad (almost non-existent) 2D band disclosed that the carbon 

deposited is amorphous in nature. The reason for the deposition to be amorphous in nature is maybe due 

to the low temperature annealing (600 to 700 °C).51
 The temperature reported for graphene deposition 

using Ni catalyst are still higher around 800 to 1000 °C.
54

 For thermal annealing, the carbon fiber or the 

pencil coated with nickel was tightly wound against the substrate to facilitate the deposition of graphene 

across the line of contact between nickel and the substrate. 

 

Figure II.11 (a) Optical image of the footprint of the annealed C-fiber on SiO2/Si substrate (using 

electroplating technique). (b) Optical micrograph of the imprint of patterned carbon produced by 

annealing Ni-mesh coated with PMMA. Inset shows optical image of Ni-mesh coated with PMMA. (c) 

Raman spectra recorded for region 1 and 2 of the Ni mesh footprint (d) Raman spectra for C-fibers 

footprint electroplated with Ni. 

The pressure applied on the carbon source (C-fiber and pencil lead) to keep it attached to the substrate 

also played a role, for the deposition to be amorphous in nature. The Ni mesh footprint also exhibited 
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similar results (Figure II.11b). Thus control study, by changing the pressure applied and the temperature 

for annealing is required. 

The amorphous carbon obtained by the Ni mesh was a patterned one (Figure II.11b). It was further 

electrically characterised. Quartz was used as substrate and silver paste was drawn at the two edges of the 

amorphous carbon mesh to make contacts (Figure II.12). As the optical image shows, 3 lines of the mesh 

were connected across the silver paste. 

 

Figure II.12 (a) IR temporal behavior for one cycle. The inset shows the optical image having 3 lines of 

amorphous carbon mesh connected by silver paste applied on both sides. (b) IR temporal behavior for 4 

cycles. The IR photoresponse was calculated to be 58.8%. 

 IR photoresponse was studied. IR radiation (source: incandescent bulb, 60 W, 1064nm) at a distance of 

15 cm from the substrate was used. The temperature near the circuit was around 40-50 °C. The resistance 

changed from 17 to 7 MΩ corresponding to a photoresponse of 58% (Figure II.13). The increase in the 

photocurrent with illumination can be attributed to the generation of photoexcited charge carriers. It was 

observed that the final resistance was not attaining the original base resistance after the IR beam was 

turned off. This may be due to the non-equilibrium of photoexcited charge carriers.
55

 

To understand the photoconductive effects in a given system one must understand the interplay between 

trapping and recombination. Defect acts as trapping sites which helps the excitation of electrons. Defects 
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can also act as holes where the electron recombination can happen easily and the hole is thus released to 

valence band. Trapping of charge carriers increases photoresponse whereas recombination decreases it. 

Defect can also act as a scattering site which essentially increases the electrical resistance. Amorphous 

carbon is endowed with more number of defects than graphene so the current is less and resistance value 

is in mega ohms. At the junction of the metal contact and carbon photoexcitation causes electron-hole pair 

generation. When sufficient time is given they gets separated and give rise to photocurrent.
56

 A 

temperature dependent study of the photocurrent would enlighten upon the influence of traps and 

recombination centres on charge carriers. 

II.1.5. Conclusion 

Four different methods have been exploited to produce graphene. Among which two were wet processes, 

electrochemical and electroplating one and the other two were the dry solvent free processes scotch tape 

and electrostatic one. The scotch tape technique and the electrochemical delamination results produced 

graphene, similar to the ones already produced in literature. The electrostatic exfoliation method revealed 

amorphous nature rather than the typical graphene features. More focus is to be given to this method in 

order to improve it, since theoretically delamination of the graphene sheet by applying electrostatic force 

is possible because of the weak Van der Waals interaction between the graphene layers. Further the 

electroplating procedure need to be ameliorated, to obtain graphene, by changing the parameters like 

temperature and pressure. Circuits were made out of the amorphous carbons produced, which showed 

mega ohms resistance. The photoresponse was found to be around 58%. Thus an IR detector can be made 

out of it. Future work may include electrostatic method and improved electroplating method using pencil 

lead (at low temperature) for large area production of site specific graphene. The electrostatic method 

does not require solvents or any wet bench. It will be a dry, clean method for producing large area 

graphene by tuning the electrostatic force. 
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II.2. Pencil Drawing on Paper: Field Effect Transistor 

and R-C Filters 

 

II.2.1. Introduction 

Pencil, derived from the French word “pincel”, writing on a paper is a day-to-day practice since 16
th
 

century. Pencils create marks via physical abrasion and leaves behind a trail of solid core material that 

remains adhered to a sheet of paper. Most pencil cores are made of graphite
57,58

 mixed with kaolin based 

clay binder. The left grey or black marks on paper can be easily erased making it so special.
59-61

 This 

humble deposit contains some interesting graphitic species, if not seriously single or few layer graphene! 

The multi layers of graphene present makes it conducting. Pencil writing on paper has various 

applications
62

 such as supercapacitors,
63

 piezoresistive sensors,
64

 air electrode of a Li-air battery
65

 and 

also as electrode material for UV sensors.
66,67

 

Paper is believed to have been invented by Ts'ai Lun in105 A.D. in China, where it reached an advanced 

stage of development. The word "paper" is etymologically derived from papyrus, an ancient Greek term 

for the Cyperus papyrus plant. In recent years paper has become popular in electronic applications 

because of its ubiquity.
68-71

 Paper has already been employed in energy storage devices,
72,73

 but for 

devices such as field effect transistors (FETs) which requires smooth dielectric layers
68-71

 it was long 

believed that paper is not a well suited material. Dielectric, with high capacitance, deposition has to be 

done at ambient conditions, and not at high temperature.
74,75

 This conditions are necessary otherwise it 

might affect the paper substrate. Certain ionic liquids (e.g. 1-ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide), form electrochemical double layers (EDLs). They also possess high 
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thermal stability and high ion conductivity (~0.02 S/cm) at room temperature, and therefore can be used 

as a dielectric medium for low voltage operation of flexible FETs.
76-80

 

II.2.2. Scope of Present Investigation 

The electric field effect, IR photoresponse and active, passive filters from turbostratic graphite i.e. pencil 

trace on paper has not been much investigated in literature. Here, in this study IR photoresponse, field 

effect transistor and filter effect were realized from pencil marks on paper using iongel as dielectric. The 

devices showed ambipolar electric field effect. Carrier mobilities were calculated to be around hundred 

cm
2
/Vs under low operating voltages (< 3 V). IR photoresponse have been fabricated by using pencil 

trace as a resistor and RC filter effect were realized using pencil mark and ion gel as a capacitor dielectric. 

II.2.3. Experimental Section 

Normal A4 papers of thickness 100 μm for making pencil marks were used. Pencil used in this study was 

APSARA, HB grade having graphite content of ~70%. The morphology of the pencil markings were 

investigated using field emission SEM (Nova Nano SEM 600, FEI Company). Raman spectra of EBICD 

samples were recorded. AFM imaging was done on a diInnova SPM (Veeco, USA) using Si probes 

(model, RTESPA, spring constant 40 N/m) in tapping mode. Transmission electron microscopy (TEM) 

has been recorded on the pencil powder dispersed in the chloroform solvent.  

Top gate dielectric used in this study is ion gel based, composed of polydimethylsiloxane and ionic liquid 

(1-butyl-3-methyl-imidazoliumoctyl sulfate) in the ratio 1:0.2, with typical capacitances of 0.3µF/cm
2
. 

Paper substrates with the pencil marks along with the Ag contacts and top gate dielectric were baked at 

150 ºC for 10-15 minutes.  
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II.2.4. Results and Discussion 

The morphology of the pencil rod and its trace on paper surface has been examined. The surface of the 

pencil rod appears to be corrugated with petal-like morphology of graphitic layers. The random alignment 

of the cellulose fibers of the paper was imaged using optical profiler. AFM topography and optical 

profilometric images of the pencil -trace on paper, revealing its domain structure. 

 

Figure II.13 (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 fibers of the plane 

paper surface (c) AFM topography and (d) optical profiolometric images of the pencil trace on the paper. 

The layer nature of the domains is apparent as shown in the inset of Figure II.13. The EDS spectrum is 

shown in Figure II.13, showing the signals for C, Fe, Ca and Mg. Energy dispersive spectroscopy (EDS) 

maps in Figure II.13 shows 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 II.14). The crystalline 

nature of the graphitic domains is evident from the electron diffraction pattern with hexagonal symmetry 
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of the spots
81

 (see inset of Figure II.14). Raman spectrum recorded from the pencil-trace made on a 

stainless steel substrate (Figure II.14, red curve) comprises of three prominent peaks at 1348, 1574 cm
-1 

and 2701 cm
-1 

which correspond to the D, G and 2D bands respectively. The G band arises from 

stretching of sp
2 

bonded carbon lattice and D band originates from the presence of defects in the form of 

edges and grain boundaries. Using the estimated ID/IG ratio (~0.2), the average crystallite size of the 

graphitic domains
82

 was calculated to be ~100 nm. The position, width and shape of 2D band provide the 

information about number of layers, type of stacking along the c-axis of graphitic samples.  

 

Figure II.14 (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  μm  (b).  

(c)  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 the case of pencil trace, the 2D band appears as a single symmetric peak at 2701 cm
-1 

with a width of 

85 cm
-1 

(red curve, Figure II.14) which is quite different compared to asymmetric peak of HOPG (black 

curve, Figure II.14). The former is typical of turbostratic graphite, a close cousin of graphene.
83

 Due to 
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mis-orientation of graphene layers along the c-axis, there is substantial electronic decoupling of the layers 

leading essentially to a 2D system. 

 

Figure II.15 (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 μm) 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  μm 

respectively. Inset plot showing the resistivity of the pencil-trace varying as ρ ∼ exp((-T0/T)) above 100  

K,  where  To  is  constant,  T  is  the  temperature.  (d)  |ln(ρ)|  vs  T
-1/4 

plot,  which  is  linear, 

characteristic of VRH model of electrical transport at low temperatures (20-100 K). 

In order to investigate the electrical properties of the pencil trace on paper, its I-V characteristics were 

measured. A given trace with ~ 5 mm width was found to have a resistance of 12.5 kΩ. The resistance 

was found to vary linearly with length of the trace, confirming uniformity of the deposit. Temperature 

dependent resistivity measurement was performed using a physical properties measurement system. The 

resistivity of the pencil trace decreases from 0.24 to 0.17mΩ.m with increasing temperature, indicating 

the semiconducting behaviour. Resistivity of the pencil-trace is ~ 3 orders magnitude higher compared to 

that of bulk graphite (ρ bulk~ 0.4 μΩ.m). This can be attributed to the scattering of the charge carriers by 

the intercalated clay particles, edges and boundaries of the interconnected graphitic domains.  
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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.
84

 As shown in Figure II.15, 

|ln(ρ)| is seen varying linearly with T
-1/4 

(in the 20-100 K range), characteristic of Mott type VRH
84,85

 

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 

behaviour. 

 

Figure II.16 (a) IR temporal behavior using incandescent bulb on pencil mark of 3.06 kohm. Inset shows 

optical image of pencil drawn on sheet (b) IR temporal behavior for pencil 2 kohm with IR (1064nm) 

power of 30 mWcm
-2

. 

The IR photoresponse properties of pencil trace on paper have been illustrated in Figure II.16. A decrease 

in resistance from 3.07 to 3 kΩ, corresponding to a photoresponse of 2.05%, was observed for pencil trace 

illuminated with incandescent bulb (Figure II.16a). The resistance decreased from 2.9 to 1.5 kΩ with 

photoresponse of 38.93% for pencil trace illuminated with IR radiation, with a power of 30 mW/cm
2 

(Figure II.16b).  

The increase in the photocurrent with IR illumination is due to the generation of photoexcited charge 

carriers. The excitation of charge carriers happens near the metal pencil interface at the contacts. The final 

resistance value was not attaining the original base resistance immediately after turning off the IR source. 
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The reason for this may be attributed to the non-equilibrium photoexcited charge carriers or the defects 

present in the pencil trace. 

Ion 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 μF 

cm
-2

. The higher gate capacitance of the ion gel is due to the formation of electrochemical double layer.
77

 

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. 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 (Vout) was measured using an oscilloscope 

across the capacitor (see Figure II.17).  

 

Figure II.17 (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.  (e)  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. 
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The resistance of the pencil-trace is found to be 350 kΩ. The input signal is a square wave-shaped signal 

(blue curves in Figure II.17) with almost vertical step input and the response of this integrator changed 

dramatically with increasing frequency. 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. At higher frequencies (~10 kHz), the output voltage response converted to a triangular 

shaped waveform which can be attributed to the frequency dependent reactance of the capacitor (see 

Figures II.17). At higher frequencies (~100 kHz), the output became a well-shaped triangular wave (see 

Figure II.17). 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 (Xc = 1/2πfC where f is the 

frequency and C is the capacitnace). The normalized output voltage with frequency of the RC low pass 

filter is shown in Figure II.17.  

 

Figure II.18 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. 

The frequency corresponds to 0.707 level of the normalized output voltage which is the cut-off voltage 

(fc) which is found to be 9kHz.
86

 The time constant (τ) can be equated to the cut-off frequency (fc) of 

the RC low pass filter by the following equation  

fc = 1/2πτ= 1/2πRC 

The phase shift angle (ϕ) is given by the following equation  

                                                                ϕ = -arctan (2πfcRC) 
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At fc, the phase angle is found to be -45
o
, out of phase with respect to the input signal. As the input 

voltage changes charging up of the output voltage (the voltage across the capacitor) happens, which lags 

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. 

 

Figure II.19 Transfer curve of the pencil-trace with the paper as gate dielectric, no field effect was 

observed. 

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 semiconductor characterization system produced no measurable field 

effect (Figure II.19). 

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 (inset of Figure II.20).  
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Figure II.20 shows the output characteristics obtained, where the IDS (source-drain current) varies linearly 

with VDS (source-drain voltage) with a base resistance of ~11 kΩ 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 (Figure II.20). 

 

Figure II.20. (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 

ºC for 15 minutes. All measurements were carried out in ambient conditions. 

Transfer characteristics (Figure II.20) reflected the ambipolar nature where the positive and negative 

regions of gate voltage represent electron and hole transport respectively.
75

 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 
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the deriving of electric field effect from multilayers of graphene in the pencil trace.
87

 The gate leakage 

current (see Figure II.20) is at least 2-3 orders of magnitude lower compared to the channel current.  

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 (μ) were 

estimated from the channel transconductance (gm ~7 and 3.9 µA/V for holes and electrons respectively) 

of the FET, gm= (dIDS/dVG) = (W/L)μCoVDS in the linear regime of the IDS-VG curve, where W/L is the 

width-to-length ratio of the channel and Co is the gate capacitance per unit area. Taking W/L as 0.2 and 

Co as 0.3 µF/cm
2
, the hole and electron mobilities were estimated to be μh ∼ 106 cm

2
/Vs and μe ∼ 59 

cm
2
/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.  

 

Figure II.21 (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 μh~ 81, 112 and μe ~ 63, 69 cm
2
/Vs for (a) and (b) 

respectively). 

The transfer curve (Figure II.21) showed the ambipolar behavior with change in the IDS of 1.5 µA and 0.5 

µA 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.
75

 

The pencil trace being turbostratic in nature with the intercalated clay particles, behaves like a 2D 
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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%) (Figure II.21). 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 SiO2 surface
75

 but are much higher compared to the 

reduced graphene oxide based devices.
88

 

 

Figure II.22 (a) Transconductance with respect to the varying resistance of the pencil-traces on paper. (b) 

The corresponding SEM morphology of the pencil-traces. Scale bar, 50 µm. 

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 kΩ, showed a significant transconductance of 

12-5 µS for holes and 4-2 µS for electrons. As the resistance of pencil trace on paper increases 

transconductance gradually decreases (see region II, Figure II.22) and becomes negligible at higher 

channel resistance above 50 kΩ (region III, see Figure II.22).  

The corresponding SEM morphology of the pencil-traces in Figure II.22 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 
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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 II.22) 

The changes in the resistance of the channel and gate were studied with respect to the bending angle. It is 

observed that the resistance of the pencil mark changes significantly up to 160% at a maximum bending 

angle of 90º. The gate resistance, however, changes only up to 15% at a bending angle of 90º. Thus it is 

seen that the ion gel dielectric is stable against substrate bending. 

It is noteworthy to mention the turbostratic nature of the graphite in pencil trace. The study exploits the 

pencil mark in making an active element of a field effect transistor.  As substrate, common paper has been 

used for varous purposes, attractive by all means. The dielectric properties of paper were supplemented 

by a PDMS based ion gel which formed conformal contact with the mating surface. Pencil traces with 

varied thicknesses can be obtained by applying different predefined pressures or by using pencils of 

different grades. This offers interesting variations in device properties. The Ag electrodes may be inkjet 

printed for the large area fabrication of pencil based FETs on paper. The passive circuits such as filters of 

higher orders can be built on a paper substrates in a cost effective manner. 

II.2.5. Conclusion 

In conclusion, IR photorsponse, RC filter as well as FET action based on pencil trace on paper was 

observed. An ion-gel was used as a capacitor and gate dielectric for building the paper based filters and 

transistor. Graphite crystallites were found to be turbostratic in nature. It exhibited ambipolar electric field 

effect at low operating voltages. The carrier mobilities were calculated to be ~ 106 and 59 cm
2
/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. The method of fabricating 

filters and transistors on paper substrate are not only simple and cost effective but also solvent free. Since 

it is biocompatible, pencil traces on paper based devices, can be used for use-and-throw applications. 
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Being a direct-write method, it holds a great promise for graphite based electronic devices on paper. 

Future work includes usage of pencil plotters where constant forces can be applied on pencil for 

fabrication of large area pencil-trace based devices. This paves a new path to produce futuristic devices 

for green electronics. 
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Part III 

 

Au-PDMS nanocomposite: Properties and  

Electrical Characterization 

 

Summary 

In recent years polymer circuits and devices have received growing interest because of their low cost 

fabrication procedure. Conductive polymers are well known in literature because they can conduct 

electricity and store charge throughout their volume. Few examples are polyaniline, polypyrrole etc. They 

have sp
2
 hybridized carbon. The pz orbitals present in them overlap with each other and form what is 

known as delocalized orbitals. The electrons present in these pz orbitals have high mobility. But for 

insulating polymers such is not the case. To achieve improved conductivity, irradiation or doping (by 

oxidation) of the polymer is done.  

Au nanoparticles-poly (dimethylsiloxane) (AuNPsPDMS) nanocomposites is quite well known in the 

scientific community. This nanocomposite is prepared by the standard in-situ method which is entirely a 

green process. KAuCl4 and PDMS were used as Au-precursor and reducing agent respectively. Because 

of the Au nanoparticles the nanocomposites prepared exhibit novel properties, completely unknown to the  

* Marked experiments were done in collaboration with Dr. Ritu Gupta. 
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PDMS matrix as such. Study was carried out to understand the role of different ambience on the 

nanocomposite.  

The importance and effects of capacitor geometry on the electrical property of Au-PDMS was examined. 

The mobility of charge carriers in the devices were determined by the Mott Gurney law. The conduction 

value of the nanocomposite was quite low. So different methods were tried to increase and improve the 

conduction value of the polymer composite. Effects of substrates on the devices were analyzed by 

changing the top electrode to glass and PET. The top electrode made from PET substrates showed more 

stability than the ones made with glass. Current versus voltage measurements were carried out using the 

Source Measurement Unit Keithley 236 and the Semiconductor Characterisation System Keithley 4200. 

As is known in literature, current through the nanocomposite decreases when toluene is added to it. 

Contrary to this an increment in current was observed when toluene vapor was passed through the 

samples having capacitor geometry. Performance of the device under the application of pressure was also 

studied. Apart from this electrical stress was created inside Au-PDMS by applying a shock of 100V for 

10 seconds. The behavior of the circuit was investigated in an inert atmosphere of nitrogen and in toluene 

vapor. Significant changes in current were observed each time. Inspection of both capacitor and in-plane 

geometry using nanocomposite as the dielectric was carried out to check the influence of toluene vapor. 

In order to prevent the shorting of the electrodes a surface activator was used and the performance 

characteristics were measured. Finally metallization of the Au-PDMS composite was done and 

conductivity values of the devices built from it were compared to check how conducting and stable the 

gold film was. The development of accurate models for charge carrier conduction and mobility is a 

crucial step to design any device. Two probe temperature dependent studies were carried out to enlighten 

upon the type of charge carriers in the Au-PDMS composite.  

PDMS being non-toxic and the procedure followed to produce it was a green process so the end product 

was environment and human friendly. PDMS has already found its uses in a wide variety of applications 

because of its rheological property. By increasing the conductivity as discussed earlier it can be 
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incorporated in various other applications. The devices made have the potential to be used as touch 

sensors, stress and strain gauges etc.  
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III.1 Introduction 

The field of nanoscience is one of the most prevalent and popular areas of current research. Polymer 

science and technology takes a conspicuous part in it.
1
 The properties of the polymer like mechanical,

2,3
 

optical,
4
 electrical and also the dielectric properties have been studied for few decades. 

Dielectric constant is given by the ratio of the permittivity of the dielectric to the permittivity of vacuum. 

Permittivity expresses the ability of a material to polarize in response to an applied field.
5
 The search for a 

dielectric which can be made into thin films having low sheet resistance, flexibility and also 

biocompatibility has dragged a lot of attention.
6,7,8

 Inorganic substrates like mica have been traditionally 

used as a dielectric medium. However polymers like coronene, PMMA are gaining wider use in this 

field.
9
 

Polymers
 
are formed when a large number of molecules called monomers are joined sequentially, forming 

a chain.
10

 Polymers can be either polar or non-polar, determined by the chain geometry
11

 which further 

affects the dielectric properties of the polymer.
8
 Few examples of polar polymers are PMMA, PVC etc. 

while non-polar polymers include PTFE,
12

 PS etc. The electronic polarization is instantaneous at any 

frequency for both types of polymer. However, polar polymers require greater time to align the dipoles 

when electric field is applied. Polymers have gained its application as a dielectric over the inorganic 

counterpart because of their simple processability involving spin coating, whereas inorganic materials 

which are generally used as dielectric have high thermal properties and require extreme processing 

temperatures. Other properties which make polymers an attractive dielectric are their immersion in 

organic substrate and their flexibility.
13,14

 

In general polymers are highly insulating. However, few semiconducting polymers have been developed 

so far.
15

 The most important among them being the conjugated conducting polymers.
16,17,18

 To become 

electrically conductive, a polymer has to imitate the behavior of a metal, that is, its electrons has to be free 
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to move around and not bound to the atoms. Conjugated polymer consists of alternate single and double 

bonds, called conjugated double bonds. The conjugated structure becomes conducting through a 

continuous overlapping of d-orbitals along the polymer backbone.
17,18

 Since most organic polymers do not 

have intrinsic charge carriers, the required charge carriers can be provided by partial oxidation (p-doping) 

of the polymer chain or by partial reduction (n-doping) with electron donors. Through such doping 

process, charged defects are introduced, which could then be available as the charge carriers. Doping is 

mainly done by adding inorganic particles to the polymer matrix to form a composite. For polymers 

where there is limited π-bonding overlapping, conduction of charge carriers happens due to quantum 

mechanical tunnelling.
19,20

 This tunnelling nature of the charge transport is also referred to as hopping.
21

 

Hopping of charge carriers depends upon the energy gap between HOMO and LUMO levels. Carrier 

mobility depends on the abundance of levels for the electrons or holes with similar energy to move to. 

The greater the abundance more will be the hopping.
10,22

  

Polymer nanocomposites
23,24

 are materials having particles of nanoscopic size dispersed in the polymer 

medium.
25

 Addition of nanoparticles changes the polymer properties drastically, sometimes completely 

renovating the properties of the pristine.
26

 This includes amending properties like strength, barrier 

properties, conductivity and even heat resistance.
27,28

 A range of different metal nanoparticles and their 

combination with varieties of conjugated polymers have been studied recently.
29

 The synthesis of the 

metal nanocomposite is an ongoing research in the scientific field.
30,31

 They are mostly prepared by low 

cost fabrication processes like spin coating and other simple chemical processes.
32,33

 Thus the polymer 

industries have received growing interest in the scientific world as a completely new avatar the 

nanocomposite.
10

 

Electrical properties of the metal nanoparticles
34

 have invigorated much interest in the scientific 

community because of its peculiar behavior, which is completely different from its bulk counterpart.
21,35

 It 

is well known in literature how electron transfer takes place by quantum tunneling in metal nanoparticles. 

They also give rise to the fascinating property of single electron tunneling.
36,37

 When metal nanoparticles 
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are embedded in polymer matrix the conductivity  of the matrix gets enhanced.
38,39

 When non-conjugated 

linkers connect these nanoparticles, electron tunneling is the predominant mechanism for electrical 

conduction. The conductivity does not follow the ohmic behavior always.
40

 As a result a different theory 

other than the Ohms law is required to find the mobility of the charge carrier in the polymer matrix. 

A significant amount of theoretical work has been done to understand the space charge limited flow for 

any electrode system
41,42

 with a gap in nanometer regime.
43

 However, experiments to verify such 

predictions are limited, because of the difficulties involved in fabrication and measurement. There are two 

main laws governing the space charge limited current namely the Childs law or the Child-Langmuir law 

and the Mott-Gurney law.
44,45

  

Childs law states that the space charge limited current in a plane parallel diode varies directly as the three 

halves power of the anode voltage Va and inversely as the square of the distance ‘d’ separating the anode 

and the cathode, given by the equation  

Ia = J X S = 
 

 
ϵ√    e SVa

3/2
/d

2
 ………………… (i) 

Where, Ia is the anode current, J is the current density and S is the anode inner surface area, e is the 

electronic charge, me is the mass of the electron ε is the absolute permittivity of the medium and Va is the 

applied voltage. 

For a current density J and an applied voltage V, experimentally observed Mott Gurney law gives J α V
2
. 

This is applicable for a steady state, trap free space charge limited conduction inside a plane parallel 

dielectric capacitor.
44

 It depends on the assumptions of: (i) the presence of only one type of carrier i.e. 

either electrons or holes as charge carriers in the dielectric (ii) the absence of intrinsic (ohmic) 

conductivity and (iii) the existence of constant permittivity.
45
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III.2 Scope of Present Investigation 

Polydimethysiloxane also known as PDMS having the formula (C2H6OSi)n is a mineral-organic polymer 

of the siloxane family. It is best known for its excellent rheological properties.
46

 For this reason PDMS 

has been mostly used as a structural material in many applications. Its role in soft lithography, food and 

cosmetics is quite well known. To explore the other functionalities of PDMS and to broaden the range of 

its application is a critical requirement. It is a damp insulator or dielectric having dielectric constant 

between 2.3 to 2.8
47

 and is often used for encapsulating electronic devices and also as flexible substrate 

for electronics.
7
 Like many other polymers (plastics and rubber) these also repel electrical conductivity. If 

somehow it is made conducting, apart from the viscoelastic properties it will feature new electrical 

characteristics as well. The knowledge and improvement of its electrical properties
48

 would be beneficial 

for designing new electromechanical systems.
3
  Thus it will become feasible for new types of applications 

like sensors, gauges etc. The most common way to achieve this is by adding inorganic or organic 

conductors as fillers to the PDMS matrix. PDMS metallized with Au nanoparticles (Au-PDMS) shows 

much ameliorated properties than the pristine. Besides this, the biocompatible nature of the Au-PDMS
49

 

nanocomposite can make it worthy of use in many of the futuristic devices.
50,51

  

There are not many reports regarding the electrical characterization of the nanocomposite Au-PDMS. The 

present work deals with the practical and efficient approach to enhance the electrical properties of PDMS, 

using gold nanaoparticles to form a nanocomposite. Electrical conductivities of Au-PDMS 

nanocomposites were checked to find any improvement in the inter-particle charge transport. I-V 

characteristics of capacitor devices fabricated from Au-PDMS were studied. The mobility of charge 

carriers in the matrix were determined by the Mott Gurney law. Effects of pressure and high voltages on 

the devices were analyzed. Also in this study, the role of the surrounding ambience on the devices was 

checked. The method focused mainly on observing the changes in current while passing vapors of toluene 

and nitrogen in a chamber containing the circuit. 
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III.3 Experimental Section 

Materials Required 

Micro slides of thickness 1.25 mm purchased form Blue Star (deluxe) was used as substrates for thin film 

deposition. Oddy transparency sheets (PET sheets) were bought from ASM Pvt. Ltd, India. Chemicals 

used were acetone (99%), nitrogen gas, sulphur free toluene (99%), PDMS kit (Dow Corning, Sylgard 

184), KAuCl4 (Aldrich, 98%), ethyl alcohol (99%), APTMS (97%), double distilled water. 

Fabrication of device and characterization 

The purchased glass slides were cut into 2 x 2 cm
2
 and 1 x 1 cm

2
 pieces using a glass cutter purchased 

form ISU industries. PET sheets were also cut into 1 x 1.5 cm
2
 size. The Au nanoparticles – PDMS 

composite was synthesized in the form of a gel. For glass electrodes, gold was sputtered on glass for 150 

seconds, using a Polaron Sputter Coater SC502, from Fisons Instruments. For PET electrodes physical 

vapor deposition of gold was done using the PVD machine by Hindhivac Pvt. Ltd. model number 12A4D. 

Au-PDMS was coated in the form of a thin film on the top and bottom electrode using a spin coater (6000 

TVP from Technoscience Instruments). 

Electrical characterizations of the devices were done using Source Measurement Unit (SMU) Keithley 

236. Semiconductor Characterization System (SCS) Keithley 4200 was also used for I-V and capacitance 

measurements respectively. The thickness measurement was carried out in Optical profiler, Veeco Wyko 

NT9100. Images were taken using an optical microscope by Laben Instruments mounted with Discovery 

C30 digital imager. Metallization of Au-PDMS film was carried out by dipping the Au-PDMS circuits 

inside 0.1 M KAuCl4 solution. To understand the type of conduction and the process by which charge 

carriers are flowing, low temperature measurements were done. 
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III.4. Results and Discussion 

Synthesis of Au-PDMS nanocomposite* 

The Au nanoparticles – PDMS composite,
52

 well known in literature,
53,54

 was reproduced in the form of a 

gel. An uncured mixture of PDMS was first prepared by mixing the pre-polymer and the curing agent in 

10:1 volume ratio. In a glass vial 20 mM aqueous KAuCl4 solution and uncured PDMS was taken in a 

200:1 (m/v) ratio and stirred at 70 °C for 4 hours to from a maroon colored gel. The reaction was arrested 

by decanting the unreacted KAuCl4 solution. Finally, Au-PDMS mixture was rinsed thoroughly with 

large amounts of water. Finally to remove any excess water within the Au-PDMS it was washed twice 

with ethanol. The air bubbles were removed by exposing it to vacuum and heating at 100 °C for 12 hrs. 

Figure III.1 depicts the process of how the Au-PDMS gel was prepared. 

                                                                

Figure III.1 AuNPs-PDMS nanocomposites: Optical photographs of the vial containing PDMS mixture 

in KAuCl4 (aq., 20 mM) before (above) and after stirring (below) at room temperature for 30 min. Optical 

photographs of the vials following gel (above) or foam (below) formation (Reproduced from ref. 55).
55

 

The curing of elastomer in the nanocomposite form was very slow even at higher temperatures resulting 

to a gel rather than a cured composite. The thus formed gel can be casted as a thin film.  
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Metal ion having a reduction potential (E
0
) higher than the polymer when comes in contact with each 

other spontaneously gets reduced by the polymer to its zero-valent metal form. The polymer matrix 

transfer the electron to the metal ions and thus itself gets oxidized to a higher oxidation state.
32

 The above 

mentioned synthesis process allows the PDMS to act both as the template and reducing agent. So no 

involvement of a separate reducing agent was required.  

Device Fabrication 

In order to make the capacitor geometry,
56

 a thin film of the dielectric material was coated on both the 

electrodes. Capacitor geometry was built using (i) glass as top and bottom electrode and (ii) Glass as 

bottom electrode and PET as top electrode. The electrodes with 100 μL of Au-PDMS drop were spun at a 

speed of 1500 rpm for 60 seconds to obtain a thin film. More the rotational speed and time of rotation 

thinner was the film obtained. Au-PDMS film of approximately 6 to 18 μm was obtained every time.  

 

         Figure III.2 The schematic shows the steps followed in making the capacitor geometry. 

For few experiments involving in-plane geometry measurements, the dielectric material was drop coated 

instead of spin coating to get sufficiently thick layer. The schematic in Figure III.2 shows the steps of how 

the device with capacitor geometry was fabricated.  

For curing the Au-PDMS film, it was heated at very high temperatures of 140 °C. In order to avoid 

damaging of film, temperature was gradually increased from 50 °C to 140 °C in steps of 30 °C keeping 

each temperature for 30 minutes and finally the device was left at 140 °C for 3 hours. The Au-PDMS 

nanocomposite does not get cured completely as discussed earlier and remains in the gel form. The top 

electrode was then placed on the bottom electrode firmly without applying much pressure. This was done 

Gold sputtered on 
glass substrate 

Au-PDMS spin 
coated on top 

PVD coated gold on 
PET kept on AuPDMS 

Circuit made in 
capacitor geometry 
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to ensure that the electrodes do not come in contact with each other. Copper wires were used to take 

contact from the top and bottom electrode with the help of silver paste. The enamel at the tip of copper 

wire was removed using an enamel remover. The photographs of the devices thus fabricated are shown in 

Figure III.3. Glass sputtered with gold was used as top and bottom electrode and capacitor geometry was 

made with Au-PDMS as dielectric (Figure III.3a). Due to the weight of top glass electrode Au-PDMS 

gets squeezed out (Figure III.3b) from the corners of the device. Glass was thus replaced with PVD 

coated PET as top electrode. 

                                        

Figure III.3 (a) Capacitor geometry with glass and glass as bottom and top electrode. (b) Optical image 

showing Au-PDMS squeezing out at the edges causing the two electrodes to touch each other after few 

hours. (c) and (d) Glass as bottom and PET as top electrode for two different circuits. 

Electrical Characterization 

The electrical conductivity of polymer composite,
57

 doped with metal nanoparticles, depends on the 

electron tunneling or hopping mechanism and electron migration between nanoparticles linked with 

polymer groups.
20,31,58

 The electrical conductivity σ has a relationship with the charge carrier population 

(n), the electronic coupling term (β)  and the activation energy barrier (EA in kJ mol
-1

) for the electron 

transfer.
19,22
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The relation is given as follows: 

                                             σ = σ0 exp [-βd] exp[-EA/RT]……………………(ii) 

                                                           and σ0 = neμ…………………………....(iii) 

where d is the average inter-particle distance, R is the universal gas constant, T is temperature in Kelvin, e 

is the electron charge and μ is the mobility of the charge carriers. It has been observed experimentally that 

the electrical conductivity decreases when the size of the linker molecule between the nanoparticles 

increases. This is because higher activation energy is needed for the electron to transport (tunneling/ 

hopping).  

Au-PDMS dielectric thin film was cured at 140 °C for 2 hours in order to avoid shorting of the electrodes. 

The dielectric still remained in the gel form but the viscosity increased. The performances of the thus 

formed devices are shown in Figure III.4. The I-V characteristics of the capacitor geometries prepared 

with glass as top and bottom electrode and glass-PET as bottom and top electrode respectively manifested 

features of non-linear conduction.
37,59

 A distinct blockade region
37

 is visible. The current for both glass 

and PET as top electrode is in the same range 10
-10

A. 

 

Figure III.4 (a) I-V characteristic for glass sputtered with gold as top electrode. (b) I-V characteristic for 

PET coated with gold, by PVD method, as top electrode. 

 

Next the mobility of the charge carrier was calculated for the two geometries above using Gurney-Mott 

equation.
45

 Equation (i) is used i.e. J = 9/8(qεrε0μV
2
/L

3
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                                                or, ln J = ln(constant) μ + 2 ln V………………….(iii) 

where εr is permittivity of the nanocomposite. It is taken as 2.5. ε0 = 8.8 x 10
-12

 F/m, the permittivity of 

vacuum, L is the distance between two electrodes. J is the current density given by I/A (where A = area of 

the contact pad with polymer). From equation (iii) we calculated lnJ and 2 lnV and plotted (Figure III.5a). 

The intercept of the graph was equated to the equation and the mobility values were calculated. 

 

Figure III.5 (a) lnJ vs 2lnV curve for glass as top and bottom electrode. (b) Optical height profilometry 

along with 2D and 3D images for the Au-PDMS. 
 

For glass as top and bottom electrode, the intercept value obtained from the graph (Figure III.5) is -14.23 

which when supplied in the linear equation above gives the value for mobility. The value of the constant 

is (9εε0)/8L
3
 where L is obtained from the optical profilometry (Figure III.5b). From the height profiler 

the value of L was obtained to be 5.9 μm. Thus the mobility of the charge carriers was calculated to be 5.5 

X 10
-6

 cm
2
/V-s. Next the mobility for PET as top electrode and glass as bottom electrode was calculated. 

The intercept from the graph (Figure III.6) was found to be -13.02. After putting the value of the intercept 

in the equation (iii) above, the value of mobility for the capacitor geometry having glass as bottom and 

PET as top electrode was obtained. The length L was found to be 18.8 μm from the height profiler (Figure 

III.6b). Thus the value of mobility was calculated to be 5.95 x 10
-6 

cm
2
/V-s. The change in mobility is 

influenced by the change in length L between the two electrodes.  
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Figure III.6 (a) lnJ vs 2lnV curve for glass as bottom and PET as top electrode. (b) Optical height 

profilometry along with 2D and 3D images for the Au-PDMS.  
 
The importance and effects of geometry on capacitor function is quite important. From the definition of 

capacitance one knows that it depends on the geometry completely. For better capacitance the electrode 

area should be larger with lower thickness of the dielectric. Capacitance has been calculated for the 

devices built. The Table III.1 gives the details on the values of mobility, resistance and the capacitance.  

        Table III.1 Values of resistance, capacitance and mobility for the two geometries are listed. 

 

The devices produced have coulomb blockade region where there is no increase in current even though 

voltage is supplied.
59

 This happens because activation energy above a threshold value is required for the 

charge to move to higher currents. Thus it stores energy before moving to higher current values. The 

capacitance for the blockade region has also been calculated from the graph using the formula  

                                                  eV =e
2
/2C…………(iv)  
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where eV is the voltage in electron volts in the blockade region. 

A comparison on the context of stability of the devices with time was carried out. On account of stability, 

the devices made from glass/gold/Au-PDMS/gold/PET geometry showed better results (Figure III.7) than 

the ones made form glass/gold/Au-PDMS/gold/glass geometry. 

 

Figure III.7 Comparison between glass and PET as top electrode substrates. (a) Shows characteristics 

with glass and PET as top electrode when made and (b) shows the circuits after 12 hours. The circuit with 

glass as top electrode gets shorted and PET as top electrode still retains the same current. 

The stability of the circuits was checked after 12 hours and the device with PET as top electrode showed 

better performance of the two. The device made with glass as top and bottom electrode got shorted 

thereby questioning the stability of the devices. This happens because, glass being heavy it sinks down 

into the gel under its own weight. Optical microscope images reveal clearly the spilling of the 

nanocomposite at the edges leading to the sinking of the top electrode (Figure III.3). 

To avoid such electrical shorting, APTMS (3-Aminopropyl)trimethoxysilane, (10 μL) was spin coated on 

Au-PDMS at 1000 rpm before the top electrode was brought in contact. APTMS when left open in air 

gets solidified because of the methoxy groups which react with moisture in the air to form the siloxane 

bonds, helping in crosslinking. The solidification thus encapsulates the Au-PDMS gel. The shorting of the 

circuits was avoided by confining the Au-PDMS within the APTMS and not allowing it to get 

compressed and squeezed by the top electrode. 
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Figure III.8 I-V characteristics of APTMS spin coated on Au-PDMS and only APTMS. Both 

measurements were done taking glass, coated with gold, as bottom and top electrode. 

The I-V characteristics were checked 24 hours later and it was found to be exactly the same. Thus 

APTMS improved the circuit stability by not allowing it to get shorted. But the I-V characteristics of 

APTMS alone showed current in nanoamperes for -10 to 10 V. This value is comparable to the values of 

current for Au-PDMS within the same voltage regime (Figure III.8). Thus the current passing through the 

APTMS will interfere with that of the Au-PDMS and the result might be a misnomer as both the 

chemicals will be taking part in conduction. To avoid such confusion, APTMS coating process was 

discarded and whenever glass coated with gold was used as top and bottom electrode, instead of spin 

coating the Au-PDMS, it was drop coated. Drop coating increased the thickness of the dielectric thus 

increasing the space between two electrodes and hence avoiding any kind of shorting. 

Improvement of conductivity of the dielectric 

To meet the development of smaller flexible and biocompatible electronic properties
56

 in modern 

electronics it is critically important to discover matchable devices with equivalent or improved 

properties.
6,7

 PDMS is known for its rheological properties but it is a damp insulator so no current is 
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expected to pass through it.
3,60

 By embedding Au-nanoparticles in the polymer the conductivity was 

expected to be improved.
61

 The current measured through the composite is in nanoamperes. Attempts to 

improve the electrical conductivity of the Au-PDMS nanocomposite were tried by using various other 

methods.  

 Electrical stress application 

The performance of the device was checked on application of a sudden high voltage. A high voltage of 

100 V was applied with the Source Measurement Unit Keithley 236 for 10 seconds. 

 

Figure III.9 Breakdown analysis: Applying 100 V to the Au-PDMS circuit for (a) 0 sec (b) 10 sec.  

Because of the application of 100 V a sudden electrical stress is generated. The current increased by one 

order as seen in Figure III.9. The possible reason behind this can be the alignment of gold particles under 

the application of high voltage. When such elevated electric field is applied, momentum gets transferred 

from the electrons to the ions causing electromigration. The gold particle thus creates few percolated path 

for the current to pass through, resulting to an improved current.
47

 

 Pressure application 

Performance of the device made in capacitor geometry was checked by applying pressure. I-V 

measurement was checked before application of any pressure. This was followed by I-V measurements of 
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the device with 5 g weight placed on top of the electrode and then removing it. The schematic (Figure 

III.10) shows the steps of how experiment was done.  

 

Figure III.10 Schematic showing the steps for the pressure experiment was done by placing known 

weights on the top electrode. 

As seen from Figure III.11, a current of the order 10
-7

A was observed for the circuit before application of 

any pressure. On adding 5 g weight (0.1 kPa) one order change was observed, i.e. the current increased to 

10
-6 

A. On removing the 5 g weight, the current decreased and settled to its initial value within 10 

minutes. The values of the pressure for a particular weight have been calculated (Table III.2). 

                              Table III.1 Weights and their corresponding pressure values. 

 

The reason behind such increment in current can be attributed to the pressure application on the electrode. 

Au-PDMS gets squeezed between the electrodes causing the gold particles to come close together and 

form more channels than the initial ones resulting in improvement of current. But when pressure is 

released the gel returns to its initial configuration because of its viscous nature and so the gold particles 

embedded in them moves away from each other, decreasing the current.  

Circuit made in 
capacitor geometry 

Weight placed on 
capacitor geometry 

Weights 
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Area 

(m2) 

Pressure 

(kPa) 

5 0.5 X 10-4 0.995 

17 1.13 X 10-4 1.503 

50 2.84 X 10-4 1.76 

100 4.15 X 10-4 2.41 
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Figure III.11 (a) Performance of the device without any weight. (b) Performance of the device when a 

weight of 5 g is placed on top of the device. Inset shows image of how pressure was applied on top 

electrode by putting weights. (c) Performance after weight was removed. (d) Effect of pressure on current 

at a fixed voltage 5 V. 

Next capacitance was measured with time for various pressures. Pressures were applied by varying the 

weights on top of the circuit as before. As shown in the graph (Figure III.12) when the pressure was 

increased, capacitance also increased. Initially the increment was less but as the pressure increased to 2.4 

kPa the capacitance became as high as 800 pF from the initial value of 5 pF (no pressure). Thus a change 

of two orders of magnitude in capacitance was clearly observed. 

The reason behind this can be explained by the capacitance formula itself. Capacitance is given by:  

                                                              C= (ε A)/d……………………… (v) 

where ε is the permittivity of the dielectric, A is the area of the electrode and d is the distance between the 

electrodes. Capacitance for any device depends solely on its geometry and permittivity of the medium. 

From the equation it can be deduced that lower the thickness of the dielectric higher will be the 

capacitance. When pressure was applied distance d between the electrodes decreased hence the value of 

the capacitance increased. 
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Figure III.12 Capacitance–time measurement: comparison between the capacitance for different applied 

pressure. 

The application of pressure brought significant improvement in both current and capacitance values. To 

investigate the role of pressure further a screw gauge with least count of 0.01 mm was used to compress 

the device. Pressure was applied this time by rotating the circular scale reading of the screw gauge.  

 

Figure III.13 I-V characteristic at different pressure. Pressure was applied by rotating the screw gauge 

circular scale. The strains applied on the circuits were (a) 0% (b) 0.027% (c) 0.067% and back to (d) 

0.027%. 
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The device kept in between thus gets compressed. Figure III.13 shows how the current changed 

drastically by 7 orders of magnitude when the device was strained by rotating the screw gauge to change 

the linear scale reading by 0.01 cm. The strain applied on the circuit was calculated by the equation 

                                      Strain = (Initial length – final length) / Initial length………. (vi) 

It was calculated in percentage. 

The relative change in the length of the screw gauge was calculated taking the initial value zero. Initially 

the current change was gradual from 10
-9

 to 10
-7 

A, when the strain on the circuit was 0.047%. But when 

the circuit was strained by 0.067% current suddenly increased by, 7 orders of magnitude. On releasing the 

pressure by rotating the circular scale of the screw gauge back to 15 mm i.e. a strain of 0.027%, the 

current comes back to its initial values immediately. This happened because of the elastic nature of the 

Au-PDMS. The gel returns to its initial configuration thus decreasing the current. The improvement of the 

values of current is due to the same reason as that of the weight application. The linear scale reading of 

the screw gauge was calculated for every circular scale reading (least count of the screw gauge = 0.001 

cm) and the strain was calculated. The current values for every reading have been compared in Figure 

III.14. 

 

Figure III.14 Comparison between the currents for different compression values applied using the screw 

gauge.  
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The graph is plotted in log scale; (Figure III.14) depicts the change in current by 7 orders. The reason 

being, that gold particles tend to come closer with pressure so more percolated paths were created. This 

increases the number of levels for hopping of the charge carriers. At the extreme condition when current 

went to 10 mA the electrodes came to very close proximity because of the squeezing of the 

nanocomposite gel into very thin film device. Thus the conduction increased drastically. The pressure 

once released, the elastic polymer nanocomposite regained its previous shape and the electrodes moved 

away from each other. The current thus returned to its initial values. 

 Passing vapor through Au-PDMS 

The application of sudden high voltage and pressure helped improving the current in the capacitor 

geometry with Au-PDMS as dielectric. Further studies were carried out with the capacitor geometry by 

placing it in various environments. Different environments were created like (i) ambient condition, (ii) 

Nitrogen vapor and (iii) toluene vapor. Electrical characterization was carried out to check how it behaves 

at these ambiences. The schematic in Figure III.15 reveals the process of how the vapor was passed 

through the Au-PDMS devices. The vapor produced was allowed to pass through a closed chamber where 

the circuit was kept. Nitrogen was released from the nitrogen cylinder with a pressure of 2 kgf/cm
2
 and 

allowed to pass through the chamber. For toluene vapor a setup was prepared shown in Figure III.15b.  

 

Figure III.15 (a) Schematic showing the chamber in which the circuit was kept and measurements were 

carried using a keithley while vapors were being passed via the inlet into the air tight chamber. (b) Image 

showing the setup to create toluene vapor. 
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Toluene was taken in a round bottom flask and nitrogen, released at a pressure of 3 kgf/cm
2
, was bubbled 

through it to produce the toluene vapor. 

It is known in literature that when toluene drop is added to Au-PDMS it swells up
55

 due to the solubility 

of Au-PDMS in toluene. The gap between two gold particles increases due to the swelling therefore the 

current decreases. But the behavior of Au-PDMS in capacitor geometry with toluene vapor portrays quite 

a different result. Figure III.16 shows I-V for the device when kept in ambient and in nitrogen vapor. The 

current did not change much in both the environment (FigureIII.16a, b) and showed a value of the order 

10
-10

 A. But when toluene vapor was passed through the chamber there was a visible increase in current 

(Figure III.16 c). The change in current values was not immediate and was visible only after 10-15 

minutes of continuous passage of toluene vapor through the chamber. Several devices were characterized 

by passing toluene vapor through them and all the analysis repeated same result i.e. the performance 

improved showing an increase in current values. 

 

Figure III.16 (a) I-V characteristics in ambient condition and (b) nitrogen atmosphere. (c) and (d) Shows 

the I-V characteristics after switching on and off the toluene vapor. 
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The reason behind this increase in current when toluene vapor was passed can be attributed to three 

possibilities. First, when the vapor was passed through Au-PDMS its viscosity decreased because of its 

solubility in toluene. Hence the Au-PDMS gel flow rate increased than before causing the top electrode to 

sink down easily compressing the Au-PDMS. When the polymer gets clutched the Au-nanoparticles come 

close enough to form new route for the charge carriers to flow. Hopping becomes more efficient and 

frequent aiding to the increment of current. Second could be attributed to the channels formed by the 

toluene vapor. Since Au-PDMS is soluble in toluene, it would interact with toluene and hence the toluene 

vapors itself forms channels inside the polymer composite thus connection between the gold nanoparticles 

increases resulting to the improvement of current values.  

 

Figure III.17 (a) The graph shows 4 cycles for the same circuit and how the current varied when toluene 

was switched on and off. (b) Graph depicts the increment in current for graph a keeping the off current 

same. 

The third reason can be accredited to the solubility of Au-PDMS in toluene. The PDMS along with the 

Au-nanoparticles embedded in the matrix tries to get dissolved in toluene. The barrier energy decreases 

due to the increased coupling between the particles. Because of this the hopping effect increases through 

the channels ensuing to the improved current. A comparison of the current values is shown for a given 

circuit in Figure III.17 to divulge upon how the current changed when toluene vapor was turned on and 

off during four cycle. However it must be kept in mind that the change seen was not immediate. 
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In order to understand the above phenomenon in details, I-V measurements in in-plane geometry were 

carried out, and they are shown in Figure III.18.  

 

Figure III.18 In-plane geometry (a) and (b) shows the I-V graphs without toluene and with toluene vapor 

respectively.  

For in-plane geometry gap electrodes were prepared by using carbon fiber as shadow mask and Au-

PDMS was drop coated on the gap (9μm) between the electrodes. The current through the device in 

nascent condition is 10
-11 

A. When toluene vapor was passed across the sample the current did not change 

much like the ones in capacitor geometry implying that the capacitor geometry is playing a vital role here 

and sinking of top electrode towards the bottom electrode stand out to be an important reason for the 

improvement of current. 

                                         

Figure III.19 Current vs time graph. At 800 sec toluene vapor was switched on and at 1030 sec toluene 

vapor was switched off. The inset shows the current at nascent condition till 600 seconds, when no 

toluene was passed. 
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Current versus time measurement with passage of toluene vapor was carried out with a constant input 

voltage of 45 V and a significant change from 10
-8 

A to 10
-6 

A was found. Initially no toluene vapor was 

passed. After 800 seconds toluene vapor was allowed to flow and the values of current improved by 2 

orders of magnitude as seen in Figure III.19. But the I-t characteristics were noisy (Figure III.19) as the 

Source Measurement Unit is quite sensitive and also because of the dynamic nature of the Au-PDMS gel. 

Metallization of Au-PDMS* 

Many attempts have been made in the past to produce flexible electronics.
62

 Literature survey reveals that 

PDMS can be metallized to make it conducting. Thin layer of gold nanoparticles when forms a film on 

top of Au-PDMS it shows high conductivity. Au-PDMS being viscous in nature it is quite elastic and can 

be used for making a stretchable device. On the other hand Au-PDMS being a green material, its use in 

the living tissue is noteworthy for various applications.  

Chemical route has been employed to produce a thin layer of interconnected Au nanoparticle film on Au-

PDMS. 500 μL of KAuCl4 of 0.1 M concentration was taken in a beaker and was diluted to 25 ml by 

adding distilled water to it. Glass slide coated with gold by PVD was used as electrode and a gap of 9 μm 

was made between the electrodes by masking it using a carbon fiber. On the gap Au-PDMS was drop 

coated. For the preparation of PDMS higher amount (1 μL extra) of elastomer was used. It was then 

placed inside the 25 mL diluted KAuCl4. The setup was kept undisturbed on a hot plate at 70 °C for 12 

hours. When taken out, the surface of the Au-PDMS was found covered with gold to give a polished 

shiny look.  



Au-PDMS nanocomposite: properties and electrical characterization                                          Part III 

[93] 
 

 

Figure III.20 (a) Schematic showing the process of how the metallization of Au-PDMS was done by 

dipping it in KAuCl4 solution. (b) and (c) gives the optical image of the Au-PDMS and metallized Au-

PDMS respectively. The inset shows the final circuit made out of it. 

The schematic showing the setup is given in Figure III.20. Thin layer of gold film was formed on the Au-

PDMS as imaged under Optical microscope.  

 

Figure III.16  I-V measurements of the metallized Au-PDMS circuits for three different circuits where 

the metallized gold film on Au-PDMS took part in conduction. 

The I-V measurements showed linear behavior. Current, after metallization, increased to few 

milliamperes, since the film of gold nanoparticles is now taking part in the conduction. The thin metal 

layer so formed touched the bottom electrode at the edges so a parallel resistor geometry was formed. The 
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current passed via the metallized thin film and not the insulating Au-PDMS. Figure III.21 shows the I-V  

for thin metallized film, it exhibited linear behavior with a resistance of 5 to 10 Ω. The pristine surface 

having resistance in GΩ range did not show any conduction. One problem with Au film was the 

formation of cracks very often. It suffered from poor adhesion and generated cracks easily which reduced 

the current.
63

 So the sample must be handled carefully. 

Low temperature measurements 

The dependence of electrical conductivity on temperature have been studied in various nano systems.
64-67

 

Two probe measurements were carried out with metallized Au-PDMS in in-plane geometry. It was taken 

care that the Au film on the Au-PDMS did not touch the bottom electrodes. The conduction thus took 

place via Au-PDMS and not the gold film. The metallization just helped in improving the electrical 

responses. By varying the temperature from 303 to 203 K, I-V measurements were recorded. Current was 

found to decrease with decrease in temperature. Below 203 K, measurement was not possible because of 

the very low value of the current, which could not be detected by Keithley 236. The linear portion of the 

curve between -20 to 5 V was taken (shown in Figure III.17) and the slope was calculated to find the 

resistance. Resistance thus calculated showed values in giga ohms. The high value of resistance is due to 

the insulating nature of PDMS.  

For the electrical activation of Au-PDMS higher voltages (20 to 30 V) was required. At room temperature 

the current is still higher than the ones at low temperatures (253 to 203K). This is maybe due to the 

reduction of contact resistance by thermal activation. Two possible effects lead to this behavior and they 

are joule heating and electron migration i.e. combination of both electrical and thermal activation. Higher 

temperature also leads to localized joule heating. Thus electron hopping model can be applied for the 

circuit behavior. 
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Figure III.17 Two probe current-voltage characteristics of Au-PDMS in in-plane geometry. Inset shows 

the region from where resistance have been calculated using the value of the slopes. 

The resistance values calculated was plotted as a function of temperature (Figure III.18). The resistivity 

was calculated using the equation 

                                                  ρ = R X A/ L …………………. (iv) 

where R is the resistance of the material in ohms, A is the cross sectional area of the specimen (900 nm x 

1 cm) and L is the length of the material (9 μm). Resistivity decreased with increase in temperature, 

(Figure III.18) characteristics of a semiconductor. 

One of the traditional method to analyze the temperature dependence in disordered organic material is 

based on the Miller–Abrahams expression.
68

 It was first considered by Shklovskii to find the field effect 

on the variable range hopping (VRH) at low temperature. A more systematic derivation of the 

temperature dependence based on the VRH and percolation theory was studied by Ambegaokar et. al.
69

 

Joule heating caused at room temperature or even at higher temperatures provoke charge carriers to move 

and give rise to electrical conduction. The theory successfully described the temperature dependence of 

conductivity in polymer materials, but it is difficult to account for the experimentally observed electric 

field dependence. As shown in Figure III.19 |ln(ρ)| is seen varying almost linearly with T
-1/4

.
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Figure III.18 Resistance of the Au-PDMS measured between 200 and 320 K. Inset plot showing the 

resistivity vs temperature plot for the polymer composite. The distance between the contacts was 9 μm 

and area of contact of Au-PDMS with gold is 1 cm x 900 nm. 

 

Figure III.19 |ln(ρ)|  vs  T
-1/4 

plot,  which  is  linear, characteristic of VRH model of electrical transport at 

low temperatures (203 to 303 K). 

In a disordered polymer system, the localized states are randomly distributed and they form an array of 

sites, discrete in nature. When a high electric field is applied the voltage drop across a single hopping 

distance increases. The voltage drop across the Au-PDMS was calculated to be 5 x 10
-18

 J which crossed 

the order of KBT, thus site to site hopping takes place rather than normal conductance because the current 

between the two sites depends on the strength of the electric field which changes its chemical potential. A 

percolation model is adopted in such cases to explain site-to-site hopping current conductance.
70
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According to percolation theory; a steady-state situation means a constant current throughout the 

backbone (potential sites for hopping) of the polymer. The charge gets redistributed changing the 

chemical potentials of sites. This can be approximated by the hopping process. The redistribution of 

charge is likely to change the hopping current. 

III.5 Conclusion 

The performances of the Au-PDMS gel capacitor based devices have been examined. Application of 

pressure on the device brought significant change in conductivity of the nanocomposite. Investigation was 

carried out by allowing the circuit to stay in different ambience. The environment around the circuit was 

changed by allowing toluene and nitrogen vapor to pass through it. An improvement in current flow was 

detected when the circuit was kept immersed in toluene vapor. Investigations were made based on both 

the capacitor geometry and in-plane geometry with the nanocomposite material to understand the reason 

behind such changes. In order to prevent the shorting of the electrodes, a surface activator was used and 

the performance characteristics were measured. Metallization of the Au-PDMS was done to improve the 

conductivity. The thin film of metallized gold nanoparticles on Au-PDMS showed high conductivity. The 

devices thus produced can have the potential to be used as touch sensors, stress and strain gauges as well 

as flexible biocompatible devices. 
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Outlook

This thesis work is essentially an exploration on nanocarbon materials and metal-polymer 

nanocomposites. Part I provided the necessary introduction. Part II dealt with 2D nanocarbons with 

special stress on graphene and graphene-like species in pencil traces on paper. Techniques, both physical 

and chemical, available in literature to obtain large area graphene have been attempted. Among the 

electrochemical methods, annealing of Ni coated carbonaceous material serves as a potential way to 

obtain graphene. Electrochemical delamination process was also tried, using Ni/ Graphene as the source, 

to obtain large area graphene. But all these methods involved wet solvents. On the other hand, physical 

methods do not involve chemicals and therefore paves a path for obtaining graphene by solvent free 

approaches. The most popular among them is the famous scotch tape method but graphene thus obtained 

is hard to be pinpointed. The second physical method attempted was electrostatic exfoliation. This method 

can be potentially used to transfer large area patterned graphene on a specific site by applying electric 

field. The electrostatic pressure generated during such attempts by applying 50 V across the electrodes, 

resulted in amorphous carbon deposition. But if the field is regulated to a threshold value it can manifest a 

prospective approach in obtaining clean, solvent free, large area graphene. Last section of Part II focuses 

on pencil traces on paper, its properties and characterization. Its potential in the fabrication of field effect 

transistors, IR photodectectors and both active and passive devices have been discussed. The cost 

effective and easy fabrication technique makes the method very attractive. It definitely can be used for 

many futuristic devices especially for higher order passive devices.  

Part III has dealt with Au nanoparticles-polymer nanocomposites with emphasis on its electrical 

properties. Methods to enhance the conductivity were looked upon. PDMS have been used in mechanical 

systems because of its rheological properties. But it being a damp insulator, has found very little role in 

electronics. The electrical properties of PDMS were improved by adding metal nanoparticles to it. Gold 

nanoparticles with its novel properties, imparted some drastic changes in the characteristics of PDMS 

matrix. Electrical properties of Au-PDMS were investigated by applying various stimuli like electrical 

stress, nitrogen and toluene vapor and pressure application. Changes in current values were observed each 

time. Au-PDMS being biocompatible and viscoelastic, improvement in its electrical properties surely will 

pave path for it to be used in modern devices like sensors, gauges etc. 
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