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Abstract

Transparent and conducting thin films (TCFs) have turned out to be the ma-
terials which are applicable in diverse areas in modern technology. These are the
materials which should be electrically conducting as well as transparent in the vis-
ible region. These properties make them suitable to be used in various displays,
electromagnetic interference shielding, solar cells, as energy efficient coatings and
so on. However the most popular material for presently used TCFs, indium doped
tin oxide (ITO) needs a replacement because of its toxicity, high price and scarcity.
These drawbacks have resulted in the search of other materials which can serve as
the alternatives for ITO. Organic films made from graphene, reduced graphene oxide
or carbon nanotubes and metallic nanofilms are being explored for this purpose.

This project was intended to prepare TCFs using graphene oxide (GO), gold
nanowires (Au NWs) as well as a hybrid of these two. Large area GO films were
prepared following the eco-friendly and very simple hydrothermal method using
sugars. Films with varying thicknesses were also synthesized by changing the reac-
tion parameters. Characterization techniques such as Field Emission Scanning elec-
tron microscope (FESEM), Atomic force microscope (AFM), UV-Vis spectroscopy,
Fourier transform infrared spectroscopy (FTIR) and Raman spectroscopy were used
to study the properties of these films. Reduction of GO was carried out by a com-
bination of chemical and thermal reduction. Au NWs were also synthesized by a
very simple and one-step wet chemical method and were later characterized by the
FESEM and UV-Vis spectroscopy. In addition, hybrid films were prepared and
characterized by FESEM. Later, transparency measurements by solid state UV-Vis
spectrophotometer revealed that GO and Au NWs films had different transparen-
cies depending upon the thickness of the films. For wavelength in range 400-800nm,
transparency up to 90% was achieved for GO films and 97% for Au NWs films. The
conductivity measurement showed that as prepared GO was an insulator. However,
the reduction process decreased its sheet resistance by two orders. The Au NWs
films also had high sheet resistance because of the capping agents attached and due
to the contact resistance between the wires. The conductivity and transparency
measurements for the hybrid film are in progress. In the near future, the plan is to
optimize the properties of these films for better results.
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Chapter 1

Introduction

Nanoscience has revolutionized modern technology. It has emerged as a whole new
and extremely interesting subject in the last few decades. As the name suggests, this
field includes the study of materials having size range of ~1 to 100nm (1nm = 10−9m)
. At such small scales, lots of interesting phenomena start to occur. The mechanical,
thermal, optical, magnetic and other properties shows different trend as compared
to bulk materials. So, for the same material, different properties can be achieved
just by changing their size. For instance, bulk gold has bright yellow colour but the
solution of gold nanowires show light pink colour.

Nanomaterials can have various shapes or morphology. They can be 0D (quan-
tum dots), 1D (nanowires), 2D (nanofilms), 3D (nanospheres, nanorods, and other
shapes). In this chapter, more will be discussed about the nanofilms. In the first
part, overview of transparent and conducting films and their applications will be
given. Later, the need for the replacement of currently used transparent conducting
oxides will be discussed. Subsequent sections will be focused on the properties of
graphene oxide and Gold nanowires, which I have used for the synthesis of trans-
parent and conducting films as an alternative for the traditional materials used.

1.1 Transparent and Conducting Thin Films (TCFs)
TCFs are essential in current world of technology. Such materials should have large
optical transparency as well as electrical conductivity in thin layers. Because of these
properties, they would be applicable to a wide variety of areas. The applications of
these TCFs will be discussed in detail in later section. A statistical data indicates
that the research in the area of TCFs is increasing rapidly year by year as shown in
the fig. 1.1.

A combination of transparency and conduction can be achieved in different types
of materials. There are basically three types of TCFs as discussed below

1) Inorganic – These films are typically made from the transparent and conduct-
ing oxides (TCO). Their resistivity could be as low as 10−4Ωcm [1]. The resistivity
of any material is the opposition in the flow of electric current by the material and
given by the formula

ρ = RA
L
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Figure 1.1: Statistics of citations per year for the search string “transparent and
conducting thin film films” upto Feb 2014 (from Web of Science).

Where ρ is the resistivity, R is the resistance (in Ω), L is the length of the
material (in cm) and A is the area of the film (in cm2). The SI unit of the resistivity
is Ωcm. The band gap of these films is ~3 eV (energy corresponding to wavelength
413.3nm calculated by the formula E = hc/λ), which makes them more than 80%
transparent to wavelengths greater than 400 nm in thin film form. This combination
of optical transparency and electric conductivity cannot be achieved in intrinsic
stoichiometric oxides. So the oxides with non-stoichiometric compositions or oxides
with appropriate doping are produced. The important TCO semiconductors are
impurity-doped ZnO, I2O3, SnO2 and CdO, as well as the ternary compounds
Zn2SnO4, ZnSnO3, Zn2In2O5, Zn3InO6, In2SnO4, CdSnO3 and multi-component
oxides consisting of combinations of ZnO, In2O3 and SnO2.

The most popular TCOs are tin-doped indium oxide (ITO), fluorine doped tin
oxide (FTO), and aluminum-doped zinc oxide (AZO). However, ITO films are most
commonly used in electronics. This is due to the extraordinary combination of
optical and electrical properties. ITO has intrinsic band gap of 3.7eV (energy corre-
sponding to wavelength 335nm), electrical resistivity near 2× 10−4Ωcm and optical
transparency greater than 80% [2].

2) Organic – They are prepared from carbon based compounds such as graphene,
reduced graphene oxide (RGO), carbon nanotubes (CNT), polymers and composites
of these. These TCFs can be produced using various methods due to which they
show a wide range of conductivity and transparency. Using liquid-liquid assembly,
hydrophobic films consisting of multilayer graphene platelets have been prepared
which gives a sheet resistance of 100Ω/sq. Sheet resistance is a special case of
resistivity for a uniform sheet thickness and defined by

Rs = ρ
t

where ρ is the resistivity (in Ωcm) , Rs is the sheet resistance and t is the thickness
of the sheet (in cm). When resistivity is divided by the sheet thickness(1/cm), the
units are Ω.cm.(cm/cm).1/cm = Ω. The term cm/cm cancels, but represented as
special "square (sq)" which yields an answer in Ω/sq . The advantage with this unit
is that, sheet resistance can be distinguished from bulk resistance by having the SI
unit Ω/sq instead of just Ω. These films also had an optical transmittance of 70%
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at 500 nm[3]. For the films prepared from RGO, transparency as large as 90% and
sheet resistance as low as 100Ω/sq can be achieved[4]. The films made from CNT
and composites of CNTs are >80% transparent to visible light, as well as being
transparent to IR light in the 2 − 5µm wavelength region having sheet resistance
100Ω/sq [5].

3) Metallic films – TCFs can also be prepared from metallic grids and nanowires
networks. The most commonly used metals for this purpose are silver, gold and cop-
per. It has been reported that films made from silver nanowire networks show sheet
resistance of 175Ω/sq and transparency of 75% [6]. Also gold nanowires has been
used for making flexible transparent conducting material[7]. The gold nanowires
have also been used to prepare thin films giving sheet resistance ~ 1100kΩ/sq and
transparency 90-97% [8].

1.1.1 Applications of TCFs
Due to the unique combination of conductivity and transparency, these TCFs have
a lot of applications. Few of these applications are discussed below:

• Electromagnetic radiation interference (EMI) shielding - TCO coatings may
be used as shielding to decrease EMI. This may be to either to keep radiation from
escaping an enclosure or to avoid entering an enclosure to prevent external radiation
sources from interfering with electronic devices within. One example is the window
of domestic microwave ovens, which uses these type of coatings to reduce microwave
leakage.

• Energy efficient coating – These conducting coating can be used for energy
conserving purposes. For example they can be made infra-red (IR) reflecting in
addition to being transparent and can be coated on the glass windows of air condi-
tioned rooms. This leads to the good light transmission in the visible range, while
minimizing heat transmission. The feature can be used to minimize air conditioning
costs in the summer, and heating costs in the winter.

• Liquid crystal displays - In liquid crystal displays (LCDs), both electrodes need
to be transparent and conducting, in order to allow backlighting to pass through
the liquid crystal film while applying voltage to the various pixels. Generally these
electrodes are in the form of a pattern of lines, with the alignment of the lines on
the two electrodes perpendicular to each other. This allows addressing individual
pixels by applying a voltage to the two lines which intersect at a given pixel.

• Flexible displays – As the name suggests flexible display is a display which is
flexible in nature. Some organic TCFs which are flexible are being explored to be
incorporated in these kinds of displays.

• Touch screens - These TCFs can be used in touchscreen devices like smart
phones, navigation systems, digital cameras etc. The touchscreen panel consists of
two thin, transparent, electrically resistive layers with a thin space between them.
When the film surface is pressed with a finger or stylus, it comes into contact with
the electrode film of the plate in the lower portion and starts the flow of an electric
current. The change in voltage is then recognized, detecting the touch position.

• Organic light emitting diodes (OLED) - An OLED is a light emitting diode in
which the electroluminescent layer is a film of organic compound, which emits light
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in response to an electric current. This layer is situated between two electrodes, at
least one of which is transparent. The transparent electrode is made from the TCO
films.

• Solar cells - Most solar cells use TCO films as a transparent electrode. They
serve the purpose of being conducting and transparent, along with that they are
electronically compatibility with adjacent layers in the cell and stable under envi-
ronmental conditions.

1.2 Need For the Replacement of TCOs
TCOs are the most commonly used transparent conducting material and in par-
ticular ITO. Although ITO serves the purpose of being extremely conductive, as
well as nearly transparent to visible light for many applications, there are several
disadvantages associated with it. These are given below

• Indium, which is present in ITO, is very expensive, rare and toxic.
• Equipment and techniques used for synthesizing ITO films are quite expensive.
• ITO has limited transparency and films made from it are fragile in nature. So

these cannot be used in flexible displays.
Due to the above problems related to ITO films, other alternatives are being

explored for the replacement. The best candidate for this purpose is organic thin
film which was discussed in section 1.1. The advantages of organic thin films are

• Conductivity and transparency can be made comparable to the traditional
TCOs.

• The materials used for making these films are inexpensive as well as non-toxic.
• These thin films have high elastic modulus and tensile strength making them

suitable for flexible electronics.
Graphene is a very good material for producing organic TCFs with desired prop-

erties. However, the methods involved for synthesizing it, are quite complex and
expensive. Also large scale production is a challenge. A simple method for produc-
ing graphene, is to synthesize GO and then reduce it. The same method is followed
in this project for preparing organic thin films. Properties of graphene and GO are
discussed in sections 1.3 and 1.4. Different approaches used for synthesizing GO and
the advantages of the procedure followed in this project are also described in later
sections.

Extremely thin films made from metallic grids and nanowires can also be a poten-
tial substitute for ITO. As discussed in section 1.1, these films also have comparable
properties to that of ITO. In this project, metallic films were also synthesized using
gold nanowires. Later a hybrid film of GO/gold nanowires was prepared.

1.3 Graphene
Graphene has recently emerged as a material having amazing properties and numer-
ous applications. It was extracted from bulk graphite in 2004 by Andre Geim and
Konstantin Novoselov from University of Manchester[8]. They used a very simple
method in which they used scotch tape to remove the single layer of graphene from
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the graphite. Basically, it is a 2D structure of single layer of carbon atoms as shown
in fig. 1.2. The carbon atoms are arranged in a honey-comb lattice structure or
hexagonal pattern and all of them are sp2 hybridized.

Figure 1.2: Hexagonal arrangement of carbon atoms in graphene (from Wikipedia).

Graphene has lots of unique and interesting properties as discussed below:
1. Morphology and structure – It is the thinnest material known till now. Single

layer of graphene is ~0.4 nm thick. In the hexagonal structure, the carbon atoms
are attached to each other by σ-bonds. Each carbon atom has π-electrons because
of the sp2 hybridization and they contribute to the conduction of graphene. Every
gram of graphene has a surface area of ~3000m2 which is the largest among all the
materials.

2. Mechanical property - Because of strong covalent bond between the atoms, it
is world’s strongest material. The mechanical stiffness of graphene is 1,050 GPa[10].
It is nearly 100 times stronger than a hypothetical film of steel having same thickness
but it is six times lighter.

3. Electronic property – The continuous π-electron network makes graphene an
extremely good conductor of electricity. The resistivity of the single layer graphene
sheet is of the order 10−6Ωcm. The other carbon forms such as graphite and carbon
nanotubes are also conducting having resistivity of the order 10−3 − 10−4Ωcm [11].
However diamond is an insulator and has very high resistivity of ~ 1010Ωcm.

Graphene is a zero band-gap semiconductor. A band gap is the gap between
the energy of an electron when it is bound to an atom or valence band, and the
conduction band, where it is free to move around. In graphene the valence band
and the conduction meet at the Dirac point as shown in fig. 1.3(c). The energy-
momentum relation or the dispersion relation is linear for low energies near the six
corners of the two-dimensional hexagonal Brillouin zone. The relation is given by

E = hνF
2π

√
k2
x + k2

y

Where h is the Plank’s constant, νF is the Fermi velocity, kxand kyare the x and
y components of the wavevector. This leads to zero effective mass for electrons and
holes, making them behave like relativistic particles described by the Dirac equation
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for spin-1/2 particles. It has been reported that the band-gap of graphene can be
tuned by doping it for desired applications.

Figure 1.3: (a) Schematics of the crystal structure (b) Brillouin zone (c) dispersion
spectrum of graphene[12].

At room temperature, it has high electron mobility with reported values in excess
of 15000cm2V −1s−1. It is said that graphene electrons act very much like photons
in their mobility due to their lack of mass.

4. Optical Property – Only one atom thick layer of graphene can absorb 2.3%
of white light. Due to the unique electronic structure in which conduction and
valence bands meet at the Dirac point, the optical conductance of pristine monolayer
graphene is frequency-independent. As a consequence, the optical transmittance of
pristine graphene is also frequency-independent.

5. Thermal Property – Graphene is also highly conducting to heat. The thermal
conductivity of graphene measured at room temperature is in the range 2000 −
4000Wm−1K−1. This value is much higher than the value observed in all the other
carbon structures as carbon nanotubes, graphite and diamond.

1.4 Graphene Oxide (GO)
Individual sheets of graphene attached with oxygen containing functional groups
are called GO. Single layer of GO is 1.1 ± 0.2nm thick. It was first prepared in
1859 by oxidizing the graphite. Later various methods for synthesizing GO were
developed, which will be discussed in the next section. In GO, the oxidation of
graphene sheet is not uniform throughout. Ratio of carbon to oxygen is not fixed,
it depends on the method by which GO is prepared. There are two regions in
it: non-oxidized and oxidized. Because of incomplete oxidation, some carbon atoms
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retain the sp2hybridization and form the non-oxidized part. Oxidized region contains
sp3 hybridized carbon atoms to which oxygen containing functional groups such as
hydroxyl, ketones, epoxy, carboxyl and carbonyl are attached. The epoxy functional
groups are present along the basal plane of sheets and hydroxyl and carboxyl groups
at the edges. The structure of GO is shown in fig 1.4.

There are various interesting properties of GO as discussed below:
1. Reduction to Graphene – The most important property of GO is that, it can

be converted to RGO which shows properties close to graphene. In terms of electrical
conductivity, GO is an insulator because of the disruption in the sp2 network. As
it is reduced, the network is restored and GO becomes conducting. The RGO is
prepared by carrying out reduction of GO. The reduction process involves removal of
the oxygen containing functional groups. There are several ways by which reduction
is carried out, each giving different results.

Figure 1.4: Structure for GO. Adapted from C. E. Hamilton, PhD Thesis, Rice
University (2009).

2. Solubility – GO is amphiphilic in nature in contrast to graphene which is
highly hydrophobic [13]. Due to the presence of various oxygen containing functional
groups, it it is easily dispersible in water and organic solvents.

3. Chemical activity - GO exhibits enhanced chemical activity due to the func-
tional groups attached to it. These serve as sites for chemical modification or fiction-
alization. Fictionalization of GO can change its properties, resulting in chemically
modified graphene that could then have a lot of applications.

4. Band gap varies depending on the oxidation level. energy gap in GO can be
tuned through controlled reduction processes.

1.4.1 Synthesis of GO
There are two approaches by which GO is synthesized

1) Top down approach – This approach uses graphite as the precursor. Upon
oxidation using strong oxidizers, graphite is converted to graphite oxide. Monolayer
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or few layers of GO is obtained by the exfoliation of graphite oxide. In 1859, GO was
synthesized by Brodie for the first time. He added a portion of potassium chlorate
to slurry of graphite in fuming nitric acid [14]. Later, Staudenmaier improved this
protocol in 1898 by using concentrated sulfuric acid as well as fuming nitric acid
and adding the chlorate in multiple aliquots over the course of the reaction [15].
In 1958, Hummers reported the method most commonly used today. This method
uses a mixture of sulfuric acid, sodium nitrate and potassium permanganate for the
oxidation of graphite[16]. Recently some modifications has been reported in the
Hummer’s method for the improved synthesis of GO[16].

But there are several disadvantages associated with this approach. These are
• These methods are non-environment friendly because they use strong oxidizers

which are toxic in nature.
• Multi steps involved in the synthesis.
• Very small flake are produced.
• Thickness of the flakes cannot be controlled.
2) Bottom up approach – It uses sugars as the sole reagent. Sugar molecules act

as the precursor, which then polymerize to form the 2D GO films. Hydrothermal
synthesis uses this bottom up approach[18].

The advantages with this method are
• Synthesis is environment friendly.
• The method is very simple and facile.
• Flakes produced have large area.
• Thickness can be controlled by controlling the reaction parameters.
In this project, the hydrothermal method was used for the synthesis, the de-

tailed procedure of which is discussed in chapter 2. Using this method, large area
sheets (upto 1.7mm2) were synthesized. As the sugar solution is heated, the sugar
molecules polymerize and water molecules are released. Changing the reaction con-
ditions gives films of different thickness. As the time of reaction or the temperature
or the concentration of sugar solution is increased, more of the sugar molecules poly-
merize and multilayered films are produced. This mechanism of formation of GO is
described in fig. 1.5.

Using the above method, different films were synthesized. They were found to
be upto 90% transparent in the visible region. Also to make them conducting,
reduction process was carried out and detailed procedure of which will be discussed
in chapter 2. The characterization of these films and the results for transparency
and conductivity will be discussed in chapter 3.
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Figure 1.5: Schematic illustration of the bottom-up synthesis mechanism of GO.
(a) sugar molecules undergo cyclic polymerization (b) monolayer of GO floats on
solution (c) the second layer GO may be grown underneath the first GO layer forming
a bi-layer GO (d) subsequently, tri-layer (e) and multilayer GO can be produced [18].

1.4.2 Reduction of GO
The main purpose for the reduction of GO is to achieve better conductivity. As syn-
thesized GO is insulating in nature (sheet resistance > 109Ω/sq). Reason behind the
high value of resistance for GO is the disturbance in the conjugation ofπ-electrons.
In graphene all the carbon atoms are sp2hybridized leading to delocalization of π-
electrons throughout the graphene film and hence very good conductivity. However
in GO, carbon atoms to which oxygen containing functional groups are attached
becomes sp3hybridized. This leads to the disruption in the delocalization in the
π-electrons and that is why GO has high resistance. By the removal of these func-
tional groups, π-network can be restored and resistance of GO can be significantly
decreased. There are several methods by which reduction of GO can be done. These
are given below

• Thermal reduction - High temperature annealing (1100oC) of GO leads to the
removal of most of the functional groups making GO conducting. By this
method sheet resistance as low as 102Ω/sq can be achieved [19].

• Photoreduction - This includes microwave and UV irradiation of GO leading
to the resistance in the range 100Ω/sq − 10MΩ/sq[20].

• Chemical reduction - Reducing agents such as sodium borohydride(NaBH4),
hydrazine(N2H4), hydroiodic acid(HI) are also used for the reduction of GO.
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This approach alone does not give low resistance because of selective re-
moval of functional groups. This method produces GO films with resistance
>100MΩ/sq[21].

• Combination of chemical and thermal reduction - This method includes the
chemical reduction and low temperature annealing (400oC) and results in
the intermediate value of resistance for GO films in the range 1kΩ/sq −
0.5MΩ/sq[19].

In the project last method was used for the reduction of GO, the detailed procedure
of which will be given in chapter 2. The results obtained from the reduction of GO
films will be discussed in detail in chapter 3.

1.5 Gold Nanowires (AuNWs)
Gold is one of the least reactive chemical elements. The atomic number of gold is 79
and has electronic configuration [Xe]4f 145d106s1. It is a transition metal and group
11 element. It is dense, ductile and malleable metal with bright yellow colour and
luster. Some of the bulk properties of gold are listed in table 1.1.

Properties Values
Atomic mass 196.9655gmol−1

Density 19.30gcm−3

Electrical resistivity 2.21× 10−6Ωcm
Thermal conductivity 318Wm−1K−1

Young’s Modulus 79GPa
Oxidation states 5, 4, 3, 2, 1, −1
Melting point 1064.18oC
Boiling point 2970oC

Lattice structure FCC

Table 1.1: Bulk properties of gold

Gold can be converted into various nanostructures having different morphologies.
Nanoparticles, nanorods, nanowires, nanostars are some of the common nanostruc-
tures of gold. Depending upon the size and morphology, the gold shows different
properties.

AuNWs are 1-D nanostructures of gold. They have large aspect ratio (length to
diameter ratio) having length in micrometers and diameter of few nanometers. Due
to the large anisotropy of AuNWs and their ability to self-assemble they can become
important building blocks for the linkage of nanoscale electronics and molecular
devices[22],[23]. They can also be used to make thin films which are transparent
and conducting[8].

1.5.1 Optical Properties of Au NWs
Optical properties of metals are determined by the dielectric constants. For the
noble metals (Ag, Au and Cu) the dielectric constants are a function of the incident
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electromagnetic (EM) wavelengths, and hence these metals display interesting prop-
erties. In 1908 Gustav Mie theoretically described the optical properties of the metal
particles with sizes extremely less than EM wavelengths[24]. He stated that there is
a size independent resonant absoption of the incident energy at a specific (material
dependent) wavelength. In 1912, Richard Gans extended this theory for anisotropic
small metal particles[25]. He obtained a size dependent behavior of a resonant ab-
sorption of the incident energy. Later on Paul Drude described the properties of
conduction electrons in metals in 1900[26]. He stated that these electrons undergo
collective oscillations in response to incident EM waves, which are characterized by
the plasma frequency (metal specific). A quantum of such specific oscillating elec-
trons is termed as plasmon, and they determine the optical behavior of these metals.
In the case of metal nanoparticles, the surface area to volume ratio is very high and
the contribution to their optical properties comes from surface plasmons. When the
natural frequency of the surface plasmons matches with that of incident EM waves
resonant absorption occurs, termed as surface plasmon resonance (SPR).

Au NWs are 1D anisotropic nano structures of gold. Thus the optical properties
of Au NWs can be deduced from Gans theory. For anisotropic nanostructures there
are two distinct modes of electron oscillations i.e. plasmons. When the incident
EM waves is polarised perpendicular to the long axis of the nanowires, the mode of
oscillation is termed as transverse surface plasmons (TSP). In the case of Au, the
TSP resonance occurs at incident wavelength between 520-530 nm (green). Since
the green wavelengths are absorbed, Au NWs typically appear red/pink colour (fig.
1.6 ). The other mode of the oscillation is the longitudinal surface plasmon mode
(LSP), for incident polarization along the long axis of the nanowires. LSP resonances
typically occur in the IR region and hence do not show in the visible range of the
EM spectra.

Figure 1.6: Solution of gold nanowires showing the red/pink colour.

1.5.2 Synthesis of Au NWs
There are several methods by which AuNWs with desired shapes can be produced.
Particle assembly[27], surfactant mediation[28], template assistance[29] or physical
deposition[30] are some of the common methods. However, these methods have
several disadvantages. Lengthy reaction time, high temperature treatment, compli-
cated steps, poor morphology of the produced nanowires are some of these problems.
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In this project, a wet chemical method was adopted for the synthesis of ultrathin
Au NWs[31]. The detailed procedure of the synthesis will be discussed in chapter
2. This is a one-step method, in which the reaction takes place at room tempera-
ture. The wires produced have capping agent on them which prevents them from
aggregating as shown in fig.1.7. They are very uniform and have good morphology.

Figure 1.7: Ultrathin gold nanowires with capping agent[8].

These nanowires have been used for the synthesis of TCFs with good trans-
parency[8]. In this project, nanowires were used to prepare thin films which were
transparent (>80%) in the visible region. Also a hybrid film of GO/AuNWs was
synthesized. The characterization of these films and other results will be discussed
in chapter 3 in more detail.

1.6 Summary
In this chapter, the types, properties and applications of TCFs in different fields were
discussed in detail. ITO is the most commonly used TCFs at present. However,
there is a need for replacement for ITO which was discussed in the subsequent
section. Organic and metallic thin films are good candidates for this purpose. This
project was focused to prepare TCFs using RGO, AuNWs and a composite of these
two which can possibly be used as the alternatives for ITO. The properties and
synthesis methods for these materials were discussed in the last sections.
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Chapter 2

Experimental Methods and
Techniques

In this chapter, the methods used for synthesis and reduction of graphene oxide
(GO), synthesis of gold nanowires (Au NWs) and graphene oxide/gold nanowires
(GO/Au NWs) composite are discussed. Later, the working principle of the tech-
niques used for characterization like UV-Vis Spectroscopy (UV), Scanning Electron
Microscopy (SEM), Atomic Force Microscopy (AFM), Raman Spectroscopy, Fourier
Transform Infrared Spectroscopy (FTIR) and Four Probe are described.

2.1 Synthesis Methods

2.1.1 Hydrothermal Synthesis of GO
In this project, GO was prepared using hydrothermal method [1]. Following the
bottom up approach, synthesis was carried out using sugars as the sole reagent.
The sugars used were glucose (C6H12O6), lactose (C12H22O11), sucrose (C12H22O11)
and galactose (C6H12O6). Glucose was purchased from Sigma Aldrich Inc., sucrose
and lactose were purchased from Merck and galactose was purchased from Sd. fine
Chem limited. Initially glucose was used for the synthesis. In a particular reaction,
100mL of 0.65M glucose solution in distilled water was taken. 90mL of the solution
was poured in a 100mL Teflon container, which was then kept in an autoclave. The
temperature was set to 1900C and the solution was kept for 9 hours. After the
completion of the reaction, the solution was left to cool down to room temperature.
Films were formed because of the cyclic polymerization of sugar on the surface of
the solution. They were then deposited on glass and silicon substrate and then dried
for further characterization.

Different syntheses were carried out by varying the reaction parameters. The
concentrations used were 0.325M and 0.65M, temperature was varied between 165−
2000C and the time variation ranged from 3 hours to 10 hours. Later, other sugars
such as lactose, sucrose and galactose were used. In this case, by keeping the tem-
perature and concentration of the sugar solution constant, the time for the reaction
was varied.
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2.1.2 Reduction of GO
GO can be reduced to give graphene, also known as reduced graphene oxide (RGO).
The main purpose of reduction is the removal of oxygen containing functional groups
and restoring the sp2network. As the network is reconstructed, the π-electrons con-
tribute to conduction of GO. As discussed in chapter 1, there are various reduction
methods by which RGO is synthesized and each method produces RGO with differ-
ent properties.

Here, the combination of chemical reduction and thermal annealing was used
for the reduction of GO [2]. Hydrazine monohydrate (N2H4.H2O) purchased from
Sigma Aldrich vapor was used as the reducing agent for chemical reduction. GO
films deposited on the glass substrate were kept in a beaker inside a larger beaker. 1
mL of hydrazine monohydrate was added to the larger beaker, covered with a glass
lid, sealed with scotch tape and kept on the hot plate at 40oC for 18 hours. After
the completion of reaction, the film was rinsed with distilled water and dried both
under nitrogen flow and by heating at 80oC in vacuum.

Chemically reduced GO film deposited on glass substrate, was then heated at a
rate of 13.3oC/min , held at 400oC for 3 hours and allowed to cool down to room
temperature in 1 hour. All the heating process was carried out under the continuous
flow of argon gas in a tube furnace.

2.1.3 Synthesis of Au NWs
Au NWs were synthesized using a very simple and one-step wet chemical method [3].
Gold chloride (AuCl3), oleylamine (OA )(C18H37N) and triisopropylsilane (TIPS)
(C9H22Si) was purchased from Sigma Aldrich and hexane (C6H14) was purchased
from Rankem. In a particular synthesis, 3mg of gold chloride was added to 2.5mL of
hexane, followed by the addition of 100µL OA and 150µL TIPS which gave a yellow
solution. This solution was left for 12 hours at room temperature without stirring.
The colour of the solution gradually changed to dark red. As OA was mixed with
gold chloride, a complex was formed between these two, forming a polymeric chain
kind of structure. TIPS reduced Au(III) to Au(0) which produced OA capped
nanowires. To remove the excess OA and TIPS, the final products were centrifuged,
washed with ethanol and re dispersed in hexane.

2.1.4 Synthesis of GO/Au NWs Composite
GO/Au NWs composite was synthesized by a self-devised method as follows. In the
first step, GO was synthesized following the procedure described in section 2.1.1.
It was then deposited on silicon and glass substrates. The growth solution for Au
NWs was prepared by mixing all the chemicals as described in the previous section.
GO deposited on the substrate was put in this solution immediately and this system
was kept at room temperature. After 12 hours, GO was removed and washed with
ethanol and hexane to remove the extra capping agents. Washing was carried out
by dipping the GO film deposited on the substrate in ethanol and hexane 2-3 times.
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2.2 Characterization Techniques

2.2.1 UV-Vis Spectroscopy
This spectroscopic technique measures the absorption of a given sample (atoms,
molecules or ions) in the UV and/or Vis region when electromagnetic radiation falls
on it. Whenever the energy of incident radiation matches with that of any electronic
transition of the sample, absorption takes place. This is observed in the form of a
peak, when absorbance of the sample is plotted against the incident wavelength.

The absorbance is directly proportional to the path length and concentration
of the absorbing species. This relation is also known as Beer-Lambert law and
expressed as:

A = log
I

Io
= εbc

Where, Io is the intensity of incident radiation, I is intensity of transmitted
radiation, ε is molar absorptivity, b is the path length of the sample and c is the
concentration of absorbing species.

Figure 2.1: Schematic diagram of UV-Vis Spectrometer.

A schematic diagram of UV-Vis spectrophotometer is shown in Fig. 2.1 [4].
A beam of light from a visible and/or UV source falls on a mirror which is then
reflected. The reflected beam is then separated into its component wavelengths
after passing through a diffraction grating. Desired range of wavelength is selected
from the filter and then focused on the half mirror. Each monochromatic wavelength
is split into two equal intensity beams by the half mirror. One of the beams passes
through the reference cuvette, containing only the solvent and the other beam passes
through the sample cuvette which contains sample dissolved in the solvent. The
intensities of these beams are recorded by the detectors and then compared.
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In this project, Perkin Elmer Lambda 950 UV-Vis Spectrometer was used for
the measurements. This equipment uses D2 lamp as the source for UV light and
tungsten lamp for visible light source. The absorption and transmission of solution
as well as solid phase samples (thin films) were recorded.

2.2.2 Scanning Electron Microscope (SEM)
SEM is one of the most important characterization techniques in the field of nanoscience.
It is extensively used in the morphological study of the samples. This is a type of
microscope, which uses electrons instead of visible light for the high resolution imag-
ing. Typically electrons are accelerated upto ∼ 30keV and resolution of 3 − 5nm
can be achieved. Sometimes cold cathode is used for the emission of electrons under
the application of high electric field. These types of SEMs are called Field Emission
Scanning Electron Microscope (FESEM). The advantage with using electrons is that
their wavelength can be tuned to a very small value and better resolution can be
achieved.

The interaction between electrons and solid sample results into back scattering
of electrons, production of Auger electrons, visible light, UV light, X-rays etc. de-
pending upon the energy of electrons, type and thickness of sample. The beam
of electrons becomes defocussed after interaction with solid and form a tear shape
volume of beam interaction. SEM uses backscattered electron from the sample for
imaging.

Figure 2.2: Schematic diagram of Field Emission Scanning electron microscope.
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In fig 2.2 [5], the essential parts of FESEM are shown. The electron beam is
produced by the filament and drawn away by the anode. The condenser lens controls
the amount of current that passes down the rest of the column. This is accomplished
by focusing the electron beam to variable degrees onto a lower aperture. The beam
is again divergent after passing through the apertures below the condenser lens and
must be refocused. The objective lens focuses the electron beam onto the sample
and controls final size and position. Within it scanning coils are present, that allow
the beam to be rastered across the sample. In the sample chamber, the beam falls
on the sample kept on the stage. The microscope is held within a vacuum with the
help of vacuum pump in order to properly focus the electrons on the sample.

In this project Carl Zeiss FESEM instrument was used for all the imaging. It has
W/ ZrO Cathode which emits electron beam and accelerating voltage of 3− 30keV
was used. For imaging, the samples were drop casted on the silicon substrate and
dried. For non-conducting samples, gold coating was done to make them conducting.

2.2.3 Atomic Force Microscope (AFM)
AFM is another technique for studying the morphology of the samples. The most
significant feature of AFM is that it can be used to study non-conducting as well as
conducting samples.

As shown in fig. 2.3(a) [6], AFM consists of a sharp tip on the end of a flexible
cantilever which moves across a sample surface. The tips typically have an end
radius of 2− 20nm , depending on tip type and the cantilever is 100µm long, 10µm
wide and 1µm in height. As scanning takes place over the surface of sample, the
force of interaction between the tip and the atoms leads to the deflection of tip.
This deflection can be explained by taking the example of two atoms very close to
each other. The interaction between the two atoms is described by Lennard-Jones
potential given by the equation

V = A

R12 r̂ − B

R6 r̂

Where V is the potential between two atoms, A and B are constants, R is the
distance between the atoms and r̂ is the unit vector along the line joining the
two atoms. When the separation R is very small, the first term dominates, and
the potential is strongly positive. In contrast the second term predominates when
the separation R increases in magnitude. Hence at very small distances repulsion
between the atoms takes place and at larger distances the two atoms attract each
other. The graph for Lennard-Jones potential is shown in figure 2.3(b).

A laser beam is focused on the back side of the cantilever, which is then reflected
such that it is detected by the photodetector.
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Figure 2.3: (a) Schematic of Atomic force microscope (b) Lennard-Jones potential.

There are three modes in which AFM can be operated.
1) Contact mode: The tip remains in contact with the sample surface.
2) Non-contact mode: In this mode, the tip moves at some small distance from

the sample.
3) Tapping mode: It is a combination of contact and non-contact modes.
In this project, Nanosurf Easyscan Flex AFM was used for finding out the thick-

ness of GO films. The samples were deposited on the silicon substrate and dried for
the imaging. All the imaging was done in the tapping mode.

2.2.4 Fourier Transform Infrared Spectroscopy (FTIR)
FTIR is an important spectroscopic technique for the determination of types of
bonds present in any compound. The principle behind infrared spectroscopy is the
transition between vibrational energy levels of the molecules after interaction with
the infrared (IR) light. The energy En of vibrations are given as

En = (n+ 1
2)hνo

Where n is the quantum number for vibrational levels (n = 1, 2, 3...), h is the
Plank’s constant and νo is the frequency of light. The transition occurs after absorp-
tion of photons following the selection rule 4n = ±1. Additionally, IR absorption
takes place by any molecule only when it has a dipole moment.

FTIR spectrometer use Michelson interferometer for recording the spectra. The
basic set-up of the spectrometer is shown in fig. 2.4 [7]. The light source sends all
the source energy through the interferometer and onto the sample. In every scan,
all source radiation gets to the sample. The light passes through a beam splitter,
which sends the light in two directions at right angles. One beam goes to a stationary
mirror then back to the beam splitter. The other goes to a moving mirror. The
motion of the mirror makes the total path length variable versus that taken by the
stationary-mirror beam. When the two meet up again at the beam splitter, they
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recombine, but the difference in path lengths creates constructive and destructive
interference.

The recombined beam passes through the sample. The sample absorbs all the
different wavelengths characteristic of its spectrum, and this subtracts specific wave-
lengths from the interferogram. The detector now reports variation in energy versus
time for all wavelengths simultaneously. Since all wavelengths are passing through
the interferometer, the interferogram is a complex pattern. The absorption spec-
trum is obtained from the Fourier transform of the interferogram, which converts
an intensity-vs.-time spectrum into an intensity-vs.-frequency spectrum.

Figure 2.4: Schematic diagram of FTIR set-up.

In the project, Thermo Scientific Nicolet 6700 FTIR instrument was used for
the determination of different type of functional groups present in GO. The FTIR
spectra were obtained by mixing the sample with KBr powder and pellet was made
out of it for the solid phase measurement.

2.2.5 Raman Spectroscopy
This is another technique used to observe vibrational, rotational, and other low-
frequency modes in a system. When monochromatic light is directed on a molecule,
the light can be scattered or absorbed. Most of the scattered light has same fre-
quency as the incident light. This is known as Rayleigh scattering or elastic scat-
tering. Raman spectroscopy depends upon the inelastic scattering (also known as
Raman scattering) of light by the molecules. The scattered light can have either
higher or lower energy compared to the incident light which depends upon the vi-
brational state of the molecule. If the energy of the scattered radiation is less then
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it is called Stokes line and the radiation with more energy is called anti-Stokes line
as shown in fig 2.5 [8].

Figure 2.5: Energy level diagram for various vibrational transitions (from
Wikipedia).

The molecules become Raman active only if they have polarisability. Raman
band arises from an oscillating induced dipole caused by light waves interacting
with the polarisability ellipsoid of the vibrating molecule.

Figure 2.6: Schematic diagram of Raman Spectrometer.

The basic components of Raman spectrometer are shown in fig. 2.6. The il-
lumination system consists of one or more lasers. The major restriction for the
illumination system is that the incident frequency of light must not be absorbed by
the sample or solvent. The laser light is directed to the sample using a combination
of mirrors and lenses. The back scattered light from the sample is passed through
the notch filter. Purpose of the notch filter is to remove Rayleigh scattered light
and pass only the Raman scattered light. This filtered light is then passed through
a series of lenses and the exit slit towards the spectrograph for further analysis.
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In this project, Horiba Lab RAM HR instrument was used for recording Ra-
man spectra of GO. Laser source having wavelength 488nm was used for all the
measurements.

2.2.6 Four-Point Probe Method
The four-point probe is a tool for measuring resistivity of semiconducting materials.
. It can measure either bulk or thin film samples. The set up consists of four
equally spaced metal tips with finite radius as shown in fig. 2.7. Current is supplied
through the outer two probes and voltage is measured across the inner two probes
for determining the sample resistivity.

Figure 2.7: Schematic diagram of four-probe set-up.

The inner two probes draw no current because of the high input impedance
voltmeter. Thus the contact resistance caused by the two probes and the sample
can be eliminated.

At a constant temperature, the resistance, R of any conducting material is given
by,

R = ρ
L

A

Where ρ is the resistivity, L is the length and A is the area of cross section of the
conductor. For bulk samples, thickness of sample (t) is much larger than the probe
spacing (s). The bulk resistivity is derived by integrating the differential resistance
between the inner probe tips and using Ohm’s law (V=IR). The expression is given
by

ρ = 2πsV
I

For a very thin layer (thickness t � s) we get current rings instead of spheres.
The sheet resistivity is given by

ρ = k
V

I
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Where k is the geometric factor and in the case of a semi-infinite thin sheet,
k = 4.53.

In this project, Keithley Four-Probe set-up was used for measuring the resistivity
of thin films. The GO, RGO and Au NWs films were deposited on glass substrates
for the measurement. The distance between the two probes was 2.4mm. So, the
length of the films was kept to be more than 14mm2 in order to make the contact
between probes and the samples properly.
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Chapter 3

Results and Discussions

As mentioned in chapter 1, transparent and conducting films (TCF) play a major
role in revolutionizing the modern technology. They can be used in variety of areas.
From the application point of view, there is a need for the replacement of the most
commonly used inndium tin oxide (ITO) as the TCF, because of their high cost and
scarcity. Organic and metallic films are being explored extensively for this purpose.
The aim of this project was to develop thin films separately from reduced graphene
oxide (RGO) and gold nanowires (Au NWs) as well as a hybrid film of these two.

In this chapter, the results obtained in different experiments will be described.
The characterization of GO films, obtained using different types of sugars will be
discussed in the first part. The results for the reduction of GO will be explained in
the next section. The subsequent part will be dedicated to the results obtained for
Au NWs followed by the discussion of the results for hybrid GO/Au NWs films.

3.1 Graphene Oxide (GO)
Following the bottom up approach, large area GO was synthesized using hydrother-
mal synthesis[1]. As discussed in chapter 2, this is a very simple method which uses
only sugar as the precursor. There are three reaction parameters (concentration
of sugar solution, temperature of the reaction and time of reaction) which can be
varied and films having different thickness can be obtained.

Initially, glucose (C6H12O6) was used for the synthesis of GO films. The mecha-
nism of the formation of films was discussed in chapter 1. During initial synthesis,
very small flakes which were hardly visible were obtained. In the next 3-4 trials,
the reaction conditions were optimized and very good GO films were synthesized.
Upon initial observations, it was seen that GO films were brown in colour and were
formed on the surface of the solution. Because of hydrophobic property, GO floats
on the surface. The formation of the films was examined by keeping two reactions
parameter constant and varying the other. In the first set of experiments, concen-
tration of the glucose solution was kept 0.65M and the temperature 200oC. The
time of the reaction was varied from 7h to 14h. It was observed that as the time
was increased, the thickness also increased. The reason being the polymerization of
more number of glucose molecules to form a thicker film as the solution was kept
for longer time. This variation is shown in table 3.1.

One more observation was the decrease in the lateral size of the films with the
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decrease in time of the reaction. Upon visual observations, it was found that the
∼ 15nm films had lateral area of 1−9mm2 whereas the film having thickness 900nm
was > 1cm2 in area. Again the reason is that more number of glucose molecules
polymerizes to increase the thickness as well as lateral area by increasing the time
of reaction.

Time of reaction (hours) Thickness of the film (nm) Area of the film (mm2)
7 ~15 1-9
9 ~90 <50
12 ~350 <100
14 ~900 >100

Table 3.1: Results obtained during the synthesis of GO by keeping concentration of
glucose solution 0.65M, temperature 200oC and varying the time of the reaction.

In the second set of experiments, the formation of films was studied as a function
of temperature of reaction. The concentration of the reaction was kept to be 0.65M
and the time was kept constant for 7h. Temperature was varied from 160oC to
200oC. No films were observed until temperature 185oC. But films of thickness
∼ 15nm were formed at 200oC . These results are listed in table 3.2.

Temperature (oC) Thickness of the film (nm) Area of the film (mm2)
160 – –
175 – –
185 – –
200 ~15 1-9

Table 3.2: Results obtained during the synthesis of GO by keeping concentration of
glucose solution 0.65M, time of the reaction 7h and varying the temperature.

Later in the project, in addition to glucose (C6H12O6), lactose(C12H22O11),
sucrose(C12H22O11) and galactose(C6H12O6) were used for the synthesis. In each
case, brown films of GO were formed on the surface of the solutions as can be seen
in fig. 3.1. The figure shows the formation of GO films using different sugars at dif-
ferent reaction conditions. Depending on the reaction conditions, films of different
thickness and lateral area are produced which will be discussed next.

The comparison of GO films obtained from different sugars was done by keep-
ing concentration and temperature of the reaction constant and varying the time
of reaction. In particular, 0.325M sugar solutions were taken and kept in the au-
toclave at 190oC. The reaction time was varied from 4 hours to 7 hours. The
results are listed in table 3.1. It was observed that, for the same reaction condi-
tions sucrose and lactose gave films of greater thickness as compared to glucose and
galactose. This happens because glucose and galactose are monosaccharide whereas
sucrose and lactose are disaccharide i.e. they are formed by the condensation of two
monosaccharides. So monomers for GO in the case of disaccharides are larger than
monosaccharides leading to thicker films.

28



Figure 3.1: Optical images of GO formed on the surface of the solution using (a)
glucose (b) galactose (c) lactose (d) sucrose.

There were no films produced from glucose and galactose for reaction times less
than and equal to 6 hours. However, sucrose solution gave films for all the reaction
time from 4 to 7 hours. For lactose, films were formed for reaction time greater than
6 hours.

Some of the thin GO films remained wet and could not be dried even after many
trials. Because of this, their thickness could not be measured since the film was
not distinguishable from the solvent. This might have happened because of the
H-bonding between water molecule and the oxygen containing functional groups.

Area according to the visual observation (A) and the thickness (T) of GO films
produced from different sugars

Time(h) Glucose (A,T) Galactose (A,T) Sucrose (A,T) Lactose (A,T)
7 < 10mm2 10− 20mm2,∼ 350nm > 1cm2, ∼ 900nm < 25mm2, ∼ 500nm
6 No film No film < 0.25cm2 < 5mm2

5 No film No film < 25mm2 No film
4 No film No film < 25mm2, ∼ 400nm No film

Table 3.3: Results obtained for the synthesis of GO using different sugars (keeping
temperature and concentration of sugar solution constant and varying the time)

3.1.1 AFM analysis
The thickness of the synthesized films was measured by AFM. The films were de-
posited on the silicon substrate and dried. Under the microscope, the edges of the
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films were scanned such that image contained film as well as the substrate. From
the height profile of such images, the thickness was measured. Some of the AFM
images of GO produced from glucose and their height profiles are shown in fig. 3.2.

Figure 3.2: AFM images and height profiles (corresponding to the dotted black line
in the AFM image) of GO synthesized from glucose for reaction conditions (a)
Concentration=0.65M , T=200oC, time=7h (b) Concentration=0.65M , T=200oC,
time=9h.

As discussed in previous section, the thickness of GO films prepared from glucose
increased with increasing time of reaction. This was confirmed by the AFM images.
Fig. 3.2 (a) shows the GO films prepared from 0.65M glucose solution at the
temperature of 200oC kept for 7 hours. In fig. 3.2 (b), GO film prepared at same
reaction conditions as previous but with increased time, is shown. As expected, the
thickness was more GO prepared, by keeping the glucose solution for 9 hours. The
thicknesses of the films are ∼ 15nm and ∼ 90nm respectively.

Fig. 3.3 shows the AFM images of GO films prepared from different sugars.
The figure also shows height profiles of the AFM images corresponding to the black
dotted lines. These films did not have uniform thickness throughout the sample,
so images were taken at various places and average thickness was calculated. The
film obtained from galactose has an average thickness of ∼ 350nm for reaction
conditions: concentration=0.325M , T=190oC, time=7h. Average thickness of films
prepared from glucose for reaction conditions: concentration=0.65M , T=200oC,
time=12h is ∼ 350nm. Lactose and sucrose solutions give film of average thickness
∼ 500nm and 900nm respectively for reaction conditions: concentration=0.325M ,
T=190oC, time=7h.
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Figure 3.3: AFM image and height profile (corresponding to the dotted black line in
the AFM image) of GO films prepared from (a) galactose (b) glucose (c) lactose (d)
sucrose

3.1.2 SEM analysis
For studying the morphology and the uniformity of the films, SEM images were
taken. Samples were prepared as described in chapter 2. The images were taken
for the same samples for which AFM images were recorded (discussed in the last
section).

For GO, obtained from 0.65M glucose solution with reaction temperature 200oC
and time of 12h, very uniform films were obtained. As can be seen in fig. 3.4 (a),
the film has area ∼ 1.7mm2 without any break.

Film prepared from galactose with reaction conditions: concentration=0.325M
, temperature=190oC and time=7h, has area of ∼ 0.07mm2 with no breaks. GO
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film obtained from galactose is shown in fig. 3.4 (b).
Fig. 3.4(c) shows the GO film obtained from lactose at reaction conditions:

concentration=0.325M , temperature=190oC and time=7h. The film has lateral
area ∼ 0.4mm2. However it has several breaks.

In Fig. 3.4(d), GO film synthesized from lactose is shown. The reaction condi-
tions were: concentration=0.325M , temperature=190oC and time=7h. Film thus
obtained shows lateral area ∼ 0.8mm2 and several breaks in between.

Figure 3.4: SEM images of GO obtained from (a) glucose (b) galactose (c) lactose
(d) sucrose.

3.1.3 FTIR analysis
For determining the types of bonds present in GO prepared from different sugars,
Fourier transform infrared spectroscopy (FTIR) was carried out. All the samples
showed the presence of same kind of bonds as can be seen from the FTIR spectra
in fig 3.5. The O-H bond indicates the functional groups such as hydroxyl and
carboxylic acid. The C=O bond corresponds to the functional groups like carboxylic
acids, esters and ketones and C-O corresponds to ester, epoxy and carboxylic acid.
In these bonds, the carbon atom is sp3 hybridized. Also C-H and C=C bonds are
observed in the spectra. The C=C bonds are present at the edges of the GO sheets
in which carbon atoms are sp2 hybridized and no functional groups are attached to
them . C-H bonds are also present at the edges where carbon atoms are present in
the sp2 hybridized state, however these carbon atoms may or may not be attached
to the functional groups (fig. 1.4).
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Figure 3.5: FTIR spectra of GO obtained from different sugars.

3.1.4 Raman analysis
Raman spectroscopy was carried out to find out different kinds of vibrational modes
present in the GO sheets. Typical Raman spectrum of GO shows two bands: D
band and G band. The G band corresponds to the first-order scattering of in plane
tangential stretching mode, while the D band, also called as disorder band, orig-
inates from disorder in the sp2 hybridized carbon atoms, characteristic for lattice
distortions in the GO sheets. Different vibrational modes in the sp2 ring of GO are
shown in fig. 3.6 (a) and (b). The ratio of the intensity of D band and G band(
ID
IG

)
gives a measure of disorder in the GO films. Higher the value, less will be the

defect[2].
The Raman spectra of GO obtained from different sugars are shown in fig. 3.6.

For GO prepared from glucose, D band and G band were observed at 1379cm−1 and
1595cm−1 respectively. And ratio of the intensity of D band and G band i.e. ID

IG
was equal to 0.72. The D band and G band of GO synthesized from lactose were
observed at 1378cm−1 and 1583cm−1 . Ratio ID

IG
came to be 0.595. GO prepared

from sucrose, showed D band at 1369cm−1 and G band at 1593cm−1 with ID
IG

=0.608.
The Raman spectra for GO obtained from galactose could not be recorded as it was
showing fluorescence. The observed fluorescence in the Raman spectra might be
because of the two reasons. First reason can be the high energy laser source (488nm)
used which is sufficient to cause electronic transitions in the absorbing species and
remission at longer wavelength. Net result is the envelope of fluorescence upon which
Raman signal show up. The other reason for the absence of the Raman signal, for
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GO synthesized from galactose might be due to the very small flakes of sample.

Figure 3.6: (a) G mode (in plane vibration of sp2ring) (b) D mode (vibration due
to the disorder at the edges of the ring). Raman spectra of GO obtained from (c)
glucose (d) sucrose (e) lactose.

3.2 Reduction of GO
The reduction of GO was done by a combination of chemical reduction using hy-
drazine and thermal reduction as discussed in chapter 2 [3]. Upon initial observation,
the colour of GO film changed from brown to metallic gray after chemical reduc-
tion. After thermal reduction, the colour changed to black. For the confirmation of
reduction, FTIR and Raman spectroscopy was carried out.

3.2.1 FTIR analysis
From the FTIR spectra given in fig. 3.7, it can be observed that, RGO does not
contain C-O and C=O bonds in contrast to GO. This indicates the removal of
functional groups such as epoxy, ketones and carboxylic acids. Since the oxygen
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containing functional groups are reduced, the sp2 network is getting restored. This
leads to the increase in conductivity of GO which will be discussed in section 3.5.

Figure 3.7: FTIR spectra of GO and RGO

3.2.2 Raman analysis
Raman spectroscopy also confirmed the reduction of GO. As reported in the litera-
ture, the ratio ID

IG
increases for RGO compared to GO[4]. The increased ID

IG
value in

case of RGO is due to the of removal oxygen functional groups in GO sheets and the
reestablishment of conjugated graphene network. The reestablished graphene net-
work usually has a smaller average size than the original graphite oxide, which leads
to a consequent increase in the intensity ratio ID

IG
. It can be seen in fig. 3.8(pink),

the characteristic D and G bands for GO are observed at 1379cm−1 and 1599cm−1

, respectively, and a D/G intensity ratio of 0.61. The RGO spectrum (Fig. 3.8
(blue)) shows a slightly shifted G-band and D-band peaks towards lower values at
1372cm−1 and 1577cm−1, and an increased D/G intensity ratio of 0.72 and thus
confirming the reduction.
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Figure 3.8: Raman Spectra of GO and RGO (a) obtained (b) from literature[4].

3.3 Gold Nanowires (Au NWs)
Au NWs were synthesized following the wet chemical method as described in chapter
2 [4]. When oleylamine (OA) is added to gold chloride(AuCl3), a complex forma-
tion takes place. And due to the aurophilic interactions, these complexes come close
together and form a polymeric chain. Aurophilic interactions are the interactions
between gold atoms when they come very close to each other. These interactions are
similar to H-bonding interactions. When triisopropylsilane(TIPS) is added, it re-
duces the Au(III) to Au(0) leaving behind the ultrathin Au NWs. These nanowires
have OA as the capping agent, which prevents them from aggregating. The mecha-
nism of the formation of Au NWs is shown in fig. 3.9.
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Figure 3.9: Mechanism of Au NWs formation : Complex is formed between OA and
AuCl3 ,followed by the reduction of Au(III) to Au(0) by TIPS and finally leading to
the formation of nanowires.

3.3.1 SEM analysis
To see the morphology of nanowires produced, SEM images were taken. The Au NWs
solution was drop-casted on silicon substrate and dried. As can be seen in the fig.
3.9, ultrathin nanowires with very good morphology were produced. The thickness
of nanowires was found to be in the range 5 − 50nm and length in micrometers.
Due to the intertwinement of nanowires, the exact length could not be measured
as the two ends for single wires were not distinctly visible. Also because of the
limited resolution of SEM, it was not confirmed that the larger thickness of wires
was because of increase in diameter of the wires or due to the clumping of thinner
wires.

The nanowires were very uniform in nature. It was also observed that the
nanowires self-assembled themselves parallel to each other in a 2D network. Reason
behind this alignment is the hydrophobic interaction between alkyl chains of OA on
the nanowires [5].

Formation of nanowires was studied as a function of reaction time. Fig 3.10
shows wires formed by keeping the solution for different times. It was observed that
very small and thin wires having rough morphology were formed for reaction time of
4h along with lots of nano particles. This suggests the initial stage of formation of
wires. As the solution was kept for longer time, the wires with good morphology and
longer length were produced. However, the aspect ratio of the wires could not be
measured as they formed loop kind of structures and the two ends for a single wires
were not identifiable in the FESEM images. Also, the number of nanoparticles
was reduced and for 14h reaction, there were no particles at all. The increased
reaction time produced uniform wires, which self-assembled parallel to each other
as explained above.
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Figure 3.10: SEM images of Au NWs for reaction time (a) 4h (b) 7 h (c) 12h (d)
14h.

3.3.2 UV-Vis absorption analysis
Solution phase UV-Vis spectroscopy of Au NWs was carried out to study the in-
teraction of wires with the visible light. After interacting with the electromagnetic
radiation, collective oscillation of surface electrons occurs perpendicular to the length
of wire as discussed in section 1.5.1. Due to this, absorption of visible light takes
place at ∼ 520nm corresponding to the transverse surface plasmon (TSP) resonance
peak. The position of the TSP peak depends upon the aspect ratio of wires. Fig.
3.11 shows a blue shift in the TSP peak with increasing time of reaction, indicating
the increase in aspect ratio. The peak shifted from 532nm to 511nm for the reaction
time increasing from 4h (green line) to 14h (black line).
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Figure 3.11: UV-Vis spectra of Au NWs for different reaction times.

3.4 Hybrid film of GO/Au NWs
A hybrid nanostructure is formed by the composition of two or more nanostructures.
These hybrid structures can be nanorods attached to a nanoparticle tip, core-shell
particles in which core is made up of one material and the shell is made up of
another material, hybrid films in which two nanofilms are alternatively stacked on
top of each other and so on. The idea behind producing hybrid nanostructures is to
achieve properties which are combinations of the component structures. Some new
properties can also be attained because of the interaction between the constituent
nanostructures.

In the project, the motivation for synthesis of hybrid film of GO/Au NWs was
to get films with better conductivity. The Au NWs were intercalated with GO
films with the expectation that these nanowires will contribute to the conduction
of electrons and increase the conductivity. The hybrid film of GO/Au NWs was
prepared following the procedure described in chapter 2. The GO film deposited
on the silicon or glass substrate was put in the growth solution of Au NWs. Initial
observations indicated the change in colour of GO film from brown to reddish brown.
From the SEM images (fig. 3.12) it was observed that gold nanowires formed another
layer on the surface of GO. These wires were present on the GO surface even after
washing with ethanol and hexane which indicated some kind of binding between GO
and Au NWs. However, this observation has not been confirmed yet by any of the
characterization techniques.
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Figure 3.12: SEM images of layer of Au NWs on top of GO film.

In order to check any kind of bonding between GO and Au NWs, FTIR spectra
was recorded for the hybrid film as shown in fig. 3.13. It was observed that spectra
had similar peaks as that of GO. The peaks for O-H, C-H, C=O, C=C and C-O
were present in the spectrum. However no conclusion could be drawn for the binding
between nanowires and the GO film from this spectra.

Figure 3.13: FTIR spectra of GO/Au NWs hybrid film.
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3.5 Transparency measurements of films
The transparency measurement was carried out for the films prepared from GO and
Au NWs. The transmittance of the films was recorded in the range 400− 800nm by
solid state UV-Vis spectroscopy.

The Au NWs film was prepared by drop-casting 20µL of the solution on glass
slide and drying it. The thicker films were prepared by adding Au NWs solution in
the step of 20µL. Subsequently, the transmission was recorded. The exact thickness
of the films could not be measured because of the limited resolution of the AFM
used. The transparency was found to be >80% for all the films as shown in fig.
3.14. As expected, the thinner films were more transparent compared to the thicker
films.

Also there is a dip in all the peaks at ~520nm. This is because of the TSP
resonance of the Au NWs as discussed in section 3.2.2. It is observed that, as the
thickness of film is increasing, the intensity of the dip is also increasing. This can
be explained by the increased number of Au NWs which absorb the visible radiation
due to TSP resonance in the thicker films.

Figure 3.14: Transmission spectra of Au NWs films of different thicknesses.

The transmission of GO films was also recorded in the range 400-800nm. The
spectra are shown in fig. 3.15. Films with greater thickness were less transparent as
compared to thinner films as expected. In particular, the transparency for the films
was compared at 550nm by comparing the percent transmission at this wavelength.
Film having thickness 800nm was least transparent with transmission of 10% at
550nm. Transmission of 28% was observed for the film of 500nm at the same
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wavelength. The thinnest film of these three films, having thickness 100nm, showed
70% transmission.

However, the transparency of films with even smaller thickness could not be
measured. The solid state UV-Vis spectroscopy needs a minimum area of the sample
for which spectra needs to be recorded and thin GO films (<100nm) had small area
which was not sufficient for the measurement. Later, the plan is to exfoliate thin
GO films from thicker films and make large area films with smaller thickness. The
hope is that these films will be more transparent.

Figure 3.15: Transmission spectra of GO films.

The transparency of the hybrid GO/Au NWs films could not be measured for
the same reason, as discussed above about thin GO films. Even though large area
GO films were taken during the synthesis of hybrid film, the films broke once they
were put in the growth solution of Au NWs. So small flakes of hybrid film were
obtained which were not sufficient for the transparency measurement.

The experiments for making hybrid film, using exfoliated GO and Au NWs solu-
tion, having larger area are in progress. The expectation is to get thin hybrid films
with large area, which are also transparent.

3.6 Conductivity measurement of films
The conductivity of the films prepared from GO and Au NWs was measured using
Four-probe set-up. The films were deposited on the glass substrate and measurement
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was carried out at room temperature. The area of the film prepared was more than
50mm2, as the distance between the two outer probes was 7.2mm with inter spacing
of 2.4mm between the adjacent probes. Varying current from 10−9 to 10−12 A was
passed through the sample and corresponding voltage was measured.

The GO films produced were insulating having very high sheet resistance of the
order of 109Ω/sq. This can be explained by the structure of GO. As discussed
in chapter 1, GO has several oxygen containing functional groups attached to it.
The carbon atoms, to which these functional groups are attached, exist in the sp3

hybridization having no π-electrons. This leads to disruption in the conjugation
of π-electrons of the sp2 hybridized carbon atoms. Thus GO is non-conducting in
nature.

Functional groups are removed by the reduction of GO (as discussed in chapter
2). After removal of the functional groups, the carbon atoms change its hybridization
from sp3 to sp2 and hence the π-networks are restored. This makes RGO conduct-
ing. After reducing GO film (thickness=500nm) with hydrazine and annealing it
at 400oC, the sheet resistance decreased from 109Ω/sq to 107Ω/sq. It has been re-
ported that after hydrazine treatment and thermal annealing, the sheet resistance
as small as 103Ω/sq can be achieved for 30nm film[3]. However, here such small
sheet resistance could not be achieved because of the larger thickness. Even though
films of smaller thickness (~15nm) were synthesized, their area was not sufficient
for the four probe measurement. Further, for reducing the thickness, the exfoliation
of GO films is being carried out and later large area films of thin GO flakes will be
made. The reduction of these films will be carried out for the better conductivity.

The sheet resistance of Au NWs films was also measured. It was observed that
films had very high sheet resistances of the order 109Ω/sq. This high value of sheet
resistance might be due to the two reasons: capping agent and contact resistance at
the joint of wires [5]. One possible way to decrease the sheet resistance could be the
removal of capping agent from the surface of nanowires. The removal of the capping
agent is planned to be done by plasma treatment and the work is in progress with
the expectation of positive results.

The sheet resistance of hybrid GO/Au NWs film could not be measured because
of smaller area of the films. The plan is to make large area exfoliated GO thin films,
reduce them and then make the hybrid with Au NWs following the procedure given
in chapter 2. Later, removal of capping agent is to be done by the plasma treatment.
The hybrid film with better conductivity is expected.

3.7 Summary
In summary, this chapter was dedicated to the results obtained in various experi-
ments carried out during the project. In the first two sections, the topic of discussion
was GO and its reduction. The results obtained in the characterization of GO and
RGO by techniques like SEM, AFM, FTIR and Raman Spectroscopy were discussed
in these sections. In the next section the results obtained for Au NWs were described
followed by the results of hybrid film of GO/Au NWs. In the last two sections, more
was discussed about the transparency and conductivity of the films synthesized from
GO and Au NWs.
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Chapter 4

Conclusions and Future Directions

In this project, thin films from graphene oxide (GO), gold nanowires (Au NWs) and a
hybrid of these two were synthesized. Large area GO was synthesized by a very novel
and simple hydrothermal synthesis using only sugars as the sole reagent. Initially
glucose was used for the synthesis of GO films. To obtain uniform films, the reaction
parameters were optimized and after 3-4 trials GO was successfully synthesized.
The variation in the thickness of films was studied by keeping two of the reaction
conditions constant and varying the other. In the first set of experiments, after
several trials 4 films were synthesized by keeping concentration and temperature of
reaction and time was varied. It was found that with increasing time, the thickness of
the film increased from ~15 nm to ~900 nm. In the second set, 4 more experiments
were carried out by keeping concentration and time of the reaction constant and
temperature was varied. It was observed that GO films start forming only after
certain temperature for the given concentration and time of reaction.

Later, other sugars (galactose, lactose and sucrose) were used for synthesizing
GO. A set of 16 experiments were carried out to study the formation from different
sugars. For all the reactions, temperature and concentration of the sugars were
kept constant and time was varied. For a given set of reaction conditions, the GO
films obtained from different sugars were compared. It was found that lactose and
sucrose being disaccharides gave thicker and larger area films compared to glucose
and galactose which are monosaccharides. Further characterizations confirmed the
formation of GO. SEM images showed the formation of large area films (as large
as 1.7 mm2). Thickness of the film was measured by AFM. FTIR spectroscopy
confirmed the presence of different oxygen containing functional groups such as
hydroxyl, epoxy, esters, ketones and carboxylic acids. Raman spectroscopy showed
the two characteristic bands G-band and D-band corresponding to the in plane
vibration of carbon network and vibrations at the edges. Reduction of GO was
also carried out by a combination of chemical and thermal reduction. This was
confirmed by the extinction of different peaks corresponding to the oxygen containing
functional groups, in the FTIR spectra. In addition, the increase in the intensity
ratio of D-band and G-band also confirmed the reduction of GO.

Au NWs were also synthesized following another simple wet chemical approach.
The formation of wires was studied by carrying out several experiments with in-
creasing reaction time (from 4h to 14h). SEM images showed the formation of very
uniform ultrathin nanowires (thickness in range 5-50 nm) with very good morphol-
ogy for larger reaction time. UV-Vis spectroscopy indicated the absorption of visible
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light around 520 nm because of the transverse surface plasmon resonance. Later,
these ultrathin Au NWs were repeatedly synthesized for preparing thin films. Hy-
brid film of GO/Au NWs was also synthesized using a self devised method. The
formation of the hybrid film was confirmed by the SEM images which showed the
layer of Au NWs on top of GO sheet.

The transparency and conductivity measurements were carried out for these
films. All the transparency measurements were carried out for the wavelength range
of 400-800 nm. GO films were found to be having different transparencies for differ-
ent thicknesses. The transparency upto 90% was achieved for these films (for film
of thickness ~100 nm). The films made from Au NWs were even more transparent
having transparency upto 97%. The conductivity measurement for these films were
carried out using Four-point probe method. The measurements indicated that as
synthesized GO was an insulator having sheet resistance of 109Ω/sq. This was due
to the disrruption of π-conjugation caused by the presence of the functional groups.
To increase the conductivity of GO, reduction was carried out and it was found that
the sheet resistance was reduced by the order of 2 giving the sheet resistance of
107Ω/sq. The Au NWs films also showed high sheet resistance of the order 109Ω/sq
because of the capping agent and the contact resistance between the wires. The
transparency and conductivity measurements of hybrid films are in progress.

The plan for future is to optimize the transparencies and conductivities of the
above synthesized films. In order to get better transparency and conductivity for
the GO films, the thickness should be decreased. For this purpose, exfoliation is
being carried out for GO films. Later these will be used for making large area films
and will be reduced for better conductivity. The conductivity for Au NWs film
can be increased by removing the capping agent attached to the nanowires. This
experiment is in progress and positive results are expected. Also the experiments for
making hybrid films with large area have been planned and are in progress. Later
the transparency and conductivity of these films will be measured and optimized.
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