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Abstract

Graphene oxide is a promising two-dimensional material with potential applications

in many areas. It is basically a graphene basal plane decorated with various oxygen

functional groups. By removing the functional groups through reduction, graphene

oxide can be reduced to graphene-like films, hence it is an important precursor in

industry for the mass fabrication of graphene products. Through reduction, a wide

range of properties (optical, electrical, chemical and many others) of graphene oxide

can be readily tuned, making it a highly versatile material in nanoscience and

technology. This thesis reports original research work on laser-controlled reduction

of individual graphene oxide films. Single flakes of graphene oxide film ranging

from one to seven layers were reduced with controlled laser irradiation. Functional

groups were removed by the heat generated from laser irradiation. Significant

temperature gradients were built up across the atomic sheets of graphene oxide

films irradiated by laser, as a result of the low thermal conductivity along the out-of-

plane interlayer axis. Simulations suggest temperature gradients up to 100 K/nm

were achieved under the illumination of modest laser powers of a few milliwatts.

The reduction can be controlled under such a precise way that the film thickness can

be accurately thinned with sub-nm steps. This allows tailor-making the properties of

the films and custom-designing the functionality of nanodevices with on-demand

properties. In this thesis, it is demonstrated that through controlled reduction, the

work function of individual graphene oxide films can be tuned with unprecedented
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precision of only a few milli electronvolts. In a second strand research work, I

investigated the adhesion and stability of thin gold films on highly oriented

pyrolytic graphite (HOPG). Thin gold films of various thickness (5, 10 and 50 nm)

were sputtered on HOPG and annealed at different temperatures (200-500 °C). The

films were found to break apart and coalesce into clusters of different morphologies

at different temperatures. When films were annealed at 500 °C, the top a few carbon

sheets (monolayer and few-layer graphene films) were peeled off by the diffusion

movement of coalescing gold clusters, forming terraced surface structures. It

demonstrates that this approach could be a useful tool to experimentally characterise

the adhesion force between atomic carbon sheets within HOPG, which will help to

gain a better understanding of the fundamental science of graphene exfoliation and

to devise better exfoliation techniques in the future.
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CHAPTER 1

Introduction

1.1 Prologue

Carbon (C) is widely present in nature and is a significant element closely related to

all creatures. The diversity of orbital hybridization of electron such as sp, sp2 and sp3

hybridization, makes the allotrope materials which uses carbon as the only

constituent has various forms of existence. Fullerene is the first allotrope of carbon

material with zero-dimensional structure found by Kroto et al. in 1985[1]. And one-

dimensional carbon material named carbon nanotubes was found by Iijima et al. in

1991[2]. Graphene, after that, was first made by Andre Geim and Konstantin

Novoselov through mechanical exfoliation method in 2004[3], which is an allotrope of

carbon with sp2 hybridization in the form of single layer of atoms. Graphene as a

very promising two-dimensional material, has attracted great interest for its

excellent mechanical[4], thermal[4-6], electrical[4,6] and optical[4,7] properties.

Graphene oxide (GO) retains the same two-dimensional layer structure as graphene.

There are various oxygen-containing functional groups (hydroxyl, carbonyl, epoxy

etc.) attaching to the nonpolar core of carbon atoms by covalent bonds. The

interlayer spacing of graphene sheets stack to from graphite is around 0.335 nm[8],
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and that of GO is around 0.8~1.3 nm[9,10] due to the attachment of functional groups.

The functional groups cause the properties of GO significantly different from that of

graphene. As we know, graphene is a strongly hydrophobic material. However, GO

is an amphiphilic material, related to the distribution of functional groups. Carbonyl

and hydroxyl groups are randomly distributed on the basal plane of GO film which

shows hydrophobic, and the edges of GO film are terminated with carboxyl and

carbonyl groups, which shows hydrophilic[11-13]. In addition, graphene has excellent

conductivity, because of its special structure (each carbon atom has four bonds, one

σ bond with each of its three neighbors and one π-bond that is oriented out of plane),

which will form a conjugated π-bond through the whole layer and facilitate the free

movement of electrons. However, the functional groups attached on GO destroy the

π-bond and result in a significant decrease in its electrical conductivity. The surface

activity of GO increases due to more opportunities of reaction with the functional

groups.

The first aim of the PhD project is to study the reduction of GO with controlled laser

irradiation and investigate how to tune the work function of GO film via reduction.

The optical properties of GO films were characterized through optical microscopy,

contrast spectroscopy and Raman spectroscopy. The thickness of reduced GO films

decreases due to the removal of oxygen contents, which was characterized by

Atomic Force Microscope (AFM). The surface potential which is corresponding to

the work function was characterized by Kelvin Probe Force Microscope (KPFM). It
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was shown that work function can be finely tuned with meV precision through

reduction. Work function is a fundamental metric central to almost every

optoelectronic device. The ability to tune work function will have significant

implications in electronics and many other areas.

This thesis also demonstrates that annealing thin gold films sputtered on HOPG at

different temperatures (200-500 °C) broke the films, causing diffusion and

coalescence of gold clusters. Different shapes of gold clusters were formed at

different annealing temperatures, starting with fractal shaped branches, then

coalescing to individual gold islands, finally collapsing into thick gold clusters.

When the annealing temperature reaches 500 °C, a few top carbon layers of HOPG

were peeled off by the coalescing force of gold atoms, leaving behind terraced

surface structures on HOPG. The underlying mechanism is that the interfacial

binding force between gold and HOPG becomes slightly stronger than the Van der

Waals force between the carbon layers of HOPG at 500 °C, therefore the strong

diffusion force of gold atoms generated at 500 °C was able to peel few-layer

graphene films off the HOPG surface. The thickness of the few-layer graphene films

peeled off from the HOPG was characterized by AFM and the images of the sample

surface were obtained by Scanning Electron Microscope (SEM). This approach could

be a useful tool to characterise the van der Waals force between carbon sheets in

HOPG.
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1.2 Composition of This Thesis

This thesis is divided into seven chapters. The fundamentals of graphene and GO,

including the history of fabrication, structure and properties, and the aims and the

experimental contents of this thesis are given in chapter 1. Details of the background

theory related to experiments such as the functional groups of GO, various methods

of GO reduction, optical contrast spectroscopy are introduced in chapter 2. The

methods and techniques used for sample and substrates preparation and the

mechanisms of the devices used for sample characterization are indicated in chapter

3. In chapter 4, experimental investigation of GO reduction was demonstrated. A

range of laser powers (0.8-1.7 mW of 532 nm laser) was used to reduce GO films of 1-

7 layers. The films were characterized by optical contrast spectroscopy, Raman

spectroscopy and AFM before and after laser irradiation. The thickness of reduced

GO films was found to vary with the irradiation laser power, caused by different

degrees of reduction. Besides, the precisely tuned work function of reduced GO was

demonstrated.

In chapter 5, theoretical formulations related to heat conduction in two-dimension

and three-dimension cases were presented, and temperature distributions within

individual GO films were calculated. Due to the poor thermal conduction of GO

films both along the in-plane and out-of-plane directions, heat was generated and

mostly confined within the laser irradiation area. The temperature distribution
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within GO films during laser irradiation was computed through the finite element

method provided by COMSOL MULTIPHYSICS. It was shown that up to 100K/nm

temperature gradient can be built up within the GO films under the experimental

conditions.

Chapter 6 demonstrates the annealing of thin Au films on HOPG. Au films of 5, 10

and 50 nm were sputtered on HOPG and annealed at various temperatures (200-

500 °C). The films coalesced into clusters of different morphologies. At 500 °C, few-

layer graphene films were observed to be peeled off from the HOPG surface. The

effects of annealing time, thickness of Au films and the presence of adhesion layer on

the results were studied in this chapter.

Finally, a conclusion and future work are presented in Chapter 7.
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CHAPTER 2

Background Theory

2.1 Functional Groups on Graphene Oxide

A single layer of graphene film was firstly made by Andre Geim and Konstantin

Novoselov through mechanical exfoliation method in 2004[1]. Due to its excellent

electrical and thermal properties[1-3], as well as its outstanding physical properties[4-6],

graphene has quickly caught the attention of scientists worldwide and has become

the most promising material of this century. Graphene oxide (GO), as an

intermediate material capable of producing graphene, has also attracted widespread

attention. There are three common forms of GO, which are solid, film and solution

respectively. GO is primarily produced by Brodie method[7], Staudemaier method[8]

and Hummers method[9]. Among them, Hummers method is a chemical way of

tearing apart graphite layers, which has been used most widely and became the

standard method for the preparation of GO. Figure 2.1 illustrates the whole process

of Hummers method. It uses very strong acids (concentrated H2SO4) and very strong

oxidizing agents (KMnO4) to get in between the graphite layers, which is called

intercalating, and force the layers apart. During this process, the oxygen functional

groups will stick all the way around the outside of the basal plane. After the yellow
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suspension is produced, the rest of the KMnO4 and MnO2 are reduced until colorless.

It is then filtered and washed three times by deionized water to obtain brown

graphite flakes with derivative carboxylic acid groups on the edge and mainly

phenolic hydroxyl and epoxide groups on the plane. Ultrasonic or high shear

vigorous stirring is used to form a stable, light brown-yellow monlayer graphene

oxide suspension in water.

Figure 2.1 The entire process of the Hummers’s method for GO preparation.

Carbon is a number-6 element in the periodic table, surrounded by six electrons

(Figure 2.2a). The six outer electrons are distributed in the ground-state electronic

configuration of 1S22S22Px12Py12Pz0, as shown in figure 2.2b. The 2Pz orbit has the

same energy level with 2Px and 2Py orbits, but without any electrons. Among the six

outer electrons, four of them are valence electrons located at valence shell of carbon,

which can form three types of hybridization, namely sp, sp2 and sp3. Figure 2.2c

demonstrates the composition of the sp2 hybrid, which is a triangular structure

composed of 2s, 2px and 2py orbits. In the monolayer graphene film, each carbon

atom shares sp2 electrons, covalently bonded to three neighbouring atoms and

forming a honeycomb like hexagonal structure as shown in figure 2.2d. In the typical
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sp2 hybridization, there are two different bonding forces between two adjacent

carbon atoms, as shown in figure 2.2e. One is called π bond, which is on the out-of-

plane and perpendicular to the planar structure, produced by 2pz orbit. The other

one is called σ bond, which is on the in-plane formed by the sp2 hybridized orbitals.

The covalent σ bond has a short interatomic length of ~ 1.42 Å[10], making it even

stronger than the sp3 hybridized carbon-carbon bonds in diamonds. Therefore, this

structure gives graphene outstanding mechanical properties, such as high strength

and nice ductility etc.[11]

Figure 2.2 (a) Schematic diagram of the structure of a carbon atom with its outer electrons. (b)

The energy distribution of the outer electrons in carbon atoms. (c) The composition of the

sp2 hybrids. (d) The crystal lattice of graphene, where A and B are carbon atoms belonging

to different sub-lattices, a1 and a2 are unit-cell vectors. (e) Sigma (σ) bond and Pi (π) bond

formed by sp2 hybridization.[10]
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GO is a chemically modified graphene. It retains the layer structure of graphene film

but with various oxygen functional groups attached on the basal plane. Therefore,

the interlayer spacing of GO is about two times larger (0.8~1.3 nm[12,13]) than that of

graphene (0.34 nm[14]).[9] These functional groups alter the properties of graphene,

such as significantly lowering the electrical and thermal conductivity, turning it into

insulator[15] and converting the graphene from hydrophobic to amphiphilic[16]. They

also provide opportunities to be manipulated via various reactions in order to

modify the properties of GO.[17-20]

Figure 2.3 A proposed Schematic structures of graphene oxide.[21]

The specific structure of GO is still not determined due to the random distribution of

functional groups. The generally accepted structural model is the random

distribution of hydroxyl (-OH) and epoxy (-CH(O)CH-) on GO’s basal planes, and

the carboxyl (-COOH), carbonyl (-C=O-) groups are located on the edge (Figure

2.3).[21,22] As the carboxyl and carbonyl are hydrophilic groups, while hydroxyl and

epoxy are hydrophobic groups, GO is amphiphilic, showing a hydrophilic to

hydrophobic property distribution from the edge of the graphene film to the center,



26

which makes GO excellently disperse in water and most polar organic solvents.[23]

Additionally, the existence of functional groups destroys the conjugated π bond

between two neighbouring carbon atoms in the sp2 hybridization, creating a lot of

defects in the structure of graphene basal plane, which significantly impedes the

flow of electrons, turning graphene from a conductor into an insulator. However, the

electrical conductivity of GO can be partly restored when functional groups are

removed, as the structure of graphene will be recovered in a certain extent during

the reduction process. But the structure can not be perfectly recovered as some

defects and functional groups will still remain. Therefore, the electrical conductivity

would be graphene > rGO > GO.

2.2 Reduction of Graphene Oxide

The oxidation process is sticking oxygen functional groups on the graphene basal

plane to produce graphene oxide (GO). The reduction process is the exact opposite

of the oxidation process, which is pulling these functional groups off to bring GO

back to the graphene. However, due to the fact that GO can not be perfectly reduced,

the GO after reduction process is given the name as reduced graphene oxide (rGO).

There are a variety of ways to achieve reduction, such as thermal, chemical and

multi-step reduction etc.
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2.2.1 Thermal Annealing

At the time of the initial research on graphene, scientists normally just heat graphite

oxide at high temperatures (>2000°C)[12,24-26], which is called thermal annealing

reduction. The mechanism of this process is that the oxygen functional groups

attached on the carbon basal plane will be decomposed under rapid heating at high

temperatures. The CO and CO2 gases generated in this process will get evolved into

the spaces between graphene layers and create a large pressure between the stacked

layers, causing the expansion and exfoliation of the graphite oxide. Different heating

temperatures can generate different pressures, 300 °C can generate about 40MPa,

1000 °C can generate about 130MPa, while the pressure required to exfoliate two

layers of graphene is only about 2.5MPa.[25] However, the thermal annealing

reduction method has its disadvantages. The generation of the CO and CO2

indicates that not only functional groups can be decomposed, but also the carbon

atoms from the basal plane can be peel off at high temperature[27], which tears the

graphene films into small pieces and results in the distortion of the carbon plane, as

shown in figure 2.4. Besides, as the structure of carbon plane is destroyed during

heating process, it leaves many defects throughout the film, which significantly

affects the electronic properties of the rGO. The electrical conductivity of the rGO is

only about 10~23 S/cm that is much lower than that of perfect graphene.[28]
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Figure 2.4 Atomistic model of the graphite oxide to graphene transition during thermal

annealing reduction.[12]

In order to improve these drawbacks, the thermal annealing reduction of graphite

oxide in liquid phase[29], vacuum[18], inert[30] or reducing atmospheres[26] were

developed to obtain larger lateral sizes and stronger electronic conductivity of rGO

films. The C/O ratio of rGO is one of the criteria to measure the extent of GO

reduction. The higher C/O ratio illustrates that the rGO is more like the graphene.

The heating temperature plays a significant role in the process of GO reduction.[12,

18,31,32] If the heating temperature is lower than 500 °C, the maximum C/O ratio of

rGO is less than 7, and the electrical conductivity is only about 49 S/cm[12]. Once the

temperature increases to 700 °C, 900 °C and 1100 °C, the C/O ratio of rGO can be

higher than 13, and the electrical conductivity can reach 96 S/cm, 383 S/cm and 550

S/cm respectively, as shown in figure 2.5.[12,30]
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Figure 2.5 The electrical conductivity of rGO changes with the increasing heating

temperature.[30]

Besides, the arc-discharge treatment was used by Pan et al. to reduce and exfoliate

graphite oxide in 2010, which can dramatically heat the graphite oxide at 2000 °C.

The C/O ratio of the rGO obtained is about 15-18, and the electrical conductivity can

reach 2000 S/cm.[33]

Direct heating of graphite oxide has its advantages, such as the convenience of

operating and the high efficiency. However, it also has its disadvantages. Firstly, the

energy consumption and critical treatment conditions are needed in the heating

process. Secondly, in order to obtain the perfect structure of rGO, slowing down the

heating speed can effectively prevent the expansion of the graphene film, but it is

time-consuming. Thirdly, high-temperature heating limits the types of substrates

that can host GO. Devices that require rGO to be assembled on specific substrates

such as glass or polymers, cannot be produced using this method.
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2.2.2 Microwave and Various Light Sources Reduction

In the study of thermal annealing reduction, some unconventional heating resources

have also been found to be able to reduce GO, such as microwave[34,35], photo[36], laser

irradiation[37-39], sunlight[40] and UV light[40] etc.

Microwave oven generates microwaves, which are reflected evenly throughout the

chamber by the fan-like metal rotating at high speed, thus driving the water

molecules and polar molecules inside the heated sample to move violently to

generate high temperatures. The microwave irradiation (MWI) has the advantage of

heating the sample uniformly and rapidly (less than 1 min), and the heating power

can be easily adjusted to achieve different heating temperatures.[34] The C/O ratio of

the microwave exfoliated graphite oxide (MEGO) is about 2.75, and the electrical

conductivity of MEGO is about 274 S/cm.

The mechanism of the photo reduction is to effectively heat GO by multiple flashes

to reduce the water content between the interlayers of graphene films. This method

is typically carried out in air or N2 atmosphere, and can be done with a single, close-

up (<1cm) flash from the Xenon lamp equipped on a common digital camera.[36] The

typical flash energies applied to the samples are about 0.1-2 J/cm2. If the distance

between the light source and the GO is close enough (<2 mm), the photon energy

emitted by the flash lamp can reach 9 times as that of heating the GO over 100 °C.

Multiple flashes are normally applied until the desired color of rGO is reached, in



31

order to achieving the uniform reduction of GO and contrast of patterns. The

advantages of the photo reduction method are that the light source can be blocked at

any time, so the area wanted to be reduced can be controlled very precisely to

achieve the effect of patterning as shown in figure 2.6, and GO can be directly

reduced on some electronic instruments. Nevertheless, due to the rapid degassing

during the reduction process, GO films typically expand tens of times after flash

reduction, resulting in structural damage and reduced electrical conductivity (~10

S/cm).[36]

Figure 2.6 Scalable production of functional rGO based devices on flexible substrates by

flash patterning. The inset shows the close up view of one set of rGO/polystyrene

interdigitated electrodes (IDE). The contact pad are 5mm×5mm.[36]

Femtosecond laser irradiation is one of the photo-reduction methods as reported by

Wang et al.[37] Focused laser beam (laser pulse of 790 nm central wavelength, 120 fs

pulse width, 80 MHz repetition rate, focus by a ×100 objective lens) took place of the
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flash lamp, which provides higher power density and improves the precision of the

laser irradiation area (the width of the laser line is range of 10-1~101 μm). The laser

irradiation generates higher heating temperatures than flash lamp, thus allows for a

higher degree of GO reduction. The electrical conductivity of rGO produced by this

method can reach 256 S/cm[37]. In addition, the power intensity of laser irradiation

can be easily tuned by inserting a filter in front of the laser resource, which can

achieve the precise control of the degree of GO reduction. Moreover, the laser

irradiation method is typically assembled with optical microscope, in which the

sample holding stage can be pre-programmed to achieve the desired movement.

Therefore, more complicated rGO films can be patterned and delicate circuits can be

obtained as shown in figure 2.7.
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Figure 2.7 Preparative scheme and optical microscopy images of reduced and patterned GO

films. (a) Illustration of preparative procedure of GO microcircuit; optical microscopy

images of a curvilinear microcircuit (b) Curvilinear microcircuit-1 (c) Curvilinear

microcircuit-2 (d) Comb-like microcircuit-3, and (e) the badge of Jilin University. Scale

bars,10 μm.[37]

B. Ma et al. demonstrated a reduction of uniform GO film (~103 nm thick) by 532 nm

wavelength laser irradiation[40]. The laser power was tuned from 0.1 mW to 10 mW

as shown in figure 2.8, and 3x3 arrays were patterned on different area of sample by

controlling the movement of laser. The current-sensing atomic force microscopy

(CSAFM) was used to characterize the electrical resistance of rGO, which shows the

electrical resistance of rGO was significantly decreased from 5x1010 Ω to 104 Ω with

increasing laser power from 0.1 mW to 10 mW. The estimation of the rGO electrical

conductivity is about 433 S/cm. It confirms that the stronger laser power can

generate higher temperatures in the laser-irradiated area, which enables a higher

degree of GO reduction.
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Figure 2.8 Optical micrographs of the rGO laser-irradiated 3x3 arrays obtained under

different laser power.[40]

Additionally, P. Kumar et al. reported that GO aqueous suspension can be reduced

by sunlight and ultraviolet (UV) light after prolonged irradiation.[41] The sample was

exposed to sunlight for a few hours or was irradiated with Philips low-pressure

mercury lamp (254 nm, 25W 90 μW/cm2) respectively.

Figure 2.9 The initial GO solution (a), reduced by sunlight for 2 hours (b) and 10 hours (c)

respectively.[41]

The initial color of GO solution is brownish yellow. However, it gradually turns

reddish after 2 hours of irradiation by sunlight. Finally it turns black in color after 10

hours of irradiation by sunlight as shown in figure 2.9. The colour change of the GO

solution from brownish yellow to black is clear evidence of the occurrence of

reduction, which is also verified by Infrared spectroscopy (IR) spectra as shown in

figure 2.10. The intensity of the carbonyl stretching band decreases substantially
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after 10 hour irradiation. Similarly, the intensities of bands due to other oxygen

containing functional groups also decrease after the prolonged sunlight irradiation.

Figure 2.10 The infrared spectroscopy (IR) spectra of GO solution before (a) and after (b)

reduced by sunlight for 10 hours.[41]

Field emission scanning electron microscopy (FESEM) images and IR spectrum

demonstrating the effect of ultraviolet irradiation on the GO solution are shown in

figure 2.11. Some changes are observed in the FESEM image of GO subjected to

ultraviolet irradiation for 2 h (Figure 2.11b). UV treatment seems to render the

surface buckled and graphene edges are visible on the surface after irradiation. The

intensity of the carbonyl stretching band in the IR spectrum decreases markedly after

ultraviolet irradiation for 2 h.
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Figure 2.11 Field emission scanning electron microscopy (FESEM) images of GO before (a)

and after (b) UV irradiation. Infrared spectroscopy (IR) spectra of GO solution before (c) and

after (d) reduced by UV light for 2 hours.[41]

Whether the GO films are reduced by microwave or various light sources reduction,

they are actually all thermal reduction methods. The mechanism of microwave

method is to drive the water molecules and polar molecules between the GO layers
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move violently to generate high temperatures. The mechanism of photo, laser,

sunlight and UV light irradiation method is to provide strong energy from light

sources to generate high temperatures. However, Laser irradiation method can

reduce GO in a very short time comparing to other methods. In our experiments, the

laser irradiation method was used to customize the reduction of individual GO

flakes for precise work function tuning with meV precision.

2.2.3 Chemical Reagent Reduction

In addition to reducing GO by breaking the covalent bonds between the oxygen

functional groups and the carbon basal plane through thermal reduction method,

some chemical reagents can also remove the functional groups by ring-opening

reactions with GO. The advantage of the chemical reagent reduction method is that

it can be performed directly at room temperature or moderate heating. As a result,

the requirement of equipment and environment is not as critical as that of thermal

annealing reduction, making it relatively low cost and suitable for mass production

of graphene.

Figure 2.12 N2H4 induced reduction mechanism proposed.[42]
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The first chemical reagent used for preparing chemically derived graphene was

hydrazine (N2H4 or H2N-NH2), which was reported by Stankovich et al.[42,43] So far,

the mechanism of the chemical reagent reduction method is still unclear. A possible

reducing mechanism proposed by Stankovich et al. (Figure 2.12) is that hydrazine

opens the epoxy groups by nucleophilic reaction and then the hydrazine molecule is

attached to the carbon basal plane of GO. After that, the lone pair of electrons of the

nitrogen atom attack the hydroxyl group to form the C-N-C ternary ring

intermediate. A C=C double bond is formed due to the ternary ring is not stable and

the hydrazine molecule is easily detached. The reduction can be achieved easily by

adding hydrazine reagent or its derivatives (hydrazine hydrate and

dimethylhydrazine) to a GO aqueous dispersion, as the oxygen functional groups on

GO are decomposed, including hydrophilic groups (carboxyl and carbonyl), the

hydrophobility of the rGO is enhanced, causing the coalescence of the graphene-

based nanosheets. The C/O ratio of rGO obtained by this method is about 10~12.5,

and the highest electrical conductivity is about 99.6 S/cm[42,44] The hydrozine reagent

reduction method has its disadvantage of agglomeration of rGO, which greatly

limits its application. A further improvement was reported by Li et al.[45] By

controlling the amount of hydrozine hydrate added and adjusting the pH value with

ammonia, they achieved a stable dispersion of rGO after reduction, which breaks the

perception of reduction inevitably leads to rGO sinking and aggregation.
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In addition, Sodium borohydride (NaBH4) was used by Shin et al.[46] as a reductant of

GO, which was shown to be more effective than hydrazine. However, NaBH4

reagent was proved more effective at reducing C=O species but has low to moderate

efficiency in the reduction of epoxy groups and carboxylic acids[47]. Thus, Gao et al.[48]

proposed an improvement method by adding concentrated sulfuric acid (98% H2SO4)

at 180 °C after reduction by NaBH4, which increases the degree of GO reduction. The

C/O ratio of rGO obtained by the combination of NaBH4 and 98% H2SO4 is about 8.6,

and the electrical conductivity of the rGO is about 16.6 S/cm.

Thereafter, more and more acids were used as the reduction reagent of GO, such as

Ascorbic acid (Vitamin C or VC)[30], hydroiodic acid (HI)[49,50] etc. Among them, VC

has obvious advantages over other chemical reagent. Firstly, it is non-toxic. Secondly,

it has good chemical stability with water. Thirdly, the rGO dose not aggregate

together after reduction as in the colloid state. The rGO obtained by VC reagent

reduction method also has a good performance with 12.5 C/O ratio and 77 S/cm

electrical conductivity. The HI as a strong acid, which has the best effect on

reduction of GO among all known chemical reducing reagents. The reduction can

take place in solution or in HI vapor, with the solution having a better reduction

effect than the vapor. Pei et al. and Moon et al. carried out the experiments of

reduction of GO by HI reagent in the same year show every close results, in which

the C/O ratio of rGO obtained by HI reduction is about 11.5 and 12 respectively, and

the electrical conductivity reaches 304 and 298 S/cm respectively. The comparison of
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the reduction effects of NaBH4, N2H4 and HI on GO is shown in figure 2.13. There

are three advantages of GO reduction by HI reagent. Firstly, the strong reduction

ability without destructing the macrostructures of rGO. Secondly, the reduction can

be done in a variety of forms, either in solution or in a gaseous environment. Thirdly,

C-I single bond has low bond energy and breaks easily, which helps to reduce the

residual amount of heteroatoms.

Figure 2.13 Optical photographs of the reducing process by immersing a GO film into

different reducing agents for different times at room temperature

In addition to thermal annealing and chemical reagent reduction, some other

methods have been proposed for reducing GO, such as photocatalyst reduction[51],

electrochemical reduction[52] and multi-step reduction[48] etc.

The C/O ratios and conductivity values of rGO reduced through various methods

are summarized below:
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Table 2.1 The C/O ratios and conductivity values of rGO reduced through various methods.

In the reduction of GO experiments, the ratio of C/O is an important criterion to

characterize the degree of reduction. The larger the C/O ratios, the more oxygen-

containing functional groups are removed from the rGO, leading to the higher

degree of reduction. However, the higher C/O ratios can not indicate the stronger

electrical conductivities, due to the different reduction methods can have different

effects on the structure of the rGO, such as the damage to the carbon plane, the

amount of defects left and the presence of contaminants, which all influence the

electrical conductivity of rGO. Since the structure of rGO does not recover perfectly

after reduction, the conductivity of rGO is much lower than that of perfect graphene

(~3000 S/cm)[28].



42

2.3 References

[1] K.S. Novoselov et al. Electric Field Effect in Atomically Thin Carbon Films.

Science, 306, 666-669 (2004).

[2] K.S. Novoselov et al. Two-Dimensional Gas of Massless Dirac Fermions in

Graphene. Nature, 439, 197-200 (2005).

[3] S. Berber et al. Unusually High Thermal Conductivity of Carbon Nanotubes. Phys.

Rev. Lett., 84, 4613 (2000).

[4] G. V. Lier et al. Ab initio study of the elastic properties of single-walled carbon

nanotubes and graphene. Chem. Phys. Lett., 326, 181-185 (2005).

[5] C. D. Reddy et al. Equilibrium configuration and continuum elastic properties of

finite sized graphene. Nanotechnology, 17, 864-870 (2006).

[6] K. N. Kudin et al. C2F, BN, and C nanoshell elasticity from ab initio computations.

Phys. Rev. B, 64, 235406 (2001).

[7] B. C. Brodie, Book: XIII. On the atomic weight of graphite. Ann. Chim. Phys., 59 ,

466 (1860).

[8] L. Staudenmaier, Verfahren zur Darstellung der Graphitsäure. Chem. Euro., 31,

1481-1487 (1898).

[9] W. S. Hummers et al. Preparation of Graphitic Oxide. J. Am. Chem. Soc., 80 , 1339

(1958).

https://royalsocietypublishing.org/doi/abs/10.1098/rstl.1859.0013


43

[10] G. Yang et al. Structure of graphene and its disorders: a review. STAM, 19, 613-

648 (2018).

[11] C. Lee et al. Measurement of the Elastic Properties and Intrinsic Strength of

Monolayer Graphene. Science, 321, 385 (2008).

[12] H. C. Schniepp et al. Functionalized Single Graphene Sheets Derived from

Splitting Graphite Oxide. J. Phys. Chem. B, 110, 8535-8539 (2006).

[13] C. G. Navarro et al. Electronic Transport Properties of Individual Chemically

Reduced Graphene Oxide Sheets. Nano Lett., 7, 3499-3503 (2007).

[14] G. Eda et al. Large-area ultrathin films of reduced graphene oxide as a

transparent and flexible electronic material. Nat. Nanotechnol., 3, 270-274 (2008).

[15] I. Jung et al. Tunable Electrical Conductivity of Individual Graphene Oxide

Sheets Reduced at “Low” Temperatures. Nano lett., 8, 4283-4287 (2008).

[16] J. Kim et al. Graphene Oxide Sheets at Interfaces. J. Am. Chem. Soc., 132, 8180-

8186 (2010).

[17] F. Kim et al. Graphene Oxide: Surface Activity and Two-Dimensional Assembly.

Adv. Mater., 22, 1954-1958 (2010).

[18] H. A. Becerril et al. Evaluation of Solution-Processed Reduced Graphene Oxide

Films as Transparent Conductors. ACS Nano, 2, 463-470 (2008).



44

[19] S. R. C. Vivekchand et al. Graphene-based electrochemical supercapacitors. J.

Chem. Sci., 120, 9-13 (2008).

[20] S. Stankovich et al. Graphene-based composite materials. Nature, 442, 282-286

(2006).

[21] K. Tadyszak et al. Biomedical Applications of Graphene-Based Structures.

Nanomaterials, 8, 944 (2018).

[22] A. Lerf et al. Structure of Graphite Oxide Revisited. J. Phys. Chem. B, 102, 4477-

4482 (1998).

[23] D. Konios et al. Dispersion behaviour of graphene oxide and reduced graphene

oxide. Journal of Colloid and Interface Science, 430, 108-112 (2014).

[24] Z. Wu et al. Synthesis of high-quality graphene with a pre-determined number

of layers. Carbon, 47, 493-499 (2009).

[25] M. J. McAllister et al. Single Sheet Functionalized Graphene by Oxidation and

Thermal Expansion of Graphite. Chem. Mater., 19, 4396-4404 (2007).

[26] Z. Wu et al. Synthesis of Graphene Sheets with High Electrical Conductivity and

Good Thermal Stability by Hrdrogen Arc Discharge Exfoliation. ACS Nano, 3, 411-

417 (2009).

[27] K. N. Kudin et al. Ranman Spectra of Graphite Oxide and Functionalized

Graphene Sheets. Nano Lett., 8, 36-41 (2008).



45

[28] S. Pei and H. Cheng, The reduction of graphene oxide. Carbon, 50, 3210-3228

(2012).

[29] J. Zhao et al. Efficient preparation of large-area graphene oxide sheets for

transparent conductive films. ACS Nano, 4, 5245–52. (2010).

[30] X. Wang et al. Transparent, conductive graphene electrodes for dye-sensitized

solar cells. Nano Lett., 8, 323–7 (2008).

[31] S. H. Huh, Book: Thermal Reduction of Graphene Oxide. Intech, Chapter 5.

[32] C. Mattevi et al. Evolution of Electrical, Chemical, and Structural Properties of

Transparent and Conducting Chemically Derived Graphene Thin Films. Adv. Funct.

Mater., 19, 2577-2583 (2009).

[33] D. Pan et al. Hydrothermal route for cutting graphene sheets into blue-

luminescent graphene quantum dots. Adv. Mater., 22, 734-8 (2010).

[34] Y. Zhu et al. Microwave assisted exfoliation and reduction of graphite oxide for

ultracapacitors. Carbon (2010)

[35] H. M. A. Hassan et al. Microwave synthesis of graphene sheets supporting metal

nanocrystals in aqueous and organic media. J. Mater. Chem., 19, 3832-3837 (2009).

[36] L. J. Cote et al. Flash Reduction and Patterning of Graphite Oxide and Its

Polymer Composite. J. Am. Chem. Soc., 131, 11027-11032 (2009).



46

[37] Y. Zhang et al. Direct imprinting of microcircuits on graphene oxides film by

femtosecond laser reduction. Nano Today, 5, 15-20 (2010).

[38] S. Evlashin et al. Controllable Laser Reduction of Graphene Oxide Films for

Photoelectronic Applications. ACS Appl. Mater. Interfaces, 8, 28880-28887 (2016).

[39] L. Huang et al. Pulsed laser assisted reduction of graphene oxide. Carbon, 49,

2431-2436 (2011).

[40] B. Ma et al. The correlation between electrical conductivity and second-order

Raman modes of laser-reduced graphene oxide. J. Name., 00, 1-3 (2013).

[41] P. Kumar et al. Graphene produced by radiation-induced reduction of graphene

oxide. Inter. J. Nanoscience, 10, 559-566 (2011).

[42] S. Stankovich et al. Synthesis of graphene-based nanosheets via chemical

reduction of exfoliated graphite oxide. Carbon, 45, 1558-1565 (2007).

[43] S. Stankovich et al. Stable aqueous dispersions of graphitic nanoplatelets via the

reduction of exfoliated graphite oxide in the presence of poly (sodium4-

styrenesulfonate). J. Mater. Chem., 16, 155-158 (2006).

[44] M. J. Fernandez-Merino et al. Vitamin C is an Ideal Substitute for Hydrazine in

the Reduction of Graphene Oxide Suspensions. J. Phys. Chem. C, 114, 6426–6432

(2010).

[45] D. Li et al. Processable aqueous dispersions of graphene nanosheets. University

of Wollongong, 101-105 (2008).



47

[46] H. Shin et al. Efficient Reduction of Graphite Oxide by Sodium Borohydride and

Its Effecton Electrical Conductance. Adv. Funct. Mater., 19, 1987-1992 (2009).

[47] M. Periasamy et al. Methods of enhancement of reactivity and selectivity of

sodium borohydride for applications in organic synthesis. Journal of Organometallic

Chemistry, 609, 137-151 (2000).

[48] W. Gao et al. New insights into the structure and reduction of graphite oxide.

Nat. Chem. (2009)

[49] S. Pei et al. Direct reduction of graphene oxide films into highly conductive and

flexible graphene films by hydrohalic acids. Carbon, 48, 4466-4474 (2010).

[50] I. K. Moon et al. Reduced graphene oxide by chemical graphitization. Nature

communications (2010).

[51] P. V. Kamat, Photochemistry on Nonreactive and Reactive (Semiconductor)

Surfaces. Chem. Rev., 93, 267-300 (1993).

[52] Y. Zhou et al. Hydrothermal Dehydration for the “Green” Reduction of

Exfoliated Graphene Oxide to Graphene and Demonstration of Tunable Optical

Limiting Properties. Chem. Mater., 21, 2950-2956 (2009).



48

CHAPTER 3

Sample Fabrication and
Characterisation

3.1 Introduction

In this chapter, the sample preparation will be discussed, including the magnetron

sputtering of Au and Ti layer, the deposition of graphene oxide films by drop-

casting method and the exfoliation of graphene films. The techniques used to

characterize and analyse samples experimentally will also be introduced, such as

magnetron sputtering, Raman scattering, tapping mode AFM, KPFM, SEM and EDX.

3.2 Sample Preparation

3.2.1 Sputtering Au and Ti Thin Film on Substrate

The substrate was designed as a special layered structure where thin Au and Ti film

were sputtered onto Si with SiO2 wafer. This sample structure not only enhances the

contrast of the graphene oxide (GO) film, making it visible under the microscope,

but also acts as a heat sink during the reduction process, preventing overheating

during laser irradiation. The details will be discussed later.
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The Si wafer with 93 nm SiO2 as a substrate was cut into pieces with 20 ��× 20 ��

size. These substrates were then rinsed successively by acetone solution, IPA

solution and deionized water, and blown dry with N2 gas. After that, these

substrates were fixed to a circular substrate holder by double-sided copper tape

(Figure 3.1) before sputtering process. 1 nm Ti adhesion layer and 5 nm Au film were

then sputtered on top by physical vapor deposition (Kurt J Lesker CMS-A DC

magnetron sputterer).

Figure 3.1 Schematic representation of the substrates holding for sputtering process.
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3.2.2 Depositing Graphene Oxide Films by Drop-

casting Method

Having prepared the substrates, GO films were deposited on top by the drop-casting

method. Firstly, a certain volume of GO aqueous (purchased from Graphenea) was

taken and diluted to a concentration of 4 × 10−4 ��/�� by mixing with deionized

water. Secondly, three 0.03 �� droplets of the diluted GO solution were titrated onto

each piece of substrate at different locations. Finally, the GO films with multiple

thicknesses ranging from monolayer to bulk layers were dispersed on the substrate

surface after the droplets dried in ambient enrionments.

Figure 3.2 Optical micrographs with green filter (520±10 nm wavelength) of GO films after

drop-casting. (a) Panoramic optical micrograph of the droplet region with 5 objective lens.

(b) Magnified optical micrograph of the marginal region with 100 objective lens.

Figure 3.2a shows a ring-like deposit was formed near the periphery after the

droplet of diluted GO solution evaporated. This phenomenon is called coffee-ring

effect[1,2]. Most of the GO films were coalesced and concentrated into a clump, it
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generally located at one side of the deposit. Some of the thin GO films were carried

by liquid molecules outward from middle of the deposit to its edges due to the

coffee-ring effect, and then retained near the periphery (Figure 3.2b). 520 nm

wavelength of filter was used to enhance the contrast of the GO films under

microscope.

Figure 3.3 Schematic of the surface tension in a droplet.

The coffee-ring effect is due to the nonuniform evaporation flux, which causes the

fluid flow towards to replenish the evaporated water at the edge.[1-3] The water

molecules inside the drop are stuck together due to the cohesive force among them,

but the molecules on the surface, however, do not have any adjacent water

molecules on the outside except air as shown in figure 3.3. As a result, there is a drag

on the surface area which is called surface tension. Meanwhile, the drop is

evaporated as the rapidly interchange of liquid molecules between the surface and

the adjacent air, forming a thin film of the same material in some “surface state”[4].

During the evaporation process, if there were no water flow in the drop, all the

liquid would be removed and the drop would shrink as shown in figure 3.4a.



52

However, the contact line is fixed due to the surface tension (Figure 3.4b), so that

water must flow outwards to replenish the loss at the edge. Which is in agreement

with the previous work[5]. Thus, the GO flakes initially dispersed over the entire

drop, were carried to the periphery by the water flow.

Figure 3.4 Mechanism of outward flow during evaporation. (a) and (b) show an increment of

evaporation viewed in cross-section. (a) The result of evaporation without flow: the droplet

shrinks. (b) The compensating flow needed to keep the contact line fixed.[1]

In addition, B. M. Weon and J. H. Je found that there is a capillary force repels coffee-

ring effect[6]. they proved that the motion of the large particles is initially toward the

edge but reversed to the center later on. The reversal is faster for the particles closer

to the edge. On a contrary, most of the small particles tend to move constantly near

the edge, forming ring-like stains. There is multiple-ring formation in the process of

evaporation. Whenever the force of shrinkage is stronger than the surface tension,

the droplet will shrink to from a smaller ring. This perfectly explains that majority of
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the GO returns to the centre with the evaporation of the droplet and coalesces

together, while the smaller GO flakes stay at the edges to form thin films.

The suppression or exploitation of the coffee-ring and the reverse effects has a

significant role to play in various fields, such as printing[7, 8], DNA stretching[9-11],

pattern (multiple-ring) formation[12-14], and colloidal self-assembly[15-17].

3.2.3 Exfoliation of Graphene Films

A mechanical exfoliation method is used to fabricate few-layer graphene films in our

experiment. This method was firstly reported by Novoselov and Geim et al. in

2004[18], who successfully achieved the micromechanical cleavage of highly ordered

pyrolytic graphite (HOPG) by using scotch tape. The Si wafer coated with 93 nm

SiO2 was selected as the substrate, which is well cleaned by rinsing in acetone

solution, Isopropyl alcohol (IPA) solution and deionized water. Each step was

proceeded in ultrasonic bath for 5 mins separately. The clean process is

indispensable as the adhesion between graphene films and SiO2 surface was

considerably weak and the reduction of contaminants on the substrate surface

significantly increase the contact area between graphene films and SiO2 surface,

thereby enhancing the adhesion between them. After that, the scotch tape was used

to separate the HOPG into half and by repeating this step for numerous times, the

HOPG will become thinner and thinner, eventually pressing a thin enough area of
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HOPG onto the substrate. Nevertheless, a cap of ball-point pen with smooth

rounded top was used to gently scratch the tape instead of pressing by finger, which

increased the contact area between graphene films and SiO2 surface, and

significantly improved the success rate of exfoliation.

3.3 Techniques of Sample Characterization

3.3.1 Magnetron Sputtering

The production of thin films and coatings is a hard core in many industries such as

semiconductor industry, which needs thin layers (<100 nm) of materials to create the

required structural junctions. Physical vapor deposition (PVD) and chemical vapor

deposition (CVD) are two most common technologies used to deposit a thin film

onto a substrate. These two processes are literally achieving the same task with

different approaches. CVD, as the name suggests, is a technique that uses primarily

chemical means to produce a thin film.[19] One or more volatile precursors are created

and transported into a reaction chamber, where the substrate is exposed. Then the

desired material is produced and deposited onto the substrate from the

decomposition of volatile precursors. Volatile byproducts are typically also

produced, which are removed by gas flow through the reaction chamber. The

advantages of the CVD technique are high deposition rates and good coating
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uniformity, but high deposition temperatures (~1000 °C) and gas pressures are

necessary in this method.[21] As for PVD, there are two main processes called

evaporation[22] and sputtering. In the evaporation process, the source material is

evaporated in a vacuum chamber at high temperatures. Then the vapor particles are

condensed back to the solid phase on the substrate and form as a thin film. However,

there are some applications that require certain thin coatings to be developed

without exposure to any thermal activation, because the performance of the device

can be effected at high temperatures. Therefore, the sputtering process is widely

used for this particular situation. According to different experimental conditions,

sputtering can be divided into Magnetron sputtering[23-26], Focused Ion-beam

sputtering (FIB)[27-29], High-target-utilization sputtering (HiTUS)[30, 31] and High -

power impulse magnetron sputtering (HiPIMS)[32-34].

The principle of the basic sputtering process is that the target material is bombarded

by ionized inert gas ions, typically Argon gas, which will lead to the removal of

target atoms, which then condense on the substrate as a thin film. The formed thin

film has similar stoichiometry to the target material. The disadvantages of this

process are the low deposition rates, high substrate heating and low ionization

efficiency.[26] Therefore, the various improved sputtering techniques mentioned

above have been developed to break through these limitations.

In our experiment, magnetron sputtering method was used to produce thin Au and

Ti films. There are several improvements comparing magnetron sputtering process
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to basic sputtering process. Firstly, the magnets are placed behind the target material

in the magnetron sputtering process, which is creating a magnetic field configured

parallel to the target surface. During the forceful collision process between energetic

ions and target material, the secondary electrons are also emitted from the target

surface except atoms of material, which are trapped around the target material by

magnetic field and creating a plasma. This increases the probability of an ionizing

electron-atom collision occurring and causing the increases of ionization efficiency.

Secondly, the increased ionization efficiency of a magnetron results in a dense

plasma in the target region, which leads to increased ion bombardment of the target,

giving higher sputtering rates and, therefore, higher deposition rates on the

substrate. Additionally, the increased ionization efficiency achieved in the

magnetron mode allows the discharge to be maintained at lower operating pressures

(typically, 310 mbar, compared to 210 mbar) and lower operating voltages

(typically, -500V, compared to -2 to -3 kV) than that in the basic sputtering mode.[23]
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Figure 3.5 Schematic diagram demonstrating the working process of a magnetron sputtering

system.

Figure 3.5 demonstrates the basic components of a magnetron sputtering system. An

enclosed chamber was built to create a very low pressure environment without any

oxygen or other reactive gases. After the chamber was evacuated, the desired

materials such as gold so called target was placed on the top of the magnets. The

substrates which need to be coated were placed at a certain distance from the

opposite side of the Au target. The schematic of substrates with substrate holder is

shown in figure 3.5. The chamber was filled with inert gas, typically argon gas. Once

we applied a voltage between magnets and substrate holder, a high electrical bias

will be created inside the chamber and the argon gas will get ionized. These argon

ions were energized with a very high velocity accelerated towards the Au target.

During the bombardment, some of the Au atoms were able to be dislodged due to
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the overcoming of the binding energy to the surface, which finally condensed on the

substrate as a thin film of stoichiometry similar to that of the target material. In

addition, the secondary electrons emitted were spiraling along magnetic flux lines

near the magnets (target), increasing the probability of further ionizing the argon gas

atoms and generating stable high-density plasma that improves the sputtering

process efficiency. Besides, a water cooling system was installed under the magnets

to control the temperature and prevent damage to some special substrates by high

temperature.

3.3.2 Raman Scattering

The inelastic scattering of light was firstly predicted by Adolf Smekal in 1923,[35] and

later discovered by the Indian scientist C. V. Raman and his student K. S. Krishnan

in 1928, who observed the effect in organic liquids.[36] This phenomenon of inelastic

scattering of light was named as Raman effect after his discoveries. For the next two

years, Raman’s contributions were disputed by many scientists until he received the

Noble Prize in 1930. In addition, Franco Rasetti firstly reported the observation of

Raman effect in gases in 1929.[37]

When a sample is exposed to a monochromatic light in the visible region, the sample

absorbs light and the majority of light will gets transmitted through the sample or be

reflected, depending on the transparency of the sample. However, a minute part of
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the light is scattered by the sample in all directions. This scattering phenomenon can

be divided into two cases according to whether the frequency of the scattered light is

the same as the frequency of the incident light. One is called Rayleigh scattering[38-40],

which occurs when the scattering frequency is equal to the incident frequency. The

other is the Raman scattering, which can be subdivided into stokes Raman scattering

and anti-stokes Raman scattering. The Raman scattering has been observed that

approximately 1 in 10 million[41] of total scattered intensity occurs at frequencies

different from the incident frequency.

Figure 3.6 Energy-level diagram showing the states involved in Raman spectra.[42]

Raman scattering can be thought of as a two photon process. The electrons have

different vibrational levels which is demonstrated by vibrational energy states in

figure 3.6. The specific energy differences between each level are described by v=0,

v=1, v=2... When an incident monochromatic light interacts with an electron in the

sample, the electron absorbs the energy from the incident photon and is excited to a



60

virtual energy state. The electron then falls back to an energy state by losing energy

and emits a photon of lower frequency, which is called Stokes Raman scattering.

However, when the electron absorbs energy and the frequency of emitted photon is

greater than incident photon, anti-Stokes Raman scattering is observed. During this

process, the energy transfer to (or from) electron is given below:

hE  (3.1)

Where E is the energy difference of photons, h = sj  3410626.6 , is the Planck

constant.  is the frequency difference between the incident photon and the Raman

scattering photon.

If the electron falls back to its initial vibrational level, the emitted photon will have

the same frequency as the incident photon ( is   ), then Rayleigh scattering occurs.
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Figure 3.7 (a) Schematic of the main Raman experimental set-up: a custom-built, open-bench,

multi-wavelength Raman spectrometer. Inset: a 3D system representation.[42] (b) Diagram

demonstrating the process of laser irradiation through optical microscopy.[43]

Each molecule has its unique Raman spectrum. Therefore, Raman spectra can be

used as a fingerprint to identify different molecules. In our experiments, Raman

spectra are used to characterize the composition and thickness of graphene oxide

films and the thickness change after experimental treatment. Figure 3.7a

demonstrates a schematic of custom-built Raman spectrometer. A 532 nm

wavelength of laser was used as a light source. The laser first passes through a band-

pass filter, which can block unwanted additional lines and allow only about 532 nm

wavelength laser to pass. Then the laser was refracted through the beam splitter into

the optical microscope and focused on the sample through the optical lens (100×, NA

= 0.90). The back-reflected light will pass through a long-pass edge filter, in order to

remove the elastically scattered (Rayleigh) light as well as the anti-stokes Raman-

shifted photons.[42] A coupling lens was then used to focus light into the

spectrometer slits with a focal length of ~100 mm. The light finally entered a cooled

(-55 °C to -60 °C) broadband CCD (Andor iDUS420 OE), which is connected to the

PC, and the Raman spectra were calculated and read out by Andor MCD software.

Additionally, two sets of alignment mirrors (Photon Control Inc.) were placed in

front of the optical microscope and CCD camera respectively, in order to ensure the

laser is directed horizontally and easy realignment upon changing lasers.
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Figure 3.8 Raman spectrum of graphene oxide film ranging from 1000-1800 cm-1 wave-

numbers.[44]

Figure 3.8 shows that graphene oxide has its unique Raman G-band at around 1500-

1600 cm-1 corresponding to the first-order scattering of the E2g mode[45, 46] , which can

act as a fingerprint for the identification. In addition, graphene oxide also has a D-

band at around 1300-1400 cm-1 due to the structural defects produced by the bonding

of hydroxyl and epoxide groups on the carbon basal plane and the possible decrease

in the average size of the sp2 domains.[44] Besides, a 2D band (G’) related to G-band

normally shows up at around 2700 cm-1 in Raman spectra of graphene, which is

terminology introduced by Ferrari et al.[46] The 2D band can be used to characterize

the number of graphene layers. The 2D band of monolayer graphene film shows a

sharp and single peak. It starts to red shift and appear multiple peaks overlapped as

the number of layers increases, which is shown in figure 3.9.
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Figure 3.9 Room-temperature Raman spectrum of the graphene flake in the 2D band spectral

region.[47]

3.3.3 Atomic Force Microscopy (AFM) Topography

Atomic Force Microscopy (AFM) is an imaging device with very-high-resolution,

which can reach more than 1000 times better resolution than the classic optical

microscope, depending upon the precision of the tip. In the early 1980s, scanning

tunneling microscope (STM) was developed by Gerd Binning and Heinrich Rohrer at

IBM Research-Zurich[49], which was the first technology to enable imaging of

individual atoms. This development also earned them the Noble Prize for Physics in

1986. The invention of this instrument brought us into the world of atomic

visualization and allowed us to take a big step forward in the study of the atomic

field. AFM was then invented on the basis of STM by Binning in 1986[50], which
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overcomes the limitation of STM- it requires electrical conduction of the sample

material. In the same year, Binnig, Quate, and Gerber introduced a working

prototype and made the first experimental implementation.[51]

Figure 3.10 (a) Tip-sample interaction potential with the attractive and repulsive regimes. (b-

d) Schematic of the changes in attractive and repulsive force as the tip approaches the

sample surface.[52]

AFM uses a cantilever with a very sharp tip to scan over a sample surface,

meanwhile detects the change of the interaction potential between tip and sample

surface by using a deflected laser beam, to image the topography of the sample

surface. Figure 3.10a shows the tip-sample interaction potential within the attractive

and repulsive regimes. There is no force generated when the tip is sufficiently far
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away from the sample surface. However, when the distance between the tip and the

sample surface is typically less than 10 nm, an attractive van der Waals force is

generated and causing the cantilever to bend towards the surface. In contrast, as the

cantilever is brought even closer to the surface, a repulsive forces called Coulomb

forces is increased and beginning to dominate, causing the cantilever to bend away

from the surface[53, 54]. (Figure 3.10b-d)

Figure 3.11 Schematic illustration of AFM setup.

The schematic illustration of an AFM setup is shown in figure 3.11, which

demonstrates that an AFM has a Z - scanner that moves the cantilever up and down,

and an XY -scanner that moves the sample back and forth underneath the tip. The

position sensors works by tracking a laser beam that is reflected off the flat top of the

cantilever. When the tip is scanning over the sample surface, the bending of the

cantilever changes due to the roughness of the sample surface, and causing changes
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in the direction of the reflected beam. The position detector then recording the

bending of the cantilever. AFM generates an accurate topographic map of the

surface by using a feedback loop to control the height of the tip above the surface.

AFM has two different working modes called contact mode and tapping mode

respectively. In the contact mode, the cantilever scans across a sample with its tip

touching the sample surface. Therefore, strong repulsive forces are generated and

causing the cantilever to bend. This mode is usually used to detect the conductivity

of a sample, by applying a voltage to the tip and forming a complete current loop

with the stage connected. However, there are some disadvantages of this mode. One

is that the sample can be damaged by the gouging action of the sharp tip. Another

one is that while the tip is gouging away at the surface, it also grinds down the tip.

The quality of the images is getting worse and worse. In tapping mode, the

cantilever oscillates just above the surface while it scans, but the tip is not touching

the surface. A precise high-speed feedback loop is used to keep the cantilever tip

from crashing into the surface. Thus retaining tip sharpness and leaving the surface

untouched. As the tip approaches the surface, interactions between the tip and the

surface cause the oscillation amplitude of the cantilever to decrease. The feedback

loop corrects for these amplitude deviations and constructs an image of the surface

topography. The tapping mode allows for high quality imaging over many scans

due to the prolonged lifetime of the tip, which can also significantly bring down the

cost of the instrument as tips are expensive to replace.
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In our experiment, tapping mode of AFM was used to imaging the topography of

GO films before and after laser irradiation.

3.3.4 Kelvin Probe Force Microscopy (KPFM)

Kelvin probe force microscopy (KPFM) was developed based on the combination of

non-contact AFM and scanning Kelvin probe (SKP) technique, invented by M.

Nonnenmacher et al. in 1991.[55] The SKP technique is based on parallel plate

capacitor experiments performed by Lord Kelvin in 1898.[56] This invention provides

a chance to measure the work function of various materials or nanoscale devices,

and also is able to map a surface charge distribution of these materials in atomic or

molecular scale.[57-59] Additionally, the KPFM has a higher spatial resolution

compared to traditional SKP techniques.[60, 61]

About a century ago, two conductors were shown to produce a potential when they

came into contact with each other. This contact potential difference (CPD) was

denoted as VCPD, which depends on the work function (  ) of the materials being

used. The work function is the amount of energy needed to release electrons from a

material surface and it is related to the material’s optical, electrical and mechanical

properties. The contact potential difference and the work function are linked by the

following equation:





e

VCPD 21  (3.2)
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Where 1 and 2 are the work functions of two conductors (with KPFM, tip 1 and

sample 2 ) respectively, and e is the electron charge.[62]

In the KPFM measurement process, the tip will firstly scan over the sample surface

exactly same as the tapping mode AFM, and a topography of the sample surface is

obtained. After that, the cantilever mounted with tip is slightly lifted up and perform

a second scan with the application of an AC voltage (VAC) plus a DC voltage (VDC) to

the tip. When the cantilever and the sample are not in contact, the system acts like a

capacitor. The capacitance equals to the ratio between the amount of charges and the

potential difference, as shown below:

V
QC


 (3.3)

As we all know that the capacitance is inversely proportional to the distance (d)

between the tip and sample surface. When the tip is vibrating, the distance changes

(hence the capacitance), but the amount of charges (Q) is always the same. Therefore,

the measured potential difference ( V ) changes. To be more specific, when the tip

and sample are not in electrical contact, they are at the same vacuum levels but with

different Fermi levels as shown in figure 3.12a. However, when the conducting AFM

tip approaches the sample surface and close enough for electrons tunneling. In order

to reach equilibrium state, the two Fermi levels are rearranged by the interchange of

electrons. Due to this electron movement, the tip and sample surface will be charged,

and an apparent VCPD will be produced as shown in figure 3.12b. At this moment, the
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tip and sample have the same Fermi levels but with different vacuum energy levels.

After that, an external bias VDC is applied to generate an oscillating electrical forces

(figure 3.12c), which has the same magnitude as the VCPD with opposite direction, in

order to nullifies the oscillating electrical forces that originated from CPD between

tip and sample surface. The VCPD can be obtained by adjusting the VDC component

until the current is minimized. As the VCPD is equal to the work function difference

between the tip and sample. Consequently, the work function of sample can be

calculated if that of tip is known.

Figure 3.12 Electronic energy levels of the sample and AFM tip for three cases: (a) Tip and

sample are separated by distance d with no electrical contact. (b) Tip and sample are in

electrical contact. (c) External bias (VDC) is applied between tip and sample to nullify the

CPD and, therefore, the tip–sample electrical force. Ev is the vacuum energy level. Efs and Eft

are Fermi energy levels of the sample and tip, respectively.[57]

In our experiment, the KPFM was used to measure the work function changes of the

graphene oxide film after the reduction by laser irradiation.
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3.3.5 Optical Contrast Spectroscopy

In the study of few-layer two-dimensional (2D) materials, such as graphene (Gr),

graphene oxide (GO) and hexagonal boron nitride (hBN) etc. The characterization of

thickness and number of layers plays a cornerstone role in its research and

applications. 2D materials from monolayer to a few layers are typically available in

thickness between one atom and a few nanometers scales. Conventionally, various

scanning probe microscope, such as Transmission electron microscopy (TEM),

scanning electron microscopy (SEM) and atomic force microscope (AFM) etc. are

used to characterize the thickness of thin films. However, these devices are generally

very expensive and time-consuming, and the results also can be influenced by some

factors such as the contamination on the sample surface or the roughness of the

substrate etc. Therefore, optical contrast spectroscopy (OCS) is widely accepted as a

facile technique for the quick characterization of thickness of thin films due to its

many advantages, such as fast characterization process, low cost and high accuracy.

The principle of optical contrast spectroscopy is that when light hits a substrate, the

presence of the thin film on the substrate causes the reflection difference compared

to the bare substrate. The optical contrast of the thin film can be calculated by the

formula given below:

R
RC


 1 (2.1)
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Where 2rR  and 2rR  , with r and r being the complex reflectivity with and without

the thin film respectively.[63]

When the presence of the thin film decreases the reflection of light compared to that

of bare substrate ( RR  ), it means that the contrast is positive. To the contrary, a

negative contrast can be obtained when the thin film increases the reflection of light

( RR  ). According to this formula, the reflectance of the substrate plays a crucial

role in the optical contrast of the thin film. In general, the optical contrast of a thin

film increases as the reflectivity of the substrate decreases. However, the phase of the

reflectivity of the substrate also plays a significant role. As such, different 2D

materials will usually have optimal optical contrast on substrates with different

reflectivity phases.

In this thesis, OCS was used to characterize the number of layers of GO thin films on

a specially made multi-layer composite structure of substrate, which shows that the

optical contrast of monolayer GO film is about 6%, about 12% for bilayer GO film,

and so on., which is almost doubled than that on the conventional substrate (SiO2/Si).

The measured data was then confirmed by simulations based on the models of

stratified planar structures[63]. The reflectance of light through an objective lens was

calculated by averaging the reflectance of S- and P-polarisation and take into account

the different weight of light incident at different angles according to the numerical

aperture of the objective[63].
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Figure 3.13 Map of optimal phases. Calculated optimal phase (φ+) with regard to the

complex RI of a thin film 21 innn  . The optimal phases of a few 2D materials are

highlighted. The refractive indices of the 2D materials are shown in table 3.1.[63]

Table 3.1 Optimal phase of 2D materials.[63]

Huang et al.[63] has produced the optimal-phase map for materials of various

complex refractive indices and indicated the optimal phases of various 2D materials,

as shown in figure 3.13. The 2D materials highlighted on the map are based on the

refractive indices listed in table 3.1.
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3.3.6 Scanning Electron Microscopy (SEM)

The development of SEM has taken about 35 years (1930-1965) from the emergence

of its concept to its marketing of a commercial instrument. D. McMullan presented

an account of the origins of the SEM and its trace of the development in 1995.[64]

The foundations of SEM were laid in the 1930s by Max Knoll, who first obtained a 50

mm object-field-width images from the surface of solid by the use of an electron

beam scanner[65]. Then the principles underlying the SEM was established by M. V.

Ardenne in 1937[66], who presented the formation of the electron probe and its

deflection, the positioning of the detector, and ways of amplifying the very small

signal current. However, he did not have the opportunity to bring his theory into

practice because the required technology had just becoming available of the time.

After that, V. K. Zworykin’s team built an SEM with some significant original

features in 1942[67], but its performance was not adequate to persuade electron

microscopists of its usefulness. From 1948s until 1965s, it took C. Oatlay and his

research students over nearly 15 years to build five SEMs, and its finally increasingly

improved performance culminating in the production of a commercial instrument by

the Cambridge Instrument Company.[68-71]
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Figure 3.14 Schematic diagram of a scanning electron microscope.[72]

The components in a conventional SEM are presented in figure 3.14 with a column

structure. The electron gun on the top of the column produces the beam of electrons

with range of energy level from 0.1 to 30 keV. The diameter of this electron beam is

too large to form a high-resolution image. Therefore, electromagnetic lenses and

apertures are used to focus and define the electron beam and to form a small focused

electron spot on the specimen. Firstly, the anodes are positively charged, which are

able to attract the negatively charged electrons to head downwards. The specimen

and the specimen stage on the bottom are also positively charged, creating a
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conductive path to ground for electrons traveling through it. Secondly, Coil of wire,

so called electromagnets, are used to generate a magnetic field, which can adjust the

trajectories of electrons by changing the current applied on these coils. Due to the

divergence of electron beam after passing through the anode plate, two condenser

lenses are used to converge and collimate the electron beam into a relatively parallel

stream. After that, Objective lenses are used to focus the electron beam into a probe

point at the specimen surface and to supply further demagnification. In addition, a

high-vacuum environment are needed in the whole system allows electrons travel

without scattering by the air. Finally, the electron beam interacts with a specimen

occurs within an excitation volume under the specimen surface, and produces

various signals as shown in figure 3.15. There are two types of scattering process

happened during this interaction. On the one hand, the electrons retain all its energy

after the elastic scattering, and the elastic scattering causes the creation of back-

scattered electrons (BSEs) when electrons return to the sample surface and escape

into the vacuum. On the other hand, electrons lose energy during inelastic scattering

and excite electrons in the sample lattice. When these low-energy electrons (usually

with energies of less than 50 eV) escape into the vacuum, they are called "secondary

electrons". Secondary electrons can be excited throughout the interaction volume.

However, only the atomic energy near the surface of the sample escapes into the

vacuum because most of its energy is absorbed by the sample atoms. Instead, BSEs

can come from deeper below the surface of the sample. X-rays are also excited in the

interaction of the electron beam with the sample.[72] Additionally, various detectors
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are set up to catch corresponding signals. Secondary electron detectors are standard

equipment in all SEMs, which provides a rich variety of information about the

topography and chemistry of the specimen. However, a single machine is not

usually equipped with detectors for all other possible signals.

Figure 3.15 Illustration of several signals generated by the electron beam–specimen

interaction in the scanning electron microscope and the regions from which the signals can

be detected.[72]

3.3.7 Energy Dispersive X-Ray Spectroscopy (EDX)
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The EDX is essentially sharing the same electron beam generated and focused

system with the SEM, but uses the X-ray detector to collect the X-ray signal, then

convert it into proportional electrical voltages. Figure 3.16 shows an atomic nucleus

surrounded by electrons and its electron shells. When the focused electron beam hits

the sample surface, it kicks out an electron from the shell around the atomic nucleus.

This signal is known as a secondary electron, which is mentioned before. The state of

losing electron is highly unstable, so an electron from higher energy level drops

down to lower energy level to fill the space as shown in figure 3.16. During this

process, energy needs to be released and the X-rays are emitted. The energy of X-

rays emitted is determined by the energy difference between the two orbitals of the

electron leap, which corresponds to the unique atomic number of each element. Thus,

the X-rays act like a fingerprint of each element and can be used to identify the type

of element present in the sample.

Figure 3.16 Schematic diagram of X-ray emission caused by focused electron beam.
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The EDX measurement needs higher voltage applied compared to the SEM

measurement, in order to get sufficient X-rays in spectrum. The applied voltage

about 20-25 kV is typically sufficient to excite X-rays from a sample when the

composition of the sample is unclear. However, there are a few cases in which

smaller kV would be more appropriate, such as when analyzing a sample comprised

of lighter elements (carbon, aluminum etc.) or a thin sample (a film or a thin layer of

power etc.). For these cases, applied voltage about 10-15 kV would be more

appropriate to start with.

There are some limitations that the detector can not pick up the X-ray signals. Firstly,

the signal must be stronger than the background noise, meaning that the extremely

weak signal can not be distinguished from any background. This weak signal

usually occurs when the element is the same or less than 0.1% of the weight or has a

concentration of less than 1000 ppm. Another limitation is in the elements that are

able to be detected. Most detectors can analyze all elements that are heavier or equal

to carbon, which covers the vast majority of elements. However, this leaves a few of

the lighter elements such as hydrogen, lithium and boron etc. are unable to be

detected.

Working distance is also critical to the detection of X-rays.[73] The detector needs to

be pointed directly at the area where the electrons are being excited from in order to

capture the X-rays that are being emitted. This indicates that if the stage is too low or
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too high, the detector will not be receiving all the signal. Thus, the stage needs to be

tilted and the angle of the detector needs to be changed appropriately.

The result of EDX is an overlay of all the signals on a graph of counts versus energy

level. Counts are the number of X-ray photons that were recorded by the detector.

The larger the count, the stronger the data is and less likely that it could be affected

or swallowed up by noise. Ideally the count should be greater than 10,000 for very

accurate data. There are many ways to increase the number of counts in the signal,

such as the voltage, working distance, processing time (the signals averaged over a

period of time to remove the noise) and acquisition time.[73] Additionally, the sample

properties such as conductivity, homogeneity, stability and polished, are also

effecting the number of counts.
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CHAPTER 4

Laser Controlled Precise Reduction
of Few-Layer Graphene Oxide
Films

4.1 Introduction

Graphene oxide (GO) films are oxidized graphene sheets decorated with various

oxygen functional groups, such as epoxide and hydroxyl groups on the carbon basal

plane and carbonyl and carboxyl groups attached to the edges.[1-5] Due to the non-

stoichiometric nature of the structure, the thickness of a monolayer GO sheet is not

well defined, varying roughly between 0.8~1.3 nm, dependent on the density and

species of functional groups.[1-5] The functional groups strongly impact GO

properties, making them drastically different from those of graphene. As is well

known, graphene is one of the most conductive materials electrically and

thermally.[6,7] By contrast, GO is an insulator both for electricity and heat.[1-5] The

transport of electrons and phonons within GO is severely hindered by high-density

disordered SP3 domains and the defects of carbon vacancies. Graphene is

hydrophobic, insoluble in water, while GO is amphiphile with a largely hydrophobic

basal plane and hydrophilic edges, hence can be well dispersed in water and many
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other solutions.[3-5] One important application of GO is being used as the precursor of

graphene. GO can be reduced to graphene-like films by removing functional groups

through a variety of techniques, including chemical, thermal, optical and electrical

methods.[2, 8-12] After reduction, the electrical conductivity can be improved by

several orders of magnitude, comparable to that of conductive polymers, making

them an important building block in flexible electronics.[11,13] As GO is dispersible in

water, aqueous GO solutions can be conveniently processed in large-scale for

industrial applications, e.g., through inkjet printing and spray coating, which then

can be reduced to graphene-like films, enabling a broad range of applications that

otherwise are difficult to achieve with graphene (as it is hydrophobic), such as anti-

electrostatic coating, corrosion-protection layers, and transparent conductors[1-5, 14-17].

Apart from being the precursor of graphene, research on individual GO nanofilms is

immensely interesting by its own right. Through programmed laser irradiation,

complex patterns can be structured on individual GO films to develop transparent

and flexible electronics.[11,18,19] Apart from the electrical properties, the optical,

thermal and chemical properties of GO films all have been demonstrated to be

manipulatable by reduction,[2, 8-12] therefore precisely controlled reduction of

individual GO films will have tremendous impacts on a wide variety of technologies.
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4.2 Experimental Methods

4.2.1 Sample Preparation

Figure 4.1a shows the schematic of the sample structure. A silicon wafer coated with

93 nm SiO2 was successively rinsed by Acetone solution, IPA solution and deionized

water, and blown dry with N2 gas. 1 nm Titanium adhesion layer and 5 nm gold film

were sputtered on top by physical vapor deposition (Kurt J Lesker CMS-A DC

magnetron sputterer), forming the specific contrast-enhancing substrate. GO flakes

were prepared by drop casting diluted (concentration 4×10-4 mg/mL) GO solution

(purchased from Graphenea, the monolayer GO flakes can be obtaioned after the

raw material- graphite- is chemically processed.) on the substrate surface (Figure

4.1b).

Figure 4.1 (a) Schematic of the sample structure. (b) Optical micrograph of GO films on 5 nm

Au substrate.
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4.2.2 Raman Measurement

532 nm laser of 0.8, 1.1, 1.4 and 1.7 mW were focused on sample with a 100

objective lens (NA=0.9). Raman signals were collected through a back-reflection

configuration and measured with a Jobin Yvon HR640 Raman spectrometer. The

intensities were normalized to the laser power.

4.2.3 AFM Characterization

Atomic Force Microscope (AFM) measurements were taken with NANOSCOPE IIIa

(Model NS3a, Serial 1157, Digital Instruments) using a tapping mode. And analysed

with Nanoscope Analysis 1.5 software. Kelvin Probe Force Microscopy (KPFM)

measurements were taken with Oxford Instruments MFP-3D Infinity device. A PtIr

probe was used. 10 V ac at a frequency of 12 kHz (which slightly lower than its

resonance frequency) was applied between the probe and sample. The data was

analysed with WSxM 4.0 software.[20]

4.3 Results

4.3.1 Optical Contrast of Few-layer GO Films



93

For few-layer GO films, optical contrast spectroscopy is a simple and convenient

method to characterise its number of layers. In our experiment, GO films are

identified using a 100 objective lens (numerical aperture 0.9) in bright-field mode

on an optical microscope. Reflected light was measured and coupled to an optical

spectrometer. Optical contrast is induced by the reflectance difference of light on a

substrate with and without GO film. The contrast spectrum was then calculated

using the following equation:

� = 1 − ���
���

(4.1)

Where C is the optical contrast, RAu is the reflectance of light on a bare gold substrate,

and RGO is the reflectance of light on the gold substrate covered with a graphene

oxide film. A positive contrast is achieved for RGO < RAu, which means less light is

reflected on the area covered with GO thin films in comparison to the bare substrate.

Conversely, a negative contrast is achieved for RGO > RAu, corresponding to more

light being reflected on the area covered with GO thin films.[21]
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Figure 4.2 (a) Optical micrograph of few-layer GO films on 5 nm Au substrate. (b) Measured

(solid curves) and simulated (dashed curves) contrast spectroscopy of GO films of various

thickness. (c) Maximum contrast vs number of layers, for simulated (circles) and

experimental (triangles) results.

When GO films were exfoliated onto conventional substrates such as glass, SiO2/Si

etc., it is always a tricky question whether thin GO film even monolayer GO film can

be observed under optical microscope as GO films are highly transparent. However,

the stratified structure composed of 5 nm Au, 1 nm Ti, 93 nm SiO2 and Si substrate

(Figure 4.1a) employed in our experiment can considerably enhance the visibility of

GO films under microscope (Figure 4.2a). Under the 100 objective lens, the

maximum contrast of a monolayer GO film on bare SiO2/Si substrates is only about

3%[22], while on the stratified substrate, the maximum contrast is doubled to ~6%,

making few-layer GO films clearly visible and distinguishable. The experimental

results and simulation results are shown as solid lines and dashed lines respectively

in figure 4.2b, which are in good agreement with each other. The theory and the

modified model for the simulation of optical contrast was reported by F. Huang in

2019 [23]. The Igor Pro software was used to fit the curves from experimental data. As

shown in figure 4.2c, the maximum contrast of bilayer, trilayer, 5 layers and 7 layers

GO films on stratified substrate are 11.8% ,18.3%, 27.2% and 36% respectively,

corresponding to the thickness 2.2±0.2 nm, 3.3±0.2 nm, 5.6±0.2 nm and 7.8±0.2 nm

respectively, which is almost linear with the number of layers for thin films
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(6.0±0.5% and 1.1±0.2 nm per layer), but gradually approaches a quadratic relation

shown below when the number of layers � increases.

� = �� − ��2 (4.2)

Where C is the optical contrast, a and b are both constants related to the optical properties of

substrates and 2D materials. The values of a and b can be extracted by fitting the

experimental and simulated contrast data in Figure 4.2c (a=6.18, b=0.15 respectively in our

experiment).

Overall, this provides a fast and facile way to accurately identify the layer numbers

of GO films.

4.3.2 The Reduction of GO Film by Laser Irradiation

GO as a two-dimensional material which is a graphene basal film decorated with

various oxygen functional groups. The functional groups are attached to carbon

plane by covalent bonds, which can be removed through various of techniques,

including chemical, thermal, optical and electrical methods. Here we demonstrate

the reduction of GO films by laser irradiation, which is one of the thermal methods.

The low thermal conductivities of GO films along both in-plane and out-of-plane

directions ( ��/�� ≈ 675 , �� is ranging from 0.14 to 3�/� ∙ � and the thermal

diffusivity along out-of-plane direction is about 1.68 × 10−7 �2/� [24-26]), leads to the

confinement of heat and the rise of temperature in the laser irradiated area.
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Figure 4.3 (a, b) Optical micrographs of a bilayer GO film before and after laser irradiation

respectively. Insets: converted black/white images with enhanced contrast. (c) AFM

topographic image of the bilayer GO film after laser irradiation. The reduced area is

indicated by the white arrow. (d) Step height profile along the dashed red line through the

laser-irradiated spot shown in figure 4.3c.

When GO films are directly deposited on thermally insulating substrates such as

SiO2, the irradiated spots could be over heated to fracture the film.[8] Therefore, a thin

Au film was sputtered underlying the GO films (Figure 4.3a) to act as a heat sink to

dissipate the heat, allowing the reduction to take place with control. For the reduced

GO films, one of the most notable features is the decrease of film thickness, as a

direct consequence of the detachment of functional groups.[11,19] To illustrate this
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effect, we successively irradiated one spot on a bilayer GO film (Figure 4.3b) with

incrementally increased laser powers (532 nm, 0.2, 0.4, 0.8 and 1 mW, respectively,

focused by a 100 objective, NA=0.9, Olympus MPLN100BD, for a duration of 60 s

of each laser power.). The reduced area indicated by black arrow shown in figure

4.3b is slightly brighter than before the laser irradiation (Figure 4.3a). The difference

can be observed clearly in the converted black/white images with enhanced contrast

(Insets of figure 4.3a, b). According to the equation 4.1, as the color of the reduced

area (Figure 4.3b) is more similar to the bare Au surface, which suggests that the

reflectance of light by bilayer GO film (RGO) is less than that of reduced bilayer GO

film (RrGO), so that the optical contrast of this area is decreased on the contrary.

Additionally, AFM topographic image was measured to characterize the thickness

changes of the bilayer GO films after laser irradiation. As shown in figure 4.3c, it

clearly shows a dent at the irradiated spot, indicating a decrease of film thickness.

From the step height profile analysis shown in figure 4.3d, the original film thickness

is 2.2±0.2 nm, which is corresponding to the bilayer layer GO films. The thickness of

monolayer GO films usually varies slightly depending on the method of synthesis.

For our experiment, the thickness of monolayer GO film is 1.1±0.2 nm, confirmed by

optical contrast experiment and AFM topography. Each measurement result need to

be accompanied by an error bar, due to various sources of uncertainty. For example,

the contamination attached on the GO films surface during the synthesis and

reduction process, or the slight bending or folding of GO films during preparation

by drop-casting method, as well as the content of oxygen-containing functional
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groups in different regions can bring uncertainty to the thickness of GO films.

Additionally, the resolution limit of AFM is effected by two main factors-the step

size of the acquired image during the measurement and the sharpness of the AFM

tip respectively. AFM image consists of many points, the probe is scanned back and

forth along the tooth-shaped route, and the computer takes data points at a certain

step width. For example, calculated by taking 512x 512 data points per image,

scanning 1μm x 1μm size image to get a step width of 2nm (1μm/512), a high quality

AFM tip can provide 1~2nm resolution. AFM imaging is actually the result of the

interaction between the shape of the AFM tip and the surface topography. Thus, the

sharpness of the tip is the key factor affecting the lateral resolution. The tip affects

AFM imaging in two main ways: the radius of curvature of the tip and the tip lateral

angle, the radius of curvature determines the highest lateral resolution, while the

probe lateral angle determines the highest surface ratio features detection ability.

The smaller the radius of curvature, the better the resolution of fine structures.

After the multiple irradiations, the remaining film thickness is 0.7±0.2 nm, which is

roughly the thickness of two stacking graphene films (0.34 nm for monolayer

graphene[27]), indicating that the functional groups attached to the basal graphene

plane at the irradiated spot are almost completely removed.
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Figure 4.4 (a) Measured Raman spectra after the spot was successively irradiated by a range

of laser powers (from top to bottom), 0.2, 0.4, 0.8, and 1.0 mW, respectively. Each irradiation

lasts for 60 seconds. (b) Intensities of the D-mode (circles) and G-mode (squares) of reduced

GO film. (c) The ratios between the D-mode and G-mode (��/��). (d) The full-width-at-half-

maximum (FWHM) of the D-mode and G-mode of the Raman signals of a reduced bilayer

GO film.

The Raman spectra were measured at the spot right after each irradiation, which

shows the typical D-modes (1345±5 cm-1) and G-modes (1604±5 cm-1) of GO films

(Figure 4.4a), in good agreement with the literature.[4,15,28] The prominent D-mode is

caused by disordered structure of graphene, which indicates that significant

numbers of defects existed in the carbon plane of GO. The G-mode arises from the

stretching of the C=C bond in graphic materials, relating to the sp2 carbon atoms in
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the structure of GO. The G-peak is literally at about 1592 cm-1,[29] it, however, can

split into two peaks, G-peak (1592 cm-1) and G’-peak (1620 cm-1), due to some

randomly distributed impurities or surface charges in the graphene. In our

experiment, the wavenumbers of G-peak is 1604 cm-1, which is slightly red shifted

compare to other’s results. Additionally, the reduction of GO by chemical and

thermal methods will both cause the shift of G-bond towards higher wavenumbers

compared to that of GO,[30] which corresponds to the recovery of the hexagonal

network of carbon atoms with defects.[31] In our experiment, the peak positions

remain mostly unchanged during the reduction for G-modes as shown in figure 4.3b.

This might be because the change of GO’s structure for thin films are too

imperceptible to be observed during the reduction. The intensities of both the D-

modes and G-modes decrease notably with increasing laser powers (Figure 4.4b),

with a slight drop of the intensity ratio between the D-mode and G-mode (Figure

4.4c). As the D-mode is an indication of the number of defects in the GO film, the ��/

�� intensity ratio provides a measure of disorder in the GO film. The slight reduced

intensity ratio suggests that the reduced GO films have marginally improved

structural orderliness due to the removal of randomly distributed functional groups,

which is also confirmed by the decreased full-width-at-half-maximum (FWHM) of

the D-modes and G-modes (Figure 4.4d). The decrease in FWHM of the D-peak in

reduced GO films indicates an increase in average size of the sp2 clusters, [32,33]

according to the Tuinstra and Koenig relation[34]:
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��/�� = �(�)/�� (4.3)

Here �� and �� are the intensity of the D-peak and G-peak respectively, �(�) is the

wavelength dependent prefactor and �� is the average crystallite size of sp2domains.

Hence, the increase in average size of the sp2 clusters during the reduction process

leads to the decrease of the ��/�� ratio. In addition, the characteristic 2D peak

(around 2700 cm -1) of pristine graphene is not observed, as a significant amount of

nanoscale defects still remain on rGO films.[9,35]
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Figure 4.5 Reducing monolayer GO film with laser irradiation. (a, b) AFM topographic

image and corresponding 3D plot of a monolayer GO film respectively. The irradiated spots

are marked by circles. Scale bar: 3 mm. (c-f) Step height profiles along the dashed lines in (a).
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Figure 4.6 Reducing Bilayer GO film with laser irradiation. (a) AFM topographic image of a

Bilayer GO film. The irradiated spots are marked by circles. Scale bar: 3 m. (b-d) Step

height profiles along the dashed lines in (a).
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Figure 4.7 Reducing three-layers GO film with laser irradiation. (a, b) AFM topographic

image and corresponding 3D plot of a three-layers GO film respectively. The irradiated

spots are marked by circles. Scale bar: 3 m. (c-f) Step height profiles along the dashed lines

in (a).
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Figure 4.8 Reducing five-layers GO film with laser irradiation. (a, b) AFM topographic

image and corresponding 3D plot of a five-layers GO film respectively. The irradiated spots

are marked by circles. Scale bar: 3 m. (c-f) Step height profiles along the dashed lines in (a).

(g) Reduced film thickness vs the original GO film thickness by combining figure 4.5-4.8.

Shaded areas indicate the thickness range of each flake.
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To gain a deep understanding of the reduction process, we irradiated a range of

films of various thicknesses (1, 2, 3 and 5 layers) with different laser powers (0.8, 1.1,

1.4 and 1.7 mW, respectively. Each for 60 s) and characterized the reduction effects

with AFM. Figure 4.5a, figure 4.6a, figure 4.7a and figure 4.8a show the topographies

of a monolayer, bilayer, 3-layer and 5-layer GO film respectively. The irradiated

spots indicated by dashed circles appear darker than the area without irradiation,

which is due to the removal of the functional groups causing the thickness to

decrease. They are more obvious on the 3D plot as shown in figure 4.5b, figure 4.7b

and figure 4.8b respectively. Additionally, there are many spikes on the surface of

bare gold and GO films, which are corresponding to wrinkles and surface

contaminants. However, the reduced spots are clean and smooth, free of spikes,

suggesting surface contaminants were detached with functional groups. Figure 4.5c-f,

figure 4.6b-d, figure 4.7c-f and figure 4.8c-f show the height profiles along the arrows

across the irradiated spots (Figure 4.5a, figure 4.6a, figure 4.7a and figure 4.8a)

respectively. The initial thicknesses confirm the number of layers of GO films, which

are about 1.2 ± 0.2 nm, 2.1 ± 0.2 nm, 3.3 ± 0.3 nm and 5.6 ± 0.3 nm for 1, 2, 3 and 5

layers GO film respectively. Prominent dips are seen at the irradiated spots, which

are deeper for higher laser powers due to more pronounced reduction effects. The

results of the reduced film thickness in relation to the original film thickness are

summarized in Figure 4.8g. For all laser powers, the reduced thickness is linearly

proportional to the original film thickness (there is some variance on the thickness of

each GO flake due to the heterogeneity of functional groups, which is indicated by
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the shaded areas in Figure 4.8g). However, the gradient is different for different laser

powers, being 0.25, 0.34, 0.44 and 0.65 for 0.8, 1.1, 1.4 and 1.7 mW, respectively.

Obviously, higher laser powers produce higher temperatures at reduced spots and

cause more pronounced reduction. Besides, the heterogeneity of functional groups

has its own “removal temperature”. The reduction process for the removal of

functional groups is split into two steps. Some unstable oxygen functional groups

such as -COOH are easier to be detached at lower temperature (160 °C-210 °C), and

some stable oxygen functional groups such as C-OH and O-H will be detached at

210 °C-300 °C[36-40]. The complete reduction of the GO thin films will happen at about

500°C[41]. GO films have low thermal conductivities both along in-plane and out-of-

plane directions[42]. Heat is generated and confined within the reduced spots, raising

the local temperature significantly. It is harder to transport heat through from the

top layer to the bottom layer on thick GO films than thin GO films. This causes each

layer to have a different temperature and leads to each layer to be reduced to a

different degree as the different functional groups has different “removal

temperature”. Nevertheless, an exception is for monolayer GO film, which shows no

notable change when irradiated by 0.8 mW laser (Figure 4.5a). This is because the

monolayer differs from the multilayer in that it directly contacts the underneath gold

layer. Gold has excellent thermal conductivity, so the temperature generated on

monolayer will be dissipated by gold which acts as a heat sink. Here we show that

the controlled laser irradiation can manipulate the reduction of individual GO films
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in such a precise way that the film thickness can be accurately thinned with sub-

nanometer precision.

4.3.3 Tune the Work Function of Individual GO Films

The oxygen functional groups attached to the carbon basal plane damages the

charge-transport capability and turns GO into insulator materials. Various methods

for GO reduction are used to remove the functional groups and recover the defects

on carbon basal plane, which not only can restore the electrical conductivity, but also

can change the surface potential of GO. Work function (WF) is related to surface

potential (SP). The formula will be discussed later. It was demonstrated that

carbonyl groups have the largest impact on graphene’s WF among the oxygen-

containing groups, inducing a WF of 6.8 eV, whereas the corresponding values for

epoxy and hydroxy groups were 5.6 and 4.95 eV, respectively.[43] The WF of

monolayer graphene is about 4.514 eV with a Fermi energy level of 0.083 eV.[44] The

ability to control the WF of graphene-based nanostructures is a very important asset

in applying them as electrode materials. Especially for cathode components,

materials with relatively low WF values are needed. Thermal annealing reduction[45],

chemical reduction[46] and UV irradiation[47] methods for tuning work function of GO

have been reported, which show that the work function of the rGO can be readily

modulated by the residual oxygen functional groups and defects such as

amorphous-like π networks. Besides, the work function of the highly crystalline GO
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flake treated by structural restoration can reach almost the same level as that

observed from the mechanically exfoliated graphene.[45] The work function of the

highly oriented pyrolytic graphite (HOPG) is about 4.5 eV.[48] After the thermal

annealing reduction, chemical reduction and UV irradiation method, the contact

potential difference ( CPDV ) between the tip of KPFM and the multilayer of rGO

flake is about -91 mV, -100 mV ,-117 mV respectively.

Precision reduction opens opportunities for custom-designing the properties of GO

films, such as tuning the electrical conductivity, optical bandgap and WF. Here we

demonstrate that the precisely controlled reduction can be used to finely tune GO’s

WF.
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Figure 4.9 Fine tuning the WF of a 7-layer GO film through laser-controlled precision

reduction. (a-b) topographic and (c-d) SP images of the GO film irradiated by different

powers of laser. Scale bars: 2 mm. (b) and (d) are the corresponding 3D plots of (a) and (c).

Figure 4.9 shows a piece of 7-layer GO film (6.9~8.6 nm) reduced by various laser

powers. For each laser power, a number of spots was irradiated, each for 60 s,

separated by about 0.5 m. We simultaneously measured the topography and

surface potential (SP) of the film with Kelvin probe force microscopy (KPFM). The

reduced areas appear as trenches in both the topographic and SP images (Figure 4.9b,
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d), indicating decreased values after the reduction. In KPFM measurements, SP is

known to be linked to Work Function (WF) based on the following relation:[45]

�� = �tip − ����� (4.4)

Where �� and �tip is the WF of the sample and the KPFM tip, respectively. ���� refers to the

measured SP.

A reduced SP corresponds to an increased WF. Figure 4.10 indicates, the higher the

laser power, the lower the SP/the higher the WF.

Figure 4.10 (a-e) Histogram analysis of the measured SP images, which are fitted with two

Gaussian peaks for reduced GO (α) and Au film (γ) or non-reduced GO (β) and Au film (γ).
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Insets: selected sample areas for the histogram analysis. (f) Changes of WF induced by laser

reduction.

To quantify the reduction effects, we took histogram analysis of the SP images,

which are fitted with two Gaussian peaks (Figures 4.10a-e), α and γ or β and γ,

corresponding to the SPs of the reduced GO films and bare Au films or non-reduced

GO film and bare Au film, respectively. The SPs of Au films vary slightly at different

locations, possibly caused by surface contamination. The measured SP of non-

reduced GO film is -12.0 meV (Figure 4.10e). Upon reduction, the SP (WF) decreases

(increases) by 0.5, 5.8, 10.1 and 17.3 mV, for the 0.8, 1.1, 1.4 and 1.7 mW laser

irradiation, respectively. The WF of the reduced GO film increases linearly with laser

power, with a gradient of 18.2 mV/mW (Figure 4.10f). The 0.8 mW power caused

very little change to the WF, though it reduced the film thickness by ~ 2 nm. The WF

of few-layer GO films is known to be dependent on the film thickness, but saturates

on thick films above 5 layers.[49]

This is possibly why 0.8 mW laser almost made no change to the WF (as the reduced

film is still above 5 layers), whereas higher powers reduce more substantially and

hence impact the WF more significantly. Being able to finely tune WF is crucial for

achieving optimal performance of many electronic devices. For instance, in polymer

solar cells,[50] the WF of the hole/electron transporting layer must be close to the

donor’s HOMO/the acceptor’s LUMO for best performance; in field-effect
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transistors,[51] lower the Schottky barrier by reducing the WF difference between

electrodes and semiconductors can significantly enhance device performance.

4.4 Conclusions

Here we demonstrate that the measurement of optical contrast spectroscopy for few-

layer GO films is a fast and facile way to accurately identify the layer numbers of GO

films, and reduction of individual GO films can be precisely controlled with laser

irradiation. Such is the precision that the film thickness can be thinned with sub-nm

resolution. The reduction is facilitated by extraordinary temperature gradients across

the interlayers of GO films, which can be up to several hundred degrees per

nanometer, manipulatable with laser powers (details will be introduced in Chapter

5). This provides important platforms for nanoscale thermodynamics investigation

and paves the way towards precision nanotechnology, allowing to custom-design

on-demand properties for optimal performance of devices. We also demonstrate that

the WF of GO films can be finely tuned with meV precision by manipulating with

laser powers. This provides important platforms for nanoscale thermodynamics

investigation and paves the way towards precision nanotechnology, allowing to

custom-design on-demand properties for optimal performance of devices.
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CHAPTER 5

Temperature Distribution Within
Individual GO Film

5.1 Introduction

In the previous chapter it was shown that few-layer graphene oxide films were

reduced by laser, and its thickness can be precisely controlled by tuning the laser

power. Laser reduction is literally one of the thermal reduction methods to reduce

GO films[1-3], because when laser was focused by a 100 objective lens to a very small

area (Micron level), the temperature at the irradiation area will increase dramatically,

so that the oxygen functional groups attached on graphene plane will be removed

due to the increasing temperature. In this chapter, we study the heat conduction in

our sample structure and simulated the heat distribution in GO films. The heat

conduction can be divided into three types: one dimension, two dimensions and

three dimensions. The two-dimension and three-dimension cases are more suitable

for our sample structure. Additionally, we also demonstrated that the precisely

controlled reduction can be used to finely tune GO’s work functions (WF). WF is a

fundamental electronic property of any material, which allows us to comprehend the

relative position of the Fermi level. Tuning the WF value of graphene-based
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materials is key requirement in organic electronic devices as the carbon

nanostructures are used as interfaces between an electrode material and an organic

semiconductor.[4,5]

5.2 Theoretical Simulation

The temperature distribution of GO layers under laser irradiation is computed

through the finite element method provided by COMSOL MULTIPHYSICS. The 3D

simulation model consists of GO thin films with different layers and Au, Ti, SiO2, Si

with thickness of 5 nm, 1 nm, 93 nm and 100 nm, respectively. The cross-section area

of the simulation model is 55 μm2. As the interface plays an important role in

thermal transport, the interface thermal resistance is considered by adjusting thermal

conductivity of materials through the serial model. As a result, the thermal

conductivities of GO, Au, Ti, SiO2 and Si are set as anisotropic. A surface heat source

with Gaussian distribution is adopted to simulate laser heating, which is applied at

the centre of GO thin film. The unstructured tetrahedron meshes are constructed

with the standard of superfine.
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5.3 Numerical Formulation of Heat
Conduction and Simulation of Heat
Distribution

5.3.1 Heat Conduction in Two Dimensions

In the numerical formulation of heat conduction, we always use discrete

approximation to demonstrate the partial differential equation. The values of each

discrete points can approximately indicate the temperature field, so that a

computational mesh is obtained. The field is considered at continuous time-steps

with a time increment ��. In two-dimension case, we only consider two increments

in �-, �-directions which are denoted by ��� and ��� respectively. The smaller these

increments are, the better is the agreement with the “true” temperature distribution.

Figure 5.1 Choice of indices for the cells in the computational mesh.
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Figure 5.1 shows a two-dimensional body is divided into increments in the �- and �-

directions. The black spots located at the centre of each cell show the location of each

cell, which are denoted by (�, �) , (� − 1, �) and (�, � − 1) etc. respectively, and the

corresponding temperature of each cell at the considered time-step is denoted by ��,�,

��−1,� and ��,�−1 etc. respectively. Besides, the sizes of computational cells in this

rectangular mesh are dependent on its width and height. For example, the width and

height of cell (�, �) are denoted by ��� and ��� respectively.

Figure 5.2 The thermal conductances between cell (�, �) and its neighbouring cells. The

boundaries between each cell are indicated by red solid lines with number marked.

For the further definition of the thermal conductances between each cell, we pick the

cell (�, �) and the four neighbouring cells ((� − 1, �), (� + 1, �), (�, � − 1) and (�, � + 1)) as

shown in figure 5.2. The thermal coupling between the cells in the numerical mesh is
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described by thermal conductances (red solid lines in figure 5.2). The conductance

per unit length perpendicular to the �, � -plane between the two cells (� − 1, �) and

(�, �) is denoted by ��−1
2, �
, (�/(� ∙ �)). It is calculated as

��−1
2, �

= ∆��
∆��−1/(2�� �−1, � )+∆��/(2�� �,�)+��−12,�

(� ∙ �−1�−1) (5.1)

Where ∆�� and ∆��−1 are the widths of the cells (�, �) and (� − 1, �) respectively. ∆�� is the

height of both cells (�, �) and (� − 1, �). �� �,� and �� �−1,� are the thermal conductivities in

the �-direction for cells (�, �) and (� − 1, �) respectively. ��−1
2,�
(�2�/�) is an optional

additional thermal resistance at the interface between the two cells (�, �) and (� − 1, �).[6]

The conductance ��−1
2, �
refers to the total heat flow through the side ∆�� per unit

length. The first part ∆��−1/(2�� �−1, � ) demonstrates that the thermal resistance of

half of the cell (� − 1, �) in �-direction, the second part ∆��/(2�� �,�) demonstrates that

the thermal resistance of half of the cell (�, �) in �-direction, and the third part ��−1
2,�
is

the optional additional thermal resistance at the interface between the two cells (�, �)

and (� − 1, �) . Normally the additional thermal resistance between two cells is 0,

except that the two cells are different mediums. According to the formulation 5.1, we

can calculate the thermal conductance through boundary 1 which is indicated by red

solid line as shown in figure 5.2.
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Figure 5.3 The heat flows of cell (�, �) through four boundaries.

Figure 5.3 shows the schematic of heat flows of cell (�, �) through four boundaries.

On the basis of equation 5.1, we can simply calculate the thermal conductance of

each boundary between cell (�, �) and its neighbouring cells. Thus, the equation of

heat flow through the left boundary ��−12,�
, (�/�) can be given as follow[6]:

��−1
2,�
= ��−12,�

∙ ��−1,� − ��,� (5.2)

The equation of heat flow through the top boundary ��,�+1
2
, (�/�) can be given as

follow[6]:

��,�+1
2
= ��,�+1

2
∙ ��,� − ��,�−1 (5.3)

From equations 5.2 and 5.3, it reveals that the output or input heat flow from cell

(�, �) to its neighbouring cells are dependent on whether the initial temperature of
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cell (�, �) is higher or lower than its neighbouring cells. The heat flow through the

boundary cell has a different equation which is corresponding to the boundary

condition, we will discuss boundary conditions later.

For the steady state, we assume that the heat flow through cell (�, �) is going from left

to right and from bottom to top as shown in figure 5.3. The heat flow input and

output from cell (�, �) will eventually reach equilibrium, which is equal to zero, so

that the equation is given as

0 =
�
�−12,�

∆�
−

�
�+12,�

∆�
+

�
�,�−12
∆�

−
�
�,�+12
∆�

+ ��,� ∙ ∆�� ∙ ∆�� (5.4)

Here ��,� ∙ ∆�� ∙ ∆�� is the the heat generation in cell (�, �).

The heat generation is normally 0. Thus, according to equations (5.1), (5.2), (5.3) and

(5.4), the temperature of each cell at a steady state can be calculated if the thermal

conductivities of materials are given.

In an unstable state, here we introduce a new definition ��,�, (�/(�3�)), which is the

volumetric heat capacity of cell (�, �) , so that the heat capacity of cell (�, �) can be

described as ��,�∆��∆�� per unit length perpendicular to the (�, �) -plane. Therefore,

once the time-step ∆� is given, the energy changes for the cell (�, �) is supposed to be

satisfied by the equation showing below due to the energy balance:

��,� ∙ ∆�� ∙ ∆�� ∙ ��,���� − ��,� =

(��−1
2,�
−��+1

2,�
+��,�−1

2
−��,�+1

2
+ ��,� ∙ ∆�� ∙ ∆��) ∙ ∆� (5.5)
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Here ��,���� is the new temperature of cell (�, �), ��,� is the old one.[6]

We can modify the equation for the new temperature of cell (�, �):

��,���� = ��,� +
∆�

��,�∙∆��∙∆��
(−��−1

2,�
−��+1

2,�
−��,�−1

2
−��,�+1

2
+ ��,� ∙ ∆�� ∙ ∆��) (5.6)

For the steady-state case, from the work of Eftring, B.[7], who gives the stability

criterion of stable time-step ∆� for cell (�, �), which is showing below:

∆� < ��,�∙∆��∙∆��
�
�−12,�

+�
�+12,�

+�
�,�−12

+�
�,�+12

(5.7)

Only when every single cell (�, �) satisfies this criterion, so that we can obtain the

smallest stable time-step ∆� that guaranteeing all the cells are in the stable state. In

steady-state case, the heat capacities of the cells are regardless, The stable time-step

for each cell determines the time-scale for temperature changes within the cell.

Ideally, every cell has the same stable time-step to reach the stable state, which

means the thermal response time for each cell is the same. Thus, we assume that

there is a value of heat capacity that can give the same time-step for all cells, which is

determined by making both sides equal in equation 5.6. The equation for heat

capacities ��,� is shown below[6]:

��,� = ∆� ∙
�
�−12,�

+�
�+12,�

+�
�,�−12

+�
�,�+12

∆��∆��
(5.8)
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5.3.2 Heat Conduction in Three Dimensions

In three-dimension case, we consider three increments in � -, � - and � -directions

which are denoted by ��� , ��� and ��� respectively. The computational cube in

three- dimension case is shown in figure 5.4a, which is different from the

computational mesh in two-dimension case. The value of each discrete point no

longer represents the temperature of each two-dimensional lattice region, but the

temperature of the space within each three-dimensional cube. We assume that one of

the cells is denoted by (�, �, �). There are six adjacent cells close to it in six directions

which can be denoted by (� − 1, �, �) , (� + 1, �, �) , (�, � − 1, �) , (�, � + 1, �) , (�, �, � − 1)

and (�, �, � + 1) respectively. The size of the cells is dependent on the length of ��� ,

��� and ��� , and the cells are considered at continuous time-steps with a time

increment ��.

Figure 5.4 (a) Choice of indices for the cells in the computational cube. (b) Enlarged

computational cells (�, �, �) and (�, �, � − 1).
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Figure 5.4b shows the cells (�, �, �) with the side lengths ��� , ��� and ��� , and a

neighboring cell (�, �, � − 1) below it. The heat flow through the shadow area (shown

in figure 5.4b) from the bottom cell to the top cell is denoted by ��,�,�−1
2
, (�), which is

equal to the thermal conductance multiplied by the temperature difference between

the two cells. The equation is given by

��,�,�−1
2
= ��,�,�−1

2
∙ ��,�,�−1 − ��,�,� (5.9)

Here ��,�,�−1
2
is the thermal conductance between the two cells (�, �, �) and (�, �, � − 1).[6]

According to the equation 5.9, we can also calculate the heat flows through other five

sides of cell (�, �, �). The thermal conductances ��,�,�−1
2
, (�/�), between two cells can

be calculated as

��,�,�−1
2
= ∆��∆��

∆��/(2��,�,�)+∆��−1/(2��,�,�−1)+��,�,�−12

(5.10)

Here ∆�� and ∆��−1 are the height of the cells (�, �, �) and (�, �, � − 1) respectively. ∆�� and ∆��

are the lengths and widths of both cells. kji ,, and 1,, kji are the thermal conductivities in

the �-direction for cell (�, �, �) and (�, �, � − 1) respectively. ��,�,�−1
2
is an optional additional

thermal resistance at the interface between the two cells.

Equation 5.10 is also suitable for calculating the thermal conductances of cells

between (�, �, �) and other five sides. For the steady state, we assume that the heat

flow through cell (�, �, �) is going from left to right, from bottom to top and from
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forward to backward. The heat flow input and output from cell (�, �, �) will

eventually reach equilibrium, which is equal to zero, so that the equation is given as

0 =
�
�−12,�,�

∆�
−

�
�+12,�,�

∆�
+

�
�,�−12,�

∆�
−

�
�,�+12,�

∆�
+

�
�,�,�−12
∆�

−
�
�,�,�+12
∆�

+ ��,� ∙ ∆�� ∙ ∆�� ∙ ∆�� (5.11)

The heat generation is normally 0. Thus, according to equations (5.9) and (5.10), the

temperature of each cell at a steady state can be calculated if the thermal

conductivities of materials are given.

Additionally, the energy changes of cell (�, �, �) can be calculated as

��,�,� = ��−1
2,�,�

∙ ��−1,�,� − ��,�,� + ��+1
2,�,�

∙ ��+1,�,� − ��,�,� +

��,�−1
2,�
∙ ��,�−1,� − ��,�,� + ��,�+1

2,�
∙ ��,�+1,� − ��,�,� +

��,�,�−1
2
∙ ��,�,�−1 − ��,�,� + ��,�,�+1

2
∙ ��,�,�+1 − ��,�,� (5.12)

Here ��,�,� is a variable indicated that the total heat flow to cell �, �, � from the six

neighboring cells.[6]

When we add the time-step ∆�, the temperature of cells will increase or decease with

time, so that the new temperature can be calculated as[6]

��,�,���� = ��,�,� +
∆�

��,�,�∙∆��∙∆��∙∆��
(��,�,� + ��,� ∙ ∆�� ∙ ∆��) (5.13)
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5.3.3 Boundary Conditions

In the process of heat conduction, boundary conditions have always played a

significant role. There are two types of boundary conditions that are most commonly

applied. The first type gives a prescribed temperature around the boundary, the

second type gives a prescribed heat flow into the region.

Figure 5.5 Heat conduction at the boundary in two dimensions.

Here we assume that the heat flow �1
2,�
is going from the outside to the boundary cell

(1, �) as shown in figure 5.5. From the first type of boundary conditions, if the

temperature of outside is denoted by ��.�.(�), then equation (5.2) can be modified to

�1
2,�
= �1

2,�
∙ ��.�. � − �1,� (5.14)

From the second type of boundary conditions, if a boundary heat flow is denoted by

��.�., the heat flow per unit length perpendicular to the (�, �)-plane is given by
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�1
2,�
= ��.�. � ∙ ∆�� (5.15)

According to the equations (5.14) and (5.15), we can calculate the accumulation of

heat flow from the left boundary to the cell (1, �) during the time-step ∆�

��.�.��� = ��.�. + ∆� ∙ ��1
2,�

� (5.16)

Here the ��.�. is the old energy of cell (1, �), and the ��.�.��� is the new one. The summation

involves all cells that belong to the boundary segment.[6]

For boundary cells in three-dimension case, considering cell (1, �, �) is located at the

left edge, the thermal conductance which couples the temperature �1,�,� with outside

of the boundary temperature is

�1
2,�,�

= ∆��∆��
∆�1/(2�1,�,�)+�1

2,�,�

(�/�) (5.17)

5.4 Simulation of Temperature Distribution
in GO Films

In the previous chapter, GO films are reduced by laser irradiation. The reduction is

caused by raised temperature at the laser spots. GO has low thermal conductivities

both along the in-plane and out-of-plane directions.[8] Upon the irradiation of laser,

heat is generated and confined within the laser spots, raising the local temperature

significantly.
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Figure 5.6 (a-d) The calculated temperature distribution at each layer of a 5-layer GO film

irradiated by laser with 1.7 mW, 1.4 mW, 1.1 mW and 0.8 mW laser power respectively.

Here we calculate the heat distribution of a 5-layer GO film irradiated by 532 nm

laser with different laser powers (0.8 mW, 1.1 mW, 1.4 mW and 1.7mW respectively)

as shown in figure 5.6. In this simulation, each layer of graphene base-plane attached

with various functional groups is considered as homogeneously uniform, so that the

heat conduction between interlayer of GO can be considered as in two dimensions.

The interlayer heat conduction between each layer of GO films can be considered as

in three dimensions. The thermal properties of the substrate (Au, Ti, SiO2 and Si) are
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also included in the simulation as they play as the heat sink which have impacts on

the results (details see Methods). From figure 5.6, the temperature at the top layer of

a 5-layer GO film can reach 243 °C to 494 °C for laser power between 0.8 and 1.7 mW.

Heat is strongly confined within the laser irradiated spots. As the thermal

conductivity between interlayer of GO film is very small, the temperature at each

successive layer is lower than the one above. The temperature at the bottom layer is

only 75.3 °C under 0.8 mW laser irradiation as shown in figure 5.6d.

Figure 5.7 (a) Temperatures at the different layers (5 refers to the top layer, 1 refers to the

bottom layer) within a 5-layer GO film, irradiated by different laser powers. (b) Temperature

gradients.

Across the GO layers, temperature drops linearly from the top to the bottom. Figure

5.7a shows the calculated temperature (5 refers to the top layer and 1 refers to the

bottom layer attached to Au substrate) within a 5-layer GO film irradiated by

various laser powers. For each laser power, the temperature distribution in the GO
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film is linear, as expected from a homogenous medium. Higher laser powers

produce higher temperature deep into the GO film with larger temperature

gradients (Figure 5.7b), therefore it can reduce the film more substantially. This is in

line with the observed trends of the reduced film thickness shown in Figure 4.8g in

chapter 4. Temperature plays a central role in the photothermal reduction of GO

films. Generally different functional groups have different bonding energies and

thus will be dissociated at different temperatures.[9-14]

However, apart from the strongly bonded carbonyl groups at the edges, most

functional groups attached to the basal plane can be removed at temperature above

200 C,[4,15]which is achievable in most experimental conditions, as indicated by the

calculations (Figure 5.7a), so that the top a few layers would be thoroughly reduced

(the only exception is the case of monolayer film irradiated by 0.8 mW power laser,

which did not show notable effect of reduction. It could be the temperature being too

low, as laser power is very modest and the film is directly in touch with the

underlying Au film, with most heat being dissipated away). A remarkable

temperature gradient of 90 °C/layer is achievable with the irradiation of 1.7 mW

(Figure 5.7b), which can be readily improved to several hundred degrees per

nanometer with increased laser powers. Such a system of extraordinary temperature

gradients customizable with laser powers, can be exploited as important platforms

for a wide range of nanoscale thermodynamics investigations, such as the heat

transport across nanoscale distance and the thermoelectrics of nanomaterials.[16-19]
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5.5 Conclusions

The formulas regarding heat conduction in two dimensions and three dimensions

are studied in this chapter, and the temperature distributions of 5-layer GO film

induced by laser are calculated by COMSOL MULTIPHYSICS software. It shows

that heat is generated and confined within the laser irradiated spots, leading to the

temperature increase due to the low thermal conductivities of GO film both along

the in-plane and out-of-plane directions, which is consistent with the experimental

results in chapter 4.
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CHAPTER 6

Annealing Gold Films on HOPG
Surface

6.1 Introduction

Graphene has promising applications in many fields such as field emission (FE)[1-3] ,

bio-sensing[4-6], field effect transistors (FET)[7,8] and battery[9,10] etc, due to its excellent

electrical conductivity and thermal conductivity[7,11,12], remarkable optical

transparency[13,14] , and outstanding mechanical properties[15-17]. The preparation of

graphene has also been a hot topic in recent decades. A lot of preparation methods of

graphene have been reported, such as Exfoliation and cleavage[7,18], Thermal

Chemical Vapor Deposition (CVD) Techniques[19,20], Plasma Enhanced Chemical

Vapor Deposition Techniques (PECVD)[21-23] etc. Among them, mechanical

exfoliation (ME) was first proposed to use scotch tape for very simple peeling to

obtain monolayer graphene films. The advantage of this method is that it can obtain

very high-quality monolayer graphene film at room temperature with electrical

conductivity up to ~ 5100.2  cm2V-1 s-1[24]. The disadvantage of this method is that the

loss of electrical conductivity when transferred to SiO2 substrate, as well as the

thickness, size and distribution position of the film cannot be well controlled, so it
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cannot be effectively used in industrial production. The Thermal Chemical Vapor

Deposition Techniques was first reported by P. R. Somani, et al. in 2006[19], who

obtained multilayer graphene films by using CVD techniques. Soon after, A. N.

Obraztsov et al. reported that 1-2 nm graphene films were obtained by using similar

method with different conditions[25]. Compared to the ME, CVD techniques can

effectively control the graphene's thickness and size by changing the proportion of

mixed gas and temperature conditions. But how to transfer the prepared graphene

films to insulating substrate is a challenge for the technology. In addition, graphene

films prepared by this method may be contaminated with metal, which will affect its

properties to some extent. Before CVD technology, A. N. Obraztsov et al. also

reported the PECVD Techniques for fabrication of graphene thin films.[21]They found

that graphite-like carbon sheets obtained through PECVD look very thick in most

places, but there are a few thin sheets in twisted position. J. Wang et al. obtained

subnanometer scale graphene sheets through radio-frequency PECVD system.[23]

PECVD technology shows the versatility of synthesizing graphene film on any

substrate, which extends its range of applications. Thermal decomposition of SiC

method is to break the chemical bonds between Si and C through high temperature

heating (more than 1400˚C). Because of the big difference in vapor pressure between

Si and C, Si atoms will evaporate at high temperature, leaving C atoms rearranged

on the surface to form graphene films.[26] Research has shown that graphene film is

not formed directly on the SiC surface, in the process of high temperature heating, a

non-conducting, carbon-rich interfacial layer will form between SiC substrate and
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graphene films. This interfacial layer acts as an electronic “buffer” layer between the

graphene films and SiC substrate and provides a template for subsequent graphene

growth.[27] The interface between epitaxial graphene and the silicon carbide substrate

is formed at temperatures in excess of 1500˚C, so that it is reproducible, ordered and

clean[28]. Additionally, the ability to fabricate a very uniform and large area of

graphene film gives this technology a great promise in electronic applications.

Besides, the most important advantage of this method is that graphene films grow

directly on an insulating substrate, so it does not need to be transferred.

In the decades since ME method was discovered, this technology is improving all the

time in order to overcome its disadvantages. J. Moon et al. report a new exfoliation

method in 2020, who used the metal film instead of scotch tape to obtain large size

graphene with controlled number of layers.[29]When thin Au film (5 nm) is deposited

on the top of precleaned fresh graphite, the topmost monolayer graphene can be

selectively peeled off as its binding energy with graphene (γAu-Gr = 30 meV/atom)[30] is

slightly larger than the interlayer binding energy of graphite (γGr-Gr = 21-25

meV/atom)[31,32] Additionally, the binding energy can be adjusted by depositing

different metal films (Pd, Ni and Co) that have higher interfacial roughness than the

Au film, which allows to obtain the large-area graphene with a controlled number of

layers.[29] The technology of Au-assisted exfoliation was employed earlier by Velicky

et al in 2018 to exfoliate extraordinarily large-area transition metal dichalcogenide

(TMDs) up to centimeter-sized monolayer films.[33] Graphene films can form on Au
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surface at elevated temperature. Sutter et al reported that carbon atoms diffuse and

reorganize around Au surface, forming graphene shells when heated by high-energy

electron beams.[34] Katzen et al reported that carbon quantum dots were formed

inside plasmonic nanocavities under the heat of intense local optical near fields.[35] It

is therefore of great interest to investigate how stable Au films are on graphite at

elevated temperatures. In this chapter, we provide detailed study on how Au films

deposited on graphite evolve when heated to different temperatures. Thin Au film

was sputtered on the top of highly oriented pyrolytic graphite (HOPG) or multilayer

graphene films. The samples were heated to different temperatures, leading to the

diffusion and coalesce of Au clusters. For temperature below 500 C, Au films

shrank and coalesced into nanoclusters, but not causing any notable damage to the

HOPG surface. At 500 C, the diffusion force became so strong it peels off few-layer

graphene films from the HOPG surface, forming flat and smooth terraced structure

on HOPG with step height ranging from monolayer graphene to tens of nanometers.

6.2 Sample Preparation

In this experiment, two similar structures of samples were prepared which are

shown in figure 6.1. Figure 6.1a shows the first structure (S1), a silicon wafer coated

with 93 nm SiO2was used as substrate. HOPG crystal was peeled a couple of times

by scotch tape to give it a fresh and clean surface. The size and thickness of HOPG
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are unimportant in this experiment as only the top few graphene layers are

supposed to be exfoliated. The HOPG was stuck directly on the top of substrate by

double side copper tape due to the lack of adhesion between HOPG and SiO2. Gold

layer of different thickness were sputtered on top of the sample. Figure 6.1c shows

the optical micrograph of HOPG coated by 5 nm gold layer under the 5x objective.

The second structure (S2) is similar to the first one, with the same substrate (Si with

93 nm SiO2). However, the HOPG was directly exfoliated on the SiO2 surface, then

different thickness gold and titanium layers were sputtered on the top of the sample

(Figure 6.1 b). The Si with SiO2 wafer was well cleaned by rinsing in Acetone

solution, Isopropyl Alcohol (IPA) solution and deionized water. Each step was

processed in ultrasonic bath for 5 mins separately. During the exfoliation process, a

cap of ball-point pen with smooth rounded top was used to gently scratch the tape

instead of pressing by finger, in order to increase the contact area between graphite

and SiO2 surface. This method significantly improves the success rates of exfoliation.

Figure 6.1 d shows a bulk layer graphite sputtered by 1 nm gold layer and 0.5 nm

titanium layer sit directly on the Si with SiO2 substrate.
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Figure 6.1 Schematic and optical micrographs of samples. (a) and (b) are schematics of two

sample structures. (c) Optical micrograph of HOPG coated by 5 nm Au on double side

copper tape. (d) Optical micrograph of bulk layer graphite coated by 1 nm Au and 0.5 nm

titanium on Si with SiO2 substrate.

6.3 Results

6.3.1 Raman Spectra Analysis

Samples were firstly characterised by Raman spectroscopy before and after heating

processes. Raman spectra of HOPG sputtered with different thickness of gold layers
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can be a very intuitional way to show that whether sample surface changed after

heating process.

Figure 6.2 Optical micrographs and Raman spectra of samples before heating process. (a-d)
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Optical micrographs of HOPG coated with different thickness of gold layer. Scale bar: 22 μm.

(e) Raman spectra of HOPG corresponding to (a-d). Spectra of background has been

removed.

Figure 6.2a-d show that different thickness of gold layers sputtered on the top of

HOPG change the reflection of sample surface. Under microscope with 20x objective,

the thicker the gold layer, the higher the reflectivity. In this experiment, 532 nm

wavelength of laser was used to measure the Raman spectra of HOPG, and five

areas from each sample were measured in order to get the average of the Raman

spectra, one of the five areas from each sample are indicated by red circle shown in

figure 6.2a-d respectively. The Raman spectra show the typical strong G-modes

(1580±5 cm-1) of HOPG (also visible are the weak D-modes around 1345±5 cm-1).

However, gold layers reduce the laser power hitting on the HOPG surface, causing a

decrease in the intensity of Raman spectra. From figure 6.2e, it is seen that HOPG

without any coating has the highest intensity of G-peak, the intensity of G-peak from

HOPG coated with 5 nm gold layer was stronger than that of 10 nm gold layer, and

the laser was completely blocked out by 50 nm gold layer, as no Raman signal was

obtained from HOPG coated with 50 nm gold layer. In addition, the Raman

spectrum of HOPG without gold coating shows no D-peak, which depicts the HOPG

has uniform structure without defects. However, the D-peak appears after HOPG

was sputtered with 5 nm or 10 nm gold film, which indicates that the sputtering

process can potentially affect the structure of HOPG.
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Figure 6.3 Optical micrographs and SEM images of sample after heating treatment at 500 °C

for 6 hours. (a, c, e, g) Optical micrographs of HOPG coated with different thickness of gold

layers. Scale bar: 22 μm. (b, d, f, h) SEM images of the corresponding samples of figure 6.3a,

c, e, g (i) Raman spectra of HOPG after heating treatment. (j) Processed Raman spectra of

HOPG comparing the intensity before and after heating treatment.

Samples of HOPG coated with 5 nm, 10 nm and 50 nm gold layers were heated in

the oven at 500 °C for 6 hours respectively. The rate of heating and cooling were

2 °C/min and 3°C/min respectively. From the optical micrographs (Figure 6.3a, c, e)

of HOPG coated with gold film, it shows clear difference before and after the heating

treatment. There were many bright and dark dots appeared randomly on the 5 nm

and 10 nm gold layer samples. These are all gold clusters formed due to the

diffusion and shrinkage of gold atoms after heating treatment, which are indicated

by bright flakes in SEM images (Figure 6.3b, d). As the gold flakes have uneven

surfaces, light is reflected onto different directions, leading to the appearance of

bright and dark dots shown in the optical micrographs. Moreover, there are some

few-layers graphene films also appeared on the top of HOPG as shown in figure 6.3b,
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d (Details will be talked about in AFM analysis). For the 50 nm gold layer sample,

the dark dots tend to appear along the cracks of HOPG as gold atoms on the sharp

edges have lower binding energy. Additionally, from SEM image of 50 nm gold

sample (Figure 6.3f), the HOPG under the gold layer was exposed due to the

shrinkage of gold, but there are many small gold flakes remained on the HOPG, and

no graphene films formed on this area. For the sample without gold coating, the

HOPG is barely affected by the heating treatment as shown in figure 6.3g, h. The 532

nm wavelength of laser was used to measure the Raman spectra of HOPG after

heating treatment, and five areas from each sample were measured in order to get

average of the Raman spectra. One of the five areas from each sample are indicated

by red circle shown in figure 6.3a, c, e respectively. From figure 6.3i, Raman signal of

HOPG coated with 50 nm gold layer appeared because of the exposure of HOPG

due to the shrinkage of gold. Compared to the films before heating, the intensities of

G-peaks (1580±5 cm-1) of 5 nm and 10 nm gold layer samples after heating increased

by 18.9 and 20.4 respectively (Figure 6.3j), due to less block of laser by gold layers.

Moreover, the Raman signal of HOPG after heating treatment (20 times as that of 5

nm and 10 nm Au samples) is much stronger than that measured on bare HOPG

without Au coating (only about 2 times as that of 5 nm and 10 nm Au samples), as

shown in figure 6.2e. This is due to the surface enhanced Raman scattering (SERS)

effect of Au clusters. Besides, the decrease of intensity of D peaks of the 5 nm and 10

nm samples indicates that fewer defects of HOPG structure, also verifies that the

Raman signal comes from the HOPG beneath gold layer.
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6.3.2 Surface Characterization by AFM, SEM and EDS

For the further characterization, Atomic Force Microscope (AFM) was used to obtain

topographic images of sample surfaces by tapping mode.
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Figure 6.4 AFM topographic images of HOPG coated with 5 nm gold layer after heating at

500 °C for 6 hours. (a, b) Tapping mode AFM topographic images of sample surface with

different scan size. The top right and bottom right inserts of figure 6.4a are the area of
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roughness analysis of gold clusters and histogram respectively. (c, e) The enlarged AFM

topographic images correspond to the yellow and blue dotted area in figure 6.3b

respectively. (d, f) Step height profiles are obtained along the dashed white lines in figure

6.4c, e respectively. The thickness analysis of different positions is corresponding to the

mark of different numbers and colours in figure 6.4c, e.

HOPG has the interlayer binding energy between each layer provided by Van der

Waals force. When a thin Au film was sputtered on top of the HOPG, Au atoms

generally does not bind with smooth graphite well. They first nucleates at locations

of imperfection, which could be surface contaminations, defects, voids, or adatoms

etc, forming nano islands. As film thickness increases, these islands connect and

form a continuous film, but Au was bonded more strongly to the nucleate locations

of defects than smooth and clean areas. When heated, Au atoms diffuse and coalesce

into the defect locations which have stronger bonding force.[36] The diffusion and

coalescence forces generated at high heating temperatures allow gold atoms to tear

the topmost graphene films apart. In our experiment, we heated the sample at 500 °C

in oven for 6 hours, leading to the diffusion and coalescence of gold atoms, forming

many clusters. During this process, part of the top surface of HOPG was peeled off,

leaving a terraced surface structure on HOPG. Figure 6.4a, b show the AFM

topographic images of 5 nm Au surfaces on HOPG after being heated at 500 °C in

oven for 6 hours. The white structures on the sample surface are coalesced Au
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clusters. According to the histogram of roughness analysis of gold clusters, which is

shown in the bottom-right insert of figure 6.4a, the majority thickness of gold

clusters is ranged from 140 nm to 173 nm. The top-right insert of figure 6.4a shows

the area selected to be analysed. In addition, many ‘thin films’ appeared on HOPG,

which are terraced HOPG surface with step-height ranging from 0.4 nm± 0.2 nm to

12.6 nm± 0.2 nm, as measured by the line-profiles of AFM topography (figure 6.4d, f).

The thickness of monolayer graphene film is 0.34 nm[37], which indicates that in some

areas monolayer graphene was peeled off, while in other areas, much thicker films

were peeled off. Figure 6.4c, e show enlarged topographic images of two specific

areas in figure 6.4b, corresponding to the yellow and blue dotted area respectively.

The height profiles along white dash lines are shown in figure 6.4d, f. The thickness

of different positions is analysed in height profiles, which are corresponding to

different numbers with different colours marked in figure 6.4c, e.
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Figure 6.5 AFM topographic images of HOPG coated with 10 nm gold layer after heating at

500 °C for 6 hours. (a, b) Tapping mode AFM topographic images of sample surface with

different scan size. The top right and bottom right inserts of figure 6.5a are the area of

roughness analysis of gold clusters and histogram respectively. (c) The enlarged AFM

topographic image correspond to the yellow dotted area in figure 6.5b. (d) Step height

profiles are obtained along the dashed white lines in figure 6.5c. The thickness analysis of

different positions is corresponding to the mark with different numbers and colours in

figure 6.5c.

Figure 6.5a, b shows AFM topographic images of 10 nm Au film surface, which have

similar features as that of the 5 nm thick layer of gold sample. The gold layer also
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shrank and formed as thick clusters. From the histogram of roughness analysis of

gold clusters (the bottom right inset of figure 6.5a), the majority thickness of gold

clusters is ranged from 183 nm to 197 nm, which is thicker than that of 5 nm sample.

Terraced structures also appeared on top of the sample surface. Figure 6.5c is a

specific area of topographic image corresponding to the yellow dotted area in figure

6.5b. Height profile along the white dashed line is shown in figure 6.5d. The step

height of graphene films remained on the HOPG surface ranges from 3.6 nm± 0.2 nm

to 12.2 nm ± 0.2 nm, which is thicker than that on the 5 nm gold sample. According

to the topographic images and height analysis, the terraced graphene structures on

HOPG are smooth and flat. Additionally, the areas containing thicker gold clusters

are usually deeper, as shown in figure 6.5a, which indicates that thicker gold cluster

has stronger binding energy, and more likely to tear thicker graphene films off when

gold clusters coalesced. This also explains that why the average stepheight of the

terraced steps formed on 10 nm gold sample is thicker than that on 5 nm gold

sample. It is potentially possible to control the number of layers of peeled off

graphene films by adjusting the thickness of gold films. For the 50 nm gold film, the

film did not break and coalesce as strongly as the 5 nm and 10 nm films. Most areas

of 50 nm Au film were barely affected by the heating treatment. However, some

shrinkage happened along the crack and near the side of HOPG where gold atoms

have lower binding energies.
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Figure 6.6 SEM image and EDS spectra of 5 nm thick of gold sample. (a) SEM image of

sample. 15 kV voltage was applied, and image was obtained by zooming in 35000 times. (b, c,

d) EDX spectra of three different areas correspond to yellow, red and blue dotted area

shown in figure 6.6a respectively. Inserts are tables analysing the content of elements

correspond to three areas.

Energy Dispersive X-Ray (EDX) Spectroscopy was used to characterize the elemental

composition on the sample surface. Figure 6.6a shows SEM image of a 5 nm Au film

after heated at 500 °C for 6 hours. EDX spectra were obtained under 15 kV voltage.
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Figure 6.6(b-d) show the EDX spectra of three different areas correspond to the

yellow, red and blue dotted boxes in figure 6.6a. Spectrum 1 is on a Au cluster which

shows the highest gold mass weight (27.82%). Spectrum 2 is in a terraced structural

area on HOPG with no gold left. The carbon atomic weight reaches 97.12%.

Spectrum 3 is in an area on bare HOPG with 96.24% of carbon atomic weight, and a

small amount of gold remains on the surface (0.77%). This strongly confirmed that

gold atoms diffused, and part of topmost layers of HOPG were peeled off when gold

clusters coalesced together under high temperature.

6.3.3 Annealing Gold Films on HOPG

Here we provide detailed studies of the evolution of Au films on HOPG when

annealed at different temperatures.
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Figure 6.7 5 nm thick layer of gold samples’ optical micrographs, AFM topographies and

SEM images after heating at different temperatures. (a, c, f, i) Optical micrographs of freshly
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made samples and heated at 200 °C, 300 °C and 400 °C respectively. (d, g, j) AFM

topographies and (b, e, h, k) SEM images of the corresponding samples of figure 6.7a, c, f, i.

(l) the corresponding 3D plots and (m) Histogram analysis of the thickness of Au nanoplates

in figure 6.7j. The area indicated by white dashed line in inset is selected to be analysed. (n)

Enlarged AFM topographic of figure 6.7j. (o) Height profile analysis corresponding to the

white dashed line in figure 6.7n.

Figure 6.7a, b show the optical micrograph and SEM images of a 5 nm gold sample.

Many black holes are shown in SEM images, which indicate that the gold layer

sputtered on HOPG surface is not uniform and continuous. These defects increase

the chance of gold atoms diffusing under high temperature. Figure 6.7c, f, i show the

optical micrographs of the sample after annealed at different temperatures (200 °C,

300 °C and 400 °C) respectively. The change of brightness of the optical micrograph

reveals the shrinkage of gold layers. The darker the image, the more the gold layer

shrinks, because the shrinkage of gold leads to a decrease of reflectivity of sample

surface. AFM topographies and SEM images show clearer surface morphologies of

the samples after annealed at different temperatures (Figure 6.7d, e, g, h, j, k). The

bright areas indicate gold clusters after shrinking, and the dark areas indicate HOPG

underneath. The shrinkage of gold layer increases with anneal temperature. The

gold layer has already begun to shrink at 200 °C as shown in Figure 6.7d, e. The

AFM topography and SEM image (Figure 6.7g, h) of the sample after annealed at

300 °C show the intermediate state of gold films before they coalescing to gold

clusters at higher temperature. The majority of gold flakes has random shapes and
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still connects to each other. For the sample annealed at 400 °C, all the gold clusters

crystallized into isolated nanoplates. The 3D plot (Figure 6.7l) of AFM topography

clearly depicts the morphology of the Au nanoplates. The area indicated by white

dashed line in the inset of figure 6.7m was selected to analyse the thickness of the Au

nanoplates. According to the histogram shown in figure 6.7m, the majority of Au

nanoplates has thickness concentrated between 50 nm~ 60 nm, centred at 55 nm,

which is confirmed by the height profile analysis shown in figure 6.7o. Interestingly,

no terraced structures were found on the samples annealed at and below 400 °C. The

surfaces are all clean as shown in the SEM images. As shown before, graphene films

were peeled off from the HOPG surface after being annealed at 500 °C. We propose

that during the whole diffusion and coalescence process from 200 °C to 500 °C, gold

atoms started to diffuse and broke the film into fractal shaped branches, which then

coalesced to individual gold islands, and finally collapsed into the thick gold clusters.

During the sputtering, Au atoms initially stick at defect locations on HOPG surface.

These defect locations could be surface contaminations, dirty nanoparticles, cracks,

voids, or adatoms. By contrast, the adhesion between Au and clean and smooth

graphite surface is very weak.[36] These defects provide the anchoring centres for Au

atoms to nucleate and grow during the sputtering. When annealed at elevated

temperature, the film breaks and coalesce into islands centred at the defect locations,

which have stronger adhesion force than the smooth and clean graphite surface. For

temperatures below 500 °C, the gold islands can still be held in place by the strong

adhesion force between Au and defects. Only Au films on areas of clean graphite



161

surface shrank, which did not provide strong enough force to peel off graphene

layers from HOPG. However, when temperature was increased to 500 °C, the

defects cannot hold gold islands in place anymore. The clusters coalesce with strong

force together with the defects which torn off graphene layers underneath, forming

the terraced structures on HOPG surface. The number of graphite layers being

peeled off depends on the adhesion force between Au cluster and the holding defect.

The stronger the force, the thicker the layer being peeled off.

6.3.4 Effects of Anneal Time

In previous experiments, gold atoms diffused and coalesced together after heat

treatment. There are many conditions affecting the shrinkage of the gold layer, such

as heating temperature, heating time, thickness of gold layer, and whether there is

an adhesion layer between the gold layer and HOPG. Therefore, we made some

fresh samples with a different structure (Structure 2 as shown in figure 6.1b) for

further experiments, then combining the previous experiments in order to observe

the behaviour of gold layer under different conditions. Graphite was exfoliated onto

the 90 nm thick SiO2, then different thickness of titanium layer was sputtered

between gold layer and graphite as an adhesion layer. The binding energy between

titanium and graphene (γTi-Gr =127 mev/atom)[38] is stronger than that between gold

and graphene (γAu-Gr =30 mev/atom), because graphene is physisorbed onto gold
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surface, while it is chemisorbed onto titanium surface.[39] So the titanium layer can

potentially stop the gold layer from shrinking. The effects of different heating

temperatures on samples have been discussed in figure 6.7, the surface

morphologies of gold layer changed with increasing temperature, which is from

gold film with many defects at 200 °C to the random shape of gold flakes at 300 °C,

then to the individual round gold islands at 400 °C, eventually coalesce to the thick

gold clusters at 500 °C.
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Figure 6.8 SEM images of S1 samples coated with 5 nm thick gold heated at 350 °C for 15

minutes (a, b, c) and 1 hour (d, e, f) respectively. (g, h, i) SEM images of S1 samples coated

with 5 nm thick gold heated at 300 °C for 6 hours.

Figure 6.8a-f show SEM images of S1 samples coated with 5 nm thick gold layer after

heated at 350 °C for different heating time (15 minutes and 1 hour) respectively. The

sample heated for 1 hour shows more extent of the diffusion and coalescence of gold

atoms compared to that heated for 15 minutes, which reveal that the longer the

heating time, the higher the extent of shrinkage of gold layer. Figures 6.8g-i are the

SEM images of the sample heated at 300 °C for 6 hours, which shows similar results

to the sample heated at 350 °C for 1 hour. This indicates that there is a limit to how

far gold atoms can diffuse and combine as clusters at a certain temperature, the

smaller size and thicker the gold clusters formed, the steadier state they have as

stronger attractive between gold atoms. No matter how long the sample has been

heated at 300 °C, once the heating temperature increased to 350 °C, gold atoms will

continue to diffuse as more energy was provided. Therefore, the heating

temperature played a more significant role than the heating time in this experiment.

6.3.5 Effects of Au Film Thickness

Figure 6.9 shows S1 samples coated with different thickness of gold layer after

heating treatment. After the same heating temperature (400 °C) and heating time (6
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hours), the surface morphology of 5 nm thick gold layer sample shows gold islands,

while that of 10 nm thick gold layer sample shows large size flakes. This indicates

that thicker gold films need more energy (which is higher heating temperature in

this experiment) to break apart. It also confirms that the limited effect of heating time.

However, the S2 sample coated with 3 nm thick gold layer after heating shows

opposite results. The gold layer only slightly shrank after heated at 500 °C for 6

hours, which is shown in figure 6.9g-i. For 50 nm thick gold film sample as shown in

figure 6.9j-l, diffusion and coalescence of gold atoms only happened along the cracks

and edges of HOPG even at higher temperature (500 °C). The gold layer shrank and

formed as random shape of gold flakes, meanwhile, there are many small gold

nanoparticles remained in the areas between shrank gold flakes (Figure 6.9k, i).

These gold nanoparticles are the initial gold atoms nucleated at the defects of the

HOPG surface, which have stronger binding energies. For thick or very thin films,

the coalesce fore is too weak to detach these nucleated nanoparticles.
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Figure 6.9 SEM images of S1 samples coated with 5 nm thick gold layer (a, b, c) and 10 nm

thick gold layer (d, e, f) heated at 400 °C for 6 hours respectively. (g, h, i) SEM images of S2

samples coated with 3 nm thick gold layer heated at 500 °C for 6 hours. (j, k, l) SEM images

of S1 samples coated with 50 nm thick gold layer heated at 500 °C for 6 hours.
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6.3.6 Effects of Adhesion Layer

We also studied the effects of Titanium adhesion layer. Figure 6.10a-f show S2

sample coated with 3 nm thick Au film, but with different thickness of titanium

adhesion layer after heated at 500 °C for 6 hours. Slight shrinkage of Au film on the

sample without Ti layer was observed (Figure 6.10b). Sample with 0.5 nm thick Ti

layer aggravated the diffusion of gold atoms, causing the Au film coalesced into gold

clusters (Figure 6.10d). For the sample with 1 nm Ti layer, part of the film was

protected and part coalesced into Au clusters (Fug.6.10f). According to literature,

diffusion phenomena in Ti/Au thin films occurring at temperatures ranging between

200 and 400 °C, and the Ti atoms can fully diffuse through polycrystalline Au thin

films (260 nm thick) at temperatures as low as 250 °C.[40] However, there are other

reports suggesting Au and Ti form distinct boundaries rather than diffusing into

each other.[41] In our experiment, the sample coated with 1 nm Au layer and 0.5 nm

Ti layer, heating treatment barely effect on the diffusion of gold atoms (Figure 6.10g,

h). The sample coated with 5 nm Au layer and 0.5 nm Ti layer remained mostly

unchanged after heating (Figure 6.10 i,j). This confirms that the thickness of Au film

also plays a significant role. The dewetting of Au films on HOPG under anneal is

dependent both on the adhesion layer and the thickness of Au films.
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Figure 6.10 SEM images of S2 sample with different thickness of gold layer and titanium

layer after heating at 500 °C for 6 hours. (a, b) SEM images of samples coated with 3 nm

thick gold layer and without Ti layer after heating. SEM images of samples coated with 3 nm

thick gold layer and 0.5 nm (c, d), 1 nm (e, f) thick Ti adhesion layer after heating

respectively. SEM images of sample coated with 1 nm (g, h) and 5 nm (i, j) thick gold layer

and 0.5 nm thick Ti layer after heating.

6.4 Conclusions

The dewetting behaviour of gold films on HOPG surface upon anneal treatment was

studied in this chapter. The morphology of gold layer shows four stages with

increasing temperature from 200 °C to 500°C. Firstly, many defects appeared on gold

layers under 200 °C heating temperature, due to the diffusion of gold atoms.

Secondly, when the temperature increases to 300 °C, the gold atoms diffused

continually and combined as random shape gold flakes. Next, many gold clusters

with round shape were formed under 400 °C as the gold atoms diffused further.
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Finally, the gold flakes suddenly coalesced together and formed as a few gold

clusters. Interestingly, the terraced structure of HOPG only appeared after the final

stage of gold layer, the reason is that only when heating temperature reach 500 °C,

the coalescence force generated by the cohesion of gold atoms is slightly stronger

than the Van der Waals force between interlayer of graphite (γGr-Gr = 30 mev/atom),

so that part of the topmost HOPG were exfoliated by gold atoms, forming terraced

structures. Moreover, the thicker the original gold layers, the thicker the gold

clusters and deeper terraced structures of HOPG are formed on the sample surface

after heating treatment, due to the stronger coalescence force the gold clusters

produced. The adhesion of gold layers on graphite was affected by the original

thickness of gold layer, heating temperature, heating time and whether titanium

layer was sputtered between gold layer and graphite. Gold atoms in thicker layers

have stronger binding energy and therefore require higher heating temperatures to

allow them to diffuse and coalesce. The heating temperature plays a more significant

role than heating time on gold atoms diffusion. In addition, as the Ti atoms will

diffuse into gold layer at temperatures ranging from 200 °C to 400 °C, the effect on

shrinkage of gold layer is considerably sensitive to the proportions of titanium/gold

(Ti/Au) alloys. The higher proportions of Ti can prevent gold layer from shrinking in

some extent.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

In this thesis, we demonstrate the reduction of individual GO films can be precisely

controlled with laser irradiation. Such is the precision that the film thickness can be

thinned with sub-nm resolution. The reduction is facilitated by extraordinary

temperature gradients across the interlayers of GO films, which can be up to several

hundred degrees per nanometer, manipulatable with laser powers. We also

demonstrate that the WF of GO films can be finely tuned with meV precision by

manipulating with laser powers.

We also studied heat conduction and temperature distribution within a 5-layer GO

film calculated by COMSOL MULTIPHYSICS software. It shows that heat is

generated and confined within the laser irradiated spots, leading to significant

temperature increase due to the low thermal conductivities of GO film both along

the in-plane and out-of-plane directions.
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The dewetting behaviour of gold films on HOPG surface upon anneal treatment was

investigated. The morphology of gold layer shows four-stage evolution-defects

appearing, random shape gold flakes, round shape gold clusters and thick gold

clusters, with increasing temperatures from 200 °C to 500 °C. After 500 °C heat

treatment, graphene films were peeled off by the coalesce of Au clusters, forming

terraced structures on HOPG. The adhesion of gold layers on graphite was found to

be affected by original thickness of gold layer, heating temperature, heating time and

whether titanium layer was sputtered between gold layer and graphite. This could

be a useful tool to characterize the adhesion force between graphene layers within

graphite.

7.2 Future Work

Here I propose three future investigations that could be of interest to further expand

the research work reported in this thesis.

(1) Tuneable plasmonic coupling

Reduction of GO provides a unique way of tuning the film thickness with sub-nm

precision, which can be exploited to tune the plasmonic coupling at nanometer scale

distances. One widely adopted plasmonic structure is the so-called nanoparticle-on-

mirror (NPoM) structure, in which a metal nanoparticle sits on top of a metal
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substrate, separated by a thin spacing layer of sub-nm to a few nanometers. The

underlying metal substrate serves as a reflective mirror. The metal nanoparticle

couples to its image particle in the substrate, providing strong concentration and

enhancement of electromagnetic fields inside the gap formed by the dielectric

spacing layer. The field concentration and enhancement are critically dependent on

the gap distance. With few-layer GO films as the spacing layer (Figure 7.1), we can

create tuneable NPoM through the reduction of GO film which can tune the gap size

with sub-nm precision through laser-induced reduction.

Figure 7.1 Schematic diagram of tuning plasmonic coupling between gold nanoparticle and

gold substrate through laser reduction of GO film.

(2) Map the near fields distribution inside plasmonic nanojunctions

GO films can potentially be used to characterise the near fields generated inside the

nanojunctions of closely spaced plasmonic nanoparticles. As shown in Figure 7.2,
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two Au nanoparticles are deposited on top of a few-layer GO film separated by a

distance <10 nm. The coupling between the two gold nanoparticles creates a strong

electric field inside the gap. When the underneath GO film is reduced by laser

irradiation, the temperature generated in the gap will be effected by the intensity of

the electric field. The stronger the electric field, the higher the temperature, the more

pronounced the reduction of the GO film. Thus, the electric field can be

characterized by the extent of GO reduction, which is corresponding to the thickness

decrease of GO film. There are two challenges for the proposed investigation. Firstly,

how to deposit two gold nanoparticles closer than 10 nm. Secondly, how to measure

the thickness change of GO film after the reduction. This could be achieved with

AFM manipulation. Firstly we can optically identify two closely spaced Au

nanoparticles, then using AFM tip to move nanoparticles closer. After the reduction,

the gold nanoparticles can be removed by AFM tip, allowing AFM to map the film

thickness. In this way, we can map the near field distribution within the

nanojunctions of plasmonic structures, which remains a challenging task till date.
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Figure 7.2 Schematic diagram of characterizing the near fields in a plasmonic nanojunction.

(3) Au-C alloy for graphene fabrication

The initial idea of Chapter 6 was to form graphene film through the diffusion of

carbon atoms in gold films at high temperatures. However, the Au films were too

thick for carbon atoms to diffuse through while thin films were thermally unstable,

which shrank and coalesced into islands at high temperatures. One way to

circumvent this problem is to fabricate 30-50 nm films of Au-C alloys via magnetron

sputtering. Upon annealing, carbon atoms will diffuse and precipitate on the surface,

forming graphene films. This was proposed at the late stage of the project, but did

not have the chance to implement due to time limit and the outbreak of COVID19. It

would be interesting to see whether this would work and how it depends on the

composition of Au/C and annealing temperature.
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