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Abstract 

Exploration of the Terahertz(THz) gap, in the field of medical, defense, 

communication, material processing etc, primarily suffering from the lack of high 

power, efficient sources, which can be supplemented vacuum electron devices 

(VED). But to realize practical THz range VED’s, cathode with extreme current 

density is in immense need.    

In this thesis, we are motivated to synthesize and develop a field emitter cathode, 

based on graphene film that could deliver current density up to 10000A/cm2 as an 

electron source for THz VED’s. Previous studies were carried out on the influence 

of various cathode parameters such as, free standing nature, thermal and electrical 

conductivity, mechanical strength for better stability and long life, thickness and 

width for controlling the current density, to get a deeper understanding of the 

mechanism of field emission and the improvement & stability of emission 

performance. Further analysis show that the emission performance is influenced by 

the presence of impurities such as oxygen functional groups etc. That is if the 

impurity is less, emission would be higher. Also, the thermo-electrical properties and 

mechanical stability has an important role to play regarding the stability during 

operation, which is degraded by those above mentioned impurities. Considering all 

the before mentioned aspect, a chemical synthesis process was developed to 

synthesize impurity free, freestanding reduced graphene oxide (rGO) film with 

improved physical properties. It is known that doping of metal to rGO films 

improves the physical properties by several times and consequently the field 

emission performance. Previous reports and study have shown that if the physical 

properties have been improved by at least two times comparing to as prepared rGO, 

stable emission can be achieved even when the emission current density is being 

doubled or more than that. The reason behind this can be explained as, the improved 

properties can handle the higher thermo-electrical load generated by the larger field 

emission current. Prepared tungsten doped reduced graphene oxide (W-rGO) film 

was characterized using, Field Emission Scanning Electron Microscope (FESEM) to 

study the surface morphology and the thickness. X-ray Photoelectron Spectroscopy 
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(XPS) was used to study the surface chemical & elemental information, doping & 

doping homogeneity, and carbon-carbon bonding status. Further, X-ray Diffraction 

Spectroscopy(XRD) was carried out to study the doping mechanism and layer 

distance information. Raman spectroscopy was utilized to study the effect of 

tungsten doping on carbon network morphology and improvement in carbon-carbon 

bond. It was found that the doped film has much more improved structure than the 

as-prepared film. 

Experimental characterization was carried out on both, the doped and un doped 

films to compare the improvement in physical properties. It was found that doped 

film, in all three cases, such as thermal, electrical and mechanical, have much more 

improved properties than the non-doped films. Field emission experiment was 

carried out inside of an ultra-high vacuum (UHV) chamber on both of the films. The 

emission results are extremely positive. A very large current density of ~ 6000A/cm2 

was achieved at an applied electric field of 7.4 V/µm, with a superior stability from 

the doped films where un-doped films, though initially delivered a current density of 

4300A/cm2, eventually got degraded and was able to deliver only a current density 

of ~ 2300A/cm2. It is of an interesting phenomenon that the I-V characteristics have 

a growing nature for higher anode fields. This means that, with more efficient setup, 

where high voltage breakdown can be controlled, higher current density can be 

achieved. 

 

Keywords: rGO film, tungsten doping, improved physical properties, field emission, 

stability, THz electron source. 
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1.1 Introduction 

 Microwave and terahertz (THz) range [1] high power vacuum electron devices 

(VED) has numerous applications in medical, communication, security, and imaging. 

The development of such devices require electron sources (cathodes) of large current 

density with stability and uniformity in emission. Therefore, the study of electron 

emission mechanism has become a key requirement.  
Emission of electron is a process where, electrons are emitted into vacuum from 

the surface of a solid. The work function(Φ) can be described as the lowest energy 

needed for an electron to elude from Fermi level to vacuum. In order to extract 

electrons from the surface of a solid, energy need to be applied to the solid surface 

through different processes to prevail over the potential barrier. Thermionic and field 

emission are two of the most widely used processes for extraction of electrons [2]. 

In these approaches, heat or electric field is applied to obtain electron emission. The 

mechanism of emission can be elaborated with the help of figure 1.1, where energy 

band diagram of a metal-vacuum system is exhibited. 

In thermionic emission case, due to the applied thermal energy, electron escape 

into vacuum. At room temperature, electrons inside a metal body have energy below 

the Fermi level (FE). However, as temperature increases, some electrons acquire 

kinetic energy higher than the Fermi level. If temperature is adequately high, some 

electrons can gain energy to overcome the energy level (Evac) of vacuum. These 

electrons escape into vacuum without any applied potential. Thermionic emission 

from metal is generally occurred under a large applied temperature, typically in the 

range of 1000OC-2000OC depending on the specific work function(Φ) of the metal. 

However, this large temperature is of a problem when the applied device dimension 

is comparatively smaller and heat dissipation rate is below the requirement. Also due 

to the large temperature, thermal spread is large, therefore researchers were looking 

for an alternate electron source like field emitters [3] where those above mentioned 

issues would be overcome. However, so far the development in field emitters have 

not seen such a progress, mainly due to instability and eventual degradation. In recent 

years, carbon based field emitter [4] such as carbon nano-tube, graphene, graphene 

oxide etc. have shown significant improvement, because of their strong carbon 
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backbone. Among them graphene [5] has seen an uprising because of its unmatched 

properties compared with other carbon based emitters.   

 

 

  

 

Figure 1.1: Mechanisms of thermionic and field emissions. 
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1.2 Historical Background 

1.2.1 Evolution of Field Emitter Cathode 

 Among different field emitters, a field emitter array (FEA) [6] is made of large-area 

field electron source with multiple sharp edges. Typical field emitter array is 

prepared on a silicon substrate by lithographic [7], Chemical vapor deposition (CVD) 

[8], micro or nanotechnology similar to those used for the fabrication of integrated 

circuits etc. Their structure consists of an extremely large number of individual but 

identical, small size field electron emitters, typically arranged in a regular needle like 

two-dimensional pattern. FEAs require to be distinguished from planar type large 

area electron sources, where a very thin layer of emitter material is deposited on a 

substrate outer surface, using a uniform deposition method. Required electric field 

to extract electron by means of field emission is extremely large, typically in the 

range 1~10 GV/m, but can be achieved by using extremely sharp nano-tips.  

 

 

Figure 1.2: Typical field emitter cathodes. (a & b) Spindt type emitters.  

          (c) Sillicon based emitter. (d) Carbon nano tube array. 

 

b 

d C 

a 
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When one of the electrode of a diode is replaced with such arrangements of nano-tip 

having a tip apex radius of curvature in few nanometers range, the apex field 

(microscopic field on tip top) can be quite a few times larger than the uniform field 

determined by the macroscopic separation between the diode electrodes. A common 

example of filed emitter is spindt type (Fig.1.2(a & b)) silicon (Figure 1.2 (c)) and 

carbon nano-tube array (Figure 1.2 (d)). 

1.2.2 Evolution of Graphene 

What is Graphene? 

Graphene is a 2-dimenisonal structure made of pure carbon and was considered 

present only in theories, for last few decades. In the year of 2004 Andre Geim and 

Konstantin Novoselov succeeded to synthesize single layer graphene [5] using 

scotch tape with a procedure called mechanical exfoliation. Nobel Prize in Physics 

in 2010 were awarded to Geim and Novoselov for the realization of graphene. 

During this time, around 3000 articles related to graphene research were published 

and more than 400 number of patent applications was recorded. In this context, it is 

not hard to say that 2010 was the year of star of graphene era. During that period, a 

news article in Nature [9] revealed that, several countries are planning to invest 

millions of  US dollars to graphene research in an effort to commercialize the 

material. New graphene related research work (in nanotechnology) are coming out 

almost every day. Keep pace with the growth in study related to graphene is 

becoming quite demanding, and the rate of new findings show no sign of saturation. 

Single atom thick layer of sp2 -bonded carbon atoms are building structure of 

graphene, where carbon atoms are packed into a honeycomb like crystal lattice form 

[10], [11]. The name “graphene” is often used for multiple layer graphene mistakenly, 

where the difference in properties are largely significant while comparing single and 

multilayer structure. It is noticeable that up to ten layers of graphene sheets can be 

called graphene, where it is called few layer graphene (FLG, from three up to nine 

layers). Ten or more layers of graphene forms graphite. The single atomic structure 

of graphene exhibits exceptionally large optical, electrical, thermal, and mechanical 

properties [12]. The most fascinating electrical properties are very high electron 

mobility, ballistic transportation of charge carriers and high electrical conductivity. 
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However, there are quite a few disadvantages exits for graphene. One of the primary 

disadvantage is zero bandgap semiconductor structure. The absence of bandgap in 

graphene may be the most the difficult engineering issue considering large scale 

manufacturing. Graphene cannot switch from conductive to non-conductive state as 

a result of the absence of bandgap. The non-existing bandgap might be an issue, if 

graphene is meant to be utilized in metal oxide semiconductor logic circuits [13]. 

However, the zero gap of graphene may not be a problem in other cases, for an 

example, radio frequency (RF) applications, membrane filters etc. Other applications 

including graphene thin film electrodes, photodetector also have a future prospective. 

Along with others, one of the most extensively studied graphene application today 

is the graphene based field emitter sources. The advantage of a graphene field emitter 

[14] is based on its structure and physical properties. It has an atomic to nanometer 

range (GO or rGO) thickness, extremely large aspect ratio (the ratio of length to 

width), unprecedented electrical & thermal conductivity, and equally exceptional 

mechanical strength, which represent it as a potential cathode candidate. 

Graphene Electronics Structure 

Graphene is made of hexagonally structured, sp2-bonded carbon atoms. The 

configuration of electronic band in graphene can be explained with the linear-

combination of atomic orbitals (LCAO), or similar tight binding approximation 

(TBA), where both are commonly used to explain graphene chemically. The π- π 

bands of graphene is made of 2 x 2 Hamiltonian, where the honeycomb structure has 

2 atoms per unit cell. The off-diagonal components of the Hamiltonian explain the 

three closest neighbor interactions in different sub-lattices where diagonal elements 

illustrate the nearest neighbor interactions. A detailed derivation of the graphene 

electronic band structure can be obtained from [15]. Graphene primarily has a 2D 

structure, but it is also can be found in bi-layer and few-layer form(FLG) [16]. Bi-

layer graphene has a quite different electronic band structure from single layer 

graphene. Hundreds of milli electron volt bandgap can been achieved in case of bi-

layer graphene by perpendicularly applied electric field [17]. The bandgap in packed 

bi-layer graphene originate from the pseudospin generating in-between the layers, 

hence introducing an electrically induced band gap [18]. There are quite a few 
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numbers features of graphene that have not been explored yet. In case of large area 

graphene sheets, the presence of band gap is still debatable. However, in practice, 

apart from bandgap generation using external electric field in graphene bilayer 

structure, it is also possible to introduce bandgap by fabricating graphene 

nanoribbons (GNR) where quantum confinement effect takes place [19]. In GNRs, 

edges might have significant influence on electrical properties, which is still being 

actively researched. Numerical simulations have shown that band opening induced 

by strain might be possible. Nevertheless there is no experimentally confirmed 

evidence of bandgap induced by strain [20]. Engineering the graphene band structure 

is crucial regarding the competition with silicon for the case of applications in 

semiconductor technology [21]. The energy bandgap is critical for logical gate 

applications to have a minimum power uses i.e. shift to the off state. Graphene band 

structure is different from common semiconductor band structures. In graphene case, 

the energy dispersal at the band edge is not quadratic but linear [22]. Charge carrier 

mobility is restricted by impurity in the graphene and/or defect in supporting material. 

The preceding statement is supported by considerably larger motilities realized in 

graphene sheets suspended on substrate. Ballistic transport in graphene is a kind of 

electronic transport, which is restricted by scattering. Ballistic transport is realizable 

only in graphene sheets with large purity and free of defect. However, procuring pure 

and defectless graphene is strenuous and most of the time, it is not possible. The 

linear band dispersal in graphene denotes that the electron velocity is independent of 

momentum or energy. Moreover, the electron velocity in graphene is 1/300 of the 

speed of light or at the maximum Fermi velocity. It is of interest that, backscattering 

is forbidden, not even through charge impurities or phonons scattering. Although, 

graphene electrical properties have been studied rigorously, but still, thermal and 

mechanical properties are yet to be explored in a large way. Graphene has a similar 

mechanical and thermal properties compared to carbon nanotubes(CNT). 

Experimental measurements show that the graphene has a tensile strength around 

40N/m, and a large thermal conductivity, approximately 5000W/mK. However, the 

thermo-mechanical properties of graphene are mostly unexplored till date [23]. 

Although it shows much promise, but the chemical study of graphene is still in the 

early stage. Graphene is capable of assimilate and dissimilate several atoms and 
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molecules, such as O and OH, where this adsorbates have an effect on the electronic 

properties. Localized doping is feasible. However, the stability of graphene under 

different environment has not been studied extensively. 

1.2.3 Applications of Graphene 

Graphene is a purely two dimensional materials. Vertically stacked, hundreds of 

layers of graphene forms graphite which is a three dimension materials. Graphene 

can be rolled to form CNT, and also can be made in a ball shape to form fullerenes 

which is OD materials.  

Primary statement in Moore’s law is that, every two years, transistor number in 

integrated circuit gets double [24]. Graphene has established itself as one of the best 

examples of Moore’s law, since its discovery in 2004. According to the research 

community, without expanding the fabrication budget to a higher level where the 

price of an individual transistor will be quite large, linewidth of transistor cannot be 

reduced for longer. Although, graphene research, initially was focused on thin film 

and transistors applications, implementation of graphene in other applications also 

growing steadily [25]. A large number of articles on graphene photodetectors and 

sensors have been published lately. It has been showed that graphene can be used as 

a gas sensors as the electrical conductivity of graphene is highly sensitive doped gas 

molecules [26]. Graphene material for nano electromechanical systems [27] can be 

a another interesting application. A graphene sheet deposited on drain and source and   

the gate below, can be used as a RF nano electromechanical device. In the megahertz 

range, nano electromechanical devices has an application in RF electrical transducer 

with specific oscillation frequencies. In optoelectronic research, graphene is coming 

up with speed after the recent discovery of its fine structure constant of constant α = 

1/137 [28], by which its opacity could be detected. Among the applications described 

previously, using graphene as a field emitter could be the closest one to emerge [14]. 

Graphene has shown exceptional performance in micro and nano structures, because 

of its excellent physical properties. The currently used material for micro and nano 

level field emitter is carbon nano tube (CNT). However, CNT has limitations because 

of its geometric structure, physical properties and screening effect [29]. CNT 

becomes fragile and has comparatively low electrical conductivity [30]. Necessity 
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for another material as a substitute to CNT comes primarily from the lack of 

reliability, deficit in current density, and long life. At this moment, graphene based 

field emitters are the most advantageous technology to replace previous field 

emitters. Production of graphene flakes and large sheets are going on in several 

companies, such as Graphene super market, Graphenea, etc.[31]. Efficient field 

emitters are required in a varieties of applications, such as field emitter display, field 

emitter transistors, large current field emitter for vacuum electron devices etc. 

1.2.4 Evolution of Graphene based Field Emitters 

Due to these outstanding properties of graphene, discussed in previous section, 

graphene field emitters have been successfully constructed by various methods and 

these emitters demonstrate considerable promise for application in electron field 

emission. Because of these properties, they can provide electrically conductive 

channels for faster electron transportation and tunneling, can be tuned to a lower 

work function, reduce the screen effect of the adjacent emitters and can be much 

stable even in larger field emission current also [14], [32]–[34]. Also, graphene 

emitters have the low threshold field, large field emission current density, superior 

stability and reproducible performance. Hence, graphene can be an excellent cold 

field emitter, replacing conventional emitters. Study on single and multi-layer 

graphene field emission is becoming an attractive topic in recent years although it’s 

a challenge for experimental measurement. The high aspect ratio (thickness to width 

size ratio) and as a result, enhanced electric field on its sharp edges are accountable 

for high field enhancement and consequently to an electron field emission current. 

Extensive research work is being carried out on the field electron emission 

characteristics of varying shapes and sizes of graphene flakes. But due to random 

orientation, average current density is still in the order of few µA/cm2 [35], [36]. 

However, applications where large current density is required from a relatively 

compact structure, these flakes are not useful. Fortunately, rGO has proved to be an 

answer to this issue. From a vertically oriented rGO film with thickness of few tens 

of µm, ~10A/cm2[37] of current density was extracted which is extremely large for 

a single cold field emitter. However, a detailed analysis of electron emission from 

thinner, freestanding rGO film is also necessary in order to extract larger current 
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density from a single emitter. Nonetheless, those emitters require to have optimum 

physical properties, in order to sustain the thermo-electrical load during field 

emission, as for a thin film, smaller the cross section, larger the load.  

 

 

 

 

Figure 1.3: Current density development of field emitters in terms of effective    

          emission area[38]. 
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1.3 Field Emission Mechanism  

Till date, most of the experimental efforts and theoretical works on the possible 

applications and the physical mechanism of cold field emitters (CFE) have been 

concentrated on one-dimensional structures, such as CNTs and various 

nanowires. However, the CFE from two-dimensional structures should be worthy 

of a deep investigation. Since the experimental realization of the free-standing 

graphene [39], it has aroused great interest both in experimental and theoretical 

studies. It’s one atom thick edge is a unique feature and of particular interest. 

Graphene has an excellent electrical conductivity, as an attractive CFE emitter 

should be. Several researchers have experimentally showed that graphene does 

exhibit unprecedented CFE characteristics, such as lower threshold field and 

larger field emission current density [14], [33]–[35]. Recently J. Liu et.al [37], 

have shown that graphene based single CFE can emit a very large current density 

of 10A/cm2. However, much larger current density can be achieved by 

appropriate tuning of the geometry of a free standing graphene based film.  

 

1.3.1 Fowler-Nordheim Model and Field 

Enhancement  

The Fowler-Nordheim (F-N) model explains the tunneling mechanism through a 

material and the corresponding current density of electrons emitted into vacuum 

[40]. The F-N model incorporate tunneling through a material, where the field 

emitter is assumed as a cloud of free electrons, and the potential barrier height is 

assumed not dependent on the applied voltage [41]. In reality, potential barrier is 

an amalgamation of the image and external force potential, However, for 

simplification, a more simplified model for the triangular barrier shows in figure 

1.1, is used [41].  

A simplified, but corrected, F-N equation for field emission current density is 

given here[42], and expressed as, 𝐽 = 𝐴(𝛽𝐸/𝜑)^2exp(−(𝐵𝜑^1.5)/𝛽𝐸).... (1.1). 

Here, J is current density in A/cm2, A and B are constants of 1.54 x 10-6 AV-2eV 
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and 6.83 x 107eV-3/2Vcm-1, E & φ is the applied electric field & work function 

respectively, where β is field enchantment factor. The applied field is adjusted to 

compensate actual field on the sharp and continuous edge of graphene by 

introducing the field enhancement factor (β). Potential lines are concentrated at 

the area, where the radius of curvature is very small. These concentrated potential 

lines resulted in much larger localized electric field. The field enhancement 

factor considers the microscopic, enhanced field on top of the emitter tip. The 

applied field E can be simplified to the uniform field in-between two parallel 

electrodes and can be expressed as, 

 

                         E=V/d ........... (1.2)  

 

Here V is the applied voltage and d is the gap length between the electrodes. 

After the inclusion of field enhancement factor (β), the localized field, EL may 

be expressed as,  

 

                         EL =E×β ......... (1.3)  

 

Field enhancement factor for electron field emitters has a broad range of obtained 

values ranging from 1000 to 8000 and sometimes as large as 26000 [3], [45]. 

However, there is few arguments about determining field enhancement and has 

been discussed thoroughly by G. Eda et.al [14], where the simplifications 

mentioned above is also included, considering the field enhancement factor, and 

calculating the current from current density by determining the effective 

emission area. 

Current density development over the effective emission area for different known 

emitters are shown in figure 1.3. 
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1.4 Motivation 

THz waves have found applications in numerous fields, such as physics, 

engineering, material science, chemistry and forensics. There is a new research 

potential area in biology and medicine; therefore, an exploration of the THz range is 

now-a-days a trend as well as a challenge in vacuum electron device (VED). THz 

spectrum region is a transition between electron device and optical device; and, the 

frequency ranges between 100 GHz to 10 THz is also known as the “THz gap” as 

shown in figure 1.5. This gap exists because until now there is a lack of devices 

which can produce THz waves. Today there are two basic methods by which THz 

waves are generated. The first method is by using solid-state electronics. As a general 

rule, the maximum achievable power from a solid state device has an inversely 

proportional relation with the square of the frequency. Therefore solid state devices 

are still unable to produce such a higher frequency with a significant power level 

[43], [44]. The second method is by optical generation such as free electron LASER, 

in which the device is bulky and expensive [45], [46]. Therefore, generation of high 

power THz wave till date is a challenging job to the researches. A significant progress 

in research in the THz region is due to the technological advancements over the last 

few decades [47]–[49]. Researchers around the world are working on a 

comparatively small and compact THz sources using vacuum technology [1], [50], 

[51]. Out of many requirements, one of the critical needs for these THz VED is of 

high current density electron beam > 1000A/cm2 which can be generated from a high 

current density cathode capable of delivering ~1000A/cm2 current density [52]. 

Another critical requirement is to ensure the emission uniformity from the cathode 

surface. However, producing such a uniform, high current density electron beam 

from a miniaturized size is left as a challenge.  
A conventional thermionic cathode can produce a limited current density 

(~100A/cm2) where the new field emission sources (graphene,) are capable 

producing such a current density (> 1000 A/cm2). 

In this thesis work we are motivated to design, fabricate and characterize a 

graphene based field emission cathode using chemical synthesis technology that can 

deliver current density greater than 1000A/cm2 for use in THz VED.   
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Figure 1.4: (a) EM spectrum (b) Available THz devices. 
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1.5 Goal 

The field emission properties are affected by the emission area aspect ratio and 

its work function [35], [36], [53]. If the aspect ratio is large, field enhancement also 

will be large, therefore there will be a large current emission [54]. Similarly, a larger 

emission current can be obtained with same applied field, if the work function is 

lower [55]. However, because the thin nature, these films must have sufficient 

physical properties, such as large electrical conductivity to produce lesser joule 

heating due to drifting electrums, high thermal conductivity to dissipate heat efficient, 

and stronger mechanical strength to handle the thermo-mechanical load during 

handling and field emission operation. To improve above mentioned properties, the 

improved/modified synthesis process also has an important part to play [56]. 

Therefore, synthesis of the large aspect ratio film with uniform thickness, 

homogeneously doped and improved physical properties are the crucial requirements 

for the realization of large current density field emission electron source for use in 

terahertz VED’s. Our goal in this thesis is to develop graphene based metal doped 

field emitter cathode which can produce emission current density of 1000A/cm2 or 

more with superior stability. 

1.6 Organization of the Thesis 

There are six chapters in this thesis which are organized as following: 
− Chapter I is devoted to the introduction to the field emission. In this chapter an 

extensive survey of historical development of graphene field emission cathodes 

is also made. Finally, motivation and the goal of the research are mentioned. 

− Chapter II contains various graphene synthesis process. Different issues regarding 

synthesis are addressed; and a choice of suitable synthesis process is mentioned 

from the application point of view. 

− Chapter III provides a deep perception on the synthesis process of metal doped 

graphene based film using modified hummer method followed by an improvised 

hydrothermal technique. The techniques adopted and the results on the 

characterization of synthesized nanoparticles are also given. 
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− Chapter IV gives the experimental insight into the physical properties of graphene 

cathode. 

− Chapter V describes the experimental work on the fabricated device towards 

achieving the objectives. The results on the characterization of after the 

experiment also presented. 

− Chapter VI concludes the results of proposed research and discussed about the 

aspects of future work.



Chapter 2. Novel synthesis method for W-rGO films  

17 

 

CHAPTER 2  

 

Novel Synthesis Method for W-rGO Film 

 

 

2.1 Previous Synthesis Methods 

2.2 Requirements of Hybrid Film Parameters 

2.4 Choice of Synthesis Process for W-rGO Film 

 

 

 

 

 

 

 

 

 

 

 
 



Chapter 2. Novel synthesis method for W-rGO films  

18 

 

2.1 Previous Synthesis Methods 

There are many different approaches of graphene synthesis [57]. The synthesis 

process may be categorized into top-down [58] and bottom-up [59] approaches. For 

top-down approach, the source material is reduced from bulk size to nano-scale e.g., 

mechanical & chemical exfoliation and chemical synthesis where graphite is first 

oxidized then reduced. Bottom-up processes can be further subcategorized into 

Chemical vapor deposition (CVD), epitaxial growth etc. A general classification of 

nanoparticle synthesis is given in figure 2.1. 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: General classification of graphene synthesis approach. 
 

Synthesis of pure graphene and functionalized graphene has been widely studied 

in past few years due to its potential application in critical areas. As a multifunctional 

material with unmatched thermo-electrical conductivity and equally outstanding 

mechanical properties, graphene has an immense number of applications, such as 

gas sensors, transistors, highly efficient filter membrane, field emitters etc. Several 

methods have been developed over the past few years for the large scale synthesis of 

graphene and functionalized graphene which is called graphene oxide (GO) [60] . 

Among them some processes are widely used such as chemical vapor deposition 

[61]–[63], epitaxial growth [64]–[66], pyrolysis method [67]–[69], chemical 

exfoliation [70]–[72], mechanical exfoliation [73]–[75], chemical synthesis [76], [77] 

etc. However, most of the process like CVD, epitaxial growth is unable to produce 

large scale free standing films, which is mandatory requirement for a field emitter. 
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Chemical synthesis methods, such as solvo-thermal method [78], [79], modified 

hummers methods [80]–[82], followed by a vacuum assisted filtration [83], [84] or 

hydrothermal methods [85]–[89] are easy to control film parameters. 

2.2 Requirements of Hybrid Film Parameters 

It has been prevailed that: (a) the field emission current density from the edge of 

a free standing film increases with larger aspect ratio [37]; (b) stability increase with 

improved physical properties [34], which in turn reduce joule heating, efficiently   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: Common synthesis approach for rGO. 
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dissipate the generated heat and provide mechanical stability during field emission 

operation [90]; and (c) the emission current density increases if work function is 

tuned [91]. Therefore, the synthesis of a large aspect ratio film with thin and uniform 

edge, homogeneously doped for improved physical properties, and free standing in 

nature are the crucial requirements regarding the realization of high current density 

field emitter cathode for THz range VED’s. Our aim in this section is to develop an 

easy, reproducible synthesis process addressing these issues in the development of 

tungsten doped rGO, free standing thin film for cathode applications. 

 

2.3 Choice of Synthesis Process for W-rGO Film 

A considerable amount of research is going on to synthesize metal doped 

contamination free-standing rGO films with controlled sizes and morphologies [56], 

[68], [90], [92]. Different approaches, including chemical, and physical methods, 

have been adopted for this purpose. However, there is no general strategy to create 

homogeneous metal doped films with a large aspect ratio, highly thermo-electrically 

conductive & mechanically stable and uniform size distribution. For the preparation 

of metal doped rGO, bulk quantities of GO are required. So, for the synthesis of 

doped graphene system, in most of the cases, chemical approach has been used. 

Different architectures of doped graphene can be obtained using the one-pot 

synthesis method [93]. However, in this process, for most of the cases, doping does 

not take place, thus make those films unstable during treatment [94]. In another 

approach to synthesize of graphene-nano particle composites, graphene or nano-

particles could be chemically functionalized firstly and then nan-particles could be 

conjugated to the graphene surface by covalent or noncovalent interaction [95], [96]. 

But those methods often fail to form a covalent bond. Recently Zhen Xu et al. [90] 

adopted a novel synthesis process consisting of Hummers method [97], followed by 

a low temperature mixing with silver nano-wire dispersions in room environment. 

Initially they prepared graphene oxide by Hummers method.  Then they doped 

graphene oxide solution with silver nano-wire dispersed in dimethylformamide 

(DMF). However, in this process the doping rate is poor as silver nano-wires does 
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not form ions. However, this process appears to be rather cumbersome, motivating 

us to suggest here a simple method of synthesizing W-rGO thin film using novel sol-

sol mixing process. Also we choose tungsten as dopant material based on its superior 

thermo-electro-mechanical properties compared to rather common metal dopants [92] 

for rGO. In this work, tungsten doped reduced graphene have been synthesized by 

preparing graphene oxide by a modified Hummers method followed by an sol-sol 

mixing of GO solution and Tungsten oxide solution and finally doping of tungsten 

& film formation using a modified hydrothermal method [98]–[101], which is 

developed in our laboratory. It was found that the film thickness can be easily 

controlled and morphology of the film is sheet in nature since the source is in solution 

form. At the same time tungsten mixed homogeneously with graphene oxide solution 

which is responsible for the doping uniformity. We have synthesized thin (a few 

hundred nm) free-standing rGO and W-rGO films to compare, and found that W-

rGO films have superior field emission capability and can produce comparatively 

high current densities with superior stability during continuous operation, making 

them reliable electron sources for terahertz vacuum electron devices. 

 

 

 

 

 

Figure 2.3: Comparison of physical properties of tunsgten with other dopants. 
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3.1 Synthesis of W-rGO Film 

A schematic flow diagram of the tungsten-doped rGO film synthesis is shown in 

figure 3.1. Graphite Powder (grade Sp-1) was purchased from Baycarbon Inc. (Bay 

city, Michigan, USA) and Tungsten Oxide (WO2.9) from Sigma Aldrich. The other 

materials, those are, potassium permanganate (KMnO4), sulfuric acid (H2SO4), 

hydrogen peroxide (H2O2), and ammonium hydroxide (NH4OH) were purchased 

from Daejung chemicals (South Korea). De-ionized water (resistivity> $18 MΩ) was 

used during the synthesis process. 

Graphene oxide was synthesized using modified hummer method. 0.3gm of 

graphite powder was mixed with 1.8gm of KMnO4 and 40 ml of H2SO4 was added 

and the solution was mixed in glass bottle. The bottle was then transferred to a 

rotating (950 rpm) heating mantle and was mixed for 6 hr at 45OC. The solution then 

neutralized using DI water. After that, 2 liter of DI water was added for washing and 

cleaning the solution along with a 40ml of H2O2 for the sedimentation. The solution 

was left to clean the chemical residues for 6 more days. During this period, DI water 

was changed in every 24 hours. The solution is then filtered using a vacuum filter 

and a buckypaper/GO cake was obtained. The cake (Figure 3.2(a)) was dried out for 

24 hours in vacuum environment inside a custom made vacuum chamber (Figure 

3.2(b)). After the drying process, sonication bath was used for 6 hours to make the 

GO-water solution. 0.038 gm of WO3 (nano-particle form) was dissolved into 0.5 ml 

of NH4OH solution to create a liquid form. At the start of the sonication process, this 

liquid was mixed with the GO solution, which significantly improved the mixing 

rate and the homogeneity of the solution.WO3 nano-particle has been prepared using 

a novel technique [102]. This well prepared WO3 has been proved to very 

advantageous for us, as they got dissolved in the NH4OH with a fast rate and 

homogenously, and also due the nano form, the required volume of NH4OH was very 

less (<0.5 ml for 0.038 gm), which helped us to keep the pH of the solution 

unchanged. The well mixed solution was used to synthesize thin films (few hundreds 

of nm thickness) by a modified hydrothermal method developed in our laboratory. 

An in-house developed hydrothermal vessel (figure 3.3) was used for this purpose. 

Film thickness was controlled by controlling the amount solution. For further 
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reduction, prepared film was annealed inside a vacuum furnace at 1200OC in 

Nitrogen environment. For comparison, rGO film with similar synthesis process was 

also synthesized, but without tungsten doping. However, after annealing in 1200OC 

temperature, film become completely evaporated, thus we have obtained rGO films 

annealed only up-to 1000OC for comparison. Both films are then cut into shape by 

microtome technique and characterized using FESEM, Raman spectroscopy, XRD, 

and XPS.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Flow diagram of the synthesis process to prepare W-rGO films. 
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3.2 Experimental Characterizations 

Several characterization tools were utilized to determine the film thickness, 

morphology, elemental composition, carbon network purity, reduction of oxygen 

functional groups of the synthesized film. The size, doping status and status of 

carbon network of the film were carefully examined at room temperature condition 

by FESEM & Energy dispersive X-ray spectroscopy (EDS), Raman spectroscopy, 

and High-resolution X-ray diffraction (XRD) system comprised of Cu-Kα radiation. 

The XRD analysis was carried out over the 2θ range of 10O to 80O. The morphology 

and elemental analysis of the films were examined using an X-ray photoelectron 

spectroscopy (XPS). The samples for the analysis were prepared by shaping the 

synthesized films into large rectangular shape.   

3.2.1 Characterization of Morphology 

The microstructures and the thickness of as prepared rGO and W-rGO was 

characterized using an FE-SEM (SUPRA). The schematic diagram of FE-SEM 

shown in figure 3.4. 

Figure 3.5 shows the FE-SEM image of films. As it is clearly visible, both film 

have a thickness ~100 nm. However, W-rGO film (Figure 3.5 (c)&(d)) show more 

compactness near to the edge also, compare to as-prepared rGO (Figure 3.5 (a)&(b)).  

Figure 3.5(e,f,g) show the rGO film in case of as-prepared, annealed in 800OC and 

1000OC respectively, where (h,i,k) is for W-rGO films, for as-prepared, 800OC and 

1200OC respectively. It can be depicted clearly that the W-rGO films show much   

more structure integrity compared to as-prepared rGO films, where edges of the films 

annealed in higher temperature can be seen clearly exfoliated. With a larger 

temperature (1000OC) physical damage was occurred and edges of the film was 

broken. However, W-rGO films retained their structure even on edges with almost 

no exfoliation under a very high annealing temperature (1200OC). This phenomenon 

clearly suggests that the W-rGO films have a superior structural integrity over as-

prepared rGO films. 
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Figure 3.2: (a) Bucky paper (b) Custom made drying chamber for buckypaper. 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: In-house developed hydrothermal vessel. 
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Figure 3.4: Schematic diagram of Field Emission Scanning Electron Microscope. 
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Figure 3.5: Morphology of rGO and W-rGO obtained from FE-SEM. (a) Thin edge  

(100 nm~200 nm) and (b) Surface images shows the exfoliation of rGO. 

(c) Thin edge (100 nm~200 nm) and (d) Surface images shows the 

tightly bounded edges of W-rGO. After annealing at different 

temperature. .(e), (f) and (g) are rGO films with as-prepared, 800OC 

and 1000 oC annealed. (h), (i) and (j) are W- rGO films with as-prepared, 

800OC and 1200 oC annealed. 
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3.2.2 Characterization of Doping Homogeneity 

An EDS spectroscope combined with the FE-SEM device was used to analyze 

the doped films, in spot size dimension of 50µm. Figure 3.7(a)–(d) shows the EDS 

spectrum of two films taken from two different locations in each case(figure3.6). 

Only carbon & oxygen for rGO films and carbon, tungsten & oxygen data is shown 

here, although detected contaminations were more. Practically, Mn, S, K, and N 

elements were also detected by the EDS analysis, where these elements originate 

during the synthesis process. The trace of the element tungsten confirms that W-rGO 

films are doped with tungsten. Table 3.1 represents the percentage in terms of the 

weights and atomic concentrations of the carbon, oxygen and tungsten elements as 

evaluated from the EDS measurements. From figure 3.7 and Table 3.1, one can infer 

that the reduction of oxygen and insertion of tungsten.  

 

Figure 3.6: SEM image taken during the EDS analysis, indicating four locations on     

         rGO film(I, II) and W-rGO films(III, IV), from where EDS spectra was  

         taken. 
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Figure 3.7: EDS spectra taken at (a) location I, (b) location II, (c) location III and   

          (d) location IV. 
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Table 3.1  EDS Analysis of rGO and W-rGO films. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  
Element 

Tungsten Carbon Oxygen 

a 
Weight % - 75.78 17.51 

Atomic % - 80.46 13.91 

b 
Weight % - 74.40 16.47 

Atomic % - 79.99 12.68 

c 
Weight % 2.58 91.24 5.48 

Atomic % 0.18 95.28 4.24 

d 
Weight % 86.08 0.14 4.70 

Atomic % 53.42 2.12 3.67 
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3.2.3 Raman Spectroscopy 

The defect distribution and intact sp2 bonded carbon network inside the film 

structure was determined using the Raman spectroscopy [103]. Analysis was carried 

out in a Raman spectroscope (LabRAM HV Evolution, Horiba, Japan) with a laser 

frequency of 532nm. A schematic diagram of a typical Raman spectroscope is 

depicted in figure 3.8. 

Raman spectroscopy yields information about vibrations in molecules inside a 

samples. Those information is used for determining the molecular structure. This 

method involves exposing the sample under a monochromatic light, for an example, 

laser, and the detection of the light dispersion. Most part of the scattered light is of 

the identical frequency as the excitation source, alternatively knows as Rayleigh 

scattering. However, a very small portion of the scattered light (example. 10-5% of 

the intensity of incident light) is shifted from the excitation frequency. Because of 

the interaction between incident light and vibrational energy level in the sample, the 

shit scattered light takes place. Plotting of this shifted light intensity vs. frequency is 

interpreted as Raman spectrum. Most common cases, Raman spectra are plotted in 

compliance with the laser wavelength such a way that the Rayleigh band remain at 

0 cm-1. On this scale, the band position will remain at energy levels corresponding 

to the frequencies of vibration from different functional groups. Thus, the Raman 

spectroscopy can be interpreted likewise the infrared absorption spectroscopy. 

The Raman spectrum of graphene and related materials [104] exhibit a relatively 

simple structural characteristics by three primary bands namely the G, D and 2D 

bands which appears around 1600cm-1, 1350cm-1 and 2700cm-1 respectively. Note 

that the D band (mainly in case of GO or rGO) appears when defects within the 

graphene lattice are present. Although they appear subtle, these differences provide 

very crucial information when analyzed closely. In case of G & D bands, significant 

differences in band positions and intensity can be observed. Evidently, these Raman 

spectrums can be utilized to differentiate between single & multi-layer graphene, GO, 

rGO and graphite. However, the most significant advantage of Raman spectroscopy 

is hidden inside the ability to differentiate single, double, and multi layers of 

graphene. In simple word, Raman spectroscopy has the ability to determine layer 
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thickness at an atomic level resolution of less than four layers and in case of 

functionalized graphene (GO or rGO), it can determine the degree of defect present 

in the carbon network (sp2 bonds). 

 

 

 

 

 

 

Figure 3.8: Schematic diagram of Raman spectrometer. 

 

 

 

 

 

 

 

 

 

 



Chapter 3: Synthesis and structural characterization of W-rGO films 

34 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9: (a) Raman spectra of the synthesized rGO and W-rGO films annealed    

different reduction temperatures, that is 400OC, 600OC, 800OC, 1000OC 

and 1200OC. (b) ID/IG curve showing that the restoration of sp2 network 

with increased annealing temperature. 

 

(a) 

(b) 
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In this thesis, Raman spectroscopy was utilized to study the changes in carbon 

network for both, rGO and W-rGO film, annealed in different temperatures. 

Compared to the rGO film (figure 3.9(a)), the G peak of the W-rGO film associated 

with the sp2 domain of carbon (1600 cm−1) is noticeably increased and the D peak 

corresponding to defect in sp2 domain of carbon (1350 cm−1) reduced significantly. 

From the figure 3.9(b), it is clearly visible that the ID/IG ratio in rGO film increase 

with temperature, which indicates that the defect is also increased with annealing 

temperature as a result of evaporation of carbon along with the removal of oxygen 

functional groups. However, for W-rGO films, it was observed that, upto 600OC, the 

ID/IG ratio was increased, but after that it start to decrease and at 1200OC, ID/IG was 

~0.83 which is quite low. This phenomenon indicated that the after 600OC, tungsten 

starts to dope inside the film, and as annealing temperature go up, doping rate also 

increased. This phenomenon is the result of doping of tungsten where due to strong 

covalent bond between carbon and tungsten, evaporation of carbon is restricted.  
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3.2.4 X-ray Diffraction Spectroscopy 

The phase characterization assessment was carried out using a XRD (Smart Lab, 

Rigaku, Japan) device. A schematic diagram of XRD is shown in figure 3.10. The 

diffraction patterns were collected from 10O-80O at a scan rate of 0.01O per step and 

at 10 second per point. Figure 3.11(a)–(d) shows typical XRD patterns of the films. 

The peak at 23.5O claims reduction and peaks at 31.4O denotes the W-C bond, where 

tungsten is doped inside the film and the forms a covalent bond. 

 

Figure3.10: Schematic diagram of Scanning X-ray diffractometer. 
 

 

           
λ=2dsin(Ɵ)……………. (3.1) 

 

The layer spacing (spacing) could be calculated with the aid of Bragg equation (eq. 

3.1) [105]: where λ is represented the X-ray beam wavelength ( λ= 0.154nm), d is 

the gap between the GO or rGO adjacent sheets, and Ɵ is the diffraction angle. From 

the equation (3.1), it can be rearranged like the following that, 

 

                 d=λ/2 sin(Ɵ)=0.154nm/2sin(Ɵ) ………. (3.2) 

  

Using the equation (3.2), and the 2Ɵ data from XRD analysis, layer distance can be 

calculated with ease. In general, XRD pattern of rGO exhibits a diffraction peak at  
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Figure 3.11. (a) XRD spectra and (b) interlayer distance shows that the interlayer 

distance reduces with annealing temperature. Interestingly, for the W-

rGO annealed at 1200OC, it can be observed that the interlayer distance 

increased. We assume that this phenomenon took place because of the 

doping of large number of tungsten atom to repair broken carbon 

network.  

(b) 

(a) 
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26.1O. Diffraction peak become much broad in case expanded pattern of Graphene 

oxide at 17.1O. the significant increase in spacing is due to the oxygen functional 

groups intercalated in between layers of graphene oxide. The XRD pattern of rGO 

and W-rGO composites collected is presented in Figure 3.11(a). The narrow 

diffraction peak from W-rGO for the annealing temperature of 1200OC, which is 

centred around 23.5O, belongs to the (002) plane of the graphene. For W-rGO films, 

after the annealing temperature of 600OC, few low intensity peaks are clearly visible. 

Those peaks belong to the reflections from (100) planes of typical tungsten. From 

the XRD pattern, it can be inferred that samples are highly crystallized. The presence 

of the diffraction peak at 31O confirms that the WC bond is formed, and tungsten 

were successfully inserted into the rGO film. Absence of any other peaks from any 

impurities has confirmed the high purity of the fabricated film. With the annealing 

temperature, the layer distance reduces with removal of functional groups, which can 

be depicted from the Figure 3.11 (b). Interestingly, at annealing temperature of 

1200OC, it can be observed that the layer distance increased compared to 800OC. 

This phenomenon can be interpreted as result of tungsten doping, where, because of 

larger molecular radius, tungsten increased the layer distance in W-rGO. 

 

 

Table 3.2: Tungsten peak of the XRD spectrum corresponding to different 

annealing temperature for the W-rGO films. 

 

Annealing 

temperature 

C:W ratio 1st Peak 

 

2nd Peak 

 

400oC 0.00604 27.5 - 

600oC 0.00844 27.8 - 

800oC 0.01468 28.2 37 

1000oC 0.017 29.2 36.5 

1200oC 0.02266 32.6 36 
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Table 3.2 shows that annealing temperature increases the tungsten peak of XRD 

spectrum become prominent, which indicates the formation of a pure W-C bond. The 

annealing temperature can positively affect the doping rate and also can affect the 

doping strength, leading to the formation of large of C-W covalent bond. Therefore, 

the phase purity, bonding strength and doping concentration can be efficiently 

controlled by the means of the annealing temperature. 

The standard peak belongs to (002) plane in graphene was appeared around ∼23.58O 

after the high temperature annealing of both rGO and W-rGO at 800OC. After the 

high-temperature reduction, that typical peak becomes much thinner and sharper. 

Based on the position of the peak, inter layer distance between the rGO layers was 

calculated, which decreases from 0.369nm for 800OC annealing to 0.351nm for 

1200OC annealing, for W-rGO film. Decrease in the observed layer gap, is the result 

of the efficient removal of oxygen functional groups in W-rGO film. It is evident that 

the layer gap is close to the value of graphite (∼0.334 nm). Note that for W-rGO 

films, peaks around 31.4O denotes the (001) plane of WC. Which confirms the 

uniform doping of tungsten into the carbon network. 
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3.2.5 X-ray Photoelectron Spectroscopy 

 

X-ray photo electron spectroscopy (XPS) [106] was utilized to find out the surface 

chemical state of both, rGO and W-rGO film samples, annealed in different 

temperatures. A schematic diagram of XPS is shown in figure 3.12. Analysis was 

performed in a XPS device (Sigma Probe, VG, UK) with X-ray energy upto 10keV. 

It can obtain the chemical data from the top 10nm of a material with a very high 

scanning resolution between three to few hundreds of μm. Sensitivity with a 

resolution of 0.1% can be obtained for elemental composition. 3μm angle resolved 

XPS can image surface chemical state, thickness and depth-distribution of chemical 

species Also thickness can be measured of overlayers of up to 8nm on a substrate. 

Depth profiling also can be carried out using an ion gun to clean outer plane. Density 

of state and work function can also be obtained using the ultraviolet photoelectron 

spectroscopy (UPS) device attached in the XPS system. 

In XPS, the sample surface is illuminated with X-rays beam in high-vacuum 

condition. Upon hitting, X-ray beam energizes the core-level electron in the sample. 

That electron is escaped from the initial condition with an energy corresponding to 

the incident X-ray beam and binding energy of the atomic orbital from which it 

emerged. Energy and the intensity those escaped electrons are analyzed to identify 

and find out the concentrations of the elements present in the sample. Note that these 

photoelectrons originate from a depth of <10 nm. 

Ultra violet photo electron spectroscopy (UPS) [107] operates with a low level 

energy source, He(I) and He(II), where the energy level is 21.2 eV and 40.8 eV 

respectively. UPS analysis can be used for determining work function, distinguishing 

and estimation of surface contamination of organic overlayers, that is to resolve the 

issues of sticking of coatings on substrates, analysis of nanoparticles, thickness 

measurement of semiconductors, classification of counterfeit goods, and 

characterization of a broad range of materials such as polymers, glasses, ceramics 

etc. 
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Figure 3.12: Schematic diagram of X-ray photo electron spectrometer. 
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Figure 3.13: (a) C1s and (b) O1s for rGO film obtained from XPS, annealed at 800OC.  

We choose this temperature, as films annealed in this temperature is not 

physically damaged and usable for field emission experiment.  

 

 

(b) 

(a) 
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Figure 3.14: (a) C1s (b) O1s for W-rGO film obtained from XPS analysis, annealed   

at 1200 OC. We choose this temperature, as films annealed in this 

temperature is not physically damaged and usable for field emission 

experiment. 

 

(b) 

(a) 
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Figure 3.15: (a) XPS spectra for tungsten, (b) Oxygen at% & carbon to tungsten 

ration as a function of annealing temperature.  

 

(a) 

(b) 
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Figure 3.16: (a) wt% of elements present in as-prepared films and films after 

annealing at 800OC for rGO films, (b) wt% of elements present in as-

prepared films and films after annealing at 1200OC for W-rGO films.  

 

 

 

(a) 

(b) 
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Further to analyze energy state, bonding and elemental presence, X-ray photo 

electron spectroscopy (XPS) analysis has been carried out. Five number of rGO 

samples (as-prepared, and annealed in 400OC, 600OC, 800OC & 1000OC), and six 

number of W-rGO (as-prepared, and annealed in 400OC, 600OC, 800OC, 1000OC & 

100OC) samples were used for the XPS analysis. rGO samples were completely 

evaporated during annealing process under 1200OC temperature, thus making itself 

unavailable for analysis. It can be seen from the XPS elemental analysis, (model: 

Sigma probe) that the W-rGO films annealed in 1200OC, maintained a ratio of 

~1:0.01 for C:W at%. Presence of oxygen functional groups reduced significantly 

comparing to the films without the W doping, by more than 60%, which indicates a 

very large rate of improvement in carbon network. Further EDA data from FESEM 

(Model-Supra) also verifies the XPS data. To analyses further the surface chemical 

and bonding states of the rGO and W-rGO films, XPS scan was performed on a wide 

range of carbon & oxygen. The XPS spectrum confirms C, W and O appeared in the 

synthesized films. C1s and O1s is plotted in figure 3.13(a–b) and fig.3.14(a-b), for 

rGO and W-rGO films respectively. Five tungsten crystalline peaks have been found 

at 31.8eV, 34.2eV, 36.5eV, 37.7eV & 41.5eV and plotted in fig.3.15(a), which 

indicates the W-C bond (31.8eV & 34.2 eV) and tungsten cluster (36.5 eV & 37.7 

eV) in W-W form. The peak at 41.5eV indicates the formation of a complex form of 

W6+ corresponding to the 5p3 peak of tungsten is found often in tungsten based 

composites [108]. The binding energies obtained from XPS, corresponds to the C1s 

core level from the graphene plane, which can be fitted by the sp3-hybridized carbon 

atoms (centered at 285.3 eV) and the planar sp2-hybridized carbon atoms (centered 

at 284.6 eV). The peak of O1s are appeared at 531eV, 532.5 eV & 533.8 eV indicated 

that oxygen is from functional groups and the contamination of rGO. The C1s peak 

at 284.6 eV increased in intensity following high temperature reduction for both of 

the films. However, W-rGO shows a strong C1s peak with large intensity and lower 

intensity from oxygen groups (in O1s) compared to rGO. Those peaks indicating a 

large percentage of sp2 hybridization and efficient reduction in oxygen groups in W-

rGO. Further to support this phenomena, C:W ratio and oxygen at% as a function of 

annealing temperature was plotted and shown in figure 3.15(b). It is clearly visible 

from the graph that, with increasing temperature, oxygen at% is reduced significantly, 
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however carbon at% reduced nominally. Similarly, for the case of rGO, it is also 

clear that, with temperature, carbon network improves and oxygen groups decreases. 

However, the intensity of C1s core level is much smaller compared to other 

conjugate groups, which depicts that reduction is not efficient and still a large 

number of oxygen groups are present inside. This phenomenon can be attributed the 

doping of tungsten, which replaced the oxygen groups and repaired broken carbon 

network, thus reducing the carbon loss during annealing process. The O1s peak at 

532.8eV is appeared for both the samples. However, we see significant decrease in 

the peak of 532.8eV, which indicates the significant removal of oxygen from the rGO 

and W-rGO samples after thermal reduction. Elemental analysis shows the change 

in wt% of elements present in both of the films for the case of before and after 

reduction. Figure 3.16 (a) shows that carbon at% increased from ~51% to ~71% in 

rGO films where O% reduces from 24% to 17%. Similarly, for W-rGO it is found 

(figure 3.16(b)) that C% increased from 71% to 91% and O% reduces from 19% to 

5%. This analyses supported the statement that doping of tungsten replace the 

oxygen groups and repair carbon network during annealing. Furthermore, to verify 

the elemental analysis, EDS data from FESEM was compared with XPS data and 

can be found in figure 3.17. From the fig.3.17(a) for rGO films and fig.3.17(b) for 

W-rGO films, it can be clearly observed that both analysis indicated similar at% of 

element present inside films, thus confirming the result. 

Doping of tungsten has an influence on energy state of W-rGO films. To find out the 

effect, and to differentiate with non-doped films, UPS analysis was carried out on 

both of the films, annealed in different temperatures. Figure 3.18 show the work 

function from UPS data. It can be observed that, work function for W-rGO films 

annealed in 1200OC was reduced by 2% compared to rGO films. This is quite a large 

reduction regarding the field emission mechanism, where work function 

exponentially affects the emission current. This reduced work function makes the W-

rGO film stronger candidate, where a larger current, compared to rGO films, can be 

drawn, with same applied electric field.  
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Figure 3.17: Comparison of at% of elemental data acquired from EDS and XPS    

          analysis. (a) rGO annealed at 800OC and (b) W-rGO annealed at 1200OC. 

          (Inset: Carbon to oxygen ratio as a function of annealing temperature) 

 

 

 

 

(a) 

(b) 
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Figure 3.18: Comparison of work functions calculated from UPS analysis. rGO and 

W-rGO annealed at 800OC show a work function of 4.96eV and 4.92eV 

respectively. W-rGO films annealed at 1200OC show a much less work 

function of 4.87eV. 
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CHAPTER 4  

 

Characterization of Physical Properties and 

Shaping of W-rGO Films 
 

 

4.1 Experimental Characterization of Electrical 

Conductivity 

4.2 Experimental Characterization of Thermal         

Conductivity 

4.3 Experimental Characterization of Mechanical 

Properties 

4.4 Shaping of Synthesized Film Using Microtome 

Cutting Technique 
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4.1 Experimental Characterization of Electrical 

Conductivity 

Sheet resistance measurement were carried out using the four-point probes [109]. In 

this device, four probes are placed linearly with equal distance in-between them 

which can be placed on the sample. Two outer probes are used for passing the current 

and other two inner probes are used for measuring potential. A schematic diagram of 

a four-probe device is shown in figure 4.1. Because of the separate current and 

voltage probes, errors in measurement due to contact is negligible. This is the most 

broadly used measurement device for electrical resistivity of thin films, bulk metals 

etc. This method is primarily utilized in the semiconductor and thin film research to 

measure sheet resistance. The resistivity of sample is given by Eq. (4.1) [110]–[112] 

  

    ρ = (V/I) × 2πg ………………………. (4.1) 

 

Where V is the voltage(mV), I is the current(mA) and g is the gap in between two 

point electrodes. Here, g=1 mm. However, for the case of conducting thin-film with 

large length to thickness aspect ratio, the electrical resistivity (ρ) with the thickness 

d can be calculated by formula shown the in the equation (4.2), which is given below. 

 

            ρ = (π/ln2) (V/I) × d, ρ ≈ 4.532(V/I) × d ……. (4.2). 

 

Here V is voltage drop measured between the internal electrodes, I is the current (mA) 

and d= thickness of thin film. The electrical conductivity of the film can be expressed 

as,                    σ =1/ ρ ………………………… (4.3).  

Likewise, using the parameter ρ and thickness of film, the sheet resistance can be 

calculated using the equation (4) as expressed below.  

 

         Rs = ρ/d …………………….... (4.4) 

 

For our measurements, we have used the 4-point probe machine (Changmin Tech 

Co., Ltd, CMT-SR series) with gold pin to avoid measurement errors. Films were 

placed on top of a dielectric disk and then place in the device for measurement.  
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Figure 4.1: Schematic diagram of 4-point probe measurement system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2: Film samples loaded on a 4-point probe measurement stage. 
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Figure 4.3: Measurement of sheet resistance for (a) rGO and (b) W-rGO as a function 

of annealing temperature and corresponding oxygen at%.  

(a) 

(b) 
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Figure 4.4: Calculated electrical conductivity for (a) rGO and (b) W-rGO as a 

function of annealing temperature (Inset: Comparison of electrical 

conductivity).  

(a) 

(b) 
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In this study, we chose two types of film, one is rGO film synthesized by hummers 

method followed by modified hydrothermal method to form the film. The 2nd type 

of film was W-rGO films, where films synthesis method was described in chapter 3. 

Figure 4.3 shows the measured sheet resistance for (a) as-prepared rGO films and (b) 

W-rGO film with the function of annealing temperature and corresponding oxygen 

at% (Chapter 3). Conductivities for both of film were calculated using the eq. 4.4. 

With an increase of the tungsten fraction and decrease of the oxygen functional 

groups (Chapter 3), the conductivities of the W-rGO film increase dramatically, 

along with the increasing reduction temperature, and at the annealing temperature of 

1200OC it shows about 6.5–6.8 × 105 S/m (Figure 4.4 (b)) for a 2.12 wt% of tungsten. 

This highly improved conductivity of W-rGO film, with an improvement factor of 

~66 times, is the record high electrical conductivity for a thin free standing graphene 

based film [90], [113]–[115]. Comparing with the improvement factor of doped 

graphene based film, our data is about six times larger than that of AuCl3 doped 

graphene based membranes (600%), [116] and three times larger than that of nitric 

acid doped packed graphene based film [117]. We consider that the dissolved W+ 

ions present during the hydrothermal process are accountable for the in-situ doping 

(Chapter 3). For the case of un-doped rGO films synthesized by conventional method 

(Chapter 3), the chemical morphology and physical properties after the thermal 

annealing behaves typically as described elsewhere [118]. 

 The conductivity of un-doped rGO films constantly increased from 5.1×102 S/m for 

as-prepared films to approx. 1×104 S/m (Figure 4.4(a)) for the film annealed in 

800OC temperature (20 times improvement). This constantly increasing conductivity 

implies a typical mechanism for the as-prepared rGO film, which is quite different 

from W-rGO film [119]. Comparing with the conductivity of W-rGO films, this 

relatively much lower value of as-prepared rGO films can be attributed to their 

inability to remove contaminations efficiently and restore the pure graphene 

structure [60], [67], [70], [100]. This phenomena, that as-prepared rGO films show 

lower conductivity than W-rGO films, is verified by the experimental result and 

depicted in figure 4.4(b)(inset).  

 

 



Chapter 4: Characterization of physical properties and shaping of W-rGO films 

56 

 

4.2 Experimental Characterization of Thermal 

Conductivity 

The most broadly used instrument for measuring thermal diffusivity is the laser flash 

system. A schematic diagram of the laser flash device is shown in figure 4.5. The 

sample is placed on a stage inside the laser flash furnace [120]. After the sample 

reaches a preset temperature, a pulse of energy originated from a laser source is 

irradiated on the one side of the sample, inducing a uniform heating. An IR detector 

then measure the increment in temperature, as a function of time on the other side of 

the sample. The thermal diffusivity is calculated in the using these time varying 

temperature rising data. The thermal diffusivity, Td is obtained using the equation 

expressed below.  

 

                   Td = 0.1388(l2/ t0.5) …........... (4.5)  

 

Here l = thickness of the sample and t0.5 = time at 50% increment in temperature. 

The non-complexity of this technique is clearly visible, where much more precise 

and direct measurement of time varying temperature rise is incorporated instead of 

a complex measurement of the total amount of absorbed laser energy & the 

corresponding temperature rise inside the sample.  

 

The optimization of the thermal conductivity has a critical importance on the stability 

of the W-rGO film: 

(a) Efficient heat dissipation: Large heat generates during current conduction, which 

needs to be dissipated efficiently. 

(b) Fast heat conduction: Heat generated during current conduction needs to be 

transported faster to reduce temperature rise. 

(c) Large specific heat can accumulate larger heat energy thus reducing temperature    

   Rise. 

Measurement was carried out on Laser flash device (NETZSCH, LFA 467) with the 

thermal conductivity measurement range of 0.1W/mK to 4000W/mK and the 

temperature range of -100OC to 500OC. 



Chapter 4: Characterization of physical properties and shaping of W-rGO films 

57 

 

  

 

Figure 4.5: Schematic diagram of a laser flash system. 
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Figure 4.6: Thermal conductivity data acquired from laser flash analysis as function 

of temperature. (a) rGO shows much lower conductivity than (b) W-rGO. 

 

(a) 

(b) 
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Figure 4.7: (a) Cross plane and (b) in-plane conductivity plot for rGO and W-rGO 

films as function of temperature. Graph show that the cross plane 

conductivity is much lower than in-plane. 

(a) 

(b) 
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The film samples studied in this thesis is consists of the as-prepared free-standing 

rGO films annealed at 800OC (upto usable state) and for W-rGO, annealed at 800OC 

& 1200OC. The holding time for each temperature was of 3 Hr.  

The thermal conductivity of the films were measured utilizing the laser flash method 

described in previous page. The transient laser flash technique can directly measure 

the thermal diffusivity (α) of the sample [41]. Afterwards, thermal conductivity can 

be obtained from the formulae K = mαCp..... (4.6). Here m is density and Cp is the 

heat capacity of the sample. The heat capacity can be obtained utilizing the same 

apparatus using a reference material with knows and comparable thermal properties 

and known heat capacity (example. graphite). The cross-plane and in-plane 

diffusivity was measured using this method in the regular configuration. For the cross 

plane, the film is heated by laser from one face and the temperature increment is 

recorded on the other face. The in plane thermal diffusivity measurement was carried 

out using the identical manner where laser input on one face of the sample and 

temperature increased was measured on the opposite face of the sample. Figure 4.6(a) 

& (b) shows the in plane thermal diffusivity measurement for rGO and W-rGO films 

respectively, as function of temperature. Figure 4.7(a) shows the plot for the cross 

plane thermal conductivity, as a function of increasing temperature for rGO and W-

rGO films annealed at different temperatures. It visible from the plot that K is much 

lower for all the samples. We explain it by the creation of the air pockets (Figure 

3.5(e to g)) [121]. However, for W-rGO films, because of restoration of sp2 bonds, 

and relatively denser layers, thermal conductivity is comparatively much larger than 

the as-prepared rGO films. The in plane thermal conductivity is plotted as a function 

of temperature. The graph is shown for rGO and W-rGO in figure 4.7(b). It is clearly 

visible that the higher annealing temperature yielded larger K values for both of the 

films. The room temperature in plane thermal conductivity increases from 120 

W/mK for the as-prepared rGO film to 140W/mK at 150OC. However, W-rGO films 

annealed in the temperature 800OC & 1200OC, shows much improved conductivity 

of 170W/mK and 260W/mK respectively, compared to as-prepared rGO film. 

Interestingly, W-rGO films annealed in 1200OC shows a ~ 200% improvement. This 

can be attributed to the doping of tungsten, thus reduction of oxygen and restoration 

of sp2 bonded carbon network simultaneously. 
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4.3 Experimental Characterization of Mechanical 

Properties 

Tensile strength or ultimate tensile strength [122] is the ability to withstand a 

mechanical load for a material up-to the point where the material either breaks or 

suffers from a permanent deformation. Tensile strength can be measured by 

Universal Testing Machine (UTM) [123]. A schematic diagram of a four-probe 

device is shown in figure 4.8. Elastic modulus and Poisson's ratio can also be found 

f this testing method. Data from this measurement is plotted as applied load vs 

stretching, which can be converted to stress vs strain (uniform change in length over 

the sample under test).  

The key uses of this testing devise is to plot a stress versus strain graph. Tensile 

strength measurement finds out the strength of the sample by the help of a simple 

stretching procedure. In general, a sample under test with known dimension is  

dragged with an slow and uniform rate in the UTM machine while data is recorded 

in the form of strain () which is defined as below, 

 

       = (change in length)/ (original length) = /L0 .......... (4.6) 

 

The stress () can be expressed as, 

 

       = (applied force)/ (original area) =P/A0 ................... (4.7) 

 

The target of this measure is to obtain the mechanical properties of sample 

material, such as ultimate tensile strength, young’s modulus, passion’s ratio etc. 

For the case of graphene based film like materials, such as GO, rGO etc., which are 

assembled in stack by stack, are studied to find out their mechanical properties 

[124]–[126], however not so extensively. As a layer of carbon atoms with single 

atomic thickness, graphene can be engineered to several forms, such as roll of 

graphene, graphene nets and many more. Tensile strength of graphene sheet was 

found 200 time stronger than stainless steel, thus making it strongest material so far 

[127]. Thus a microstructure made from graphene is anticipated to reflect its 
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unprecedented mechanical properties to the bulk structure also. However, it is 

difficult to utilize these sheet for their lack of availability. A more economic and 

flexible product, such as reduced graphene is more preferable. 

However, rGO generally contain a large number of impurities in form of the oxygen-

rich chemical groups like epoxy and hydroxyl. In this regard, rGO deteriorates much 

from its original mechanical properties. Several groups are trying to restore the 

mechanical properties of rGO film using different methods such as annealing [128], 

[129], metal doping [130] etc. Comparing both of the process we have adopted a 

combination of both of the process to improve as much as possible. 

 

 

 

 

 

 

 

Figure 4.8: Schematic diagram of a universal testing machine. 



Chapter 4: Characterization of physical properties and shaping of W-rGO films 

63 

 

Like thermal conductivity measurement, samples examined in this thesis includes 

the as-prepared free standing rGO films annealed at 800OC, and W-rGO films 

annealed at 800OC & 1200OC. The holding time for each temperature was of 3 Hr.  

All the film samples for the mechanical measurements were slit into rectangular 

shape with a width of 5 mm and length of 10mm by a x-acto knife. To exclude the 

influences of humidity on mechanical properties of rGO and W-rGO films, all 

samples were kept in a constant humidity environment (70%) for one day before 

tensile tests, and all tensile tests were performed under identical environment with a 

temperature of 25OC. Mechanical measurements were performed on an Instron-5543 

UTM device (Illinois Tool Works Inc, USA). A uniform loading rate of 0.2 mm/min 

& a 5mm gauge length were used for the measurements. Tensile strength and 

corresponding strain were recorded. Using the slope of the linear region of stress 

versus strain curve, Young’s modulus was calculated and fracture toughness is 

obtained by integrating the areas under the same curve. All the presented data were 

the average of over 5 strips of the same sample. Suitable gripping force should be 

modulated for different samples, and the sample sliding at the grip or samples 

fracture closely neighboring the clamps should be abandoned. 

From the figure 4.9, it can be observed that remarkable improved in mechanical 

properties are achieved. The tensile strength 4.9(a) graph show that the rGO, 

annealed in 800OC, have a tensile strength of ~ 450 MPa where W-rGO have ~ 680 

MPa. Interestingly, W-rGO films annealed in 1200OC has a tensile strength of ~ 941 

MPa, which has been improved by 200% where the young’s modulus (fig4.9(b)) is 

by ~ 20 times, compared to as-prepared rGO films. This remarkable tensile strength 

in among the highest for a thin free standing rGO films [131] to the best of our 

knowledge. These remarkable restorations of the mechanical properties can be 

attributed to our novel synthesis process where we successfully doped W into the 

rGO films using modified the synthesis method by introducing a novel sol-sol 

mixing process. 
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Figure 4.9: (a) tensile test graph for rGO(800OC) and W-rGO (800OC & 1200OC).  

          (b) comparison Young’s modulus. It can be seen that the W-rGO has a   

          Young’s modulus more than 20 times that of rGO. 

 

(a) 

(b) 
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4.4 Shaping of Synthesized Film Using Microtome 

Cutting Technique 

 

The prepared rGO film was slit into shape on the thin edge by several methods 

such as the reactive ion etching (RIE) [132], laser cutting [133], knife cutting, 

microtome [134], and focused ion beam (FIB) [135] to obtain a protrusion free edge 

cross section which is necessary for uniform field emission. Among these methods, 

FIB method produced the highest uniform surface. However, FIB is not efficient as 

it requires a large amount of time, mainly because graphene based materials have 

strong resistance to ion collision where colliding ion is base of the FIB cutting. Both 

of the films rGO and W-rGO film is free standing in nature. Therefore, it is 

inconvenient to mask these film against etching by ion. As a consequence, it is 

extremely difficult to use RIE method, as it cannot provide uniform etching on the 

edge surface. The laser-cutting method is ruled out, as it produces localized heating, 

ultimately damaging the edge surface. However, both rGO and W-rGO films have 

shown mechanical properties such as young’s modulus, ultimate strength etc., which 

makes them stable (even for a 100 nm thin film), even when handled manually. These 

excellent properties make these film stable under manual cutting, even with knife 

also. These phenomena give the idea to use microtome technique. To obtain 

precision shaping using the microtome, rGO films were coarsely slit in rectangular 

shape using the x-acto knife and embedded in paraffin wax cubes, for holding firmly 

during the microtome operation (Figure 4.9(a). After shaping using the microtome, 

those films loaded inside the paraffin wax is (Figure 4.9 (b) was cleaned using diluted 

xylene solution followed by ethyl alcohol solution. Those cleaned films were 

annealed at 180OC inside a vacuum oven to remove rest of the contaminations. After 

that these films were mounted inside stainless steel jig and prepared for field 

emission experiment. 
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Figure 4.10: (a) Shaping using microtome (b) Shaped films inside paraffin wax.

(a) 

(b) 
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CHAPTER 5  

 

Realization of W-rGO Film Field Emitter 

Cathode 

 

5.1 Fabrication of Cathode 

5.2 Details of Experimental Setup for Emission       

Measurement  

5.3 Characterization of W-rGO Film Filed Emitter             

Cathode 

5.3.1 Emission Measurement 

5.3.2 Characterization of Emission Edge after the          

Experiment Using FESEM 
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5.1 Fabrication of Cathode 

An as prepared rGO and W-rGO free standing field emitter cathode was 

synthesized using conventional and a novel sol-sol as discussed in section 3.1. The 

average thickness was found to be about 100 nm. After the synthesis, both of the 

films are heat treated inside a furnace under a nitrogen environment. It is found that 

rGO films can hold the structural integrity upto an annealing temperature of 800OC, 

where a W-rGO film can go upto a much larger temperature of 1200OC. Reason 

behind this phenomenon was explained in section 3. For field emission comparison, 

rGO films annealed in 800OC and W-rGO film annealed in 1200OC was chosen. 

(Both of the cases, the usable film was chosen).  

1) Shaping of films: Films were shaped using microtome (Section 4). Shaped and 

cleaned films are flexible, can be handled manually (Figure 5.1(a)) and can be 

fitted in any test set-up 

2)  Fabrication of testing jig:  A sandwich type holder jig was specially designed 

and fabricated (Figure 5.1(b)) using stainless steel (SS304L) for the field 

emission experiment  

3)  Mounting of the films: Films are mounted in-between the stainless steel jig 

(Figure 5.1(b)), like a sandwich structure. Special mounting jig was designed 

using two silicon wafer. Each wafer has a thickness of 0.5 mm. One wafer was 

broken into half and placed on top of another wafer, such a manner that the 

holder jig can be place on top of the broken wafer. The film height was adjusted 

to 0.5 mm from the top of the holder jig using the broken and intact wafer.   
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Figure 5.1: (a) Shaped W-rGO film (b) Film loaded inside experiment jig. 

 

(a) 

(b) 
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4) Assembly of cathode test set-up: Figure 5.2(a) shows the schematic test set-up. 

Films loaded in-between the holder jig was placed on top of a ceramic bar. A 0.1 mm 

thick moly sheet was used as anode1 where a molybdenum bar was used as anode2. 

20 mm thick glass slide spacer was used to adjust the height of holder and glass 

spacers. Glass slides were used between holder and anode1 to maintain a distance of 

0.5 mm between anode1 and film end. Two pieces of hollow ceramic rod were used 

in between anode1 and anode 2. The complete assembly of test setup was mounted 

inside an UHV chamber containing: (a) 2 anodes for field emission measurement, 

and (b) later anode2 was removed and anode1 was replaced with an ITO glass to 

obtain beam shape. 

 

 

5.2 Details of Experimental Setup for Emission 

Measurement  

The emission measurement and beam shape characterization were performed in 

an analytical UHV system. A schematic diagram of the stainless steel vacuum 

chamber for the field emission experiment, containing various facilities is shown in 

figure 5.2(b). The photograph of the test set-up is consisting of: a) Rotary, turbo and 

ion pump which helped us to maintain a vacuum level of 1e-8 torr inside the chamber, 

during the experiment, b) a DC power supply (upto 5 kV, model: Glassman high 

voltage), c) two digital multimeters (NI-model:3301 & LG 3301) for field emission 

current measurement, d) 50 kΩ resistance to protect the setup from current overflow, 

e) ITO glasses for beam shape luminance and f) CCD camera (THOR Labs), for 

beam shape capture and measurement from ITO glass.  
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Figure 5.2: (a) Schematic diagram of test set-up. (b) Photograph of analytical  

          system. 

 

(a) 

(b) 
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5.3 Characterization of W-rGO Film Field Emitter 

Cathode 

5.3.1 Emission Measurement 

 

To find out the field emission capability of the synthesized films, measurements 

were carried out in dc condition. Three different films, that is rGO & W-rGO film 

annealed in 800OC and W-rGO film annealed in 1200OC, was used for comparison 

of field emission performance & stability. For all the three cases, film emitter was 

kept parallel to the anode with a gap of 0.5 mm in between them to form a plane 

parallel diode.  

The out gassing of cathode was carried out by gradually holding and rising the 

applied voltage. Holding time for each step was 10 ~15 minutes. DC voltage is 

applied across the diode to draw emission current from the cathode. All experiments 

were performed in room temperature condition. The I-V characteristics data were 

obtained at different applied voltage. These plots and calculated current density plots 

are depicted in figure 5.3(a) & (b) respectively. Both of these films follow F-N rule 

for field emission which can be confirmed by the F-N plot exhibited in figure 5.4(a). 

From the I-V characteristics, it can be seen that, W-rGO emit a current of ~18 mA 

for and applied voltage of 3.7V. For the same applied voltage, rGO produced a 

current of 14mA which is 77% of the field emission current from W-rGO. However, 

at this point rGO started to degrade and visible burnout was noticed. During the 2nd 

cycle, rGO shows much less field emission current of ~ 6mA which is ~33% of field 

emission current from W-rGO. Field emission current density was calculated by 

dividing the emission current with the emitter edge cross section area obtained from 

FESEM (section 3) and plotted in figure 5.3(b). Calculated average current density 

was more than 6000A/cm2 from the W-rGO film, which is so far the best from any 

W-rGO film, to the best of our knowledge. With further experiment, maximum 

current density achieved from a W-rGO was more than 10000 A/cm2, but because of 

extreme rate of degassing due to large power dissipation on anode, vacuum 

breakdown occurred and applied potential was reduced to avoid damage to the film. 

Similarly, calculated current density from rGO film was ~ 4400A/cm2 and ~ 
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2300A/cm2, before and after degradation respectively. From this data it can be 

inferred that the field emission performance is quite larger in case of W-rGO film 

compared to the rGO film. Furthermore, excellent stability can be observed 

(Fig.5.4(b)) over a 192 hours of test, at an applied field of 6.6V/um with less than 1% 

fluctuation. It can be concluded that the W-rGO film is a far superior candidate over 

rGO film, for a field emitter, in terms of current density and stability. This excellent 

improvement and stability can be attributed to the doping of the tungsten during the 

synthesis process, which improves the field physical properties of W-rGO film to a 

larger extent. Further, to study the stability over a long term use, a 1000 Hr. stability 

test was carried out on the W-rGO film and the current vs time plot is shown in figure 

5.5. During the experiment, the applied voltage was kept at 3.1V to a corresponding 

field emission current of 3.8mA. Emission current was kept at a comparatively low 

value to avoid any unattended accident during this long term experiment. It has been 

found that during this long run, current was not degraded and the current fluctuation 

was less than 1%. This result again proves that the W-rGO film can be strong 

candidate for a large current, stable field emitter.  

The field enhancement factor is obtained using Fowler-Nordheim equation as 

follows, 

 

         𝐽 = 𝐴(𝛽𝐸/𝜑)^2exp(−(𝐵𝜑^1.5)/𝛽𝐸)……. (5.1).     

               

Here J is the current density, A and B are F-N constants and can be expressed as 

1.54 x 10-6 AV-2eV and 6.83 x 107eV-3/2Vcm-1 respectively. E is applied electric 

field, φ is the work function and β is the field enhancement factor.  

The work function is determined using UPS (chapter 3). Then the field 

enhancement factor can be expressed as,  

 

𝛽 = −𝐵𝑑𝜑
3

2/𝑆𝐿 …………… (5.2). 

 

Here SL is slope of F-N plot, where F-N plot is shown in figure 5.4(a) and d is 

anode cathode distance. Calculated field enhancement factor for W-rGO is ~1427 
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which is quite large for a free standing graphene based film. Interestingly, calculated 

β for rGO before degradation show a value of 1567 which is larger than W-rGO films. 

This phenomenon took place because of the geometry of rGO films. From the figure 

3.5 (chapter 3) it can be clearly seen that, although rGO films sustained its structure 

after 800OC annealing (but below 1000OC annealing), edges where noticeably 

exfoliated compared to W-rGO film. Local field enhancement took place on those 

edges, which resulted in an overall large enhancement. However, this local 

enhancement is also partially responsible for eventual failure (degradation). 

Nevertheless, though field enhancement in case of W-rGO film is less than rGO film, 

field emission current is larger for W-rGO film because of the lower work function 

(chapter 3). Moreover, W-rGO films has showed a superior stability even for a very 

large current density, compared to rGO films. To observe the beam shape, anode was 

replaced by a phosphor coated Indium Tin Oxide (ITO) glass. To visualize the post 

experiment state, films used in field emission test were removed carefully from the 

jig and analyzed using FESEM. Beam shape and post experiment analysis is 

discussed in next section.     
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Figure 5.3: Field emission experiment data. (a) Field emission current as a function  

         of applied potential for the rGO (800OC) and W-rGO(1200OC) films. (b)  

         calculated emission current density for rGO (800OC) and W-rGO     

         (1200OC) films.  

 

(a) 

(b) 
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Figure 5.4: (a) F-N plot. (b) Stability measurement over a period of 192 Hr. Applied 

potential was 3.3 kV. 

 

(a) 

(b) 
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Figure 5.5: 1000 Hr stability test reveal that the W-rGO films is remarkably stable 

over a long period of time and can be used in practical devices. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6: Beam shape captured on a phosphor screen on ITO glass. 
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5.3.2 FESEM Characterization of Post-Experiment Emission 

Edge 

 

Emission pattern can be seen in figure 5.6, where a phosphor screen was placed 

instead of the anode. Rectangular sheet type beam pattern can be observed which 

denotes that emitted electron beam is sheet type in nature and can be shaped more 

precisely with focusing elements. Figure 5.7 (a) & (b) show the rGO and W-rGO 

films respectively after the field emission experiment. It is evident for W-rGO film 

that this film structure holds to a tight formation (though exfoliated nominally) where 

the rGO films edge is destroyed completely. From this result we can depict that the 

W-rGO films does not degrade even after a long cycle of field emission operation. 

Because of the compact, large aspect ratio yet strong structure, lower work function, 

extremely improved physical properties and unmatched stability, W-rGO films can 

be a strong potential candidate as a field emission cathode for realizable, high power, 

compact THz devices. 
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Figure 5.7: After experiment SEM image. Physical damage is clearly visible for the 

case of (a) rGO, where (b)W-rGO film retained the structure. 

(a) 

(b) 

100 nm 

100 nm 
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The primary influencing factor on field emission is of the geometric structure 

and work function. Large aspect ratio structure has larger field enhancement on the 

emission surface, whereas lower work function increases the current density for a 

similar applied field. Therefore, thin films with large aspect ratio was synthesized to 

extract large field emission current. It was found that the films with ~100 nm 

thickness has very high current density field emission. Studies also reveal that the 

uniform edge has positive influence on emission current density. 

However, experimental studies also reveal that the films are not stable after a 

certain current density. Physical burnout took place after a current density of 10000 

A/cm2. Primary reason behind this failure was the degraded physical properties. 

Further analysis has revealed that rGO films, synthesized using conventional 

methods have large amount of contaminations in the form of oxygen functional 

groups. These groups are responsible for the degradation of electrical and thermal 

conductivity. High temperature annealing results in the reduction of oxygen 

functional groups, consequently improving the conductivities. However, during high 

temperature reduction, along with the oxygen groups, a large amount of carbon 

atoms also evaporates, and ultimately after a certain temperature, those thin film 

suffers from physical damage, making those unusable. Another method is to dope 

with metal particle so that the broken carbon network can be repaired. This method 

is effective upto a certain level. But where there is large improvement is required, 

say in the order of 2, this method proven to be inefficient. Here we have combined 

those above mentioned two methods to achieve large number of improvements. 

Films synthesized using this novel method were assembled in an UHV system for 

emission and for beam shape characterization. The maximum current density up to 

10000A/cm2 with an average of 6000A/cm2 were drawn. The I-V characteristics 

exhibited large field enhancement. Large current density with long stability makes 

these film a suitable candidate. Thus it is proposed for use in a THz device where 

high current density is a critical requirement. 

Discussion of results on the above work and the conclusions are given below. 

Future work to be carried is proposed for a better understanding of emission 

mechanism and for enhancement of emission.  
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6.1 Study of Graphene Field Emission 

The following parameters are studied with a view to obtain high current density. 

a) Emission from flakes:  Significant amount of electron can only be obtained 

sharp edges of graphene when the electric field is applied along the sheet causing 

large field enhancement on the sharp tips. However, it is inefficient to extract 

current from non-uniform edges of graphene sheet as the total current would be 

much lower than expectation 

b) Emission from free standing films: Likewise, rGO sheets have to be oriented to 

align the edges with an applied electric field for electron emission. However field 

emission property with a very high emission current from rGO films[53] shows 

a great possibility as an electron source for high power terahertz vacuum electron 

devices (VEDs), where very dense, uniform and sheet beam is required, from a 

comparatively smaller dimension emitter. J. Liu et.al. [37] have shown that using 

a free standing, vertically aligned graphene oxide papers, sandwiched in wafer, 

10 A/cm2 of current density can be achieved, which is quite big for a field emitter. 

 

6.2 Study of Various Synthesis Methods of rGO Film 

Fabrication of free-standing graphene films has been very difficult to realize. 

Advanced methods to synthesize graphene is mostly substrate based, such as 

chemical vapor deposition [61], [62], electrophoretic deposition [36], screen printing 

[136] , and spin coating [137], and are unable to produce free standing films. Thus, 

obtaining a large emission current from those film is extremely difficult, as those 

films are horizontal and only randomly oriented flakes are effectively acts as emitter. 

Because of this, those sheets end up as low current emitters. Fortunately, vertically 

oriented, free-standing rGO films [138] can emit large field emission current with 

large current density. Synthesis of thin free standing rGO film is possible only 

through chemical route. Graphite powder is oxidized first, then exfoliated into 

graphene oxide nano-sheets [97]. These nano-sheets can be converted into GO sheets 

using vacuum filtration. However, due to oxygen functional groups, these sheets 

suffer from degraded physical properties such as electrical and thermal 
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conductivities, which is reduced by two or sometimes three order. To restore those 

properties, we have devised a novel synthesis process. 

6.3 Synthesis and Characterization of W-rGO Film 

The synthesis of free-standing rGO films was carried out using modified hummers 

methods followed by a modified hydrothermal method, where those film were doped 

with tungsten nano-particle to remove oxygen functional groups and restore physical 

properties. For homogenous mixing and uniform doping, a novel sol-sol method was 

incorporated. GO solution was mixed with tungsten oxide solution. After that, the 

mixture was put into a novel in-house developed hydrothermal vessel for a 

simultaneous doping and film forming process. Amount of solution was controlled 

to acquire a film thickness of 100nm. Similar synthesis process was used to 

fabricated as-prepared rGO films (without tungsten doping) for property and 

performance comparison. Synthesized films are annealed inside a furnace, under a 

nitrogen environment for further reduction. It has been found that W-rGO film can 

retain its structural integrity even in a very high annealing temperature of 1200OC, 

whereas-prepared rGO films broke down under an annealing temperature of 1000OC.  

After the annealing process, the films are characterized with FESEM, Raman, XRD 

and XPS, to confirm thickness, reduction of oxygen and recovery of the carbon 

domain. Film thickness was measured using FESEM, where results imply the 

thickness is maintained between 100 nm to 140 nm (Figure 3.5). From Raman data, 

ID/IG curve shows (Fig 3.9) constant rise for rGO films, where due to high 

temperature annealing defect in sp2 domain increase, but for W-rGO film, from 

800OC it can be observed that the restoration of sp2 domain started to increased. This 

phenomenon is the result of doping of tungsten where due strong covalent bond 

between carbon and tungsten, evaporation of carbon is restricted. XPS has been used 

to analyze the elements present in the film. It can be said from the XPS that, wt% of 

carbon and tungsten maintain a ratio of 1:0.01. Presence of oxygen groups reduced 

significantly comparing to the films without the W doping, by more than 60%, which 

indicates a very high rate of improvements. Further EDA data from FESEM also 

verifies the XPS data. The XRD pattern of W-rGO composites collected is presented 
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in Figure 3.11. The comparatively narrow diffraction peak, which is centered at 

around 23.5°, belongs to the (002) plane of the graphene. Diffraction peaks of 

graphene and tungsten was found simultaneously, which confirms that the tungsten 

were successfully inserted into the rGO film. Any other peaks from impurities such 

as oxygen functional groups were not detected, which confirms largely pure and 

defect free structure of the synthesized film. 

6.4 Characterization and Shaping of Synthesized 

Film 

To gain further confidence on the above studies related to electrical conductivity, 

thermal conductivity and mechanical strength, a complete measurement study has 

been made and characterized for physical properties. After that, films are shaped 

using microtome technique. The discussion and conclusions on the measurement and 

shaping are as given below: 

 

(a) Electrical conductivity:  Electrical sheet resistance has been measured using 

the four probe method has shown that it has been improved by more than one 

order. Calculated conductivity of these films are among the largest for a free 

standing W-rGO film so far to the best of our knowledge. Three different samples 

prepared using same synthesis method, was measured. Measured electrical 

conductivity was approx. 600000S/m for W-rGO which is 60 times more than the 

measured value for as-prepared rGO films. 

(b) Thermal conductivity: The in plane and cross plane thermal conductivity was 

measured for both of the films. Results have shown, that rGO films annealed at 

800OC, and W-rGO films has a thermal conductivity of 140 W/mK and 160 

W/mK respectively. Interestingly, W-rGO films annealed in 1200OC, have 

showed an increased thermal conductivity ~260 W/mK. It can be concluded that 

the high temperature annealing restore the graphene structure thus phonon 

transport [139], which is responsible for thermal conductivity inside graphene, 

became faster. 

(c) Mechanical Properties: Tensile strength for both the films, rGO and W-rGO 
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was measured using UTM. It has been found that the tensile strength of W-rGO 

annealed in 1200OC has been improved by 200% where the young’s modulus is 

by ~ 20 times, compared to rGO films annealed in 800OC. These extremely large 

restorations of the physical properties can be attributed to our novel synthesis 

process where we successfully doped W into the rGO films by modifying the 

synthesis process and introducing a novel sol-sol mixing process. 

 

6.5 Realization of W-rGO Film Field Emitter 

Cathode 

Based on the work carried out so far, the following experiments were carried out 

for the realization of field emission performance from both of the films. 

(a) Experiment setup: Field emission experiment has been carried out on two 

different films prepared using same method, to verify the performance 

reproducibility of the films. Experiment has been done inside a stainless steel 

vacuum chamber. The chamber is equipped with rotary, turbo and ion pump 

which helped us to maintain a vacuum level 1e-8 torr during the experiment. A 

DC power, two digital multimeter, phosphor screen and ccd camera has been 

used for the experiment. A 50 kΩ resistance has been used to protect the setup 

from current overflow. 

(b) Field emission experiment: The field emission test result shows the extreme 

current density (Fig 8(a)) with impressive reliability for the W-rGO film, 

comparing to the as prepared rGO film. A very large current density of approx. 

6000 A/cm2 was achieved for an applied electric field of 7.4V/µm, which is so 

far the highest for a W-rGO film to the best of our knowledge. Excellent stability 

can be observed over a 192 hours of test, at an applied field of 6.6 V/um with 

less than 1% of fluctuation. The improvement and stability can be attributed to 

the doping of the tungsten nano-particle during the synthesis process.   

   Emission pattern was acquired with the help of a phosphor screen. Rectangular 

sheet type beam pattern can be observed which denotes that emitted electron 

beam is sheet type in nature and can be shaped more precisely with a focusing 
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elements. From an after experiment FESEM image, it is evident for W-rGO films 

the film structure retains the structural integrity (though exfoliated nominally) 

where the rGO films edge is destroyed complete. From this result we can depict 

that the W-rGO films does not degrade even after a long cycle of field emission 

operation, which makes it a potential candidate for field emission cathode for 

realizable compact THz devices. 

 

6.6 Suggestions for Future Work 

 

Based on the work carried out so far, the following suggestions are made for 

future work for a better understanding of emission mechanism and for enhancement 

of emission.  

(a) In this study, tungsten has been used as a dopant metal to repair and improve 

broken carbon network inside a rGO film. Here we have optimized the annealing 

temperature, for maximum removal of oxygen functional groups and recovery 

of sp2 domain. However, with optimization and parametrization of C:W, for 

more efficient recovery of carbon network would be an useful study to achieve 

further largely improved physical properties.  

(b) Use of Cs-STEM to profile doping uniformity and condition: In this study, 

tungsten has been doped to rGO and characterized by XRD and XPS. However, 

to quantify and observe the tungsten domain, tungsten-carbon domain, and 

graphitic domain, Cs-STEM would be useful tool. We can directly observe, 

analyze and with the analyzed data can optimized the doping thus improve the 

repairmen of the broken structure in a more efficient way. 

(c) FTIR spectroscopy: In this study we have characterized the synthesized film, 

using FESEM, Raman, XRD and XPS. However, for further analysis, FTIR 

(Fourier transform infrared), spectroscopy can be used. FTIR can deliver the 

information on transmission, absorption and reflection from a sample. Thus for 

graphene we can calculate the transmission coefficient of the prepared sample. 

With these data further improvement can be carried out.  

(d) Use of efficient testing jig to extract maximum current: As showed in section 
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5.2, the testing jig which consists of a molybdenum sheet with holes, (anode1), 

suffers from a large degassing as a large number of electrons strike on the sheet 

itself. Comparatively a fewer number of electrons passes through the holes. This 

phenomenon degrades the local vacuum condition (between anode1 and emitter 

edge). Therefore, the applied potential was limited due to arcing. Use of a gate 

with sleet would be more efficient as if, designed properly, ~100% emitted 

electron will pass through the gate thus maintaining high vacuum condition, and 

extracting a maximum possible current. 
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APPENDIX-I 

 
Estimation of chemicals required 
 

1. Target- (C:Oxidizing agent) = 1:6 (Conventional methods) 

1.1 Target (Modified)- (C:Oxidizing agent) = 1:(6 - doping material) 

Target amount for doping material: 

2. Aim- (C:W) = 3:(0.3 ×positive integer) Tungsten (doping material) doped rGO 

 

Amount of required raw materials: 

 Graphite powder= 0.3 gm 

 

We need to find out: 

 

Amount of required Tungsten Oxide (WO3) 

 

Amount of required Potassium Permanganate (KMnO4) 

 

Molar weight of W= 183.84 gm 

 

Molar weight of O= 16 gm 

 

Molar Weight of WO3= 231.84 gm 

 

0.0375 gm WO3 required for 0.03 gm W 

 

Molar weight of KMnO4= 158.0339 gm 

 

Molar weight of 1.8 gm= 284.46102 gm 

 

Molar weight of 0.0375 gm WO3= 8.964 gm 

 

Required molar weight of KMnO4= 275.49702gm 

 

KMnO4 required = 1.74 gm 
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국문초록: 

진공전자소자를 보완할 수 있는 고출력, 효율적인 광원의 부족 인한 

테라헤르츠 갭(THz-gap)으로 인해 이를 의료, 방위, 통신, 재료 처리 

분야의 응용에 어려움을 겪고 있다. 실용적인 테라헤르파를 발생시킬 수 

있는 진공전자소자를 실현하기 위해서는 극한의 전류 밀도를 갖는 

음극의 중요성이 부각되고 있는 상황이다. 이 논문에서 우리는 

테라헤르츠 주파수에서 동작하는 진공전자소자를 위한 전자빔 

발생원으로 새로운 그래핀 필름을 기반으로한, 최대방출 전류밀도가 

10000 A/cm2 에 이르는 전계방출소자 음극을 합성하고 개발하였다. 

전기전도성, 기계적 강도, 필름의 두께에 따른 전계 방출 메커니즘영향, 

전계 방출 성능 및 안정성에 대한 이론적 연구가 수행되었다. 실험적 

분석을 통해 전계 방출 성능이 필름에 존재하는 불순물의 존재에 의해 

영향을 받는 것이 확인되었고 이는 필름에 포함된 불순물을 제거하면 

전계방출 성능이 향상된다는 것을 의미한다. 또한 불순물에 의해 

저하되는 그래핀 필름의 열-전기적 특성 및 기계적 특성이 전계방출 

성능 및 안정성에 중요한 역할을 한다는 것을 보였다. 앞서 언급한 모든 

측면을 고려하여 개선된 물리적 특성을 지닌, 불순물을 최소화한 자립형 

그래핀 산화물(rGO) 필름을 합성하기 위한 화학공정을 개발하였다. 

그래핀 산화물 필름에 금속을 도핑하면 수배 이상으로 물리적 특성이 

향상되고 결과적으로 전계방출 성능이 향상된다. 시뮬레이션 및 분석 

연구에 따르면 도핑에 의한 필름의 물리적 특성이 기존의 rGO 와 

비교하여 적어도 두 배 이상 향상되면 방출 전류 밀도가 두 배 

이상이더라도 안정된 전계방출을 얻을 수 있음을 보였다. 이는 

전계방출로 발생하는 열-전기 부하 처리 성능이 도핑된 그래핀 필름의 

경우 더욱 향상되기 때문이다. 그래핀 필름의 모양과 두께는 

전자현미경(SEM)으로, 원소정보, 도핑균일성, 탄소-탄소 결합구조는 X 선 

분광학(XPS)을 이용하여, 도핑메커니즘 및 레이어간 거리는 X선 회절(X-

ray diffraction, XRD)를 이용하여, 도핑이 탄소결합 네트워크 형상에 

미치는 영향에 대해서는 라만 분광법(Raman spectroscopy)를 이용하여 

각각 수행되었다. 금속 도핑된 그래핀 필름은 기존의 필름에 비해 
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향상된 결합구조를 갖는 것을 확인되었다.  또한 물리적 특성의 개선을 

비교하기 위한 실험도 수행하였다. 도핑된 필름은 열적, 전기적 및 

기계적 특성 모두 비 도핑 필름보다 향상된 특성을 갖는 것으로 

확인되었다. 두 필름의 전계방출특성을 측정하기 위해서 초고진공환경서 

전계방출 시험을 수행하였다. 7.4V/µm 인가 전기장 환경에서 도핑된 

필름은 안정적으로 6000 A/cm2 의 전류밀도를 방출하는데 비해 비 도핑 

필름은 초기 4300 A/cm2 의 전류 밀도에 도달 후 성능이 저하되어 2300 

A/cm2 의 전류밀도를 보였다. 도핑된 필름은 더 높은 인가 전기장에서도 

안정적으로 높은 전류를 방출하는 I-V 특성을 보인다. 이는 고전압 

정전파괴를 효율적으로 제어하는 시스템을 가능케하여 높은 전류밀도가 

달성 될 수 있음을 의미한다. 높은 전압에서 정전파괴 현상을 제어할 수 

있는 시스템으로 보다 높은 전류밀도를 효율적으로 달성 할 수 있다는 

것을 의미한다. 

 

주요어: rGO 필름, 텅스텐 도핑, 물리적 특성, 전계 방출, 안정성, 

테라헤르츠 음극. 

학번: 2013-30772  
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