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ABSTRACT 
 

 

There has been a significant stimulation in graphene research since the famous discovery in 

2004 by isolating a monolayer of graphene with the help of scotch tape. Graphene, just a 

single layer of carbon atoms, is progressively making inroads into a wide range of 

applications, from ballistic electronics to biosensors to flexible/transparent displays. 

Graphene is a unique material that is strong, light, transparent, and an excellent conductor of 

heat and electricity. On the other hand, zinc oxide (ZnO) is a wide band semiconductor that 

demonstrates excellent electrical, optical, catalytic and sensing properties and has numerous 

applications in various fields. ZnO is a natural n-type semiconductor due to the presence of 

intrinsic defects such as Zn interstitials and O vacancies that also contribute strongly to 

optical emissions in the visible region. The amalgamation of the exceptional properties of 

graphene with good semiconducting properties of ZnO can pave the way towards the 

realization of future devices. 

 

In this thesis, randomly oriented graphene flakes thin film has been successfully fabricated by 

using Electrohydrodynamic Atomization (EHDA). Further graphene flakes and zinc oxide 

(ZnO) nanoparticles have been successfully deposited on substrates (silicon, glass ITO 

coated) through different approaches like layer by layer, blended and semi-blended 

approaches. Each fabricated film is directly deposited as cathode electrode in diode to check 

its performance. It has been observed that a superior performance as cathode has been 

observed for the decorated graphene flakes film fabricated through layer by layer i.e. 

decoration of graphene flakes film approach by exhibiting the best current density. Also, for 

graphene/polymer nano thin composite film, Poly (4-Vinylphenol) dissolved in propylene 

glycol methyl ether acetate (PGMEA) is deposited by using EHDA technique and has then 
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been combined with graphene flakes to be used in capacitor. In this case too, it is observed 

that is giving the behavior of stable capacitor. These composite thin films could be employed 

in nano and optoelectronic devices, including field effect transistors (FETs), light emitting 

diodes (LEDs), UV detectors and biosensors.  

 

The fabricated films reported in this thesis compete with the ones made by different intricate and 

expensive conventional systems. The main advantage is that Electrohydrodynamic process rule 

outs the use of high vacuum systems therefore making the process cheap and simple. Also 

material wastage is very low, and inks used in the process are completely inert to the environment 

thereby making the process clean and user friendly. 
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1. Introduction 
 

2D materials have proven as eye-catching materials in research field nano-electronic devices. 

After discovery of first 2D crystal material grapheme, lot of attention has been paid to 

research on such materials. It was an unexpected discovery as theory prohibits existence of 

2D crystals but interesting properties and nature of graphene found another way around. 

Many synthesis routes have been explored for large and small area production. After 

production transfer mechanisms to functional substrates are investigated.  

 

1.1 Graphene 

Graphene, a two-dimensional atomically thick carbon atom arranged in a honeycomb lattice, 

was isolated by repeatedly peeling highly oriented pyrolytic graphite (HOPG) using sticky 

tape.[ K. S. Novoselov et al. 2004] Since then, outstanding physical properties predicted and 

measured for graphene have been explored for practical applications (figure 1.1) such as 

field-effect transistors,[ K. S. Novoselov et al. 2004, V. C. Tung et al. 2009,] chemical 

sensors[T. O. Wehling et al. 2008,] and composite reinforcement.[A. K. Geim  et al. 2009] 

Monolayer graphene possesses high crystallographic quality and ballistic electron transport 

on the micrometer scale with only 2.3 % of light absorption.[ R. R. Nair et al. 2008,] 

Moreover, the combination of its high chemical and thermal stability,[P. Blake et al. 2008] 

high stretchability,[D. I. Son et al. 2010,] and low contact resistance with organic 

materials,[S. P. Pang  et al. 2009] offers tremendous advantages for using graphene as a 

promising transparent conductor in organic electronic devices, e.g. solar cells,[ L. G. De Arco 

et al. 2010] organic light emitting diodes (OLEDs),[P. Matyba et al. 2010] liquid crystal 

displays (LCDs),[ P. Blake et al. 2008] touch screens,[S. Bae et al. 2010] field effect 

transistors (FETs),[W. Liu et al. 2010] photodetectors[Y. Cao et al. 2010] and 

spectroelectrochemistry investigation.[C. M. Weber et al. 2010] 
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Figure 1-1 Graphene Applications in different fields. 

In the view of the contact behavior of the electrodes and the semiconductor layer, graphene is 

still an ideal electrode for orgainic electonics. The two dimentional (2D) carbon 

nanostructure has the excellent compatibility with the organic semiconductors, resulting in a 

low contact resistance. [Y. Cao et al. 2010] Especially for the flexible organic electronics, the 

good compatibility is also benefitial for the long-time operation.  

 

The experimental discovery of graphene brought a new alternative to commercially available 

electrodes. Although research is still at its early stages, graphene already offers several 

potential advantages over traditional transparent electrodes. [H. A. Becerril  et al. 2008, G. 

Eda et al. 2008, S. Bae et al. 2010] Many groups have already demonstrated the resilience of 

graphene-based organic photoelectrical devices. The excellent performance of various 

graphene-based electronic devices gives graphene a realistic chance of being competitive in 

transparent and bendable technologies. 

 

Recently, graphene-based thin films have attracted considerable attention as they are 

chemically robust, exhibit high electrical conductivity and good optical transparency in the 

visible and near-infrared region [A.K. Geim et al. 2007]. This renders these films interesting 

as electrodes for various applications, e.g., in organic electronic devices [X. Wang et al. 2008] 

or for spectroelectrochemical studies. Other transparent and conductive thin film materials, 

such as indium tin oxide or fluorine tin oxide, however, are problematic for several 
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applications [X. Wang et al. 2008]. Graphene films fabricated from exfoliated graphite oxide, 

followed by thermal reduction, appear as interesting candidates for electrode applications 

because of their high conductivity (up to 550 S/cm have been demonstrated) and transmission 

of 70% in the wavelength range of 1000–3000 nm [X. Wang et al. 2008]. The existence of 

graphene sheets in such thin films has been evidenced by high-resolution transmission 

electron microscopy, and bulk Raman spectra revealed the similarity of reduced graphene-

oxide with carbon nanotubes or graphite with defects [X. Wang et al. 2008]. It can thus be 

expected that such graphene films have electronic properties similar to various other sp
2
 

hybridized carbon-based materials, such as nanotubes or graphite. However, rather little is 

known about the surface electronic properties of such graphene based films and the surface 

orientation of graphene sheets over extended areas. 

 

Semiconducting behavior has yet to be demonstrated in graphene-based composites. The 

compatibility of graphene with polymers and ceramics opens up a route toward realization of 

semiconducting composite materials from electrically passive host materials.  

 

1.2 Electrohydrodynamic Atomization (EHDA) Deposition and its Applications 

In electrohydrodynamic atomization technique is the thin film deposition phenomenon in 

which atomization is achieved through electrostatic forces. In fact it is an imbalance between 

the surface forces arising because of the surface tension of the liquid to be sprayed and 

Maxwell stresses which are induced because of the electric field, that pull the liquid 

downwards from the capillary orifice into a stable jet which further disintegrates into smaller 

droplets because of coulomb forces and hence a cloud of charged, mono-dispersed and 

extremely diminutive (sometimes up to nanometers) droplets is achieved. A typical 

electrohydrodynamic Atomization deposition phenomenon consists of following sequence [J. 

Makela 2010]: 

1. Spray formation at the Taylor-cone tip 

2. Droplet transport from nozzle to substrate with evaporation of solvent and disruption 

of droplets at the mid of spray stream 

3. Preferential landing on the substrate/ground, and 

4. Droplet spreading, penetration and partial drying 
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An important aspect of EHDA is that droplet agglomeration does not exist at all as the 

charged droplets are self-dispersing in the space due to mutual Coulomb repulsion. The 

charge and size of the droplets can be controlled to some extent by adjusting the liquid flow 

rate and the voltage applied to the nozzle.  

Before the spray actually happens, a stable Taylor cone [Chen & Schoonman 2004] is to be 

achieved which ultimately ejects the spray. A stable, uniform and symmetric Taylor cone at 

the onset of capillary exit is the guarantee of a smooth and stable EHDA. Important 

parameters related to Taylor cone formation are the critical onset voltage and liquid flow rate 

along with liquid physical properties and stand-off distance.  A complete description on this 

aspect of electrohydrodynamics can be found in the next chapter 3.  

 

 Figure 1-2 Body-force diagram of the Taylor-cone. 

If a body force diagram for the fluid in a capillary problem, as shown in Figure 1.2, is looked 

closely at, three main contributing forces will be witnessed. First is the surface tension force, 

Ps which will oppose the generation of meniscus and hence the jet formation. Secondly the 

hydrostatic pressure, Ph, which will pull the meniscus downwards and lately, the electrostatic 

pressure Pe, is the deciding force which acts tangentially at the meniscus and the amalgam of 

these forces finally forms the required jet. When put in the equation form, we get  

0h s eP P P       (1-1) 

where 

h lP g H       (1-2) 
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2 / 2e ds rP E       (1-3) 

H is the liquid level difference between the container and the free end of the nozzle and 
r  

is the  relative permittivity of the liquid to vacuum permittivity [Chen & Schoonman 2004]. 

The flow rate is required to compensate fluid in the meniscus, which is directly proportional 

to the backflow of fluid due to the electrical stress. Thus, the governing force for the ejection 

of the droplet is electrostatic force since the flow rate is provided to maintain the steady level 

of ink at the orifice outlet, whereas the gravitational force has little contribution due to the 

high fluidic resistance in the micro-channel as the capillary diameter is very small and the 

surface tension of the liquid will add to the fluidic resistance. 

EHDA finds it applications almost everywhere, where the competing technologies are 

applicable. From printed electronics to powder production, from nuclear instruments to solar 

cells, from Li batteries to fuel cells and bio-applications, EHDA has been in the limelight 

since its inception. A very comprehensive account mentioning the applications of EHDA has 

been written by Jaworek [Jaworek 2007] and should be consulted for details. 

 

1.3 Motivation and Introduction of this Thesis  

The motivation of this thesis is to introduce and elucidate that graphene flakes thin film and 

graphene based composites thin film fabrication through electrohydrodynamic atomization 

(EHDA) is quite possible. Also, it is showed and proven by using this technique that 

graphene flakes and graphene based composites thin films can directly be deposited on 

functional substrates or other preceding thin film in electronic devices. Depositing graphene 

flakes and graphene based composited directly on substrates by using EHDA technique is 

first time taken into account. Therefore, it is very necessary that EHDA should be given 

further attention for its successful use in the fabrication of graphene flakes and graphene 

based thin film composites which can be used in different microelectronic and optoelectronic 

devices.  

In this work graphene flakes, blended graphene/Zinc Oxide, Semi-blended graphene/Zinc 

Oxide, decoration of graphene flakes film with ZnO nano particles, PVP and Graphene/PVP 

blended functional thin films are fabricated using EHDA technique. Graphene, graphene 

based composite films are employed as cathode electrode in diode device and PVP and 

graphene/PVP films are employed in metal/insulator/semiconductor device for capacitance 
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measurement. The thin films mentioned in this thesis are fully characterized and hence this 

demonstration can act as a breakthrough in the field of printed electronic industry struggling 

for large area deposition of graphene flakes and graphene based composites thin films. 

The remaining part of this thesis has been divided into 4 chapters where the next chapters 

give a brief introduction of graphene. While a complete account on EHDA technique is given 

in chapter three. Chapter four is consisted of full graphene flakes and graphene based 

composites films fabrication from solution while using EHDA technique and their 

employment to electronic devices and characterizations. In the end a chapter is dedicated to 

the Summary of the thesis. 
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2. Background and Literature Survey 

 

2.1 Graphene 
 

Graphene is a name given to a flat/2D monolayer of sp
2
 bonded carbon atoms closely packed 

into a honeycomb lattice with a nearest neighbor distance of 0.14 nm. Graphene can be 

considered as the mother structure of all the carbon based materials. It has been generally 

used in the approximation of the crystal structure and properties of graphite, carbon 

nanotubes and Bucky-balls. For instance, graphite is made up of loosely stacked (ABAB 

type) graphene layers with an interlayer distance of 0.34 nm. This large interlayer separation, 

compared to the in-plane nearest neighbor distance, makes graphite a quasi 2D system. 

 

Carbon nanotubes are usually considered as graphene layers rolled into hollow seamless 

cylinders and a C60 buckyball can be considered as a graphene sheet, where some hexagons 

are replaced by pentagons, which cause a crumbling of the sheet into a final formation of a 

graphene sphere or a graphene football, in figure 2.1 a clear depiction is sketched. Andre 

Geim and Konstantin Novoselov won the 2010 Nobel Prize in Physics for this trailblazing 

discovery. This graphene gold rush has begun for good reasons, primarily owing to its several 

exceptional properties which are described in this section of the chapter. 

 

Figure 2-1 Depictions of graphene, graphite,carbon nanotubes and buckyballs. 
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2.1.1 Crystal Structure 

 

The crystalline structure of graphene consists of 2D hexagonal lattice with a primitive cell 

containing two atoms (A and B), as shown in figure 2.2. Each carbon atom is covalently 

bonded to three other atoms in the plate and the angle between two successive bonds is 120°. 

The outermost electron shell of a carbon atom has four valence electrons, three of which are 

used by the covalent bonds. The forth valence electron does not take part in covalent bonds 

and may be mobilized from the electron shell by means of an electric field to give rise to 

conductivity. The graphene layers are bonded to each other by weak Van der Waals forces 

within graphite. This weakly bonded layered structure of graphite allows for the separation of 

individual graphene sheet. 

 

Figure 2-2 (a) Triangular sublattices of graphene, each atom in sublattice “A” has 3 nearest neighbors in 

sublattice “B” and vice versa and (b) First Brillion Zone of graphene reciprocal lattice. 
 

2.1.2 Morphology and Structure 

The graphene honeycomb lattice is composed of two equivalent sub-lattices of carbon atoms 

bonded together with σ bonds. Each carbon atom in the lattice has a π orbital that contributes 

to a delocalized network of electrons. Whether freely suspended graphene has „intrinsic‟ 

ripples or not has been addressed by Monte Carlo simulation [A. Fasolino et al. 2007] and 

transmission electron microscopy (TEM) studies [J.C. Meyer et al. 2007]. The microscopic 

corrugations were estimated to have a lateral dimension of about 8 to 10 nm and a height 

displacement of about 0.7 to 1 nm. Sub-nanometer fluctuations in height for graphene 

platelets deposited on SiO2-on-Si substrate were studied by scanning tunneling microscopy 

(STM) [E. Stolyarova et al. 2007].  

 

Apart from „intrinsic‟ corrugations, graphene in real 3D space can have other „defects,‟ 

(a) (b) 
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including topological defects (e.g., pentagons, heptagons, or their combination), vacancies, 

adatoms, edges/cracks, adsorbed impurities, and so on. Individual adatoms on graphene, and 

carbon chains and vacancies, generated by knock-on by the electron beam in TEM (working 

at 100 kV) could be investigated dynamically, providing insights into generation of defects 

and their evolution [J.C. Meyer et al. 2008].  

 

2.2. Graphene Properties 

 

2.2.1 Optical Properties 

 

The high-frequency conductivity for Dirac fermions in graphene has been stated to be a 

constant equal to πe
2
/2h, from the infrared through the visible range of the spectrum [N.M R. 

Peres et al. 2006 & V. P. Gusynin et al. 2006]. The optical transmittance T and reflectance R 

are then T = (1 + 1/2πα)
−2 

and R = 1/4π
2
α

2
T for normal incidence light (where α = 2πe

2
/hc ≈ 

1/137, e is the electron charge, c the light speed, and h Planck‟s constant); the opacity is (1−T 

) ≈ π α ≈ 2.3%. The expression of T and R in terms of fundamental constants that do not 

directly involve material parameters is stated to be a result of the structure and electronic 

properties of graphene [N. M. R. Peres et al. 2009]. As shown in Figure 2.3, this constant 

transparency ( ≈ 97.7%) has been experimentally observed for graphene in the visible range 

and the transmittance linearly decreases with the number of layers for n-layer graphene [R.R. 

Nair et al. 2008]. A deviation from this „universal behavior‟ has been found for incident 

photons with energy lower than 0.5 eV, which was attributed to the finite temperature and a 

doping-induced chemical potential shift of the charge-neutrality (Dirac) point [K.F. Mak et al. 

2008]. Inter-band optical transitions in graphene have been probed by infrared spectroscopy, 

and gate-dependent optical transitions have been reported [F.Wang et al. 2008]. Due to the 

low density of states near the Dirac point in graphene, a shift of the Fermi level due to the 

gate causes a significant variation of charge density, leading to a significant change in 

transmission. The relaxation and recombination of photo-generated electron-hole pairs in 

graphene occurs on a timescale of tens of picoseconds, depending on the carrier concentration 

of graphene [P.A. George et al. 2008, F. Rana et al. 2009]. Given the high carrier transport 

velocity even under a moderate electrical field, an ultrafast (up to 40 GHz) and efficient (6–

16% internal quantum efficiency) photo response has been observed for graphene field effect 

transistors (FET), [F. Xia et al. 2009] suggesting graphene-based high speed optoelectronic 

devices for communications, detection, sensing, and so on. 
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Figure 2-3 (a) Photograph of a 50- μ m aperture partially covered by graphene and its bilayer. The line scan 

profile shows the intensity of transmitted white light along the yellow line. Inset shows the sample design: a 20- 

μ m thick metal support structure has apertures 20, 30, and 50 μ m in diameter with graphene flakes deposited 

over them; (b) Optical image of graphene flakes with one, two, three, and four layers on a 285-nm thick SiO2 -

on-Si substrate.  

 

2.2.2 Raman Spectroscopy of Graphene 

Raman spectroscopy has been used to characterize graphene and several review articles have 

been published discussing the optical phonon spectrum and Raman spectrum of graphene 

[A.C. Ferrari et al. 2007]. The Raman spectra of graphene includes the G peak located at 

1580 cm
−1

 and 2D peak at  2700 cm
−1

, caused by the in-plane optical vibration (degenerate 

zone center E2g mode) and second-order zone boundary phonons, respectively. The D peak, 

located at 1350 cm
−1

 due to first-order zone boundary phonons, is absent from defect-free 

graphene, but exists in defected graphene. It was proposed that Raman could be used to 

distinguish the „quality‟ of graphene and to determine the number of layers for n-layer 

graphene (for n up to 5) by the shape, width, and position of the 2D peak [A.C. Ferrari et al. 

2009]. As shown in Figure 2.4, the 2D peak shifts to higher wave number values and 

becomes broader for an increasing number of layers.  
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Figure 2-4 (a) Comparison of Raman spectra at 514 nm for bulk graphite and graphene. They are scaled to have 

similar height of the 2D peak at 2700 cm
− 1

 ; (b) Evolution of the spectra at 514 nm with the number of layers; 

(c) Evolution of the Raman spectra at 633 nm with the number of layers.  

 

 

The shifting and splitting of Raman modes can be used to analyze mechanical strain in 

graphene. For example, Raman spectra of epitaxial graphene grown on SiC show a 

significant phonon „hardening‟ (blue shift of the G and 2D peaks), mainly due to the 

compressive strain that occurs when the sample is cooled down after growth [J. Rohrl et al. 

2008,Z.H. Ni et al. 2008]. The frequency of the G and 2D peaks can also be tuned by charge 

doping through electron-phonon coupling changes [J. Yan et al. 2007, S. Pisana et al. 2007]. 

The Raman spectral signatures of epitaxial graphene grown on SiC, especially the width of 

the 2D peak, have been correlated to the carrier mobility of the graphene [J.A. Robinson et al. 

2009]. The intensity ratio of the D and G peak has been used as a metric of disorder in 

graphene, such as arising from ripples, edges, charged impurities, presence of domain 

boundaries, and others [A.C. Ferrari et al. 2007]. For edges, the intensity of the D peak 

depends on the edge structure; it is weak at the zigzag edge and strong at the armchair edge 

[C. Casiraghi et al. 2009, Y.M. You et al.2008]. 

(a) 
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2.2.3 Thermal Properties 

Since the carrier density of non-doped graphene is relatively low, the electronic contribution 

to thermal conductivity (Wiedemann-Franz law) is negligible. The thermal conductivity (κ) of 

graphene is thus dominated by phonon transport, namely diffusive conduction at high 

temperature and ballistic conduction at sufficiently low temperature [C.H. Yu et al. 2005]. 

MD simulations [S. Berber et al. 2000] based on the Green-Kubo approach have shown a κ ∝  

1/ T dependence for defect-free graphene as temperature T increases beyond about 100 K. A 

room temperature thermal conductivity of about 6000 Wm
−1

K
−1

 for a suspended monolayer 

graphene was predicted, and this value was stated to be much higher than that of graphitic 

carbon [S. Berber et al. 2000]. Non-equilibrium MD was used to investigate the κ of GNRs 

with different edge shapes as a function of length, width, and strain [Z. Guo et al. 2009]. It 

was found that κ follows a power law dependence on the length L of GNRs (κ ∝  L β), where 

β varies from 0.3 to 0.5 at room temperature. It was stated that the strong length dependence 

of thermal conductivity on L may indicate very long phonon mean free paths in GNRs. 

 

2.2.4 Mechanical properties 

The basic constitution of the graphene lattice is the C-C covalent bond which is one of the 

strongest bond in nature. The strength of this sp² C-C bonds gives graphene some exceptional 

mechanical properties, possibly better than any other material. There are several elastic 

parameters necessary to define the mechanical properties: e.g. the Young‟s modulus (E), the 

Poisson‟s ratio and the shear modulus (G). 

 

Mechanical properties of free-standing monolayer graphene membranes have been measured 

experimentally by nano indentation in an atomic force microscope. These measurements 

correspond to a Young‟s modulus of E =1.0 ± 0.1 TPa and a third-order elastic stiffness of D 

= –2.0 ± 0.4 TPa, assuming an effective graphene thickness of 0.335 nm [C.Lee et al. 2008]. 

The shear modulus (G), has been reported to be 280 GPa for CVD grown graphene films [X. 

Liu et al. 2012]. Second and third order elastic stiffness was measured to be 340 Nm
–1

 and 

690 Nm
–1

, respectively. The fracture strength has been measured to be 125 GPa [J. Wang et 

al. 2012], representing the intrinsic strength of a defect free graphene sheet [C.Lee et al. 

2008]. 

 

These exceptional mechanical properties of graphene make it a perfect choice for application 
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like transparent/flexible electrodes [S.Pang et al. 2011], reinforcement in advanced 

composites [J. Wang et al. 2012] and nanoelectromechanical systems (NEMS) [A.M. v. d. 

Zande et al. 2010].  

 

2.2.5 Electrical Properties of Graphene 

In most conductors, the valence and conduction bands overlap, giving excited electrons many 

states to occupy as they move throughout the material. Materials with this property are 

known as metals. Graphene, while an excellent conductor, is not a metal but rather a zero-gap 

semiconductor. While the valence and conduction bands do not overlap in graphene, they 

touch at the Fermi level [Christian Schonenberger 2000]. This can be seen by visualizing the 

Fermi surface of a 2D graphene lattice, as in Figure 2.5. The Fermi surface for a lattice 

material is the energy border between the valence and conduction bands in momentum space. 

For this border to be defined the Fermi energy must fall inside an energy band and not in a 

band gap; otherwise the valence and conduction bands do not touch at all. Thus, Fermi 

surfaces only exist for conductors. Graphene's Fermi surface consists of six double cones 

with the Fermi energy at the intersection of those cones. Because the cones are linear near 

this intersection the effective mass of electrons in this region is zero. This leads to an entirely 

new transport mechanism in graphene compared to metals. The specifics of this regime rely 

on quantum electrodynamics and Dirac's relativistic equation of state. The results can be 

conceptualized by thinking of charge carriers in graphene not as individual electrons, but as 

interacting groups of electrons that behave as an entirely different type of particle called a 

Dirac fermion, these charge carriers travel ballistically over the 2D surface at relativistic 

speeds [K. S. Novoselov, et al. 2005]. Because of this fundamentally different transport 

regime, pure graphene is able to conduct electricity better than metals, with room-temperature 

resistivity on the order of 10
-6 
-cm [A. A. K. Geim. et al. 2007]. 

 
Figure 2-5 Fermi surface showing Dirac Cones and the zero-gap nature of graphene.  
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2.3 Synthesis Methods of Graphene and Resulting Material Properties 

 

Graphene has shown many interesting properties from the mechanical, electrical, thermal and 

optical point of view. These properties make graphene a material of interest for many 

applications, for example in the fields of electronics, composites, sensors as well as energy 

storage and conversion. These engineering applications require availability of graphene on 

the mass scale and thus the development of suitable processes is necessary. Figure 2.6 has 

shown different routes to graphene synthesis. 

 
 

Figure 2-6 Schematic representation of the different graphene synthesis methods. 

 

 

2.3.1 Mechanical Exfoliation 

 

Mechanical exfoliation is the first recognized method of graphene synthesis. This is a top-

down technique in nanotechnology, by which a longitudinal or transverse stress is generated 

on the surface of the layered structure materials using simple scotch tape or AFM tip to slice 

a single layer or a few layers from the material onto a substrate. Graphite is formed when 

mono-atomic graphene layers are stacked together by weak van der Waals forces. The 

interlayer distance and interlayer bond energy is 3.34 Å and 2eV/nm
2
, respectively. For 

mechanical cleaving, ~300 nN/μm
2 

external force is required to separate one mono-atomic 

layer from graphite (Zhang et al. 2005). As seen in Figures 2.7(a) and 2.7(b), the thin 

multilayered graphite was fabricated with the lowest thickness of ~200 nm, which consists of 

500–600 layers of monolayer graphene.  
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Figure 2-7 (a) and (b): Scanning electron micrographs of mechanically exfoliated thin graphite layers from 

highly oriented pyrolytic graphite (HOPG) by AFM tip. 

 

The graphene produced by these mechanical exfoliation techniques was used for fabrication 

of FET devices, which brought a research boom in the field of carbon nanoelectronics.  

 

2.3.2 Chemical Exfoliation 

 

Like mechanical exfoliation, chemical exfoliation is one of the established methods for 

fabricating graphene. Chemical exfoliation is a process by which alkali metals are 

intercalated with the graphite structure to isolate few-layer graphene dispersed in solution. 

Alkali metals are the materials in the periodic table that can easily form graphite-intercalated 

structures with various stoichiometric ratios of graphite to alkali metals. One of the major 

advantages of alkali metals is their ionic radii, which are smaller than the graphite interlayer 

spacing; hence they fit easily in the interlayer spacing as shown in the schematic in figure 

2.8(a). 

 
Figure 2-8 (a) Schematic illustrating the chemical exfoliation process, (b) transmission electron micrograph 

(TEM) of chemically exfoliated graphitic nanosheet, (c) SEM picture of thin graphite nanosheets after the 

exfoliation process, showing approximately a 10-nm thickness of ~30 layers of single graphite sheet. 

2.3.3 Some Other Novel Routes of Graphene Synthesis 

(a) (b) 

(a) 
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In addition to the synthesis methods discussed previously, mechanical exfoliation of graphene 

produced by high-velocity clusters impacting on a graphite surface [Sidorov et al. 2010]. The 

graphene nanoribbon produced by this method was ~30 nm thick. Also, Xin et al. (2010) 

indicated graphene exfoliated from microwave irradiation of graphite-intercalated compounds 

in a solution process followed by combining those exfoliated sheets with carbon nanotubes 

(CNTs). Plasma-assisted etching of graphite to form multilayered graphene and monolayer 

graphene was also demonstrated in another report [Hazra et al. 2011]. This is another top-

down approach that involves the gradual thinning process of graphite to graphene using 

plasma in an H2 and N2 atmosphere.  

 

2.3.4 Chemical Synthesis: Graphene from Reduced Graphene Oxide 

 

Chemical synthesis is a top-down indirect graphene synthesis method, and is the first method 

that demonstrated graphene synthesis by a chemical route. The method involves the synthesis 

of a graphite oxide (GO) by oxidation of graphite, dispersing the flakes by sonication, and 

reducing it back to graphene. There are three popular methods available for GO synthesis: the 

Brodie method (Brodie 1860), Staudenmaier method (Staudenmaier 1898), and Hummers and 

Offeman method (Hummers and Offeman 1958). All three methods involve oxidation of 

graphite using strong acids and oxidants. GO was first prepared by Brodie (1860), by mixing 

graphite with potassium chlorate and nitric acid. However, the process contains several steps 

that are time consuming, unsafe, and hazardous. In order to overcome those problems, 

Hummers (Hummers and Offeman 1958) developed a method for fabricating graphite oxide 

by mixing graphite with sodium nitrite, sulfuric acid, and potassium permanganate, well 

known as Hummers method, figure2.9. 

 

 

 

 

Figure 2-9 The process flow chart of graphene synthesis derived from graphite oxide. 

 

 

 

The chemical synthesis method was brought into focus again in 2006 when Ruoff and his 
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coworkers produced mono-atomic graphene by a chemical synthesis process [Stankovich, 

Dikin, et al. 2006,Stankovich, Piner, et al. 2006]. They prepared GO by the Hummers method 

and chemically modified GO to produce a water-dispersible GO. GO is a stacked layer of 

squeezed sheets with AB stacking, which exhibits an oxygen containing functional group like 

hydroxyl and epixoide in their basal plane when it is highly oxidized [Jeong et al. 2008]. The 

attached functional groups (carbonyl and carboxyl) are hydrophilic in nature, which 

facilitates the exfoliation of GO upon ultrasonication in an aqueous medium. Thus, the 

hydrophilic functional groups accelerate the intercalation of water molecules between the GO 

layers. In this process, functionalized GO is used as a precursor material for graphene 

production, which forms graphene upon reduction with dimethylhydrazine at 80°C for 24 hr 

[Stankovich et al. 2006] showed that chemical functionalization of GO flakes by organic 

molecules leads to the homogeneous suspension of GO flakes in organic solvents. They 

reported that reaction of graphite oxide with isocyanate results in isocyanate-modified 

graphene oxide, which can be dispersed uniformly in polar aprotic solvents like 

dimethylformamide (DMF), N-methylpyrrolidone (NMP), dimethyl sulfoxide (DMSO), and 

hexamethylphosphoramide (HMPA). The proposed mechanism states that the reaction of 

isocyanate with hydroxyl and carboxyl groups generates the carbamate and amide functional 

groups, which become attached to the GO flakes (as shown in figure2.10). 

 

Figure 2-10 Mechanism proposed by Stankovich et al. on isocyanate-treated GO where organic isocyanates 

react with the hydroxyl (left oval) and carboxyl groups (right oval) of graphene oxide sheets to form carbamate 

and amide functionalities, respectively. (b) Representative FT-IR spectra of GO and phenyl isocyanate-

functionalized GO. 

 

2.3.5 Electrochemical Synthesis 

 

Electrochemical synthesis of graphene sheets is a one step treatment [N. Liu et al. 2008] and 

can be classified as subcategory of graphite exfoliation. In this case, two high purity graphite 

rods are used as electrodes. In the electrochemical cell they are immersed in the electrolyte 

bath composed of ionic liquid and water. The schematic of the ECC are shown in figure 2.11 
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and figure 2.12, respectively. 

 
Figure 2-11 Left: experimental schematics; middle: exfoliation of chemically modified graphene sheets from the 

graphite anode; right: TEM image of resulting graphene material with width of 500 nm, length 700 nm and 

thickness of ~1nm). 

 

Static potential is applied to the two electrodes. Under these conditions the anode is corroding 

and a black precipitate is gradually appearing in the reactor. After electrolysis, stable 

graphene dispersion is obtained. The supernatant can be directly filtered to form a graphene 

paper, or washed and dried to obtain bulk powders of graphene. In Figure 6 the filtered 

material is shown. 

 
 

Figure 2-12 Left: Experimental setup for electrochemical production of graphene. Right: The product obtained 

after filtration of the electrolyte solution. 

 

 

Chemical synthesis of graphene has several advantages such as a low temperature process, 

and therefore could be readily processed on any substrate with much more flexibility. In situ, 

functionalized graphene with different functional groups can be easily synthesized via this 

route for chemical and biological applications. Further, the process is low in cost as graphite 

is abundant in nature (natural graphite supplies worldwide are estimated at 800M tons). In 

contrast, the chemical syntheses of graphene have several disadvantages such as small yield, 

defective graphene, and partially reduced GO, which readily deteriorates the properties of 

graphene.  
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2.3.6 Direct Chemical Synthesis: Pyrolysis of Sodium Ethoxide 

 

All chemical synthesis processes described above are top-down approaches as the process 

involves the oxidation of bulk graphite, exfoliation of GO, and then reduction back to 

graphene. In contrast, a bottom-up approach of chemical synthesis of graphene, called the 

solvothermal method, is introduced (Choucair, Thordarson, and Stride 2009). In this method, 

laboratory-grade ethanol and sodium were used as starting materials to synthesize sodium 

ethoxide, followed by pyrolyzation, which yields a fused array of graphene sheets that can be 

easily dispersed using mild sonication. The solvothermal reaction involves a reaction of 1:1 

molar ratio of sodium (2 g) and ethanol (5 ml) in a sealed reactor vessel at 220°C for 72 hr, 

resulting in a yield of sodium ethoxide, which was used as a graphene precursor for further 

reaction. The resultant solid (sodium ethoxide) was rapidly pyrolyzed, vacuum filtered, and 

dried in a vacuum oven at 100°C for 24 hr. The process yield was 0.1 g/ml of ethanol, 

typically yielding ~0.5 g per reaction. The advantage of this process is a low-cost and bottom-

up process that can be further extended to the more controlled fabrication of high-purity, 

functionalized graphene. Moreover, it is a scalable, low-temperature process, which is an 

added advantage of the direct bottom-up chemical synthesis methods yielding high-purity 

graphene.  

 

2.3.7 Unzipping of Nanotubes 

A new graphene synthesis process was proposed that involves unzipping a carbon nanotube 

by using a chemical and plasma-etched method. The unzipping of carbon nanotubes (CNTs) 

yields a thin elongated strip of graphene that exhibits straight edges, called a graphene 

nanoribbon (GNR). Graphene, when narrowing along the width, deliberately transforms its 

electronic state from semimetal to semiconductor [Chen et al. 2007]. Therefore, the electronic 

properties of thin strip graphene nanoribbons are presently under vigorous investigation [Jiao 

et al. 2010, Jiao et al. 2009]. Depending upon whether the starting nanotube is multiwalled or 

single walled, the final product will be multilayered graphene or single-layer graphene, 

respectively.  

 

 

Cano-Marquez et al. (2009) demonstrated a novel chemical route of longitudinal unwrapping 

of multiwalled carbon nanotubes (MWNTs) by intercalation of lithium (Li) and ammonia 
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(NH3) followed by exfoliation. They used CVD-grown MWNTs dispersed in dry 

tetrahydrofuran (THF) followed by adding liquid NH3 (99.95%), while maintaining the dry 

ice bath temperature of −77°C. Li was added with the ratio of 10:1 (Li:C) and allowed the 

intercalation of MWNT to occur for a few hours. Subsequently, HCl was mixed in the 

solution containing intercalated MWNTs, which further facilitate complete exfoliation. They 

proposed a mechanism for intercalation that was initiated by electrostatic attraction between 

the negatively charged MWNTs and NH3-solvated Li+. The exothermic reaction occurs when 

the HCl reacts with Li ions and simultaneous neutralization of NH3 causes further unwarping 

of the nanotubes. Some of the unexfoliated or partially exfoliated nanotubes were also 

obtained, which could be further exfoliated by thermal treatments. The process yields ~60% 

fully exfoliated MWNTs including a very small amount (0-5%) of partially exfoliated 

MWNTs. The step-by-step fabrication process from nanotube to nanoribbon is shown in 

figure 2.13. 

 
 

Figure 2-13 A process flow chart of graphene nanoribbon fabrication from a carbon nanotubes by the plasma 

etching process. 

 

2.3.8 Thermal Chemical Vapor Deposition Process 

 

Thermal chemical vapor deposition (CVD) is a chemical process by which a substrate is 

exposed to thermally decomposed precursors and the desired product deposited onto the 

substrate surface at high temperature. Because the high temperature is not desired in many 

cases, plasma-assisted decomposition and reaction may lower the process temperature. 

Figures 2.14(a) and 2.14(b) demonstrate the schematic of thermal and plasma-enhanced 

CVDs (PECVD), respectively. 

There are numerous advantages to the thermal CVD process. The process yields high quality 

and high purity final products in large scale. Moreover, by controlling the CVD process 
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parameters, control over the morphology, crystallinity, shape, and size of the desired product 

is possible. On the other hand, by applying a wide range of solid, liquid, and gaseous 

precursor materials, a large variety of nano-materials and thin films are executable with this 

process.  

 
 

Figure 2-14 Schematic of (a) thermal CVD and (b) plasma-enhanced CVD (PECVD). 

 

2.3.9 Thermal Chemical Vapor Deposition 

Deposition of mono-layer graphitic materials on Pt by thermal CVD was first reported in 

1975 by Lang et al. (1975). They found that the decomposition of ethylene onto platinum 

results in the formation of a graphitic over layer and surface rearrangements of the substrate. 

Since then (almost two decades), the field has not been explored further due to an inability to 

find possible applications of thin graphite film as a semiconductor, transparent conductor, and 

so on. In the early twenty-first century, discovery of graphene created a research boom 

because the unusual properties of thin monolayer or few layer graphite films have been 

explored, attracting tremendous attention from the scientific and industrial communities. 

Furthermore, the physics and chemistry of graphene have been carefully examined to open a 

new area of graphene-based electronics [Novoselov et al. 2004, Dreyer et al. 2010]. 

 

 

 

 
Figure 2-15 Scanning electron micrograph of graphene syntheses on Ni (111) by the DC discharge method. 

 

(a) 
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In 2008, Pei et al. [Yu et al. 2008] demonstrated high-quality graphene formation on 

polycrystalline Ni during thermal CVD of methane. They fabricated few layer graphene at 

1000°C using CH4: H2: Ar =0.15:1:2 with a total gas flow rate of 315 sccm (standard cubic 

centimeters per minute) under ~1 atmospheric pressure. From high-resolution TEM 

(HRTEM) study (Figure 2.16(a)), they confirmed the formation of 3–4 layers of graphene on 

Ni and suggested that the graphene formation is due to the segregation of carbon on Ni. They 

also reported that the cooling rates (fast ~20°C/s, medium ~10°C/ s, and slow ~0.1°C/s) 

significantly affect the formation of different numbers of graphene layers, which was further 

confirmed by Raman spectroscopy (as shown in Figure 2.16(b)). However, large-scale 

monolayer graphene production using thermal CVD was still in demand until an interesting 

report in 2009 (Kim et al. 2009) regarding large-scale patterned growth of graphene films as 

stretchable transparent electrodes. Kim et al. (2009) demonstrated graphene growth over e-

beam evaporated Ni followed by thermal CVD of CH4:H2:Ar ~550:65:200 at 1000°C.  

 
 

Figure 2-16 (a) HRTEM of graphene precipitated on Ni, (b) Raman spectra confirming the effect of cooling rate 

on graphene formation, and (c) schematic representing the mechanism of carbon segregation on Ni. 

 

Bae et al. (2010) reported the roll-to-roll production of graphene on a flexible polymer with 

an area as large as 30 inches as shown in figure 2.17(a) and used as a touch screen panel. 

They grew graphene using thermal CVD on Cu foil and the processing steps are as follows: 

(1) annealing of Cu in a thermal CVD in a H2 environment (under ~90 mT pressure) at 

1000°C, (2) processing of graphene growth at 1000°C using the precursor gas mixture of CH4 

and H2 (under the flow rates of 24 and 8 sccm, respectively) for 30 minutes at ~460 mT 

ambient pressure, and (3) cooling of the furnace at ~10°C/minutes under H2 flow at 90 mT 

pressure. Formation of different layers of graphene was confirmed using HRTEM (as shown 

in figure 2.17(b)) and Raman spectroscopy, though the predominant area was found to be 

(c) 
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covered with monolayer graphene. 

  
Figure 2-17 (a) Large-scale CVD of graphene on Cu foil; and (b) HRTEM images demonstrating the growth of 

single-layer, two-layer, and three-layer graphene on Cu. 

 

 

Graphene growth directly onto any insulator substrate was first reported in 2010 [Ismach et 

al. 2010]. In this process, they deposited Cu thin film on dielectric substrates by e-beam 

evaporation and then using thermal CVD, they grew graphene at 1000°C under 100–500 mT 

ambient pressure. Graphene precipitation on dielectric surfaces occurs due to the surface 

catalyzed process of Cu and the copper films de-wetted and evaporated from the surface, 

which leads to direct graphene deposition on dielectric substrates as shown in figure 2.18. 

Further, the CVD process leads to the formation of well-crystallized graphene on the 

dielectric surfaces that contain low defects and exhibit thicknesses of 0.8–1 nm 

corresponding to 1- to 2-layer graphene.  

 

 
 

 

Figure 2-18 Schematic illustration of the CVD graphene formation mechanism on a direct dielectric substrate. 

 

 

 

 

Therefore, direct synthesis of graphene on dielectric substrates bypasses the post synthesis 

graphene transfer process, hence avoiding the inclusion of defects and contamination in 

graphene. Furthermore, low-temperature graphene synthesis by CVD will be highly 

promising for easy device integration to reinstate present Si-based CMOS technology.  

 

2.3.10 Plasma-Enhanced Chemical Vapor Deposition 

 

When a thermal CVD process involves chemical reactions of the reacting gases by generating 

http://www.google.co.kr/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&docid=6rHi-a0p5sZCpM&tbnid=G_mUZp-KzDfdIM:&ved=0CAUQjRw&url=http%3A%2F%2Fnewscenter.lbl.gov%2Ffeature-stories%2F2010%2F04%2F08%2Fgraphene-films%2F&ei=9JN8Ut6IB-yuiQfxvoGYAQ&bvm=bv.56146854,d.aGc&psig=AFQjCNFP8_uJoggt6tMYhotidHTcYzbm7g&ust=1383982449308047
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plasma inside a vacuum chamber, which leads to the deposition of thin film on the substrate 

surface, the process is known as plasma-enhanced chemical vapor deposition (PECVD). By 

this technique, a process can be carried out at relatively low temperature compared to the 

other thermal CVD processes; hence, it is more feasible for industrial-scale applications. 

Moreover, catalyst- free graphene growth [Shang et al. 2008] can be carried out by 

controlling the process parameters, which normally influence the properties of the final 

graphene product. However, the process is costly and only gas-phase precursor materials can 

be used in order to obtain the final products, which limits its applications for synthesis of a 

wide range of industrial products. 

 

2.3.11 Epitaxial Growth of Graphene on SiC Surface 

 

Epitaxial thermal growth on a single crystalline silicon carbide (SiC) surface is one of the 

most acclaimed methods of graphene synthesis and has been explored vigorously for the last 

7 to 8 years. The term epitaxy can be defined as a method that allows deposition of a single 

crystalline film on a single crystalline substrate. The deposited film is referred to as epitaxial 

film or the epitaxial layer over the single crystalline substrate and the process is known as 

epitaxial growth.  

 

Epitaxial graphene growth is a process to fabricate high-crystalline graphene onto single-

crystalline SiC substrates. When the film deposited on a substrate is of the same material it is 

known as a homo-epitaxial layer, and if the film and substrate are different materials it is 

called a hetero-epitaxial layer. 

 

Investigations on the electronic properties of graphene have taken two directions. One 

direction is related to device fabrication based on exfoliated graphene on different substrates 

and the other is wafer-scale synthesis of epitaxial graphene, which is the most feasible and 

scalable approach to graphene-based electronics. Extensive conscientious research areas have 

been explored such as, (1) the electronic properties of graphene on SiC, (2) band gap 

formation, (3) graphene growth mechanism, and (4) graphene–SiC interfaces, focusing on 

pathways toward large-scale graphene based electronics. 

 

2.4 Graphene Growth Mechanism 
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At present, the CVD process is one of the major graphene fabrication processes, which 

involves carbon deposition on the transition metal surface by decomposition of hydrocarbon 

gases at an elevated temperature under low or ambient pressure. In the thermal CVD process, 

at high temperature, hydrocarbon gases are decomposed by reacting with hydrogen, which 

leads to the formation of carbon atoms; when deposited on the metal surface, these carbon 

atoms segregate and form single- or few-layer graphitic sheets called graphene. In the 

PECVD process, the decomposition reaction occurs in the presence of plasma and carbon 

deposition, and segregation takes place at a comparatively low substrate temperature. 

Therefore, PECVD is known as a lower-temperature process than conventional thermal CVD. 

Further, the rate of decomposition reaction is solely dependent upon the power of the plasma 

source and the rate of carbon ion deposition on the substrate. However, both processes have 

several common parameters like time, temperature, pressure, gas flow rates, and type of 

catalyst, which play important roles in graphene formation. Graphene segregation on Ni is 

also dependent upon the post deposition cooling rate of the process as shown in figure2.19, 

which tailors the morphology as well as the final properties of the graphene.  

 
Figure 2-19 Solubility curve of C in Ni. 

 

 

 

 

 

 

2.5 Large-Area Production of Graphene Thin Films and Transfer Methods 
 

Many experts believe that graphene with a 2D film format, in contrast to 1D format carbon 

nanotubes, offers fabrication methods that are compatible with a batch micro-fabrication 

process, which is essential to realizing practical devices or systems. As a result, graphene is 

particularly suitable for unusual format electronic systems such as flexible, conformal, and 

stretchable electronic devices with demanding high mechanical requirements. In particular, 
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graphene has a molecular structure basically similar to that of organic electronic materials, 

and the strong interaction between graphene and organic materials could result in excellent 

interface contact.   

 

 

2.5.1 Large-Area Graphene Synthesis 

 

The most attractive technique for growing large-area graphene is chemical vapor deposition 

(CVD) on Ni or Cu substrate. In the CVD method, the hydrocarbon gas precursor is injected 

into a chamber at high temperature, around 1000°C. At a high temperature, hydrocarbon 

atoms are adsorbed on the catalyst layer and leave carbon atoms. In the cooling process, the 

carbon atoms get the energy to form a 2-dimensional atomic structure [Bae, S. et al. 2010, 

Kim, K.S. et al. 2009, Reina, A. et al. 2008, Lee, Y. et al. 2010]. Figure 2.20(a) shows a 

scanning electron microscope (SEM) image of few-layer graphene indicating various 

numbers of graphene layers grown on a Ni catalyst layer. The number of graphene layers is 

estimated by transmission electron microscope (TEM) in figure 2.20(b). The number of 

graphene layers depends on the solubility of carbon atoms in Ni catalyst grain [Kim, K.S. et 

al. 2009, Reina, A. et al. 2008]. 

 

The Ni grain, which has many carbon atoms, results in thick graphene film. To avoid graphite 

crystal, the amount of carbon source absorbed into the Ni should be reduced by controlling 

the thickness of Ni and the reaction time in high temperature. The distribution of graphene 

layers is shown in figures 2.20(c) and 2.20(d). After transferring the graphene film onto a 

SiO2 (300 nm)/Si substrate, the optical and confocal scanning Raman microscopic images are 

observed. The brightest area in figure 2.20(d) corresponds to monolayer, and the darkest area 

represents thickness of more than ten layers of graphene. The Raman spectroscopy data 

(figure 2.20(e)) shows the characterization of number of graphene and their quality. All 

spectroscopic data show less intense D-band peaks, which indicate low defect density. The 

relative peak ratio in G/2D shows the number of graphene layers at the measuring point 

marked in figure 2.20(c).  
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Figure 2-20 Graphene film synthesized on a nickel catalyst layer using the CVD method. (a) SEM image of 

graphene film grown on nickel layer. (b) Thickness and interlayer distance of graphene film estimated by 

HRTEM. (c) Optical microscope image of transferred graphene film on SiO2 300-nm layer. (d) Confocal 

scanning Raman image corresponding to (c). (e) Raman spectroscopy of each point indicating different number 

of layers. 

 

2.5.2 Transfer Mechanisms  

Two methods for transferring multilayered graphene grown on a Ni layer have been 

introduced in the literature.  

 

The first method involves the application of a polydimethylsiloxane (PDMS) or 

polymethylmethacrylate (PMMA) supporting layer to graphene film while the catalyst layer 

is being etched. After stamping the graphene onto useful substrates, the supporting layer on 

graphene film is removed [Lee, Y. et al. 2010, Li, X. et al. 2009].  

 

The second method is to transfer graphene film without any supporting layer during the 

etching and cleaning process. Through this method we can obtain a clean surface, even 

though the graphene film can be easily broken during the process. 

 

The monolayer graphene film could be synthesized by using a Cu catalyst layer with a similar 

CVD growing procedure, mentioned previously. Because the evaporation of Cu occurs at a 
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relatively low temperature, thick Cu foil is used for CVD growth at 1000°C. The vacuum 

process results in low accumulation of amorphous carbon on the Cu surface. Figures 2.21(a) 

and (c) show SEM and optical microscope images of graphene film synthesized on Cu film. 

These images show a uniform distribution of monolayer graphene. The dark parts pointed by 

circles in the upside of Figure 2.21(a) and (c) represent bi-layered graphene and the arrows in 

the underside of Figure 2.21(a) and (c) indicate tri-layered graphene film. The surface 

morphology of graphene film strongly depends on the topography of the Cu surface. The 

Raman spectra from bottom to top in Figure 2.21(d) are from the marked places in Figure 

2.21(a) and (c) the middle circle, upside circle and underside arrow, respectively. The 

uniformity of the graphene films are evaluated via color contrast under optical microscope 

and Raman spectra. An analysis of the intensity of the optical image over the whole sample 

and corresponding Raman spectra shows the monolayer graphene distributed more than 95% 

of the Cu surface [Li, X. et al. 2009, Ferrari, A.C. et al. 2006, Hass, J. et al. 2008]. 

 
Figure 2-21 (See color insert.) Graphene film synthesized on a copper catalyst layer using the CVD method. (a) 

SEM image of graphene film grown on copper foil. (b) Morphological image of graphene film flowing copper 

surface conditions (inset denotes the monolayer and bilayer graphene estimated by TEM). (c) Optical 

microscope image of the graphene film transferred on SiO2 layer showing different color indicating different 

number of layers. (d) Raman spectroscopy for each number of graphene layers on SiO2 300-nm layer. 

 

 

 

2.5.3 Large-Area Graphene Transfer Methods 

 

Large-area, high-quality graphene production has been achieved by epitaxial growth on a 

silicon carbide (SiC) substrate and CVD on a metal surface of Cu and Ni. However, most 

(c) (d) 
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applications require graphene to be located on an insulator. This means that graphene must be 

transferred to another appropriate substrate or processed in some other way if graphene is 

synthesized on a metal. The important thing is to transfer the graphene without significant 

deformation during the process. It is a challenge to transfer large-area graphene film to a 

target substrate without further degradation.  

 

The schematic illustration of the wafer-scale graphene transfer process is presented in figure 

2.22 [Lee, Y. et al. 2010]. The graphene grown on a Ni catalyst layer in wafer requires 

effective removal of the catalyst layer. Here, the detaching of graphene film and catalyst layer 

from the SiO2/Si mother substrate is introduced by using the wettability difference between 

the catalyst layer and SiO2. Then the catalyst layer can be removed instantaneously because a 

few-nm-scale catalyst layer is exposed to etchant. 

 
Figure 2-22 Schematic illustration of large-area graphene transfer process. Transfer process of both neat 

graphene film and patterned graphene film onto target substrate in a wafer scale through dry transfer printing 

with a polymer support layer. 

 

The graphene attached to a polymer support is then state ready to transfer onto a useful 

substrate. After the graphene film is transferred onto target substrates, they can be patterned 

by photolithography with short oxygen plasma etching. Pre-patterned graphene film can be 

transferred through this method as well. 

 

Another transfer printing method has been successfully developed using PMMA to aid the 

transfer of graphene grown on Cu foil to a target substrate [Reina, A. et al. 2008, Li, X. et al. 

2009]. After graphene is grown on Cu foil, PMMA is spin coated on the top and baked for a 

short period of time. The Cu foil is then etched away and the remaining PMMA– graphene 

film is washed in deionized water to remove the etchant residue. At this stage, PMMA–

graphene thin film is ready to transfer to an arbitrary substrate before removing the PMMA 
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using acetone. To minimize the density of cracks caused during the transfer process, an 

improved transfer process for the preparation of large area graphene films is explored [Li, X. 

et al. 2009], as shown in figure 2.23(a). 

 

The procedures for transferring graphene from a SiC growth wafer to another substrate 

[Unarunotai, S. et al. 2010, Unarunotai, S. et al. 2009], as depicted in figure 2.23 (b), is 

similar to those reported for the transfer of random networks and the alignment of single-

walled carbon nanotubes [Kang, S.J. et al. 2007]. In the first, the graphene–SiC sample is 

deposited with a layer of Au (or Pd) and polyimide. The baked polyimide thin layer serves as 

a strong support for the mechanical peeling process. After transfer to the target substrate, the 

polyimide and Au are removed by oxygen plasma reactive ion and wet chemical etching. 

 
Figure 2-23 (a) Processes for transfer of graphene films. The two insets on the right are the optical micrographs 

of graphene transferred on SiO2/Si wafers (285-nm-thick SiO2 layer) with “bad” (top) and “good” (bottom). 

transfer, respectively (b) Schematic illustration of the steps for transferring graphene grown on a SiC wafer to 

another substrate (SiO2/Si in this case). 

A large-scale (30-inch) roll-to-roll transfer method has been developed recently [Bae, S. et al. 

2010]. Figure 2.24 shows a schematic of the roll-based production of graphene films. This 

roll-to-roll method can enable the continuous production of graphene films in large scale. The 

first step is the adhesion of thermal release tape on graphene film grown on Cu foil using the 
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roll process. Next, Cu foil is etched in a bath filled with copper etchant and rinsed in 

deionized water to remove residual etchant. In the final step, the graphene film on the thermal 

release tape is roll-transferred onto a desired substrate by exposure to the release temperature 

of thermal release tape. Wet chemical doping, which considerably enhances the electrical 

properties of graphene films grown on roll-type Cu substrates by chemical vapor deposition, 

can be carried out using a setup similar to etching. The repetition of this process results in 

randomly stacked graphene.  

  

Figure 2-24 Schematic illustration of large-area graphene transfer process. Roll-to-roll 

transfer of graphene grown on copper foil with thermal release tape. 
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3. Electrohydrodynamic Atomization (EHDA) Deposition 

Technique 

In electrohydrodynamic atomization deposition, the liquid is pulled out of the nozzle rather 

than pushed out as in the case of conventional inkjet systems. When the liquid is supplied to 

nozzle without applying the electric field, a hemispherical meniscus is formed at the nozzle 

tip due to the surface tension at the interface between the liquid and air. When the electric 

field is applied between the liquid and the ground plate (located under the substrate), the ions 

with same polarity move and accumulate at surface of the meniscus. Due to ions 

accumulation, the Maxwell electrical stresses are induced by the Columbic repulsion between 

ions. The surface of the liquid meniscus is mainly subjected to surface tension σs, hydrostatic 

pressure σh and electrostatic pressure σe. If the liquid is considered to be a pure conductor, 

then the electric field will be perpendicular to the liquid surface and no tangential stress 

component will be acting on the liquid surface. The liquid bulk will be neutral and the free 

charges will be confined in a very thin layer. This situation can be summarized in the 

following equations. 

h e s                     (3-1) 

Since the liquid is not a perfect conductor, the resultant electric stress on the liquid meniscus 

has two components, i.e. normal and tangential as shown in figure1. This repulsion force 

(electrostatic force) when exceeds the certain limit deforms the hemispherical meniscus to a 

cone. This phenomenon is known as the cone-jet transition, which refers to the shape of 

meniscus [Poon 2002]. 

3.1 Electrohydrodynamic Atomization Modes  

The mode of electrohydrodynamic atomization is the way the liquid is dispersed into 

droplets, and is characterized by two criteria [Jaworek & Krupa 1999]:  

1. The geometrical form of the liquid at the outlet of the capillary (drop, spindle, jet),  

2. The mechanism of the disintegration of the jet into droplets (type of instability). 

The spraying modes differ significantly in their geometrical form as observed in continuous 
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light. These differences result from the microstructure of the jet, its formation and 

disintegration into droplets. Usually, each mode commences suddenly at certain voltage and 

flow rate, and is sustained within a certain interval of their values. Then, it abruptly changes 

into another mode of spraying. The spraying modes differ significantly in their geometrical 

form as observed in continuous light. These differences result from the microstructure of the 

jet, its formation and disintegration into droplets. Usually, each mode commences suddenly at 

certain voltage and flow rate, and is sustained within a certain interval of their values. Then, it 

abruptly changes into another mode of spraying. 

3.1.1 Dripping mode  

The dripping mode of ESD does not differ significantly from the natural dripping i.e. when 

no applied to the capillary and only flow rate is given. The drops are formed as regular 

spheres detaching from the capillary as the weight of the drop and the electric force overcome 

the capillary forces. The exception is that with the voltage increasing the meniscus elongates 

and the drop becomes smaller.  

The similarity extends also to the satellite droplets for liquids of low viscosity. However, for 

higher voltages, the drop is, for some time, connected with the capillary by a thread, which 

next breaks off to a few of smaller droplets. After detachment of the drop, the meniscus 

contracts back forming a hemispherical-like meniscus.  

3.1.2 Micro-dripping mode  

In micro-dripping mode, liquid at the outlet of a capillary forms a stable meniscus, at the end 

of which a small, much smaller than the capillary diameter, droplet is formed. The droplet 

detaches from the meniscus and no further disintegration takes place. The main difference 

between dripping mode and micro-dripping mode is that there is no meniscus formation after 

droplet generation and continuous drop generation depending upon the flow rate and applied 

voltage. For liquids of low viscosity, this filament breaks off under the electrostatic and 

inertial forces into smaller droplets. With viscous liquids the broken filament contracts both 

into meniscus and the detached droplet with no satellite droplets‟ emission. The size of the 

droplets can range from a few micrometers up to a few hundred of micrometers in diameters 

and the droplet size distribution is usually monodispersed. The frequency of the emission of 

the droplets ranges from a few up to a few thousands of droplets per second. 
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3.1.3Spindle mode  

In the spindle mode, the meniscus of liquid elongates in the direction of electric field as a 

thick jet and detaches as a vast spindle-like fragment of liquid. Because of the shape of the jet 

emitted, this mode is referred to as spindle mode. The spindles, after detachment can 

disintegrate into numerous smaller droplets of different sizes, hence resulting in poly-

dispersed spraying. After the spindle detachment, the meniscus contracts to its initial shape 

and a new jet start to be formed. The spindle can be sometimes connected with the capillary 

by a thick thread several mm long. The thread is not linear in its form, but whips irregularly. 

In the case of low viscosity liquids (ethanol) also a single thin thread can be ejected from the 

leading side of the spindle, similar to the micro-dripping mode. This thread detaches from the 

main drop and next disrupts into several small fragments forming siblings or fine poly-

dispersed aerosol. The spindle mode differs from the dripping mode in that no regular droplet 

is ejected from the meniscus but only elongated irregular fragments of liquid. Main droplets 

are usually different in size, with diameters varying in the range of 300 to 1000 m while 

satellite droplets of ~100 m. 

3.1.4 Unstable cone-jet mode 

Just between the spindle mode and stable cone-jet mode, occurs the unstable cone-jet mode. 

This mode occurs when the applied voltage is not good enough to overcome the surface 

tension forces permanently, but is enough to overcome these forces temporarily. Hence the jet 

is not stable and we can have many instances of meniscus recoil. The temporary jet also 

breaks up and hence disintegrates into many smaller droplets. 

3.1.5 Cone-jet mode  

In the cone-jet mode, the liquid forms a regular, axisymmetric cone with a thin jet (<100 μm 

in diameter) at its apex. According to Cloupeau and Prunet-Foch [Cloupeau & Prunet-Foch 

1994] the cone can assume three different forms: with linear sides, convex or concave. The 

jet flows along the capillary axis or deflects from it only on small angle. The jet at its end 

undergoes varicose [Cloupeau & Prunet-Foch 1989] and kink [Jaworek & Krupa 1992] 

instabilities.  

In the case of varicose instabilities, the waves are generated on the surface of the jet, but the 
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jet does not change its linear position. In the nodes of the wave the liquid contracts and the jet 

disintegrates into equal droplets, which further flow close to the capillary axis.  

In the case of kink instabilities the whole jet moves irregularly off the axis of the capillary, 

with high amplitude and breaks up into series of fine droplets due to electrical and inertial 

forces. The aerosol is spread out off the axis, but nearly uniformly in the spray cone of an 

apex angle of 50-60
o
. Monodispersed droplets of mean diameter of about 30 μm or smaller 

are produced within this mode.  

Variants of this mode are Oscillating-jet mode and Precession mode and are discussed in 

[Jaworek & Krupa 1999] in detail. 

3.1.6 Multi-jet mode  

The reason behind the occurrence of multi-jet mode, where the meniscus becomes flat with 

small cones at distinct points at the circumference of the capillary, from which fine jets of 

liquid are ejected, is still unknown. The diameter of the jets, in this mode, is smaller than a 

few of tens of micrometers. The jets disintegrate due to kink instabilities, into small droplets, 

forming a fine mist around the capillary. Near the capillary, the aerosol does not fill the whole 

spray volume but only is dispersed in a few narrow streams which seem to be located 

uniformly around the axis. The number of the emission points increases with the voltage 

increasing. 

Apart from dripping mode, each mode of ESD produces atomization. However, the stable 

cone-jet mode is used for the thin film deposition [Muhammad et al. 2011, Choi et al. 2010, 

Samarasinghe at al. 2008] because of its mono-dispersed droplet production, very stable 

atomization process and smooth deposition. A real time depiction of ESD in stable cone-jet 

mode, as captured by a digital camera is produced in figure 3.1 below. A very stable and 

smooth spray stream is visible at the end of the nozzle thereby assuring a smooth and uniform 

film deposition.  
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Figure 3-1 Real time photograph of the spray, emanating from the nozzle. A wide spray stream is clearly visible 

at the tip of the nozzle. 

 

 

3.2 Parameters Affecting the Cone-jet  

 

The parameters that influence the formation and transition of stable cone-jet mode can be 

divided in two groups. Operating parameters i.e. flow-rate, electric field and nozzle diameter, 

and liquid properties i.e. electric conductivity, viscosity and surface tension [Hartman 2006]. 

3.2.1 Flow-rate 

The flow-rate has a significant effect on the jet diameter and stability of the jet in cone-jet 

transition. It is the main parameters to control the jet diameter for the patterning process. The 

flow-rate also affects the applied potential requirement for development of cone-jet 

(operating envelop) and the resulting the shape of the cone-jet. In EHDA processing jetting, 

flow-rate also affect the stability of the jet, at low flow-rate the jet is stable, whereas the high 

flow-rate in cone-jet region destabilize the jet resulting in shorter jet length. This is due to 

amount of charge carrying at high flow-rate which destabilizes the jet. The typical effects of 

the flow-rate on stable cone-jet mode are shown in figure 3.  
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Figure 3-2 Effect of flow rate on the cone-jet transition. The jet diameter increases with increase in flow-rate. 

The red arrow indicates the jet break-up point. 

3.2.2 Electric field (Applied voltage) 

Electric field affects the morphology of the cone, by increasing the electric field strength in 

steady cone-jet mode, the cone-jet recedes towards the nozzle. However, there is less effect 

on the jet diameter by increasing the applied voltage. At relatively low flow-rate and high 

electric field, the jet disintegrated into mist of small droplets also known as 

electrohydrodynamic atomization, this behavior is used for the thin film deposition of 

functional material. The typical shape of the come at different applied voltage is shown in 

figure 3.  

3.2.3 Nozzle diameter 

Nozzle diameter has significant influence on the operating envelope of the stable cone-jet 

region. Smaller nozzle diameters extend the lower and higher value of flow-rate limit. The 

voltage requirement for the cone-jet also decreases with decrease in nozzle diameter for any 

given liquid.  

 

Figure 3-3 Effect of the applied voltage on shape of the cone-jet at constant flow rate (200µl/hr). 
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3.2.4 Conductivity 

The liquid conductivity affects both the shape of the liquid cone and stability of the jet, due to 

the amount of electric charge on the liquid surface and jet produces is also very unstable 

because of high radial electric field. Highly conductive liquid deforms into sharp cone-jet 

shape. Liquid with very low conductivity do not deform into cone-jet by applying electric 

field, only dripping mode is observed. Liquids with intermediate conductivity range produce 

steady cone-jet.  

3.2.5 Surface Tension 

The formation of the jet occurs when the electrical forces overcome the surface tension at the 

apex of the meniscus. The required applied voltage will be increased with increase in surface 

tension of the liquid.  

3.2.6 Viscosity 

The role viscosity is in the stabilization of the jet and diameter of the jet produced. In high 

viscous liquid, the jet is stable for larger portion of the length but also produces the thicker 

diameter. This is due to charge mobility, which is reduced significantly in high viscosity 

liquid, and causes decrease in conductivity. 

3.3 ESD Experimental Setup 

The basic experimental setup for the deposition process consisted of following components, 

as described in the schematic diagram in Figure 3.4 and real time picture in Figure 3.5: 

3.3.1 Metallic nozzle (Harvard Apparatus) 

Responsible for spray ejection, made of high-quality stainless-steel with inner diameter of 

310µm inner and 710 µm outer diameter.  
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Figure 3-4 Schematic diagram of the system deposition system. 

3.3.2 Syringe Pump (Harvard Apparatus, PHD 2000 Infusion) 

Connected to the nozzle, the syringe pump maintains the minimum required flow rate for the 

spray ejection.  

3.3.3 Power Source (NanoNC) 

A high voltage power source connected between the capillary and copper plate ground 

electrode generates highly concentrated electric field at the capillary outlet and generates the 

largely mono-dispersed electrohydrodynamic atomization of the nano-particles. 

3.3.4 Camera (MotionPro X)  

A high resolution CCD camera is connected to the main computer and is responsible for the 

high speed, high resolution capturing of the events going on at the capillary tip i.e. dripping 

and Taylor- cone formation etc. 



 

40 

 

 

Figure 3-5 Real-time photograph of the deposition system. 

3.3.5 Miscellaneous Equipment   

Teflon tubing is used for the solution supply from the syringe to the nozzle. Metallic nozzle is 

mounted on an independent plunk capable of moving in the y and z-direction (vertical and 

lateral) while the copper plate electrode holding the glass substrate, is attached to the stage 

which is capable of moving in x direction (linear direction). 
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4. Deposition of Graphene flakes and its composites by 

using EHDA Technique 

 
The novelty of graphene electronic properties has been well attributed now. Graphene suffers 

a problem of mass production which is common to many new materials. Several synthesis 

routes have been exercised to produce single layer, bi-layer and few layer graphene. As 

discussed in chapter 2, earlier the standard procedure used to produce graphene was 

micromechanical cleavage. However, the single layers so produced, form a negligible fraction 

amongst large quantities of thin graphite flakes. Alternatively, growth of graphene is also 

commonly achieved by annealing SiC substrates; however, these samples are in fact 

composed of a huge amount of domains, most of them sub micro-meter in scale, and they are 

not spatially uniform in number or size over larger length scales. Later on CVD processes 

were used for large area fabrication on Ni and Cu substrate using controlled environment, but 

this would require transfer of the sample to insulating substrates in order to make useful 

devices, either by mechanical transfer or through solution processing. In this chapter, direct 

deposition of graphene flakes thin film and composite grpahene/ZnO thin film to functional 

substrate from dispersion by using EHDA technique is briefly discussed.  

 
4.1 Graphene Flakes Deposition 

 

To make graphene flakes deposition fast and avoid vacuum processing, electrohydrodynamic 

atomization (EHDA) has been employed here. This process has the potential of becoming a 

reliable, cost effective and robust route for graphene flakes film.  

 

This work has been published in Journal of Materials Science: Materials in Electronics [K.H. 

Choi et al. 2013]. A comprehensive description of graphene flakes film fabrication is 

described here i.e. direct deposition of exfoliated graphene flakes from solution on to 

substrate by using Electrohydrodynamic Atomization (EHDA) process. For EHDA, graphene 

flakes dispersion is synthesized and its physical properties are measured to determine 

processing parameters. The graphene film deposited by using EHDA process is cured at 

200˚C for 1hours. After curing, randomly oriented graphene flakes film has been 

characterized by using FE-SEM, UV-Vis-NIR spectroscopy, X-ray diffraction (XRD), Raman 

Spectroscopy and 3D-Nanomap. Electrical behavior of the film is investigated by depositing 
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graphene as cathode onto F8BT in diode device i.e. ITO/PEDOT: PSS/F8BT/Graphene.  

4.1.1 Synthesis of Graphene Dispersion  

Graphite powder and N-methyl-pyrrolidone (NMP) solvent were purchased from Sigma 

Aldrich. The graphite powder (0.02 g) was dispersed in NMP (8ml) solvent. The solution was 

then bath sonicated for 30 minutes at room temperature. After sonication, vacuum filtration 

was done to remove large un-exfoliated graphite flakes. For further purification, filtrate was 

subjected to centrifugation. It was carried out for 30 minutes at 3000 rpm. Supernatant was 

separated from sediment. The viscosity of the ink was measured to be 15.8 mPa by using 

Viscometer VM-10A system. The surface tension of the ink was measured to be 57~59 mN/m 

by using Surface-electro-optics (SEO)‟s contact angle analyzer. The electrical conductivity of 

the ink was 12.2µS/cm, measured by using conductivity meter (Cond6+ meter).  

 

4.1.2 Graphene Flakes Film Deposition  

A schematic diagram of the setup is shown in the figure 4.1. For processing, the ink is placed 

in an ink chamber (Nano NC Nozzle adapter) through a syringe pump (Hamilton, Model 

1001 GASTIGHT syringe), and a constant flow rate is provided through the syringe pump. A 

metal nozzle of 110 µm internal diameter [Havard 33G] is used as the anode, and it is 

connected to a Trek Model 610E high voltage source for the generation of the required 

electric field. Ground is provided by connecting the ground terminal of the power source to a 

moving stage that holds the substrate. A high-speed camera, along with a light source, is used 

in conjunction with a portable computer to capture images of the events taking place at the 

capillary‟s orifice. Before the graphene deposition, silicon substrate is cleaned with acetone 

for 1 minutes using ultra-sonication and then dried. The flow rate with a combination of 

varying potentials is used in order to observe atomization modes. The speed of moving stage 

is kept at 5 mm/sec. Deposition parameters for covering (22) cm
2
 silicon wafer are given in 

figure 4.1. 
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Figure 4-1 Schematic diagram of the experimental setup. 

 

4.1.3 Taylor cone and Atomization modes 

Graphene flakes dispersion was remained stable during the experiments and no sedimentation 

was observed at any point. The EHDA experiments were initially performed with flow rates 

using from 50μl/h to 1000μl/h in order to determine the optimum spraying conditions with 

the stand-off distance fixed at 10mm. At each flow rate, the strength of the electric field was 

increased by gradually increasing the potential difference between the anode nozzle and the 

grounded stage [A. Jaworek et al. 2008, K.H. Choi et al. 2012]. At each flow rate step, 

applying different magnitude of voltages showed different atomization modes such as the 

dripping to the multi-jet. Figure 4.2 represents high-resolution and high-speed images of 

different atomization modes captured at 150μl/h flow rate for increase in applied voltages.  

 

Figure 4-2 Electrohydrodynamic modes of graphene ink observed during the deposition process, a) Stable 

meniscus b) dripping, c) micro-dripping, d) pulsating unstable cone-jet, e) stable cone-jet, f) Multi-jet. 

 

Figure 4.3 provides the observed operating envelop of the graphene flakes dispersion for 

EHDA. A stable cone-jet region is shaded in operating envelop to emphasize the possible 

flow rate and voltage combinations. For film deposition, a flow rate of 150μl/hr was used 

throughout the experiments.  
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The occurrence of the classical hydrodynamic atomization requires the hydrodynamic 

relaxation time Th to exceed the charge relaxation time Tq  [K. Rahman et al. 2011]. The two 

quantities are given as: 

Th= LD
2
/Q     (1) 

Tq= ε0εr/K     (2) 

Here, L denotes the axial length of the jet, D is the jet diameter, Q is the flow rate and K is the 

electrical conductivity. Using the following values for these quantities, 

L ≈ 800 μm  

D ≈ 10 μm 

Q = 150 μl/hr = 4.1667 × 10
−11

m
3
s

-1 
 

εr = 2.3 

ε0 = 8.85 ×10
-12 

Fm
-1

 

K = 0.0000122 Sm
-1

 

It implies that Th ≈ 0.00192 s which is much greater than Tq ≈ 1.67 × 10
−6 

s. Thus, the 

required condition for classical electrohydrodynamic atomization is being fulfilled. 

 

Figure 4-3 Operating envelop for different EHDA zones. The stable cone jet region is shaded to emphasize upon 

the possible flow rate and voltage combinations for optimized atomization conditions (stand-off= 10mm). 

 

4.1.4 Optical Microscopy 

Figure 4.4 (a-b) shows optical images of graphene flakes film deposited onto silicon 

substrate. It is observed that by using EHDA for deposition, the graphene flakes are randomly 

oriented on substrate due to which surface morphology of the film is non-uniform. In next 

section, SEM analysis of the film has further confirmed it.  
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Figure 4-4 Optical Microscopic images of the deposited graphene flakes film (Scale bar is 50 m). 

 

4.1.5 SEM Analysis 

Figure 4.5 (a-e) shows the SEM images of the film taken at different resolutions i.e. from low 

to high resolutions. It is observed that the surface morphology of the deposited film is not 

uniform throughout. High resolution images have confirmed randomly oriented deposited 

graphene flakes, which has resulted in non-uniform surface morphology of the film.  

 

Figure 4-5 (a-c) Low magnification SEM surface view of the deposited films of graphene using deposition 

speed 5 mm/sec. (d-e) High magnification SEM micrographs showing surface characteristics and very high 

magnification showing grain size. 

 

4.1.6 3D Nanomap 

The 3D surface profile, 2D surface profile and the X- profile of the graphene film deposited 

on Si substrates is shown in figure 4.6. It shows that its Ra value is 1.28 nm. X-profile of the 

film reflects that the film surface has many nano-level bumps (peak to valley), which means 

that graphene film deposited by using EHDA  process has different number of graphene 

layers i.e. single layer, bilayer, few layer and multilayer morphology i.e. supports the random 

orientation deposited graphene flakes onto the substrate. 

Bare Silicon Deposited Graphene 

flakes film 

(a) (b) 

(a) (b) (c) (d) (e) 
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Figure 4-6 (a) 3D surface profile, (b) 2D surface profile and (c) X- profile of the graphene film deposited on Si 

substrate. 

A depiction of randomly oriented graphene flakes before and after deposition has been shown 

in figure 4.7.    

 
Figure 4-7 Schematic depiction of the graphene fragments in dispersed form and after deposition on substrate. 

 

4.1.7 X-ray Diffraction Analysis  

The crystal structure and crystalline size of the deposited graphene flakes film is determined 

by Rigaku X-ray diffraction (XRD) operated at 36 kV and 36 mA with Cu Kα radiation in the 

range of 10
o
- 65

o
 with a step of 0.02

o
. Figure 4.8 shows XRD profile of deposited graphene 

flakes film, two broad peaks at 2 = 24.7
o
 and 2 = 42.3

o
 are observed with an interlayer 

spacing of 37 Å and 39 Å which are assigned to graphene (002) and (100) plane, respectively. 

In the XRD pattern of graphene, a typical diffraction peak is broadened which indicates 

smaller crystalline size of graphene. The calculated d-spacing, suggesting that the distance 

between graphene layers is close to the theoretical value 0.34 nm [J. Liu et al. 2010]. The 

crystallite size of graphene is 2.1nm which is calculated by Scherer equation by using XRD 

radiation of wavelength  (nm) and measuring full width at half maximum of peaks () in 

radian located at any 2 = 24.7
o
 in the pattern.    
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Figure 4-8XRD patterns of the graphene flakes film. 

 

4.1.8 Raman Spectra Analysis 

Raman spectroscopy of the deposited graphene flakes film is carried out by using the 

LabRam HR800 micro Raman spectroscope (Horiba Jobin-Yvon, France). The Raman system 

is operated at the 10mW laser power and an excitation wavelength of 514 nm with Ar
+
 ion 

laser. Figure 4.9 shows the Raman Spectrum of the deposited graphene flakes film on silicon 

substrate. The major features, commonly observed in all chemically processed graphene are 

D band at 1354 cm
−1

, G band at 1580 cm
−1 

and 2D band at 2725 cm
-1

. The G band at 1580 

cm−1 corresponds to an E2g mode which is related to the sp
2
-bonded carbon atoms vibration 

in a 2D hexagonal lattice. And the D band at 1354 cm−1 arises from a breathing mode of k-

point phonons of A1g symmetry. The high intensity of D band indicates the presence of sp
2
 C 

with defects.   

 

Figure 4-9 Raman spectra of the deposited graphene flakes film. 

The in-plane size of the crystallites is deduced from the intensities ratio between the G and D 

band integrated intensities (ID/IG). Using the expression given by Pimenta et al. [Pimenta MA 
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et al. 2007]  

La (nm) = 560/ (El
4

 (ID/IG))                                  
(3) 

where El(laser energy) = 3.86 eV and ID/IG = 0.8, therefore the in plane graphene crystallite is 

3nm. 

 

4.1.9 UV/Vis/NIR Analysis 

Figure 4.10 shows the transmittance spectra of EHDA the deposited graphene flakes film in 

ultra-violet (UV), visible and near-infra-red (NIR) spectrum. The transparency of the film is 

recorded by a UV/Vis/NIR spectrometer (Shimadzu UV-3150) with a range of 200–800 nm. 

Transmittance of the deposited thin film is observed 92–93 % in the visible range. This 

percentage transmittance is in accordance to our schematic interpretation of Raman 

Spectroscopy of graphene film. The transmittance spectrum reveals that the graphene film is 

more suitable for optoelectronic device applications. For band gap calculation, an absorbance 

spectrum of the film is taken. The optical band gap of graphene is estimated by fundamental 

relation given by equation αhυ =  B(hυ− Eg )
n
 ,where α is the absorption coefficient, hν is the 

energy of absorbed light, n = 1 , for direct allowed transition and B is proportionality constant 

[J.Tauc (Ed.) 1974]. Energy gap (Eg) was obtained by plotting (αhν)
2
 vs. hν and extrapolating 

the linear portion of (αhν)
2
 vs. hν to zero, as shown in figure 4-10 (b). The bandgap of 

graphene was estimated to be 3.95 eV by using this method.  

  

Figure 4-10(a) UV–vis spectrum of the graphene flakes film (b) (αhν)
2
 vs. hν plot for bandgap estimation of 

graphene flakes film. 

 

 

 

 

 

 

(a) (b) 
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4.1.10 Electrical Behavior Analysis 

In electronic devices contact between two adjacent layers is very much important for 

adequate electrical behavior. Therefore, to analyze the deposited graphene flakes film 

electrical behavior, Agilent B1500A semiconductor device analyzer is used. The current 

density-voltage (J-V) curve of the organic diode device with structure ITO/PEDOT: 

PSS/F8BT/Graphene (schematic figure 4.11a) in linear scale recorded by semiconductor 

analyzer is shown in figure 4.11, in which graphene is used as cathode. The J-V plot confirms 

the proper contact between adjacent layers in diode device. At voltage of 0.3V, the current 

density in organic structure is at low value of 2.67 A/cm
2
 and after that as further voltage was 

applied, the device current increased by almost 100 times and reaches up to 2.6510
2
 A/cm

2
 

at voltage 4V which indicates an increase in charge carrier injection. 

 

 

Figure 4-11 I-V characteristics of ITO/PEDOT-PSS/F8BT/Graphene diode. 

 

For current conduction mechanism in diode device i.e. ITO/PEDOT: PSS/F8BT/ Graphene, 

the I–V characteristic curve of the diode in log I-log V scale is shown figure 4.12. Three 

major regions have been found in the figure 4.12. At low voltages (i.e. 0.01 to 0.1 V) the 

(a) 

(b) 

http://www.sciencedirect.com/science/article/pii/S092145261201085X#f0020
http://www.sciencedirect.com/science/article/pii/S092145261201085X#f0020
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current density is increased linearly with increasing the bias voltage. For voltages between 

0.1 to 1V, it is observed that the current density is directly proportional to the V
1.74

. With 

further increase of bias voltage, the current density shows V 
2.3

 dependence. The transport in 

the second and third regions with slope ≥2 and this is like space-charge-limited-current 

(SCLC) mechanism. The first region is ohmic with slope about unity. The second region 

having a slope equal to 1.74 indicates space-charge-limited-current (SCLC) [S. Baranovski et 

al. 2006]. The third region has a slope ≥2 which can be attributed to trap charged current 

limited mechanism. The presence of traps might be due to impurities, various defects and 

randomly oriented deposited graphene flakes. 

 

 Figure 4-12 logI-logV characteristics of ITO/PEDOT-PSS/F8BT/Graphene.  

 
 

 

 

 

 



 

51 

 

4.2 Graphene/Zinc Oxide Composite Deposition 

At the present time, a great attention is being pulled in research fields like electronics and 

biomedical by graphene–metal [Si Y et al. 2008, Muszynski R et al. 2008, Luechinger NA et 

al. 2008 ] and graphene–metal oxide [Williams G  et al. 2008, Nethravathi C et al. 2008, Petit 

C et al. 2009] nano-composites due to their unique applications. These types of composites as 

derivatives of graphene and can be deployed in electronic devices. In metal oxides, n-type 

Zinc oxide (ZnO) has prompted worldwide research interest as a wide-band-gap (3.37 eV) 

semiconductor material [G.C. Yi et al. 2005, F. Lu et al. 2008] for its splendid potential 

applications in electronic and optoelectronic devices, such as photo-detectors [C.Y. Lu et al. 

2006], light emitting diodes [J.H. Na et al. 2009], electroluminescence devices [W.I. Park et 

al. 2004], solar cells [P. Sudhagar et al. 2011], gas sensors [J. Xu et al. 2008], flat display 

devices [S.B. Park et al. 2011], piezoelectric nano-generators [Z.L. Wang et al. 2010], nano-

lasers [M.H. Huang 2001, Y. Ito et al. 2011] and so on.  

 

The charge transfer mechanism between graphene and metal is explained here from Pauli-

exclusion interaction between metal and graphene. During the adsorption, the π electrons of 

graphene push the electron at the metal surface into the metal, decreasing the WF of the 

metal. On the other hand, smaller change would happen to graphene because it is 

energetically unfavorable to redistribute the π electrons, which requires hybridization with the 

s orbital. Thus, there is a new difference between the WFs of graphene and metal which 

enables electrons to transfer from metal to graphene. In the adsorption of graphene on ZnO 

polar surfaces, however, this phenomenon is less likely to happen since the electrons of the 

ZnO surfaces are more localized than those of metals, and the Pauli-exclusion would bring 

less influence to the WF of the ZnO surface. vdW forces between graphene and ZnO ensure a 

close but nondestructive contact at the interface, which allows a fast injunction of the 

photosensitized electrons between ZnO and graphene; partial charge density analysis 

indicates that excited electrons with energy lower than 3 eV tend to accumulate on graphene; 

the intact Dirac point of graphene at the K point indicates that the superior electrical 

conductivity of graphene remains despite its adsorption on ZnO, reducing the possibility of 

electron–hole recombination. 

 

In this section of the thesis, different possible approaches to graphene/ZnO composite thin 

film fabrication are discussed. From synthesis of graphene/ZnO dispersion to deposition, 
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each part is explicitly elaborated. The best fabrication route for composite thin film as 

cathode in diode device is found by using EHDA technique. 

 

4.2.1 Decoration of Graphene Flakes with Zinc Oxide nanoparticles 

There are many synthesis routes has already established to combine ZnO and graphene thin 

films. Thermal decomposition [Zhu Y et al. 2006], electro-chemical route [Yin Z et al. 2010], 

plasma-enhanced chemical vapor deposition [Zheng WT et al. 2009], and a solvothermal 

process [Wu J et al. 2009] are among the synthesis routes which can be used to prepare nano-

composite films. In this study electrohydrodynamic atomization(EHDA) technique as a route 

to fabricate graphene/ZnO thin film.  

 

This work has been accepted for publication in Journal of Materials Science: Materials in 

Electronics by Adnan Ali et al. in 2013. A complete description of graphene thin film 

decoration with ZnO nano-particles for composite film fabrication is carried out by EHDA 

technique. Firstly, graphene thin film is deposited on silicon substrate and then followed by 

ZnO after curing by EHDA technique, respectively [Kotov, N. A. et al. 1996]. The graphene 

thin film is cured at 200
o
C for 90 minutes and then after depositing ZnO is cured at 200˚C for 

120 minutes. After curing, graphene/ZnO composite film has been characterized by using FE-

SEM, UV-Vis-NIR spectroscopy, X-ray diffraction (XRD), Raman Spectroscopy and 3D-

Nanomap. Besides this, graphene/ZnO electronic behavior as hybrid electrode is investigated 

by current voltage measurement of diode device. It is done by depositing graphene/ZnO as 

cathode on F8BT with diode structure i.e. ITO/PEDOT:PSS/F8BT/(Graphene/ZnO). It has 

been observed through characterizations that EHDA technique is useful for depositing a 

uniform graphene/ZnO thin film composite, which can be employed in electronic and 

optoelectronic devices. 

 

4.2.2 Experiment for Graphene Flakes film Decoration with ZnO 

A schematic diagram of the EHDA setup has shown in the Figure 4.13. First graphene thin 

film was deposited and cured and then it was decorated by ZnO, using electrohydrodynamic 

atomization technique [Kotov, N. A. et al. 1996, X. Zhao et al. 2010]. A metallic nozzle of 

310 µm internal diameter [Havard 33G] was used as the anode, and it was connected to a 

Trek Model 610E high power source for the generation of the required electric field.  

Graphene dispersion was subjected to electrostatic atomization at an applied flow rate of 
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300μl/h and a potential of 6.3 kV in the stable cone jet mode. The stand-off was changed 

from 5mm to 20mm to check for deposition area. The speed of moving substrate was changed 

from 1mm/sec to 5mm/sec to find optimum deposition parameters. For covering (22) cm
2 

area on silicon substrate, optimum parameters are given in figure 4-13. 

 
Figure 4-13 Schematic diagram of the system used for the experiment. 

The EHDA experiments were initially performed with flow rates varying from 50μl/hr to 

750μl/hr in order to determine the optimum spraying conditions with the stand-off distance 

fixed at 15 mm for graphene dispersion. Figure 4.14 represents high-resolution and high-

speed images of different atomization modes captured for graphene. 

 

Figure 4-14  Electrohydrodynamic Atomization modes of graphene dispersion observed during the deposition 

process. a) Meniscus, b) dripping mode, c) micro-dripping, d) unstable cone-jet mode, e) stable cone-jet mode 

and f) multi-jet mode. 

 

Figure 4.15 provides the observed operating envelopes of graphene flakes dispersion, 

representing different atomization zones with varying flow rates and corresponding applied 

voltages. A complete account of ZnO processing parameters can be found in Choi et al. [K.H. 

Choi et al. 2010]. A flow rate of 300μl/h and 100μl/hr were used, respectively, throughout the 

experiments for the deposition of graphene thin film followed by ZnO decoration. This value 

of flow rate was selected as the droplet size directly proportional to the cube root of flow rate. 
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Figure 4-15 Operating envelop representation for different electrospray modes for graphene dispersion. The 

stable cone jet region is shaded to emphasize upon the possible flow-rate and voltage combination for optimized 

atomization conditions. 

 

The occurrence of the classical hydrodynamic atomization requires the hydrodynamic 

relaxation time Th to exceed the charge relaxation time Tq. Using the following values for 

these quantities, 

L ≈ 1200 μm  

D ≈ 30 μm 

Q = 300 μl/hr = 8.33 × 10
−11

m
3
s

-1 
 

εr = 2.3 

ε0 = 8.85 ×10
-12 

Fm
-1

 

K = 0.0000122 Sm
-1 

It implies that Th ≈ 0.0129 s which is much greater than Tq ≈ 1.67 × 10
−6 

s. 

  

4.2.3 Morphological Analysis 

Figure4.16 (a-c low to high magnification) shows the FE-SEM image of graphene/ZnO 

composites. FE-SEM images of graphene/ZnO composite thin film fabricated by EHDA 

technique show that densely packed ZnO nano-grains are settled on top of graphene platelets. 

FE-SEM images also give an idea about the ZnO particles agglomeration. This agglomeration 

of nano-particles is due to the high surface interaction between nano-particles, which have a 

large specific surface area and high surface energy [S. Mohseni Meybodi et al. 2012]. 

Structural analysis (XRD and Raman spectroscopy) further has confirmed the FE-SEM 

images morphology of graphene/ZnO composite thin film.    
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Figure 4-16 Low magnification FE-SEM surface view of the deposited films of Graphene/ZnO using deposition 

speed 3 mm/sec and 6mm/sec for graphene dispersion and ZnO dispersion, respectively. High magnification 

SEM micrographs showing graphene decorated with ZnO nano-particles and its agglomeration. 

 

4.2.4 Structural Analysis 

Figure 4.17 shows the XRD patterns of graphene/ZnO composite. Both graphene and ZnO 

peaks are observed. This XRD pattern of graphene/ZnO is different from the one reported by 

other research groups [Ju H et al. 2010] because of our unique approach of film deposition. 

Graphene peaks are around 23
o
 and 44

o
 (of 2). The XRD analysis further shows the 

excellent crystal structures of ZnO even if they are combined with graphene. While ZnO peak 

around 33
o
, 36

o
, 46

o 
and 57

o
 (of 2) are there which correspond to (0 0 2), (1 0 1), (1 0 2) and 

(1 1 0) planes, indicating wutrzite crystal structure. The broadening of the ZnO diffraction 

peaks is attributed to the smaller particle sizes.It can been noticed that ZnO intensity is more 

as compared to graphene which is due to 3D crystalline structure and high values of its 

atomic number. The broad peaks of ZnO further confirm the decoration of graphene.  

 

Figure 4-17 X-ray diffraction pattern of Graphene/ZnO film. 
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4.2.5 3D Nano-mapping for surface roughness 

NV-2000(Universal) non contact surface profiler with nano-level accuracy was used for 

surface roughness measurement in phase shifting interferometry (PSI) mode. In figure 4.18 (a 

and b) surface profile (3D and 2D) of graphene/ZnO has given, respectively. It shows that the 

roughness of film is 88.46 nm. Also variations in profile of film in the x-direction are shown 

in Figure 4. 6. (c), which are around -114nm to 114nm. 

 

Figure 4-18  (a) 3D surface profile, (b) 2D surface profile and (c) X- profile of the graphene film decorated with 

ZnO, deposited on Si substrate. 

 

4.2.6 Raman Spectroscopy Analysis 

Figure 4.7 presents the Ramen spectra of graphene/ZnO, deposited by EHDA. Figure 4.19a, 

presents peaks at around 99 (E2), 303(A1 (TO)) and 437 cm
-1 

(E2 (high)) are observed in 

graphene/ZnO, which are the characteristic peak of the hexagonal wurtzite phase [I. Calizo et 

al. 2007]. Figure 4.19b shows three major peaks of D, G and 2D bands. D band is a breathing 

mode of π-point phonons of A1g symmetry, which is attributed to local defects and disorders, 

particularly the defects located at the edges of graphene and graphite platelets. G band is 

generally assigned to the E2g phonon of sp
2
 bonds of carbon atoms. The D/G intensity ratio of 

graphene/ZnO is 0.92, which assures the presence of graphene [ O. Akhavan et al. 2011], [ D. 

Graf et al. 2007] and [ I. Calizo  et al. 2007].  

http://www.sciencedirect.com/science/article/pii/S1566736712003524#bb0050
http://www.sciencedirect.com/science/article/pii/S1566736712003524#bb0175
http://www.sciencedirect.com/science/article/pii/S1566736712003524#bb0175
http://www.sciencedirect.com/science/article/pii/S1566736712003524#bb0180
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Figure 4-19 Laser Raman spectrum of graphene/ZnO composite. 

 

According to the literatures, the 2D peak for the single‐layer graphene sheet should be 

located at about 2679 cm
-1 

[ O. Akhavan et al. 2011], [D. Graf et al. 2007] and [ I. Calizo  et 

al. 2007], while for graphene sheets with multilayer, the 2D band normally shifts to the 

higher frequencies [ D. Graf et al. 2007] and [ I. Calizo  et al. 2007]. In our case, the 2D band 

is located at about 2724 cm
− 1

, which indicates the presence of few layers graphene. 

Moreover, Calizo et al. reported that the 2D band for the five-layer graphene sheet was 

located at about 2755 cm
− 1

[ I. Calizo  et al. 2007]. Therefore we can deduce that the number 

of the graphene layers in our graphene/ZnO samples would be 4-5 layers. Therefore, Raman 

spectra clearly confirm the presence of wurtzite-type ZnO and the presence of graphene/ZnO. 

 

4.2.7 Optical Properties 

The spectrum shown in figure 4.20(a) a high peak at 286 nm corresponds to the excitation of 

π- plasmon of graphitic structure [X. Wang et al. 2008]. Another peak at 366 nm corresponds 

to the wurtzite hexagonal phase of ZnO. This shows that the observed absorption peak is blue 

shifted from that of bulk ZnO. This indicates the grain size-effect of ultrafine particles with 

nanometer size [X.M. Yang et al. 1994]. Figure 4.20(b) shows the transmittance spectra of 

graphene/ZnO, visible and near-infra-red (NIR) spectrum. Transmittance of the thin film is 

observed to be in the range of 85~87 % in the visible range. The transmittance spectrum 

reveals that the graphene/ZnO thin film deposited by EHDA technique is more suitable for 

optoelectronic device applications due to its good transmittance.  

(a) (b) 

http://www.sciencedirect.com/science/article/pii/S1566736712003524#bb0050
http://www.sciencedirect.com/science/article/pii/S1566736712003524#bb0175
http://www.sciencedirect.com/science/article/pii/S1566736712003524#bb0180
http://www.sciencedirect.com/science/article/pii/S1566736712003524#bb0180
http://www.sciencedirect.com/science/article/pii/S1566736712003524#bb0180
http://www.sciencedirect.com/science/article/pii/S1566736712003524#bb0175
http://www.sciencedirect.com/science/article/pii/S1566736712003524#bb0180
http://www.sciencedirect.com/science/article/pii/S1566736712003524#bb0180
http://www.sciencedirect.com/science/article/pii/S1566736712003524#bb0180
http://www.sciencedirect.com/science/article/pii/S1566736712003524#bb0180
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Figure 4-20 (a) & (b) Absorption and Transmittance spectra of graphene/ZnO, respectively.  

 

4.2.8 Electrical Behavior 

The current density-voltage (J-V) curve of the organic diode device with structure 

ITO/PEDOT:PSS/F8BT/ (Graphene/ZnO) (schematic figure 4.21a) in linear scale recorded 

by semiconductor analyzer is shown in figure 4.21b, in which graphene decorated ZnO 

composited thin film is used as cathode. By the J-V plot, it is evident that there is proper 

contact between each adjacent layer. At voltage of 1V, the current density in organic structure 

is at low value of 4.69×10
-3

A/cm
2
 and after that as further voltage was applied, the device 

current density increased by the order of 200 and reaches up to 1.034 A/cm
2
 at voltage of 

12V, indicating an increase in charge carrier injection. 

 

(a) (b) 

(a) 
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Figure 4-21 J-V characteristics of ITO/PEDOT-PSS/F8BT/(Graphene/ZnO) diode. 

 

The I–V characteristic curve of the ITO/PEDOT: PSS/F8BT/ (Graphene/ZnO) diode in log-

log scale is depicted in a log I–log V scale in f, indicate the current conduction mechanism. 

As it can be seen from the figure 4.22, three major regions have been found. At low voltages 

(i.e. 0 to 0.1 V) the current density increases linearly with increasing the bias voltage. It can 

also be observed that for voltage between 1.0 and 10 V the current density is directly 

proportional to the V
2
. With further increase of bias voltage, the current density shows V 

2.63
 

dependence for the applied bias voltage. The transport in the second and third regions with 

slope ≥2 and this is like space-charge-limited-current (SCLC). The first region is ohmic with 

slope about unity. The second region having a slope equal to 1.95 indicates space-charge-

limited-current (SCLC) with exponential distribution of deep traps in the band gap of organic 

semiconductor (F8BT) [J. Tauc (Ed.) 1974]. The third region has a slope ≥2 which can be 

attributed to trap charged current limited mechanism. The presence of traps might be due to 

impurities and various defects in the chemical structure of organic thin films.  

(b) 

http://www.sciencedirect.com/science/article/pii/S092145261201085X#f0020
http://www.sciencedirect.com/science/article/pii/S092145261201085X#f0020
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Figure 4-22 Double logarithmic current voltage characteristics (log I–log V) of ITO/PEDOT: PSS/F8BT/ 

(Graphene/ZnO) diode. 
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4.3 Direct Fabrication of Graphene/Zinc Oxide Composite Film  

 

This work has been published in Applied Physics A (Materials Science and Processing) 

[Adnan Ali et al. 2013]. In this work, a new mixed dispersion approach for graphene based 

composite has taken on. Graphene flakes (<4 layers) and a well-known semiconductor zinc 

oxide (ZnO) (<50nm particle size) have dispersed in N-methylpyrrolidone (NMP).  

Graphene/ZnO composite thin film is deposited by electrohydrodynamic atomization process 

on silicone substrate. It has been explored that high quality thin composite film is obtained at 

optimum flow rate of 300μl/hr at 6.3 kV applied potential after curing for 2 hours at 300
o
C. 

Graphene/ZnO thin composite film has been characterized by using Field Emission Scanning 

Electron Microscopy (FE-SEM), Ultra-violet Visible near Infra Red (UV-Vis-NIR) 

spectroscopy, X-ray diffraction (XRD), Raman Spectroscopy and 3D-Nanomap. For 

electrical behavior analysis, a simple diode Indium Tin Oxide (ITO)/(poly(3,4-

ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS)/polydioctylfluorene-

benzothiadiazole(F8BT)/(Graphene/ZnO) has fabricated. It is observed that at voltage of 0.3 

V, the current in organic structure is at low value of 1.20×10
-3

Amp/cm
2
 and after that as 

further voltage was applied, the device current increased by the order of 110 and reaches up 

to 1.32 ×10
-1

Amp/cm
2 

at voltage 2 V.  

 

4.3.1 Materials and Synthesis of Dispersion 

The graphene flakes and ZnO nano particles were dispersed in NMP (4ml) solvent by bath 

sonication and centrifugation. The viscosity of mixed dispersion was measured to be 15.8 

mPa by using Viscometer VM-10A system. The surface tension of was i.e. 54~57 mN/m, 

measured by Surface-electro-optics (SEO)‟s contact angle analyzer. The electrical 

conductivity was 18.6 S/cm, measured by using conductivity meter (Cond6+ meter).  

 

4.3.2 Experiment for Deposition of Composite Thin Film 

A schematic diagram of the setup has shown in the figure 4.23. The dispersion was subjected 

to electrostatic atomization at an applied flow rate of 300μl/h and a potential of 6.3 kV in the 

stable cone jet mode. The stand-off was changed from 5mm to 20mm to check for optimum 

deposition area. The speed of moving substrate was changed from 1mm/sec to 3mm/sec to 

find optimum value. It was noticed that for covering (22) cm
2 

area on silicon substrate, 

optimum parameters of stand-off and velocity were 15mm and 3mm/sec, respectively. The 
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deposited graphene/ZnO was cured at 200˚C for 2 hours. 

 

Figure 4-23 Schematic depiction of EHDA experimental setup. 

 

The EHDA experiments were initially performed with flow rates varying from 50μl/h to 

900μl/h in order to determine the optimum spraying conditions with the stand-off distance 

fixed at 15 mm. Figure 4.24 represents high-resolution and high-speed images of different 

atomization modes captured at 300 μl/h flow rate for various applied voltages. 

 

Figure 4-24 Electrohydrodynamic modes of Graphene/ZnO ink observed during the deposition process, a) 

Stable meniscus b) dripping, c) micro-dripping, d) pulsating unstable cone-jet, e) stable cone-jet, f) Multi-jet. 

 

Figure 4.25 provides the observed operating envelope of graphene/ZnO dispersion 

representing different atomization modes with varying flow rates and corresponding applied 

voltages. It is evident from envelope that with increase of flow rate required applied voltage 

was increased from one to other mode. Reason for this increase in applied voltage for 

obtaining stable cone jet is to overcome the surface tension i.e. 54~57 mN/m. A stable cone-

jet region is shaded in operating envelop given in figure 4.3 to emphasize the possible flow 

rate and voltage combinations for optimized atomization. 
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Figure 4-25 Operating envelop representation for different electrospray regimes. The stable cone jet region is 

shaded to emphasize upon the possible flow rate and voltage combinations for optimized atomization conditions 

(stand-off≈ 15mm). 

 

4.3.3 Morphological Analysis 

 

Figure 4.26 (a-d low to high magnification) shows the FE-SEM image of graphene/ZnO 

composite thin film. Although, a mixed dispersion of graphene/ZnO is processed by EHDA 

but in FE-SEM images it can clearly be observed that packed ZnO nano-grains are settled on 

top of graphene flakes film. FE-SEM images also show that at some points ZnO particles are 

agglomerated. This agglomeration of nano-particles is due to the high surface interaction 

between nano-particles, which have a large specific surface area and high surface energy. 

There is high probability that ZnO nano-particles aggregation and semi-wrapping in graphene 

flakes have occurred during the curing process [S. Mohseni Meybodi et al. 2012]. Structural 

analysis has further given a confirmation of morphological effect in the thin film.    

 
Figure 4-26 (a-d) Low magnification FE-SEM surface view of the deposited films of Graphene/ZnO using 

deposition speed 3 mm/sec. High magnification SEM micrographs showing ZnO nano-particles and its 

agglomeration on graphene flakes. 
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4.3.4 3D Nanomapping for surface roughness 

In figure 4.27. (a and b) surface profile (2D and X-direction) of graphene/ZnO are given, 

respectively. It shows that the roughness of film is 1.67 nm, while variations in film profile in 

the x-direction are mostly around 5.6 nm. In figure 4.27(c), 3D profile of graphene/ZnO film 

is shown. It can be elucidated that ZnO and graphene flakes deposited through EHDA 

technique are non-uniformly distributed and oriented in the film. 

 

Figure 4-27 (a) 2D surface profile, (b) X- direction profile and (c) 3D surface profile of the graphene/ZnO film 

deposited on Si substrate. 

 

 

4.3.5 Raman Spectra of Graphene/ZnO  

The Raman spectra of ZnO/G are presented in Figure 4.28. For ZnO/G, two bands appear at 

1350 cm
-1 

and 1580 cm
-1

, corresponding to the disordered (D) band and (G) band [Y. P. 

Zhang et al. 2009]. IG/I2D ratio is 1.36 and 2D line width ~ 70 cm
-1

, which confirms presence 

of few layers graphene. The peak at around 434 cm
-1

 corresponds to Raman active optical 

phonon E2 (high) mode [W. S. Hummers et al. 1958], which is the characteristic peak of the 

hexagonal wurtzite phase [R. Zhang et al. 2009]. The peak at 582 cm
-1

 is assigned to E1 (LO) 

mode associated with the structural defects in ZnO [X. Y. Ye et al. 2009, P. K. Sharma et al. 

2011]. The bands located at near 330 and 1130 cm
-1

 are due to the multiple-phonon scattering 

processes [J. M. Calleja et al. 1977]. The XRD and Raman spectra clearly confirm the 

presence of wurtzite-type ZnO and the presence of graphene/ZnO. 
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Figure 4-28 Laser Raman spectrum of graphene/ZnO film. 

 

4.3.6Optical Properties 

The band gab of graphene/ZnO is evaluated from absorbance spectra figure 4.29(a) of 

composite thin film coated on optically transparent glass. The optical band gap of 

graphene/ZnO was estimated by fundamental relation given by equation αhυ =  B(hυ− Eg )
n
 

,where α is the absorption coefficient, hν the energy of absorbed light, n = 2 , for indirect 

allowed transition and B is proportionality constant [J. Tauc (Ed.) 1974]. Energy gap (Eg) was 

obtained by plotting (αhν)
2
 vs. hν and extrapolating the linear portion of (αhν)

2
 vs. hν to zero, 

as shown in figure 4-8 (b). The band gap of graphene/ZnO was estimated to be 3.7 eV by 

using this method.  

 

Figure 4-29 (a) UV–vis spectrum of graphene/ZnO (b) (αhν)
2
 vs. hν plot for bandgap estimation of 

graphene/ZnO film. 
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4.3.7 Electrical Behavior 

In Figure 4.30, JV plot, it is evident that there is appropriate contact between each adjacent 

layer. At voltage of 0.3 V, the current density in organic structure is at low value of 1.20×10
-

3
Amp/cm

2
 and after that as further voltage was applied, the device current increased by the 

order of 110 and reaches up to 1.32 ×10
-1

Amp/cm
2
 at voltage 2 V, indicating an increase in 

charge carrier injection. 

 

 

Figure 4-30 I-V characteristics of ITO/PEDOT-PSS/F8BT/(Graphene-ZnO) diode device. 

 

In a diode, when the higher carrier densities from one electrical contact are locally injected 

into material, the space charge limited currents may take place and can be identified by 

analyzing the behavior of curve of IV in log-log scale. The plot of logI vs logV was made as 

shown in figure 4.31 and was analyzed. The dominant charge transport mechanism for the 

diode was determined by obtaining “m” values from the slopes of linear regions in figure 4. 

10. The slopes of the region I, region II and region III are shown in figure 4. 10 was found to 

be 0.934 and 1.774 and 3.527 respectively, indicating the presence of space charge limited 

conduction [R. K Gupta et al. 2004]. 

(a) 

(b) 
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Figure 4-31 logI - logV characteristics of ITO/PEDOT-PSS/F8BT/(Graphene-ZnO) diode device. 
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4.4 Direct Deposition of Graphene/ZnO Composite Film by Semi-blended Approach 

Graphene/ZnO composite film is fabricated by a fast and easy semi-blended approach. Zinc 

oxide (ZnO) (<50nm particle size) dispersed in ethanol is immediately deposited on uncured 

pre-deposited graphene flakes (<4 layers) dispersed in N-methylpyrrolidone (NMP), using 

electrohydrodynamic atomization technique (EHDA). Graphene/ZnO composite film is 

characterized morphologically, structurally and chemically. This work has been submitted to 

Japanese Journal of Applied Physics by Adnan Ali et al. 2013. 

 

4.4.1 Graphene Flakes and ZnO Deposition from dispersion  

Figure 4.32 shows schematic diagram of the EHDA setup for Semi-blended approach of 

graphene/ZnO composition thin film. First, graphene thin film was deposited and then before 

curing, immediately ZnO was atomized on to it, using electrohydrodynamic atomization 

technique [N.A. Kotov et al. 1996, X. Zhao et al. 2010]. 

 

Figure 4-32 Schematic diagram of EHDA experimental setup.  

 

4.4.2 Morphological Analysis 

Figure 4.33 (a-c low to high magnification) shows the FE-SEM image of graphene/ZnO 

composite film. FE-SEM images of graphene/ZnO composite thin film fabricated by EHDA 

technique show that densely packed ZnO nano-grains are settled on top of graphene flakes 

and FE-SEM images also give an idea about the ZnO particles agglomeration. This 

agglomeration of nano-particles is due to the high surface interaction between nano-particles, 

which have a large specific surface area and high surface energy [S. Mohseni Meybodi et al. 

2012]. Also it can be observed in figure 4.4 (d, e) that some of the ZnO nano-particles are 

partially covered in graphene flakes.  
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Figure 4-33 Low magnification FE-SEM surface view of the deposited films of Graphene/ZnO using deposition 

speed 3 mm/sec and 6mm/sec for graphene dispersion and ZnO dispersion, respectively. High magnification 

SEM micrographs showing graphene decorated with ZnO nano-particles and its agglomeration. 

 

4.4.3 Raman spectra 

Figure 4.34 (a) shows the whole Raman spectra of graphene/ZnO composite film. A strong Si 

signal and several weak peaks are observed in the film deposited on Si substrates. In Raman 

spectrum of graphene figure 4.34 (c), three sharp peaks at 1350, 1583 and 2724 cm
-1

 

correspond to the D, G and 2D peaks, respectively. Several weak peaks are also observed in 

the G–ZnO hybrids except for the D, G and 2D peaks. The D peak is due to the presence of 

structural disorders in graphene sheets. The G peak is attributed to the optical E2g phonons at 

the Brillouin zone centre, whereas the ratio of the intensity of the G-band to the D-band is 

related to the in-plane crystallite size [K. S. Subrahmanyam et al. 2008]. Besides, the 

intensity ratio of IG/ID is widely used to characterize the defect quantity in graphene and a 

low ratio indicates a great disorder arising from structural defects [M. A. Pimenta et al. 2007].   

As seen in figure 4.34, the integrated intensity ratios of IG/ID in the graphene/ZnO composite 

film (IG/ID = 1.745) is lower than in graphene (IG/ ID = 3.14). These indicate that the presence 

of graphene flakes network structure which is changed or damaged with ZnO nanoparticles 

decoration. Figure 4.34(b) shows the ZnO portion of Raman spectra ranging from 100–800 

cm
-1

 [A. Chavez-Valdez et al. 2013]. For ZnO, peaks at 99, 302, 436, 615 cm
-1

 are obtained. 

Exarhos et al. reported that peaks at 101 (E2), 437 (E2), and 583 cm
-1

 (E1 (LO)) corresponded 

to bulk ZnO [G. J. Exarhos et al. 1997]. The noteworthy peaks of the modes that occur in the 

graphene/ZnO composite film are the appearance of the 304 and 431cm
-1 

(E2) and the 

absence of the 106 cm
-1

 (E2) mode [K. Mcguire et al. 2002]. 

(a) (b) (c) (d) (e) 
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Figure 4-34 Laser Raman spectrum of graphene/ZnO composite. 

4.4.4 Optical Analysis 

Figure 4.35(a) shows the transmittance spectra of graphene/ZnO, visible and near-infra-red 

(NIR) spectrum. Transmittance of the thin film is observed to be in the range of 81~83 % in 

the visible range. The band gab of graphene/ZnO is evaluated by depositing it on an optically 

transparent glass using the same approach. The optical band gap of graphene/ZnO is 

estimated by fundamental relation given by equation αhυ =  B(hυ− Eg )
n
 ,where α is the 

absorption coefficient, hν the energy of absorbed light, n = 2 , for indirect allowed transition 

and B is proportionality constant [J. Tauc (Ed.) 1974]. Energy gap (Eg) was obtained by 

plotting (αhν)
2
 vs. hν and extrapolating the linear portion of (αhν)

2
 vs. hν to zero, as shown in 

figure 4.35(b). The bandgap of graphene/ZnO was estimated to be 3.22 eV by using this 

method. 
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Figure 4-35 (a) Transmittance spectra of graphene/ZnO film (b) (αhν)
2
 vs. hν plot for bandgap estimation of 

graphene/ZnO film. 

 

4.4.5 Electrical Analysis 

The current density-voltage (J-V) curve of the organic diode device with structure 

ITO/PEDOT:PSS/F8BT/ (Graphene/ZnO) in linear scale is shown in figure 4.36, in which 

graphene decorated ZnO is used as cathode. At voltage of 0.3V, the current density in organic 

structure is at low value of 1.4×10
-5

A/cm
2
 and after that as further voltage was applied, the 

device current density increased by the order of 50 and reaches up to 6.3×10
-4 

A/cm
2
 at 

voltage of 2V, indicating an increase in charge carrier injection. By the J-V plot, it is evident 

that there is proper contact between each adjacent layer. 

 

For current conduction mechanism, log-log scale of the I–V characteristic curve of the 

ITO/PEDOT: PSS/F8BT/ (Graphene/ZnO) diode device is drawn in Figure 4.37. As it can be 

seen from the figure 4.37, three major regions have been found. At low voltages (i.e. 0 to 

0.1 V) the current density increases linearly with increasing the bias voltage. It can also be 

observed that for voltages between 0.1 and 1V the current density is directly proportional to 

the V
1.6

. With further increase of bias voltage, the current density shows V 
2
 dependence for 

the applied bias voltage. The transport in the second and third regions with slopes 1.6 and 2 

indicates space-charge-limited-current (SCLC). The first region is ohmic with slope about 

unity. The second region having a slope equal to 1.6 indicates space-charge-limited-current 

(SCLC) with exponential distribution of deep traps in the band gap of organic semiconductor 

(F8BT) [J. M. Calleja et al. 1977]. The third region has a slope ~2 which can be attributed to 

trap charged current limited mechanism. The presence of traps might be due to impurities and 

http://www.sciencedirect.com/science/article/pii/S092145261201085X#f0020
http://www.sciencedirect.com/science/article/pii/S092145261201085X#f0020
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various defects in the chemical structure of organic thin films.  

 

Figure 4-36 I-V characteristics of ITO/PEDOT-

PSS/F8BT/(Graphene/ZnO) diode. 

 

Figure 4-37 logI - logV characteristics of 

ITO/PEDOT-PSS/F8BT/(Graphene/ZnO) diode. 
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4.5 Fabrication of Dielectric Poly (4-Vinylphenol) Thin Film 

Poly 4-vinlyphenol has been reported most frequently because of its having performance than 

other members of the family of gate dielectrics [S. Lee et al. 2006, T. H. Kim et al. 2008]. 

Gate dielectric crosslinked poly 4-vinylphenol (C-PVP) is investigated mostly for the 

fabrication of OTFTs due to the easy thin-film formation and to its excellent dielectric 

properties [Y. Choi  et al. 2009]. However, the thin film deposition of C-PVP has been 

regarded to require very high temperatures (higher than 175 
o
C), rendering C-PVP unsuitable 

for dielectric thin film deposition on various flexible substrates [T.H. Kim et al. 2008, Y. Choi 

et al. 2009]. Also, the cross-linking reaction between PVP and the crosslinker has been 

reported to occur at high temperatures and to enhance the mechanical, thermal and electrical 

properties of C-PVP. However, a high possibility exists that the processing temperature of C-

PVP can be reduced to around 100 
o
C. 

 

Dielectric PVP thin film is fabricated using EHDA process is discussed here in this section. 

Solution-processible PVP ink was synthesized and its physical properties were measured to 

determine EHDA processing parameters. The PVP dielectric thin films deposited by using 

EHDA process were cured at 110
o
C for 1 h. After it had been cured, the film was 

characterized physically as well as electrically. The film‟s compositional quantification was 

carried out using an X-ray photoelectron spectroscopy (XPS) analysis. The surface 

morphology was characterized through a scanning electron microscope (SEM) analysis and 

the thickness was measured by using a noninvasive thickness measurement system based on 

the principle of constructive and destructive interference in the spectrum of white light 

incident on the surface of a film. Besides this, the optical characterization of the film was 

done by using an UV/VIS/NIR spectrophotometer. For the electrical characterization of 

dielectric thin film, a simple metal-insulator-semiconductor (MIS) structure, i.e., 

ITO/PVP/PEDOT: PSS was fabricated and characterized for application in electronic devices 

by I-V and C-V analyses. This work has been published in Journal of the Korean Physical 

Society [K.H.Choi et al. 2013] and a continuation of this work is published in Journal of 

Electronic Materials [Adnan Ali et al. 2013]. 

 

4.5.1 PVP Ink Synthesis 

 

PVP (Avg. Mw 25000) powder, the cross-linking agent (CLA) poly (melamine-co-

formaldehyde) and propylene glycol methyl ether acetate (PGMEA) solvent were purchased 
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from Sigma Aldrich. The PVP powder was dissolved in PGMEA solvent; then CLA was 

added to it. The solution was then magnetically stirred for 24 hours at room temperature. 

After dissolution, for better solubility of PVP powder, the solution was ultra-sonicated for 10 

minutes with 10% amplitude.  Ink properties are given in table 4.1. 

Table 4-1. PVP Ink Properties 

PVP Ink Properties 

Viscosity (mPa) 13.2 

Surface Tension (mN/m) 10.05 

Dielectric Constant 4.5 

Conductivity (μS/cm) 0.35 

Contact Angle on ITO (degrees) 24.94
o
 

 

4.5.2 Film Fabrication 

 

A schematic diagram of the setup is shown in the Figure 4-38. The deposition of C-PVP ink 

was carried out using an EHDA technique [A. Khan et al. 2011, K.H. Choi et al. 2012]. It was 

processed as graphene flakes. The deposited dielectric thin PVP film is cured at 110
o
C for 

1hour. 

 

 

Figure 4-38 Schematic diagram of the experimental setup. 

 

 

4.5.3 Results and Discussions 

 

A PVP solution-processible ink operating envelope is explored by investigating EHDA. The 

EHDA is first performed at various varying flow rates i.e. 100μl/hr to 1500μl/hr in order to 
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determine the optimum spraying envelope. Figure 4-39 shows high-resolution and high speed 

images of different EHDA modes. 

 

Figure 4-39 Modes of electrostatic atomization of PVP ink: dripping, microdripping, pulsating unstable cone jet, 

stable cone jet and multi-jet. 

 

 

In Figure 4-40, the operating envelope of the PVP ink is given and shows various atomization 

zones with varying flow rate and their corresponding potential difference. The optimized 

parameters for electrostatic atomization for dielectric film deposition are given in Table 4-2. 

 

Figure 4-40 Operating envelope of PVP ink. 

 

The surface morphology of the film is studied by using SEM analysis. Figure 4-41 shows 

SEM images of a deposited PVP film. The morphology of the film is uniform and pinhole-

free throughout the ITO-coated PET, which means film surface compatibility, and will 

become considerably better with succeeding deposited layers. Also, the film thickness is 

measured by using ellipsometer and is found to be 100 nm. 
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Figure 4- 41 (a) – (e) SEM surface morphology of a PVP dielectric thin film from low to high magnification. 

 

 

The film purity and the absence of impurities are confirmed by using XPS measurements. 

Figure 4-42 the marked XPS graph for the PVP film deposited on ITO-coated PET. All of the 

peaks on the curve are ascribed to elemental O and C, and no identifiable peaks of other 

elements were observed. Therefore, we conclude that the film is purely PVP.  
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Figure 4-42 XPS analysis representation of a deposited PVP layer. C and O peaks are marked. 

 

For the optical properties, the transparency of the film is recorded by using an UV/Vis/NIR 

spectrometer (Shimadzu UV-3150) in the range of 200–800 nm. Figure 4-43 shows the 

transmittance spectra for an EHDA deposited thin PVP film in an ultraviolet (UV), visible 

and near infra-red (NIR) spectrum. The transmittance of the thin film is observed to be in the 

range of 89 – 93% in the visible range. The absorption appears below 298 nm in the UV 

range. The transmittance spectrum reveals that which comes out to be 3.0525 eV. This 

calculated Eg value reflects the insulative and dielectric nature of the PVP film. 

 

Figure 4-43 UV-vis spectra of PVP thin films showing the transmittance. 
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To further confirm the insulative mature of the thin PVP film, we performed an I-V analysis. 

In Figure 4-44, the I-V curve for the deposited PVP thin film is given. The graph shows a 

non-ohmic behavior, which is representative of a typical insulative film with a dielectric 

nature. 

 
Figure 4-44 I-V curve for a PVP thin film. 
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4.6 Different Approaches to Fabricate PVP/Graphene composite film using 

Electrohydrodynamic Atomization Technique 

 

Graphene/PVP composite film is fabricated by two different approaches for use in electronic 

devices. One is blended approach and other is layer-by-layer (LBL) approach while using 

Electrohydrodynamic atomization (EHDA) technique. Graphene/PVP composite thin film 

fabricated by blended and LBL approaches are characterized by field emission scanning 

electron microscope for surface uniformity checking, UV-visible spectroscopy is used for 

optical analysis which has shown nearly 88.5% of transparency in the visible region. For 

electrical analysis Graphene/PVP composite thin film has employed as dielectric layer in 

capacitor having ITO and PEDOT: PSS as bottom and top electrodes, respectively. 

Graphene/PVP composite thin film fabricated by blended and LBL approaches are compared 

with PVP in capacitor. It is observed that maximum capacitance 1.2110
-5

 F/cm
2
 at 1 kHz in 

the voltage range -1.310
-1

 to 1.78 V is achieved for LBL approach fabrication of 

graphene/PVP composite thin film. Also its behavior at high frequencies was measured and it 

has noticed that with increase in frequency capacitance has been decreased but its behavior 

remained stable. 

 

4.6.1 Graphene/PVP Ink Synthesis for Blended fabrication Approach 

Graphene platelets from Cheap Tubes (<4 layers and surface area >750m
2
/g), N-methyl-

pyrrolidone (NMP) solvent and Poly 4-vinlyphenol (PVP) from Sigma Aldrich were 

purchased. The graphene platelets and Poly 4-vinlyphenol (PVP) were dispersed in NMP 

(4ml) solvent by bath sonication for 30 minutes and centrifugation was carried out for 5 

minutes at 10% amplitude. 

 

4.6.2 Film Fabrication 

The deposition of graphene/PVP was carried out using an EHDA technique [Zhao, X. et al.  

2010]. A metal nozzle of 310 µm internal diameter [Havard 33G] was used as the anode. 

Ground was provided by connecting the ground terminal of the power source to a moving 

stage that holds the substrate. Graphene/PVP ink operating envelop was explored by 

changing flow rate and applied voltages, as shown in figure 4.45. It was noticed that for 

covering (2×2) cm
2 

area on silicon substrate, optimum parameters of stand-off and velocity 

were 15mm and 3mm/sec, respectively. The deposited graphene/PVP was cured at 200˚C for 

2 hours. 
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Figure 4-45 Graphene/PVP ink operating envelop. 

 

 
 

4.6.3 Characterizations and Discussion 

Figure 4.46 (a-d low to high magnification) shows the FE-SEM images of graphene/PVP 

composite thin film. It is obvious from SEM images that composite film is uniform 

throughout. From its capacitance behavior as dielectric film, it is extracted that at low 

frequency and low voltage values, its performance is satisfactory but at high frequencies its 

performance is not stable. This might be the graphene flakes folding in PVP powder which 

minimize its exposed area at high voltages.   

 

Figure 4-46 (a-d low to high magnification) shows the FE-SEM images of graphene/PVP composite thin film. 

 

In figure 4-47 (a & b) surface profile (2D and X-direction) of graphene/ZnO are given, 

respectively. It shows that the roughness of film is 7.43 nm, while variations in film profile in 

the x-direction are mostly around 7 nm on average. In figure 4-47 (c), 3D profile of 
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graphene/ZnO film is shown. It can be elucidated that PVP and graphene flakes deposited 

through EHDA technique are distributed and oriented randomly on the substrate. 

 

Figure 4-47 3D-Nano Mapping of Graphene/PVP composite film. 

Figure 4-48 shows the transmittance spectrum of graphene/PVP composite thin film in the 

ultraviolet (UV), visible, and near-infrared (NIR) spectral ranges. The transmittance of the 

thin film was observed to be in the range of 85~ 88% in the visible range. Absorption appears 

below 298 nm in the UV range. The transmittance spectrum reveals that the dielectric 

graphene/PVP composite thin film is more suitable for optoelectronic device applications due 

to its good transmittance. Based on the data, we calculated the energy bandgap (Eg), which 

was found to be 3.35 eV.  

 

Figure 4-48 (a) Transmittance spectra of graphene/PVP film (b) (αhν)
2
 vs. hν plot for bandgap estimation of 

graphene/PVP film. 
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A similar approach mentioned in section 4.2 for graphene/ZnO composite thin film 

fabrication is used for graphene/PVP composite thin film. Graphene/PVP composite film is 

then employed as dielectric layer while using ITO and PEDOT:PSS bottom and top electrode 

respectively.  

 

In order to investigate the charge storage mechanism of the fabricated device, capacitance–

voltage (C–V) curve is plotted for the device with different ac frequency. Figure 4-49(a-b-c) 

shows the C–V analysis for thin films for PVP, graphene/PVP (blended approach) and 

graphene/PVP (LBL approach) as dielectric layers with input frequency of about 1 kHz, 

respectively. It has been observed that graphene/PVP composite thin film shows better 

capacitive behavior with maximum capacitance 1.22× 10
-5 

F/cm
2
 in the voltage range to 0.1 

to 1.80 V.  

  

 
Figure 4-49 Capacitance–voltage analysis of capacitor at 1 kHz when dielectric thin film is (a) PVP, (b) 

Graphene/PVP (Blended Approach) and (c) Graphene/PVP (LBL approach), respectively. 

Whereas, the capacitance of the device with different frequency shown in figure 4-50(a-b-c). 

It revealed that the capacitance of the device has been decreased with increase the ac 

(a) (b) 

(c) 
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frequency for each dielectric thin film. Figure 4-50(b) shows that the performance of blended 

fabricated graphene/PVP composite thin film is the worst as compared to PVP and 

graphene/PVP (LBL) dielectric thin film at higher frequencies. Figure 4-50(c) shows that that 

graphene/PVP dielectric thin film based capacitor has given the most stable C-V behavior 

even at higher frequencies like up to 100 kHz and high voltages as compared to PVP and 

graphene/PVP (blended approach) dielectric thin films. The characteristics confirm that the as 

fabricated multi-layer printed device shows good charge storage mechanism for 

graphene/PVP composite thin film fabricated by layer -by-layer approach. 

 

  

 

Figure 4-50 Capacitance–voltage analysis of capacitor at higher frequencies  when dielectric thin film is (a) 

PVP, (b) Graphene/PVP (Blended Approach) and (c) Graphene/PVP (LBL approach),respectively. 

(a) 
(b) 

(c) 
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5. Conclusions and Future Outlook 

5.1 Conclusions 

In this work mainly graphene flakes thin film, graphene/ZnO and graphene/PVP composite 

thin films are studied. Graphene flakes dispersion synthesis, its processing using EHDA 

technique and then its employment in diode device is taken on. Then graphene flakes are 

blended with ZnO and PVP for composite thin film fabrication. Then these composite thin 

films are employed in diode and capacitor, directly without using any cumbersome 

transferring mechanism.    

 

Firstly, the graphene flakes were synthesized by exfoliation and dispersed in aqueous 

solutions by the assistance of bath sonication and ultrasonication. This aqueous graphene 

dispersion was found to be stable even after 2 months. A simple diode device was fabricated 

to and graphene flakes film was deposited as cathode electrode by suing EHDA technique. 

Almost 100 times current density increased was observed when voltage was increased from 

0.3V to 4V in diode device. 

 

Secondly, composite thin films were fabricated using graphene flakes in combination with 

ZnO nano-particles and PVP polymer, respectively. Graphene flakes and ZnO were combined 

in different ways like layer-by-layer, blended and semi-blended approaches. Each time 

graphene/ZnO composite film was employed as cathode electrode to diode device. For layer-

by-layer approach, 200 times current density increased was observed. While, 110 times 

current density increased was observed for blneded approach of graphene/ZnO composite 

thin film and 50 times current density increased for semi-blended approach was noticed.  

 

Graphene/PVP composite thin film was employed as dielectric layer in capacitor. It was 

observed that at 1 KHz the capacitance capability was much better than simply PVP dielectric 

thin film. Also, it was observed at high frequencies that graphene/PVP composite thin film 

stabilized the capacitor performance as compared to PVP dielectric thin film based capacitor. 
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5.2 Future Outlook 

With the entire modern and well acceptable boom in graphene research, many important 

issues are still to be determined before bringing out the all-graphene electronics into the 

market. In our work, I think there is enough room for further research and improvement. As 

in our case the graphene flakes concentration is not very high because of the re-bundling of 

graphene flakes. So by finding new ways graphene flakes concentration can be increased and 

process can be more speeded-up. Regarding, graphene based composite thin films; it can be 

tried with other materials to find best combinations for better performance of electronic 

devices.  

 

2-Dimensional (2D) atomic crystals are stable materials, which carry many properties which 

cannot be found in their 3D counterparts. This class of materials has started with graphene - a 

monolayer of carbon atoms arranged into a hexagonal lattice.  Recently, new 2D materials are 

synthesized like graphane, h-BN, NbSe2, MoS2 etc. These materials can be investigated for 

best utilizations and mutual combinations of these materials can open up a new door for 

researchers, with unique electronic, chemical, optical and mechanical properties.  

Many of these various materials are structurally similar, but have very different electronic 

properties, ranging from semiconducting to metallic depending on their exact composition 

and thickness.  

 

Figure 5-1 2D Crystals Based Heterostructures. 
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