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ABSTRACT 

 

Graphene nanoribbon (GNR) is a narrow strip of carbon atoms which has exceptional properties 

and are being exploited for various applications, such as in semiconductor electronics, solar cells, 

and sensors. However, the realization of GNR based devices still needs an extensive research to 

achieve the commercial specifications. This research is mainly emphasized on the synthesis of 

high-quality GNR from double-walled carbon nanotubes (DWNTs) and fabrication of field effect 

transistor (FET) devices. Moreover, the electrical transport properties were also investigated for 

single-layer GNR (sGNR), multi-layer GNR with and without adsorption of molecular 

nanoparticles. The electrical transport properties of GNR device was tuned to semiconducting with 

the adsorption of molecular nanoparticles.  

This study demonstrates a simple and fast approach to band gap formation in sGNR using 

Hexaazatriphenylenehexacarbonitrile (HAT-CN6). In this process, sGNRs were synthesized by 

unzipping of DWNTs followed by casting the solution of HAT-CN6. HAT-CN6 on GNR forms 

self-assembled nanoparticle and the adsorption of nanoparticles was confirmed by AFM 

observation. Further, the electric property of pristine sGNR device and the device with HAT-CN6 

were measured using point-contact current imaging (PCI-) AFM and also with the FET device. 

Thus, the adsorbed nanoparticles on sGNR forms the electron trapping sites which result in a neck-

like structure of sGNR near the adsorbed region of the molecular nanoparticle. The neck region 

working similar to narrow width GNR (< 10 nm) allows the charge carriers passing through. Such 

a narrow sGNR has lateral confinement of charge carrier around the neck region hence the device 

turns to semiconducting. The activation energy of pristine sGNR and the sGNR with HAT-CN6 

were calculated by the results of temperature change measurement as about 1.5 meV and 52 meV, 
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respectively. The pristine sGNR has very low activation energy as compared to the device with 

HAT-CN6. Thus, the device with HAT-CN6 has a large transition from semimetallic to 

semiconducting property. The device could have various possible application in future electronics 

industry due to its semiconducting property. 

Moreover, the study also explains the fabrication of multi-layer GNR (mGNR) field effect 

transistor (FET) and control of its electrical property with the adsorption of the flat molecular 

nanoparticle. The stacked mGNR device shows the similar performance to the sGNR device due 

to lower inter layer coupling. Inter layer interaction was supposed to be lower since the turbostratic 

stacking of GNR was formed with CVD growth process. Next, HAT-CN6 were casted on the 

mGNR device to alter the electronic property of GNR. Thus, the adsorbed nanoparticles form the 

charge carrier trapping sites on mGNR and the channel width was narrowed due to the 

nanoparticles on GNR. Hence, the charge carriers are confined in a narrow channel and the device 

is in a transition state from semimetallic to semiconducting, which is similar to narrow width GNR. 

The on/off ratio and mobility of mGNR-FET device was also improved with the adsorption of the 

nanoparticle. The fabricated mGNR-FET device has wide area of semiconductor electronics 

applications in the semiconductor industry. 

Furthermore, X- and Y-type junctions were also fabricated using GNRs obtained by unzipping 

of DWNTs. The junction of the synthesized GNR shows semiconducting property whereas the 

other part shows the semimetallic property. The semiconducting property at the junction was 

supposed to be due to change in lattice orientation at the junction of two GNRs.  Such a junction 

can have great interest for the device and wiring application in the semiconductor industry. The 

semiconducting property in the several X-type junctions of wide GNRs (greater than 10 nm) was 

investigated.    
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1 CHAPTER 1 

Introduction 

 

1.1 Introduction to graphene 

A single atomic layer of graphite known as graphene has gained wide attention due to its intrinsic 

high electrical conductivity, large surface area, excellent mechanical strength, flexibility, and 

exceptional catalytic properties. These properties of graphene have been already investigated 

theoretically before 60-70 years,[1, 2] but graphene was supposed to be thermodynamically 

unstable at room temperature.[3] The first isolated graphene was observed by Geim and 

Novoselov. It is still an early stage of commercial production of graphene, and an intensive 

research continues to investigate new techniques that can be applied to make it available at 

industrial scale. There has been an intense research going on and an enormous number of 

publications on graphene-based nanomaterials to explore and tackle the challenges for numerous 

applications of graphene. Graphite is the source of graphene which is the combination of an infinite 

3-D crystal. It is stacked layers of graphene that interact with each layer weakly through van der 

Waals force. Graphite can be obtained naturally in an abundant amount and can be synthesized 

artificially by thermolytic processes, such as the production of highly oriented pyrolytic graphite. 

In spite of mechanical exfoliation to obtain single-layer graphene, there are several other 

techniques. Some of the techniques to obtain the graphene are epitaxial technique, solution-based 

graphene, and substrate-based with chemical vapor deposition (CVD) grown graphene.[4] 

This new class of material graphene has opened the wide range of research possibility in low-

dimensional physics. It is conceptually a new class of materials with one atomic thick layer. Single-
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layer graphene might be one of the thinnest material has ever been observed. The simplest 

technique that makes the production of graphene easy was the way of spotting the single-layer 

graphene among the thicker flakes and was obtained by Geim and Novoselov. Observing the 

single-layer of graphene was the biggest task at the very first stage. One atomic thick layer of 

graphene are usually invisible but it changes the color of SiO2 at the top of the wafer which makes 

it visible and can be measured. The mother of graphene and it’s all forms are shown in Figure 1.1. 

 

Figure 1.1  Mother of all graphitic forms, a basic building block to form 0D fullerene, 1D nanotube 

and stacked 3D graphite.[5] 

The electrical property of graphene is semimetallic with zero band gap and can be named as 

zero band gap semiconductor. In comparison with most of the materials, charge carrier transport 

property of graphene is different. The velocity of charge carriers remains constant throughout the 
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bands and does not decrease at the top of the valence band and the bottom of the conduction band, 

unlike other material. It has a high conductivity which makes it suitable for wiring, interconnects 

or transistor applications. It is an inert material which makes it possible to obtain on a large area 

with low defect densities and low electronic scattering rates.[5] Therefore, graphene literally 

exhibits exceptionally high carrier mobility, offering the tantalizing possibility of all-carbon 

electronics,[6, 7] including spintronics,[8, 9] chemical and biological sensing,[10, 11] 

nanoelectromechanical systems[12] and energy storage.[13] 

1.2 Introduction to graphene nanoribbon  

Over the past few years, graphene has gained wide attention among the all known materials with 

large potential applications in material science,[14] nanoelectronics,[5] nanophotonics and 

nanomechanics. It is an exceptional material with carrier mobility of 25000 cm2 V-1s-1 which 

enables the advancement in electronics with the fabrication of transistors having smaller channel 

resistance compared to their Si counterparts.[15] However, many of the electronics applications 

are handicapped due to special confinement of graphene, the zero band gap, and semimetallic 

behavior. The zero band gap of graphene limits the room temperature operation of transistors and 

remains the challenging topic. Numerous effort has been made to introduce the band gap in 

graphene by various methods but the device performance is not well improved.[16]  Some 

theoretical and experimental results suggest that the strip of graphene less than 10 nm width can 

be used to open the bandgap in graphene for electronic device applications, but it has the limitation 

of edge state control which contributes the bandgap formation.[17] It has also been reported that 

the band gap of graphene nanoribbons (GNRs) is inversely proportional to the ribbon width which 

is due to quasi-one-dimensional carrier confinement in narrow width GNRs. The electronic 

property of quasi-one-dimensional structure of GNRs makes it different from that of its counterpart 
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graphene (2-D material). Thus, GNR becomes one of the important candidate materials for the 

next generation semiconductor electronics possessing various applications like transistors, sensors 

and the optoelectronics devices. The methods to obtain GNR is discussed in the following section. 

1.3 Recent progress in GNR synthesis  

Graphene nanoribbon is a narrow width strip of graphene which has attracted wide attention among 

the researchers due to its potential applications in various fields. The focus on GNR is made due 

to some limitation of graphene, in spite of very high carrier mobility in graphene. It cannot be used 

for room temperature application of transistors due to its zero band gap. Whereas the band gap in 

GNR can be obtained by various engineering steps, like doping with foreign molecules, forming 

nanomesh in the graphene sheet, cutting down graphene sheet to narrow width GNR and many 

other methods. Thus, the narrow width GNR can be very useful in semiconductor technology for 

transistor and wiring applications. Especially the semiconductor industry is in high demand of new 

material to replace the silicon technology as it is approaching the limit of miniaturization. Width-

dependent energy gap of GNR[18] was reported by Melinda et al. which is shown in Figure 1.2.  

 

Figure 1.2 Reciprocal of energy gap Eg as a function of width of GNR.[18] 
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It suggests that energy gap of GNR device is disproportional to the width of GNR, which means 

as the width decreases the energy gap increases. Thus, narrow width GNR has high energy gap 

and can be used for semiconductor device applications. 

Furthermore, the edge of GNR also has great impact on the electronic property of GNR. 

Depending on the obtained edge structure of GNR through various process steps, the nanoribbon 

can be defined as an armchair (A) GNRs or zigzag (Z) GNRs. Moreover, the electronics property 

of two types GNRs differs depending upon the nanoribbon width and its shape. It has already been 

theoretically predicted that both AGNRs and ZGNRs has bandgap inversely proportional to the 

nanoribbon width.[19, 20] Apart from the above two types of GNR, there is also other type of 

nanoribbon known as chiral GNR and the electronics property of such GNR depends on the cutting 

angle. Chiral GNR has the combination of both types of edge structures that is AGNR and ZGNR. 

Some of the synthesis approach to obtain GNR are discussed below in brief. However, in spite 

of rapid development in research and technology, it still remains the challenging topic to achieve 

high quality controlled edge structure of GNR. In this step, there is various research going on to 

obtain GNRs with the carbon nanotubes (CNTs) through several methods like using lithographic 

approach,[18, 21, 22] chemical[23-25] or sonochemical[26] approaches. However, it is difficult to 

obtain high yield GNRs with smooth edges structures and controllable width. Hence, the 

researchers are trying to find the suitable technique to unzipping CNTs which can produce high-

quality GNRs. Some of the methods to synthesize GNRs are discussed below. 

1.4 Methods to obtain GNR 

The GNR can be obtained with various methods like nanotomy, epitaxial growth of GNR and 

CVD growth. All these methods are basically divided into two main categories, top-down and 
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bottom-up approaches as shown in Figure 1.3. Both of them are discussed briefly in the respective 

sections. 

 

Figure 1.3 Approaches to obtaining the GNR 

1.4.1 Top-down approach 

Top-down approach is a process to obtain the precise segment of material starting with the big 

module. In this research top-down approach refers to obtain GNRs with the graphene or CNTs 

which is “mother” of GNR. There are various methods involved to obtain GNRs through the top-

down approach. It can be obtained by precisely cutting the graphene sheet to GNR,[21] 

sonochemical method,[26] nanowire lithography approach,[27] cutting of graphene in nanoscale 

using nickel nanoparticles[23, 28] or a diamond knife cutting[29] and unzipping of carbon 

nanotubes.[30, 31] Some of the top-down methods to obtain GNRs are discussed below in brief. 

1.4.1.1 Unzipping double-walled carbon nanotubes  

In our group, we are successfully able to unzip double-walled carbon nanotubes (DWNTs) via 

sonication process. In this process, the defects were induced to as obtained pristine DWNTs by 

annealing in the furnace under an ambient environment at 500 °C. At next, the annealed DWNTs 

and Poly [(m-phenylenevinylene)-co-(2,5-dioctoxY-p-phenylenevinylene)] (PmPV) were added 

to 1, 2-dichloroethane and sonicated. During the sonication process, DWNTs starts unzipping and 

with the time it was unzipped to double-layer GNRs (dGNR) and as the sonication further 
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increases, the dGNRs were peeled off to the single-layer GNR (sGNR).[32] The AFM images of 

DWNT unzipped to sGNR is shown in Figure 1.4 with the height profile of GNR.   

 

Figure 1.4 AFM images of unzipping DWNT. (a) DWNT as a starting material. (b) dGNR obtained 

by the unzipping. (c) Splitting region of dGNR to two sGNRs. (d) Obtained sGNR. (e) Height 

profile of the dGNR in fig. (c), obtained along the line A-A′. Height and width of the dGNR are 

1.64 nm and 33.8 nm, respectively. (e) Height profile of the dGNR in (c), obtained along the line 

B-B′. (f) The height and width of sGNR in figure (c) on the left are 0.87 nm and 31.2 nm 



8 
 

respectively, and those of the sGNR on the right are 0.62 nm and 34.2 nm respectively. The insets 

in (a, b and d) show the height profile along the white line in each case. The images (a–d) 

correspond to different samples.[32] 

There were no other unzipping methods reported so far to obtain sGNR from DWNTs in such 

a high percentage ratio. The percentage ratio of obtained sGNR was more than 90 %. It is the 

remarkable technique to obtain the sGNR which has better electrical property as compared to 

dGNR. It can be used for various applications like transistors, interconnects, wirings and many 

other.  

1.4.1.2 Unzipping multi-walled carbon nanotubes  

The unzipping of multi-walled carbon nanotubes (MWNTs) was reported by Jiao et al. with 

various methods in his several reports. One of his reports suggests that high-quality defect-free 

GNRs can be obtained by unzipping MWNT by sonication process using an organic solvent.[33] 

He reported that the obtained GNRs were atomically smooth and has width between 10-20 nm. 

They fabricated the field effect transistor (FET) device with the obtained GNR to measure the 

electrical property of GNR-FET device. The GNR-FET device with 14 nm GNR width shows high 

mobility of approximately 1500 cm2/Vs and high electrical conductance of 5e2/h. Under low 

temperature, the GNR device shows phase-coherent transport and Fabry-Perot interference. This 

characteristic of the device suggests that the obtained GNR has minimum defects and edge 

roughness. 

Furthermore, the unzipping of CNT by plasma etching was also suggested by the same group 

in which the nanotubes were partly embedded in a polymer film.[31] In this process, MWNTs 

were dispersed in tween 20 aqueous solution and sonicated for well dispersion followed by 

centrifuge to remove the aggregates. The obtained suspension was casted on SiO2 substrate and 
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calcined to remove the Tween 20. Then PMMA was spin-coated over the pre-deposited MWNT 

on SiO2, which results in MWNT-PMMA film and the film was peeled off with KOH solution.  

 

Figure 1.5 GNRs from MWNTs. (a) MWNT used as starting material. (b) MWNT deposited on Si 

substrate and coated with PMMA film. (c) PMMA–MWNT film peeled from the Si substrate, 

turned over and then exposed to an Ar plasma. (d) The products were obtained after etching for 

different times: GNRs with CNT cores were obtained after etching for a short time. (e-g) Tri-, bi-

and single-layer GNRs produced after etching for variable times. (h) The PMMA was removed to 

obtain the GNR.[31] 

Then the film was adhered to Si substrate and etched with Ar plasma to cut the MWNT. The 

synthesis approach of GNR was schematically represented in Figure 1.5. The GNR obtained 

through this method shows similar property obtained in a lithographically patterned GNRs. This 

method has a great advantage and can produce well aligned GNR array of controlled structure and 
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narrow width in sub 10 nm. Hence, suitable for the production of large-scale and high-quality GNR 

for electronics applications. 

1.4.1.3 Chemical synthesis of GNR 

The other method to synthesize the GNR was reported by Youpin Gong et al. He reported the 

fabrication of high-quality GNR through the chemical process by unzipping single-walled carbon 

nanotubes (SWNTs).[34] They used the CVD grown SWNT arrays with the density of 1-5 

SWNT/um. The unzipping was processed through the chemical route in which 1-2 nm Zn film was 

deposited on SWNT array through magnetron sputtering followed by HCL dipping. This results 

in the well aligned GNR array which can be used for device integrations. The obtained GNR has 

height between 0.5 to 0.7 nm which was confirmed by AFM. Raman spectra and FET measurement 

were used to verify the intrinsic property of the GNR. Raman spectra show low Id/Ig ratio which 

confirms the GNR was of high quality and smooth edge. They also had confirmed that the obtained 

GNR through this process was chiral with low edge disorders. 

1.4.1.4 Splitting MWNTs using potassium vapor 

Moreover, Dmitry V. Kosynkin et al. investigated the opening of MWNT by using the potassium 

vapor.[35] They predicted that the alkali metal atom penetrates in the MWNT at an elevated 

temperature which opens the MWNT. In this process, potassium atom forms the intercalated 

compound within the MWNTs which was frequently observed in graphitic carbon.[36, 37] 

However, in this case splitting is supposed to be due to the generation of H2 upon the quenching 

through the ethanol which results in 100% longitudinal splitting of MWNT as shown in Figure 

1.6. Such a splitting of MWNT can form the narrow GNR with the few process steps. 
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Figure 1.6 Schematic of the splitting process and SEM images of GNRs on Si/SiO2 surface. (a) 

Schematic of potassium intercalation between the nanotube walls and sequential longitudinal 

splitting of the walls followed by unraveling to a nanoribbon stack. (b) Chemical schematic of the 

splitting processes where ethanol is used to quench the aryl potassium edges. (c) Overview of a 

large area showing complete conversion of MWCNTs to GNRs. (d, e) Images of isolated GNR 

stacks are demonstrating characteristic high aspect ratios and predominantly parallel edges.[35] 

1.4.2 Bottom-up approach to obtain GNR 

In spite of rapid development in top-down approach to synthesize GNRs, there is still lack of 

achievement to obtain the high-quality smooth edge GNR. In contrast, bottom-up approach utilizes 

the chemical properties of single molecules to obtain self-organized or self-assembled GNRs. 
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Through this approach, atomically smooth edge GNRs can be obtained. Some of the bottom-up 

synthesis methods to obtain GNRs are discussed below. 

1.4.2.1 Chemical synthesis of GNR 

Cai et al. reported that bottom-up chemical synthesis approach which has a great potential to 

synthesize the narrow width GNRs.[38] He reported the fabrication of nanoribbon on the surface 

of gold (111) or silver (111) single crystals by coupling molecular precursors into linear 

polyphenylenes followed by cyclodehydrogenation. The obtained nanoribbons were atomically 

smooth with armchair edges and have the width similar to few benzene ring. Furthermore, the 

researcher Timothy H. Vo. et al. demonstrated the bottom–up synthesis of narrow width atomically 

engineered GNRs.[39] He also reported that such an atomic scale GNR are currently unachieved 

by any top-down approaches.[40, 41] The obtained nanoribbons were approximately 1 nm wide 

and atomically smooth armchair edged. The achieved energy gap was approximately 1.3 eV which 

is significantly higher and have the potential applications for electronic device fabrications. 

1.4.2.2 Organic synthesis of GNR in solution 

The GNRs can be synthesized chemically with atomic precision from different types of 

monomers.[6, 26, 42] Such a GNR have a fine structure with narrow width and uniform edge in 

few nanometers. The reports also suggest the GNR with the length (L > 600 nm) have been 

achieved through bottom-up organic synthesis[43] and large-scale production can be achieved 

through this method.[39] In contrast to the ‘‘top-down’’ approach, ‘‘bottom-up’’ organic synthesis 

in solution can produce well-defined GNRs with uniform edge states. However, the transferring 

process to the suitable substrate is a bit challenging. 
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1.4.3 Lithographically cutting the graphene to GNR 

In spite of unzipping CNT, there are various other methods reported to obtain monolayer GNR 

with the few layer of the graphene sheet. The lithographic approach is one of the popular 

approaches to cut the graphene sheet into narrow GNRs. But, there is a limitation in achieving the 

narrow width and smooth edge GNR. However, with the advancement in technology, there is an 

enormous progress in lithographic technology and can achieve the good quality of GNR. Some of 

the lithographic technique to obtain GNRs are discussed in following sections. 

1.4.3.1 Helium ion beam lithography 

Helium ion beam lithography (HIBL) is one of the finest technique to obtain the narrow width 

GNR from graphene. It has very fine resolution and small spot size as compared to electron beam 

(EB)-lithography. Since the mass of helium ions are over three orders of magnitude to that of 

electrons thus very low scattering around the apertures[44] which results in fine quality of 

patterning.[45] Through this technique, the graphene nanoribbon less than 10 nm width can be 

achieved.[46, 47] Moreover, the reports also suggests that the HIBL can create random defects in 

graphene lattice in order to create band gap.[48] Ahmad N. Abbas et al. reported the fabrication of 

FET with the GNR obtained through the HIBL. They can fabricate the dense GNR array up to 5 

nm width and 2 um length.[16] Furthermore, the fabricated FET was measured to observe the band 

gap in GNR. They observed the activation energy and the band gap approximately 44 meV and 88 

meV respectively. This finding suggests that the GNR obtained through HIBL has a good quality 

with low defects. The fabricated GNR arrays through HIBL technique is shown in Figure 1.7. 
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Figure 1.7 (a) Schematic of GNR arrays fabricated by HIBL. (b-d) Helium ion microscope images 

of (b) 5 nm, (c) 6 nm, and (d) 7.5 nm half-pitch arrays. (e) Helium ion microscope image of high 

aspect ratio GNRs (width length is 5 nm 1200 nm). (f) Helium ion microscope image shows the 

smooth interface between graphene and patterned GNRs. For all images, bright lines represent 

graphene.[16] 

1.4.3.2 Electron beam lithography for patterning graphene 

Various approaches have been made to lithographically pattern the graphene[18, 49] to achieve 

the nanostructure suitable for device fabrication, but there is still lack of control on the edge 

structure of GNR. The theoretical studies suggest that the control of edge state is important from 



15 
 

the perspective of energy gap since the energy gap is directly influenced by the atomic structure at 

the edge of GNR.[19, 50-54]  Zhiwen shi et al. reported the controlled edge state GNR fabrication 

by the lithographic approach. He fabricated the GNR down to 10 nm width with low defect and 

zigzag edge structure.[55] The report suggests that the zigzag edged GNR has interesting 

characteristics like low edge scatting and phonon mode, semimetallic behavior independent of the 

GNR width, which makes it suitable for device fabrication. The other group also suggested about 

the graphene nanoribbon electronics.[21] They fabricated 20 nm GNR with the EB lithography 

technique. They described that unlike CNTs, GNRs has also defects which results in carrier 

scattering. It has the boundary conditions that has localized edge states[56] which affect the carrier 

transport phenomenon. In this aspect, Hoog's law suggests as the size of the material decreases the 

noise intensity increases.[57] 

1.5 Objective of this study  

The main objective of the research are: 

1. The synthesis of graphene nanoribbon and altering its electrical property by adsorption of 

molecular nanoparticles.  

2. Fabricating the sGNR-FET device and investigating the electrical property of sGNR-FET 

with and without the adsorption of molecular nanoparticles. 

3. Fabricating the multi-layer GNR (mGNR) FET device and tailoring the electrical property 

of mGNR-FET with improved on/off current ratio. 

4. Synthesizing the X-type, Y-type GNR and investigating the electrical property of the 

synthesized GNRs. 
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1.6 Research scope of this work 

In this research work, the main aspects to be discussed are the synthesis of sGNR with DWNT, 

fabricating the sGNR-FET device and tuning the electrical property of sGNR-FET and mGNR-

FET device with an adsorbent material. The scope of this study covers: 

1. High percentage ratio synthesis of sGNR from DWNT by sonication process. 

2. Stacked growth of mGNR by CVD process over the sGNR or dGNR template and investigate 

the electrical property. 

3. Fabrication of FET device with single-layer and multi-layer GNR and investigating the 

electrical property of fabricated GNR device with and without the adsorption of molecular 

nanoparticle. Such a device could be promising candidate for next generation nanoelectronics 

as it has the device as well as interconnect in a single component.  

4. Transition of metallic to semiconducting property of GNR by the adsorption of molecular 

nanoparticles. 

5. The electrical property of GNR was analyzed with point contact current imaging (PCI-) AFM 

and the electrical measurements. 

1.7 Outline of the thesis 

This thesis consists of six chapters. Chapter one explains the introduction covering the research 

interest of graphene and graphene nanoribbon, Recent progress in GNR, synthesis methods of 

GNR,  objectives of the research and scope of research.  

Moreover, Chapter two deals with the preparation of sample, materials, chemicals used and 

synthesis of single-layer and multi-layer GNR. This chapter also includes the brief discussion 

about the fabrication of FET device and the process used in the device fabrication, like resist 
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coating, EB-lithography, metallization and lift-off. The characterization techniques, tools, and its 

working principle are also included in this chapter.  

Chapter three explains the synthesis of sGNR, adsorption of molecular nanoparticle, the 

change in an electrical property of sGNR with and without nanoparticle adsorption. It also 

describes the details of fabricated FET and the obtained results. The characteristic of the device 

was also investigated at low temperature and are discussed in details. The device shows an 

interesting semiconducting property with the nanoparticles on it, which could be very interesting 

for future nanoelectronics industry   

Chapter four focuses on altering the electronic property of multi-layer GNR. It briefly 

describes the growth of mGNR, the electrical property of mGNR and fabrication of FET device. 

This chapter also describes the change in an electrical property of mGNR after adsorption of 

molecular nanoparticle and its mechanism was also discussed.  

Chapter five mainly emphasized on the fabrication of X,Y-type GNR cross junctions. It also 

includes the discussion about the change in an electrical property of GNR at the X,Y-cross 

junctions and the possible reasons for the change in property. 

Finally, chapter six states the conclusion of the research work as well as some suggestions and 

recommendations.  
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2 CHAPTER 2 

       Methodology 

 

2.1  Introduction 

In spite of rapid development and advancement in technology, there is still a big challenge in 

synthesizing high-quality defect-free graphene nanoribbons (GNRs) and to fabricate the device 

using GNR. Thus, various process steps involved in the fabrication of GNR based devices are to 

be considered carefully, including GNR synthesis, GNR deposition on a substrate with appropriate 

density, electron beam lithography, developing resist, metal electrodes deposition, lift-off process, 

thermal annealing etc. Each and every process step has its own importance and uniqueness those 

are involved in good quality device fabrication. Moreover, once the devices are ready the credit 

goes to the measurement equipment. There may also various problems encounter during the 

experimental process, some of them might be common problems where some difficult to 

understand and analyze, hence the experimental process must be considered carefully.  

Furthermore, it should be worth to discuss the equipment’s which were used in synthesizing and 

fabricating the device. It would be also worth to discuss the critical problems encountered during 

the experimental process. Electron beam (EB)-lithography and lift off process were important steps 

to discuss here in detail for the field effect transistor (FET) device fabrication. 

2.2 Preparation of sample 

In order to fabricate the best device for studying its electrical properties, it is important to obtain 

the best quality samples through an appropriate method. Preparation of sample plays an important 

role in understanding the fundamental properties of the device. It can be from any perspective, 
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either device fabrication or characterization. Considering an example, if good quality GNR 

samples are not achieved at starting point of device fabrication, it definitely would not have a good 

chance to obtain intrinsic physical properties. Moreover, the atomic force microscope (AFM) or 

scanning electron microscopy (SEM) images for the sample could not obtain the good quality of 

GNRs. The sections below describe the sample preparation for synthesizing GNRs and achieving 

single-layer GNR (sGNR), fabrication of multi-layer GNR on a single-layer or double-layer GNR 

(dGNR). Apart from this, the following section will also describe the equipment’s used for device 

fabrication and their brief explanations. Moreover, the brief explanations of the characterization 

tools and measurement methods are also discussed in this chapter.  

2.3 Raw materials and chemicals used in synthesizing GNR 

The materials and chemicals used in this research are listed in Table 2.1.  

 

Table 2.1 List of chemicals and materials used for this research work 

Materials and 
Chemicals 

Function Supplier Remarks 

DWNT To obtain 
GNR by 
unzipping 

Tokyo 
Chem. Ind. 

Purity      : > 55 % 
Diameter : < 5 nm 
Length     : 5-15 um 

Ethanol Cleansing 
Agent 

Wako pure 
Chem. Ind. 

Chemical Formula: C2H6O 
Molecular Weight : 46.07 g/mol 

Acetone Cleansing 
Agent 

Wako pure 
Chem. Ind. 

Chemical Formula: (CH3)2CO 
Molecular Weight : 58.08 g/mol 

1,2-
Dichloroethane 

Solvent for 
DWNT 

Wako pure 
Chem. Ind. 

Chemical Formula: (CH2)2(Cl)2 
Molecular Weight : 98.96 g/mol 

PmPV Surfactant 
Agent 

Sigma-
Aldrich 

Poly [(m-phenylenevinylene)-co-
(2,5-dioctoxY-p-
phenylenevinylene)] 
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2.4 Synthesis of graphene nanoribbons 

The GNRs used here for the experiments are synthesized by unzipping double-walled carbon 

nanotubes (DWNTs) with diameters of about 5 nm. We are the first in our group to synthesize the 

GNR by unzipping the DWNT with the high percentage ratio of sGNR, approximately 90 %.[1] 

In this process, the defects on the sidewalls of pristine DWNTs were induced by annealing the 

DWNTs in the furnace at 500 °C for 3 hours. The temperature profile for annealing DWNTs to 

induce the defects in the sidewalls of DWNTs is shown in Figure 2.1 (a). 

 

Figure 2.1 The temperature change profile of annealing (a) To induce the defect in pristine DWNT 

(b) Annealing the sample after casting of GNR to remove PmPV 

The annealed DWNTs and 3 mg of Poly [(m-phenylenevinylene) -co-(2,5-dioctoxY-p-

phenylenevinylene)] (PmPV) were added to 10 ml of 1, 2-dichloroethane for the sonication. The 

solution was sonicated for 4 hours at 37 kHz by a 600W sonicator, which unzips the DWNT to 

obtain GNRs. The PmPV in the solution works as a surfactant to stabilize the unzipped GNRs in 

solution. The obtained solution was centrifuged at 50000 G (20000 rpm ca; TOMY Suprema 23 

High-Speed Centrifuge) for 5 hours to remove the remained nanotubes and amorphous carbon 

aggregates. Finally, the supernatant which contains GNR was extracted and cast on SiO2 substrate. 
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The substrate was then annealed at 350 °C for 3 hours under air to remove the PmPV from the 

substrate and GNR. The temperature profile for annealing the sample to remove the PmPV on 

GNR is shown in Figure 2.1 (b). Subsequently, AFM observation was carried out to confirm the 

GNR on the sample. The obtained GNR solution after all the process steps as described above is 

shown in Figure 2.2. There are three different solutions in the figure, which are synthesized at 

three different times. All the solutions are very clear and fine GNRs with a high percentage ratio 

of sGNR were obtained with these solutions. The AFM image of the casted GNR solution on SiO2 

substrate is also represented in Figure 2.2 with the magnified image showing clear GNRs on the 

substrate with few bright spots of PmPV.  

 

Figure 2.2 shows the solutions of GNR after sonication and centrifuge, followed by casting on 

SiO2 substrate, annealing, and AFM imaging. The high-quality GNRs with few bright spots of 

PmPV are identified under AFM scanning. 
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Next, the acetone solution of 1,4,5,8,9,12-hexaazatriphenylene-hexacarbonitrile (HAT-CN6) 

was cast on the substrate. As the acetone evaporated, self-assembled nanoparticles of HAT-CN6 

were adsorbed on the sGNRs through π-π stacking. The molecular structure of HAT-CN6 is shown 

in Figure 2.3. It is an acceptor molecule with LUMO energy level of - 4.4 eV.[2] The molecular 

nanoparticle played an important role in altering the electronic property of sGNR. To confirm the 

change in electric property, FET measurement was performed by the four-probe system (Pascal 

Co., Ltd) with semiconductor parameter analyzer as well as point contact current imaging (PCI-) 

AFM which was self-modified from general AFM (JEOL JSPM-5200).  

 

Figure 2.3 Molecular structure of HAT-CN6 used to alter the electronic property of GNR. The 

LUMO of this material is -4.4 eV 

The electrodes of FET device were fabricated from Ti/Pt (6 nm / 24 nm) with the gap of 700 

nm on SiO2 substrate through EB-lithography. The width of sGNR for FET measurement was 23 

nm. Finally, the temperature dependent property of a device was measured at different temperature 

by varying the Vgs and fixed 0.5 V Vds. 

2.5 Multi-layer GNR growth on sGNR or dGNR template 

DWNTs were used as a starting material with the diameters about 5 nm. Defects were induced to 

pristine DWNTs by annealing at 500 °C. 3 mg of PmPV and the annealed DWNTs were added to 
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10 ml of 1, 2-dichloroethane solution. The solution was sonicated for 4 hours at 37 kHz by 600W 

sonicator to unzip the DWNT. The solution obtained with the sonication was centrifuged at 50000 

G (20000 rpm ca; TOMY Suprema 23 high-Speed centrifuge) for 5 hours to remove the remained 

nanotubes and amorphous carbons or the agglomerated nanotubes. Finally, the supernatant was 

extracted in a clean bottle and obtained GNR solution was casted on SiO2 substrate. The substrate 

was then annealed at 350°C for 3 hours under air to remove the PmPV from the substrate and 

GNR. 

 

Figure 2.4 AFM images of GNRs. (a) GNRs obtained by unzipping DWNT. (b) Stacked layer of 

GNRs after CVD growth. (c) Change in height profile after growth of GNR. (d) Change in width 

profile after growth.[R. Negishi et al. submitted]  
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Next, the sample was further processed for the growth of stacked GNR layers through sloped-

temperature CVD process. This makes the growth layer by layer on the pre-GNR deposited 

substrate. In this process, the carbon feedstock decomposition and graphene growth were 

separately controlled. [3-5] The control temperature in the furnace for the experiments was 900 °C 

for the carbon feedstock decomposition and 720-744°C for GNR growth. GNR samples before 

and after the CVD growth were characterized using AFM measurements. The height change can 

be clearly observed with the AFM images which confirm the number of layer grown on GNR 

template. The change in height and width profile of GNR with the AFM images is shown in Figure 

2.4. Subsequently, gold electrode was deposited on the substrate containing multilayer GNR and 

the device can be used for electrical measurement.  

Furthermore, the acetone solution of HAT-CN6 was cast on the substrate. As the acetone 

evaporated, self-assembled nanoparticles of HAT-CN6 were adsorbed on the multilayer GNRs 

through π-π stacking.[1] To confirm the change in electric property, FET measurement was 

performed by the low-temperature four-probe system (Pascal Co., Ltd) with semiconductor 

parameter analyzer. Gold electrode with Ti/Au (6 nm / 24 nm) with the gap of 1 um were deposited 

on SiO2 substrate through EB-lithography. The width of multilayer GNR for FET measurement 

was 20 nm. Finally, the temperature dependence property of device was measured at different 

temperature by varying the gate-source voltage (Vgs) and fixed drain-source voltage 0.5 V. 

2.6 Fabrication of FET device 

The fabrication of FET device contains various process steps such as resist coating on the substrate, 

EB-lithography for drawing the electrode pattern and many other process steps. The flow chart for 

the fabrication of FET device is shown in Figure 2.5. 
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Figure 2.5 The flow chart for device fabrication 

2.6.1 Electron beam (EB) resist 

EB resist also known as photoresist is a resistant substance coated on the substrate to protect the 

surface of the sample during the various process of treatment. In general, there are two types of 

resist, namely positive type resist and a negative type resist. The basic difference between two 

types of resist is the effect on the exposed area, in the case of positive type resist the exposed area 

becomes soluble whereas, exposed area becomes insoluble in negative type of resist. 

Polymethylmethacrylate (PMMA) or GL-2000 are the positive resist used for e-beam lithography 

and can be easily removed by dimethyl sulfoxide. 
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2.6.2 EB resist used in this experiment 

The selection of resist and finding the appropriate dose and current conditions of EB-lithography 

for the specific designed pattern are very important. This can be achieved by the expert operator 

in few repeated experiments and can be fixed accordingly. Moreover, it is important to avoid the 

excessive exposure to guarantee high-quality patterns.[6] The skilled operator can adjust the focus 

without taking long time which reduces the damage of sample with the electron beam. In this 

experiment, GL-2000-M (Gluon lab.) positive tone resist diluted with anisole was used as EB-

resist in the concentration ratio of 1:1. The reason for diluting the as obtained resist is to achieve 

the required thickness of the resist on the substrate. The thickness profile of the resist with the 

rotation speed is shown in Figure 2.6. 

 

Figure 2.6 Thickness profile measured for the resist GL-2000-M, as obtained (blue curve), and 

resist diluted with anisole (red curve). 

The resist was spin-coated on the substrate which had already GNR deposited on it. Depending 

on the required thickness of EB resist the rotation speed and time of spin coater can be adjusted.  

By repeated experiments, we found 160 nm resist thickness is appropriate for our device followed 

by 5 minutes baking on a hot plate at 180°C. After the resist coating, the sample was set to the 

sample holder in EB machine. At the next step, the designed pattern was loaded to the EB control 

software and checked properly to avoid any mistakes in design. The focus was adjusted with 
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respect to the mark at the corner of the substrate and dose was set to 167 uC / cm2 with current 

around 30 nA to draw the pattern. Subsequently, after drawing the pattern the sample was dipped 

in N-amyl acetate (Zeon ZED-50) developer solution for 5 min to develop the pattern. The 

developed pattern was then ready for metal deposition. 

2.6.3 Electron beam lithography 

Photolithography is one of the most widely used lithographic technique in semiconductor industry 

if the pattern size is in the micrometer range. Photolithography is cheaper and more convenient as 

compared to other lithographic approaches. In the past few decades, there was great advancement 

in lithographic techniques and several methods are developed such as ion beam lithography, X-

ray lithography, and EB-lithography. The diffraction limit is one of the important issues in the 

lithographic semiconductor technology to achieve a fine pattern of smaller size. Nowadays, EB-

lithography is widely used in obtaining the nanostructures and are available with the very high 

resolutions. Although EB-lithography is a time-consuming process and costly, but it still has the 

advantage of forming the fine pattern of very small feature size which makes it widely acceptable.  

In this experimental process, EB-lithography plays an important role to fabricate the FET 

device. The electrodes were patterned on the samples for the device fabrication through EB- 

lithography. The standard EB-lithography was used which is also equipped with SEM (Elionix 

ELS-7500) and has the range up to 50kV. The system for EB lithography is shown in Figure 2.7 

(left). The control panel interfaced with software control to draw the electrodes is shown in Figure 

2.7 (right). There are various factors to consider in designing and controlling the drawing of fine 

patterns, such as operator skill and the equipment accuracy, etc. The experienced operator on a 

specific system can achieve high accuracy and the best resolution, since each and every system 

has its own property and operating conditions, in spite of following the standard process. 
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Figure 2.7 EB-lithography system used in this experiment for drawing the pattern, equipped with 

the control panel (right) controlled by a computer interface. 

2.6.4 Metal deposition for electrode 

The selection of appropriate metal and deposition technique for the fabrication of the source-drain 

contact electrodes is very important. Some of the most widely used techniques for metal deposition 

are sputtering, CVD, thermal evaporation or electron beam evaporator. Here, we use the sputtering 

method to deposit the source-drain electrodes. Titanium followed by Platinum was sputtered to 

fabricate the electrodes on the developed pattern obtained from EB-lithography. The principle of 

deposition usually employ the magnetrons that utilize strong electric and magnetic fields to confine 

charged plasma particles close to the surface of the sputtering target.  

Typically, the gas used for sputtering is an inert gas, mostly argon is used. The argon ions with 

high energy are injected and collide with each other which results in the displacement of the atoms 

from the target surface. In this process, the particles are ejected from the target in response to the 

bombardment of the target by energetic particles as shown in Figure 2.8.  
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Figure 2.8 Schematic diagram of the sputtering system and its mechanism 

The sputtering can take place only when the kinetic energy of the incoming particles is much 

higher than thermal energy. The deposition of metal takes place on the surface of the sample in 

high vacuum and was monitored by setting parameter in the display system. The setup of sputtering 

machine used for metal deposition is shown in Figure 2.9. 

 

 Figure 2.9 The set-up for metal deposition. Three targets are equipped with this sputtering system. 
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To deposit the required thickness and smooth dispersion of metal on the sample surface, some 

of the operation skills are required, such as adjusting the pressure of the chamber for deposition, 

the rate of the deposition and the rotation speed of the sample. The pressure inside the chamber for 

Pt and Ti deposition were 4 x 10-5 Pa and the deposition rate was 0.8 Å/s and 1 Å/s respectively. 

The thickness of the electrodes was 30 nm which contains 6nm of Ti and 24 nm Pt. Ar gas was 

injected in the chamber before the deposition to make the chamber free of any impurity or oxygen 

atoms.  

2.6.5 Lift-off process and annealing  

Once the metal was deposited on the patterned substrate, the lift-off is required to remove the extra 

deposited metal apart from the electrode. This is the crucial part to obtain a good device since over 

etching or less etching can result in a defective device. Over etching introduces the defect to GNR 

underneath the contact electrodes whereas less etching results in the remaining of resist over the 

GNR or reaming the metal on the GNR. The lift off was carried out in dimethylsulfoxide for 2 

hours. After the lift-off process, the device was dried well in a vacuum desiccator to remove any 

humidity on the sample. Then, the device was annealed to achieve the good contact between the 

electrode and the GNR. The annealing was carried out for 2 hours at 350°C. The annealing furnace 

(Full-Tech Ft-101) was used to remove the impurities and improve the contact resistance of the 

GNR and deposited metal.  

2.7 Characterization of the device 

Various characterization tools are required to investigate the type, structure or morphology of the 

individual device. The selection of characterization tool depends on the property, for which the 

individual is interested in investigating. Here, we use the atomic force microscope (AFM) and 

scanning electron microscope (SEM) to study the height, length, and width of GNR and electrode 
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itself. The electrical characterization was carried out by semiconductor parameter analyzer coupled 

with the four probe system to measure electrical behavior. Our probe is also equipped with the 

low-temperature system which can measure the electrical characteristic at lower temperature up to 

10K. 

2.7.1 AFM observation 

The AFM also known as scanning probe microscopy (SPM), is a powerful tool widely used in the 

nanoscale research. It has a high resolution of the order of a fraction of a nanometer, which can be 

used to precisely overserve the height, length or morphology of nanomaterials. Here, we used 

atomic contact mode AFM (JEOL JSPM-5200) to observe the GNR. The AFM setup is represented 

in Figure 2.10.   

 

Figure 2.10 The AFM setup and software used to control the AFM (JEOL measurement) 

equipment. 

The AFM system contains the optical microscope to align the laser and the cantilever for 

scanning. Most of the GNR observed was sGNR with the height of approximately 0.6 nm and a 
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length of 1 to 2 um. The quality of the image depends on the cantilever tip and the skill of the 

operator to control the software. In general, before scanning the sample the cantilever is set to auto 

tune and auto approaching in which the resonant frequency is adjusted automatically. Whereas, in 

some cases it is required to set manually, which requires the skill of operation to avoid the 

cantilever damage to obtain the finest quality images.  Slow scanning rate and proper laser 

alignment are some of the parameters to obtain good quality of images. Vibrations or any type of 

noise can also affect the quality of the image. Hence, we need to observe the AFM in a vibration 

free environment with less noise.  

2.7.2 Point-contact current imaging AFM (PCI-AFM)  

PCI-AFM is one of the powerful tools to obtain the current images of the conductive material. This 

is self-modified AFM which use the conductive cantilever for measuring the current of samples 

containing conductive materials. It is different from general AFM, as AFM can perform contact or 

point contact mode measurement. But it can have some problems like loading force of tip can 

cause damage to sample, and piezoelectric actuators may results in inaccurate positioning due to 

the thermal drift of the tip in point-contact mode.[7] However, PCI-AFM is a combination of 

tapping mode and point-contact mode AFM. The tapping mode is used for topographic images 

whereas the point-contact mode is used for measuring the I-V characteristic.[8-11]  

Thus, it can provide high-resolution topographic images and I-V characteristics simultaneously 

which is good for both the electrical property and structural images of the material. The schematic 

setup for the PCI-AFM is shown in the Figure 2.11. The figure also contains the AFM image and 

the current images obtained with the PCI-AFM. The current can be measured at any point with the 

obtained current topography and the electrical property of the material can be investigated. 
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Figure 2.11 shows the schematic of PCI-AFM (top). The bottom left is the AFM image showing 

the GNR connected with the electrode and the bottom right is the current image obtained with PCI-

AFM. 

2.7.3 Scanning electron microscope measurement 

Scanning electron microscope (SEM) in this experiment was used to observe the fabricated 

electrode and confirm the bridging of GNR between the electrodes. SEM is an electron 

microscope, which is used to produce the image of sample by focusing the electron beam and 

scanning the image of the sample. The SEM device used for characterization of fabricated sample 

is shown in Figure 2.12. 

The focused electrons interact with atoms at the sample surface and produce various signals 

that contain the information about the sample composition and surface topography. The electrons 
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are generated by the electron gun and are accelerated by the application of high voltage. These 

electrons are injected on the sample surface and the obtained secondary electrons give the 

specimen image of the sample. The number of secondary electrons that can be detected depends 

upon various things like specimen topography, measurement environment, and sample type. The 

electron beam usually follows the raster scanning pattern, and the beam position combines with 

the detected signal to produce the image of the sample. It is easier as compared to AFM and less 

time consuming, but the resolution is not good as that of AFM. SEM can achieve resolution about 

1 nm and the specimen sample can be observed in several conditions, namely, high vacuum, low 

vacuum, wet conditions, and even in a wide range of cryogenic or elevated temperatures. This is 

an efficient tool for obtaining the images of nanoscale devices or materials. 

 

Figure 2.12 shows the SEM (HITACHI S-3400N) used in this work. 

2.7.4 Electrical measurement of the device 

Once the device is fabricated and the bridging between the electrodes is confirmed by SEM or 

AFM, the electrical measurement can be performed. I-V property of device was measured through 
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the four probe system (Pascal Co., Ltd) which is controlled through the semiconductor parameter 

analyzer (Hewlett-Packard HP-4156B). The semiconductor parameter analyzer was interfaced 

with the computer through the GPIB serial bus and the software through which the parameter 

analyzer controlled was Easy Expert.  The setup for the electrical measurement is shown in the 

Figure 2.13, which includes the high vacuum chamber probe station having four probes inside. 

For the electrical measurement, the specimen sample was put inside the vacuum chamber and the 

probes were carefully adjusted with the electrodes on the sample with the help of microscope 

before closing chamber. Various other things should have to be considered carefully as the 

temperature inside the chamber is very low. Hence, the probes must be handled carefully to avoid 

any damage. It should be kept clean to avoid humidity or moisture inside the chamber. The contact 

between the sample and the probe must be verified before creating the vacuum inside the chamber, 

as bad contact can alter the I-V characteristic of the device.  

 

Figure 2.13 High vacuum four probe system equipped with the temperature control up to 10 K. 
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2.8 Conclusion 

The materials used in the synthesis process of sGNR, mGNR are discussed. All the 

characterization tools used in the experiments were also explained. Fabrication of the electrode 

through EB-lithography is discussed in detail. With the above-discussed details, we can follow the 

procedures to synthesize the GNRs and fabricate the GNR based FET devices. 
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3 CHAPTER 3 

Tuning the electrical property of single-layer graphene nanoribbon by adsorption of 

planar molecular nanoparticles 

 

This chapter mainly emphasizes on the synthesis and the approach of band gap formation in single-

layer graphene nanoribbon (sGNR), which was obtained using 

Hexaazatriphenylenehexacarbonitrile (HAT-CN6) as an adsorbent. sGNRs were successfully 

synthesized through the unzipping of double-walled carbon nanotube followed by casting HAT-

CN6 in acetone solution. Then, the electric property of sGNR was measured using a field effect 

transistor structure and observed by point-contact current imaging atomic force microscopy. The 

results demonstrate the formation of electron trapping sites with the nanoparticles and the neck 

structure of sGNR near the adsorbed region of the molecule. Therefore, the charge carriers on 

sGNR can only pass through the neck region, which works similarly to narrow sGNR. Such a 

narrow sGNR has lateral confinement of charge carrier around the neck region; hence, the device 

turns to semiconducting. The fabricated semiconducting sGNR could be widely used in electronic 

devices. 

3.1 Introduction 

Graphene has emerged as a promising two-dimensional material due to its high carrier mobility 

and high spin conduction rendering for nanoscale devices.[1] In particular, graphene-based 

electronics are proposed due to its excellent switching speed and high electrical conductivity.[2] 

However, low on/off current ratio limits the application of graphene for field effect transistor 

(FET) based devices.[3] Thus, the scaling down of graphene becomes important for transistors and 
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wiring applications, such a narrow width graphene, is known as graphene nanoribbon (GNR). 

Hence, several methods are investigated to obtain GNR, including the unzipping of carbon 

nanotubes (CNTs),[4, 5] etching of graphene to GNR,[6] and chemical synthesis.[7, 8] However, 

precise control of the width, aspect ratio, density, and alignment of GNR still remain as challenging 

topics.  

Furthermore, the pristine GNR with a width of more than 10 nm shows semimetallic behavior 

(zero bandgap semiconductor) that cannot be used as transistors at room temperature. Previous 

reports have highlighted that the GNR with less than 10 nm width has quasi-one-dimensional 

charge carrier confinement, which results in a finite band gap opening with high carrier mobility 

and on/off ratio.[9] Due to high carrier mean free path (MFP) and mobility, GNR has become a 

suitable candidate for interconnects and transistors.[10, 11] In this regard, previous studies have 

reported on the band-gap engineering of graphene[12] such as chemical modification,[13, 14] dual 

gate structure,[15] and defect induced band gap tuning.[16] Single-layer GNR (sGNR) has 

particularly attracted wide attention for its application in semiconductor device technology. Hence, 

the synthesis of sGNR and altering the property of sGNR device still remains the challenging topic. 

There are few reports suggest the opening of band gap with the unzipping of CNTs.[17] However, 

to the best of our knowledge, there has been no published work on a well-improved method for 

band gap extraction of sGNR obtained by unzipping DWNT.  

In the present work, a high existence ratio of sGNR synthesized from DWNT was successfully 

achieved by sonication process. The devices were then fabricated by electron beam lithography 

(EBL) for electrical measurement. Next, the acetone solution of 

Hexaazatriphenylenehexacarbonitrile (HAT-CN6) was casted on the fabricated devices to alter the 

electric property of sGNR. The obtained data confirmed a band gap opening of sGNR in the narrow 
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width region near the adsorbed HAT-CN6 nanoparticles. This molecular nanoparticle is a strong 

acceptor with -4.4 eV of lowest unoccupied molecular orbital (LUMO) energy level.[18] 

3.2  Experimental procedures  

The experimental process to obtain sGNR from DWNT and fabrication of the sGNR-FET device 

is discussed in this section. It consists of brief explanations about the synthesis procedures and 

casting of GNR for the sample fabrication.  

3.2.1 Synthesis of sGNR from DWNT 

DWNTs with diameters of 3–15 nm were used as a starting material. The defect was induced to 

pristine DWNTs by annealing at 500 °C. Approximately 3 mg of Poly [(m-phenylenevinylene)-

co-(2,5-dioctoxY-p-phenylenevinylene)] (PmPV) and the annealed DWNT was then added to 10 

ml of 1, 2-dichloroethane. The solution was sonicated for 4 h at 37 kHz by a 600W sonicator, 

which unzips the DWNT to obtain GNRs. The obtained solution was centrifuged at 50000 G 

(20000 rpm ca; TOMY Suprema 23 high-speed centrifuge) for 5 h to remove the remained 

nanotubes and amorphous carbons. Finally, the supernatant was extracted which contains a large 

percentage of sGNR some of the double-layer GNRs. The synthesis process of GNR is illustrated 

in Figure 3.1. 

 

Figure 3.1 Schematic representation of synthesis process of GNR from DWNT 
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3.2.2 Casting the GNR solution on the substrate 

The obtained GNR solution was casted on SiO2 substrate. The substrate was then annealed at 

350 °C for 3 h under air to remove the PmPV from the substrate and GNR. The annealed substrate 

containing GNR was then taken for AFM measurement to confirm the GNR on the substrate. 

Subsequently, gold electrode was deposited on the substrate containing sGNR. The casting and 

annealing process of GNR is illustrated in Figure 3.2. 

 

Figure 3.2 Casting and annealing of sample to obtain pure sGNR 

3.2.3 FET device fabrication and measurement  

To confirm the electric property of synthesized sGNR, FET device was fabricated. The electrode 

of Ti/Pt (6 nm / 24 nm) with the gap of 700 nm were deposited on SiO2 substrate through EBL. 

The width of sGNR for FET measurement was 23 nm. The device was measured with the four-

probe system (Pascal Co., Ltd) coupled with semiconductor parameter analyzer (HP 4156B). The 

electrical property was also measured by point contact-current imaging (PCI-) AFM which is home 

modified from general AFM (JEOL JSPM-5200).  Finally, the temperature dependence property 

of a device was measured at different temperature by varying the Vgs and fixed 0.5 V Vds. Next, 

the acetone solution of HAT-CN6 was cast on the substrate to verify the change in electrical 

properties of sGNR with the adsorption of the nanoparticle. As the acetone evaporated, self-

assembled nanoparticles of HAT-CN6 were adsorbed on the sGNRs through π-π stacking.[19]  
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3.3 Results and Discussion 

Figure 3.3 shows the atomic force microscopy (AFM) images observed to verify HAT-CN6 

nanoparticles adsorbed on sGNR. The height of pristine sGNR was observed between 0.54 nm to 

0.62 nm. The reason for the change of sGNR height was presumably due to the roughness of the 

substrate. Furthermore, HAT-CN6 in acetone with different concentration was casted on the sGNR 

to clarify the effect of adsorbed amount of HAT-CN6 nanoparticles on the electric property of 

sGNR. The AFM images in Figure 3.3 (a), (b) (c), and (d) were observed with the samples 

containing HAT-CN6 concentration of 10-7, 10-6, 10-5, and 10-4 mol/L, respectively.  

 
Figure 3.3 AFM image representing the adsorption of nanoparticles on sGNR. (a) HAT-CN6 in 

solvent (10-7) casted on GNR forming nanoparticles with diameter larger than GNR width. (b) 



51 
 

Increase in the concentration of HAT-CN6 in solvent (10-6) forming smaller nanoparticle. (c) The 

concentration of HAT-CN6 in solvent (10-5). (d) Large number of adsorbed nanoparticle per unit 

length with higher concentration of HAT-CN6 in solvent (10-4).  

The bright spots in the AFM images are the adsorbed nanoparticles on sGNR. The results of 

AFM clearly confirmed that as the concentration of HAT-CN6 in acetone is increased, the number 

of adsorbed nanoparticles per unit length also increases. Due to the strong π-π interaction of sGNR 

with HAT-CN6, nanoparticles can be easily adsorbed on sGNR to make a complex of self-

assembled molecular nanoparticles and sGNR.[18]  

In the next step, the nanoparticle-sGNR samples for PCI-AFM[20] measurement was prepared 

with four different concentrations. The schematic setup of sample for PCI-AFM measurement is 

shown in Figure 3.4 

 

Figure 3.4 The setup for the PCI-AFM measurement. 

The PCI-AFM results obtained from the samples at room temperature with different HAT-

CN6 concentrations deposited on sGNR are shown in Figure 3.5 (a). According to the current-

voltage (I-V) results obtained from the device with HAT-CN6 concentration of 10-7 mol/L, the 

device still shows metallic property, while the other devices containing 10-6, 10-5 and 10-4 mol/L 

HAT-CN6 concentration are semiconducting.  
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Figure 3.5 Obtained characteristic with PCI-AFM. (a) I-V curve obtained from the PCI-AFM 

with varied concentration of HAT-CN6. (b) Plateau width obtained by sGNR device adsorbed 

with HAT-CN6 nanoparticles. 

The transition from metallic to semiconducting property is due to the formation of strong 

electron trapping sites at the adsorbed region of molecular nanoparticles on sGNR.[19] The 

semiconducting property of the device is also confirmed by the plateau width extracted from the 

I-V curves, as shown in Figure 3.5 (b). The plateau width was extracted from the obtained I-V 

curve by plotting dI/dV-V curve. The flat area of dI/dV-V curve is defined as plateau width as 

shown in Figure 3.6. For simple and fair comparison with an activation energy, the plateau width 

is converted to the energy and the unit of the vertical axis is in eV in Figure 3.5 (b). 

According to the results, the plateau width is directly proportionate to the number of adsorbed 

nanoparticles per unit length, which is due to the formation of electron trapping sites and lateral 

confinement of charge carrier at the neck region.[19] As the number of nanoparticle per unit length 

on sGNR increases, the electron trapping becomes stronger. This suggests that there is less 

conduction at the trapped region of sGNR. However, the conduction occurred through the neck 

region of sGNR, which showed similar behavior as graphene nanomesh.[12] In other words the 
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presence of the neck region, the narrow conduction pass region turns to the sGNR into 

semiconducting.[21] In contrast, no plateau width is observed for low concentration (10-7 mol/L) 

of the HAT-CN6 device (blue plots in Figure 3.5 (b)).  

 

Figure 3.6 The extracted plateau width from dI/dV-V curve 

The result of the extracted plateau width is also compared with our previous report where 

naphthalenediimide (C15-NDI) molecule was used for altering the property of sGNR and is shown 

in Figure 3.7.[19] Vertical axis of the plateau width in Figure 3.7 was converted to eV for easy 

and fair comparison in with the activation energy or band gap. The molecular structures of both 

the molecule are shown in Figure 3.8. 

Based on the comparative results extracted from both adsorbed HAT-CN6 and C15-NDI 

nanoparticle on sGNR, it can be concluded that HAT-CN6 is a strong acceptor with a larger plateau 

width than C15-NDI, which is due to its stronger interaction with sGNR and higher LUMO energy 

level.[18]  
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Figure 3.7 Comparison of plateau width obtained by sGNR device with C15-NDI and HAT-CN6 

nanoparticles. 

Figure 3.9 (a) presents the schematic of the complex formation mechanism of HAT-CN6 

nanoparticle with sGNR. Due to the deposited HAT-CN6 nanoparticles, the lateral confinement of 

charge carriers occurred at the neck of sGNR. Around the neck of the sGNR, screening effect 

causes high resistance in the small area, which results in a Zener-like tunneling conduction.[19] 

 

Figure 3.8 Molecular structure of the used molecule to alter the electronic property 
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In contrast, as shown in Figure 3.9 (b), where the nanoparticle is larger than the sGNR width, 

carriers are completely trapped on the sGNR. Thus, the conduction occurred only by electron 

hopping, which resulted in no plateau width (blue plots in Figure 3.5 (b)). 

 
Figure 3.9 Formation of neck structure. (a) Schematic representation of HAT-CN6 nanoparticle 

on GNR and carrier transport. (b) Schematic with larger nanoparticle than sGNR width, all the 

carriers are trapped with the nanoparticle. 

Furthermore, the semiconducting property of sGNR after the adsorption of nanoparticles is 

also confirmed with the field effect transistor (FET) measurement. The AFM image of synthesized 

sGNR and the fabricated FET device is shown in Figure 3.10. 
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Figure 3.10 The AFM images (a) the synthesized sGNR obtained on substrate, (b) the fabricated 

sGNR device 

The schematic diagram of the back-gate FET measurement is shown in Figure 3.11 (a). The 

characterization of the FET device was performed at room temperature using Ids-Vds measurement 

for the devices with and without HAT-CN6 adsorption as shown in Figure 3.11 (b). From the 

obtained I-V curves, it can be seen that the current is suppressed after adsorption of HAT-CN6 

nanoparticles, which is due to the formation of electron trapping sites at the sGNR as described 

earlier.[19] The transfer characteristic of the device is also obtained in order to confirm the on/off 

ratio and semiconducting property caused by the HAT-CN6 molecule on sGNR as shown in Figure 

3.11 (c). The device with pristine sGNR showed a metallic behavior with electron doped from 

SiO2 substrate, while the device with HAT-CN6 transformed to clear p-type semiconductor. The 

mobility of the sGNR device at room temperature with the HAT-CN6 is about 17 cm2/Vs which 

was obtained from the slope obtained in Figure 3.11 (c). The mobility of the device was calculated 

in linear region with the equation  

𝑢 = 𝑚𝑙𝑖𝑛
𝐿

𝑊

1

𝑉𝑑𝑠

1

𝐶𝑖
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Where u is mobility of the device, mlin is the slope of the plot, L is the channel length and W the 

width, Ci the gate capacitance and Vds is drain-source voltage. 

 
  
Figure 3.11 Electric property of pristine device and the device with HAT-CN6, (black plot and 

curve are from the pristine device whereas red is from the device with HAT-CN6). (a) Schematic 

of back-gate FET measurement. (b) I-V characteristic. (c) The transfer characteristic of sGNR-

FET device at linear scale. (d) Logarithmic scale transfer characteristic of sGNR-FET device.  

The on/off ratio of the device at room temperature with the HAT-CN6 is in the order of 102 

which can be clearly seen on a logarithmic scale plot in Figure 3.11 (d). Such a high on/off ratio 

was reported in in sub 10 nm GNR,[12] whereas the used GNR for this experiment has width of 
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23 nm. The improvement in on/off ratio was supposed to be due to the adsorbed nanoparticles, 

resulting in a neck like structure which works similar to narrow width GNR. The on off ratio of 

the device highly depend on the width of GNR, previous reports suggests that as the width of GNR 

decreases the on/off current ratio increases.[22] Maintaining the on/off ratio in narrow width GNR 

devices is highly required in advanced digital electronics applications.[23] Since the device with 

HAT-CN6 on sGNR has high on/off ratio, such device can be used for high-speed switching 

applications.[24] It was also observed that the transfer characteristic of the device with HAT-CN6 

showed a sudden rise in current in negative gate voltage, which might be also due to the Zener-

like tunneling in the device.[19] According to the Zener-like tunneling, there was no current 

observed when Vgs > + 17 V, and the current started to rise as the gate voltage was decreased 

towards the negative bias followed by sudden increase at about -5 V.  

The temperature dependent electrical transport of the device was also measured to identify the 

carrier transport mechanism as shown in Figure 3.12. The carrier transport occurring in the device 

was mainly due to two phenomena, namely tunneling and hopping, which is divided into two 

sections of plot Figure 3.12 (a). Tunneling phenomenon was observed in the low-temperature 

region, whereas, hopping conduction in the high-temperature region (above 150°C). The Arrhenius 

plot for the activation energy was plotted in Figure 3.12 (b).  According to the obtained results, 

the pristine sGNR-based FET device shows that the conductivity decreases as the temperature was 

lowered until 150 K. 

Furthermore, the fluctuation in conductivity was observed around 100 K in both the device 

(pristine and the device with HAT-CN6), possibly due to the acoustic phonon in the metallic region 

of sGNR.[25] The trend line in Figure 3.12 (a) shows the Arrhenius plot of the activation energy 

for sGNR with HAT-CN6.[26] The activation energy of pristine sGNR device and the device with 
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HAT-CN6 was calculated about 0.15 meV and 52 meV respectively. Activation energy is the 

probability to excite the carrier with the thermal energy which is approximately half of the band 

gap energy.[27] The pristine sGNR device has low activation energy as compared to the device 

with HAT-CN6. Thus, the device with HAT-CN6 has a large transition from semimetallic to 

semiconducting property. The activation energy was calculated in linear region with the equation  

𝑆𝑙𝑜𝑝𝑒 =  −
𝐸𝑎

𝑅
 

Where Ea is the activation energy, R is the ideal gas constant in joules per mole Kelvin, and the 

slope is the temperature dependent slope. 

  

Figure 3.12 Temperature dependent conductivity of the sGNR-FET device (black plot and curve 

are from pristine device whereas red is from the device with HAT-CN6). (a) Carrier transport 

occurring in the device with tunneling and hopping which is divided. (b) Arrhenius plot for the 

activation energy.
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The activation energy is much lower than the measured plateau width, which implies that the 

plateau width is originated with carrier hopping conduction among the nanoparticles. As the 

temperature increases, the device with HAT-CN6 followed a semiconducting behavior with 

increasing conductivity. However, at a temperature of around 100 K, the fluctuation in 

conductivity was observed in the device, which is mostly due to the domination of metallic 

property. The fluctuations could also be due to the adsorption of HAT-CN6 molecule on narrow 

width sGNR, which suppressed the current conductivity. There could also be fluctuation in the 

conductivity due to Anderson localization effect which was frequently observed in narrow width 

GNRs. As the width of GNRs decreased the Anderson localization could be more prominent due 

to edge defects, local defects or the backscattering effects.[28, 29] The nanoparticles on GNR can 

be similar to local defect as it forms the carrier trapping site and could also be one of the possible 

reason of appearance of activation energy in our device. 

There could also be a possibility to improve the performance of GNR based FET device by the 

surface treatment of SiO2 substrate, which will be introduced in the next step of research. As there 

are the reports suggesting a substrate induced effect on change in an intrinsic property of GNR 

based FET devices. The charge impurities on SiO2 substrate during the experimental process could 

induce charge puddles or ionized impurities which can alter the property of device.[30] These 

impurities could also be in the form of adsorbed molecules or residue of resist during the 

fabrication process and can induce asymmetry in electron-hole conduction.[31-33] The 

hydrophilic layer of silanol (SiOH) is easy to form at the surface of SiO2 with the hydroxyl (-OH) 

group.[34] This SiOH group can easily attract the polar adsorbates like water molecule and induce 

the carrier doping on the SiO2 substrate which can affect the intrinsic property of GNR devices.[35, 

36] 
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Self-assembled monolayers (SAMs) is one of the well-known technique reported to improve 

the device performance with the SiO2 surface treatment.[37, 38] The other process is coating 

hexamethyldisilazane (HMDS) on the surface of SiO2 which results in hydrophobic substrate by 

preventing the formation of SiOH, thus, reducing the attachment of polar molecules.[33]  The 

ionized impurities which induce electron puddles could also be reduced by the coating of HMDS, 

as the distance between GNR and substrate is increased.[30] 

The specific surface treatment of SiO2 was not performed in this experimental process. 

However, the annealing of substrate was performed which can reduce the impact of charge 

impurities and hence it was supposed that the GNR device has its own property.[39] The other 

some other surface treatment will be considered in next step to compare the device performance. 

Boron nitride is also one of the suitable substrates to obtain the intrinsic property of GNR based 

FET devices.[40]    

3.4 Conclusion 

We have successfully controlled metal p-type semiconductor transition by adsorption of flat 

organic molecule HAT-CN6. According to the results obtained by FET measurement and the PCI-

AFM, we can confirm the transition in electric property of sGNR. In addition, it was found that 

the HAT-CN6 is the stronger molecular nanoparticle to open the band gap in GNRs that are wider 

than 10 nm. We have also suggested the possible reason of opening the band gap in sGNR. The 

plateau width is in proportion to the number of nanoparticles adsorbed on sGNR. The activation 

energy is also obtained by temperature dependence measurement. This technique of opening 

bandgap could be promising for future semiconductor electronics applications. 
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4 CHAPTER 4 

Fabrication of turbostratic multi-layer graphene nanoribbon field effect transistor 

and investigating the electrical property with the adsorption of HAT-CN6 

 

Graphene nanoribbon (GNR) is a narrow strip of carbon atoms composed with various intrinsic 

properties required to explore. This study demonstrates the fabrication of multi-layer graphene 

nanoribbon (mGNR) field effect transistor (FET) (mGNR-FET) and controlling its electrical 

property with the adsorption of the flat molecular nanoparticle. The stacked mGNR device shows 

the performance similar to single-layer GNR (sGNR) device which is due to the lower inter layer 

interaction. Inter layer interaction was supposed to be lower since the turbostratic stacking of GNR 

was formed by chemical vapor deposition (CVD) growth process. Furthermore, 

Hexaazatriphenylenehexacarbonitrile (HAT-CN6) were casted on the mGNR-FET device to alter 

the electronic property of mGNR-FET device. The solution of HAT-CN6 forms the self-assembled 

molecular nanoparticles and adsorbed on the mGNR. These adsorbed nanoparticles works as a 

charge carrier trapping sites and the remaining small area without nanoparticle are defined as neck 

region. Thus, the carriers pass only through the neck region, which shows similar behavior to 

narrow width GNR. Hence, at the neck region due to lateral charge carrier confinement, the GNR 

device shows the semiconducting property. The on/off ratio of the mGNR-FET device was also 

improved with the adsorption of nanoparticle on mGNR. The fabricated mGNR-FET device can 

have a wide area of semiconductor electronics applications in the semiconductor industry. 
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4.1 Introduction 

The discovery of graphene ignited intense research to explore the electronics property of 2D 

materials.[1] It opens the wide range of applications in the area of electronics engineering and is a 

good contender to replace the silicon technology in near future. However, the pristine graphene 

(width > 10nm) shows semimetallic behavior (zero bandgap semiconductor) and the device has 

low on/off ratio which hinders the application of graphene-based nano- and micro-electronic 

devices.[2] Hence, various efforts have been made to open the band gap in graphene,[3] but the 

devices performance were not well improved due to lack of charge transport and complex 

structure. However single-layer graphene has enormous potential with various properties,[4] and 

offering near ballistic transport[5] which enables a wide range of graphene-based field effect 

transistor (FET) applications[6] and electronics device applications. 

Further, with the advancement in technology, the researchers tried to scale down the width of 

graphene to open the band gap,[7] and the scaled graphene is known as graphene nanoribbon 

(GNR). Both the single-layer and multi-layer GNR (mGNR) has the fascinating electronic property 

for transistor and interconnects due to high carrier mean free path and large current carrying 

capacity.[8] It was supposed that the resistance of mGNR decreases as the number of layer 

increases but the impact of interlayer resistance was ignored.[9] Furthermore, it was also reported 

that the mGNR has lower conductivity as compared to single-layer GNR (sGNR) due to inter layer 

electron hopping.[10] So far, there are various groups reported the synthesis of mGNR by 

unzipping multi-walled carbon nanotubes (MWNTs).[11-13] But the width of GNR obtained is 

too wide to observe the transistor property and quantum effects as MWNTs are significantly large 

in diameters. 
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Here, we are interested in investigating the electrical property of mGNR grown on the sGNR 

or double-layer GNR (dGNR) template. The narrow width single-layer and double-layer GNRs 

were successfully synthesized from double-walled carbon nanotubes (DWNT),[14] which was 

further grown to mGNR by chemical vapor deposition (CVD) process.[15, 16] The obtained 

mGNRs through this process forms the turbostratic structure. According to reported theoretical 

calculations, mGNR with turbostratic structures has a band structure similar to that of single-layer 

graphene with a linear dispersion (Dirac cone structure) due to very weak interaction between 

graphene layers. The mGNR field effect transistor (mGNR-FET) device was fabricated and the 

Hexaazatriphenylenehexacarbonitrile (HAT-CN6) nanoparticle was used as an adsorbate 

molecules to tune the electrical property of mGNR. The device with HAT-CN6 shows improved 

on/off ratio with that of the pristine device which is due to narrowing the width of mGNR by 

adsorption of nanoparticles. The reports suggest, the gap opening due to carrier confinements and 

edge effects in very narrow GNRs (~10 nm) which leads to their future applications in transistors 

and interconnects.[17, 18] The turbostratic stacking of graphene has still various unexplored 

property required to understand. This feature is ideal for high-performance FETs with both high 

carrier mobility and high on/off ratio. 

4.2 Experimental procedures  

DWNTs were used as a starting material with the diameters between 3–15 nm. Defects were 

induced to pristine DWNTs by annealing at 500°C. 3 mg of Poly [(m-phenylenevinylene) -co-

(2,5-dioctoxY-p-phenylenevinylene)] (PmPV) and the annealed DWNT was added to 10 ml of 1, 

2-dichloroethane solution. The solution was then sonicated for 4 h at 37 kHz by a 600W sonicator, 

to unzip the DWNT. The solution obtained with the sonication was centrifuged at 50000 G (20000 

rpm ca; TOMY Suprema 23 high-speed centrifuge) for 5 h to remove the remained nanotubes and 



69 
 

amorphous carbons or the agglomerated nanotubes. Finally, the supernatant was extracted in a 

clean bottle. This is the obtained GNR solution and casted on SiO2 substrate. The substrate was 

then annealed at 350°C for 3 h under air to remove the PmPV from the substrate and GNR.[19] 

Next, the sample was further processed for the growth of stacked GNR layers through sloped-

temperature CVD process. This makes the growth layer by layer on the pre-GNR deposited 

substrate. In this process, the carbon feedstock decomposition and graphene growth were 

separately controlled.[15, 16, 20] The control temperature in the furnace for the experiments were 

900°C for the carbon feedstock decomposition and 720-744°C for GNR growth. GNR samples 

before and after the CVD growth were characterized using AFM measurements.  

Subsequently, gold electrode was deposited on the substrate containing multilayer GNR. The 

device is ready for electrical measurement. Furthermore, the acetone solution of HAT-CN6 was 

casted on the substrate. As the acetone evaporated, self-assembled nanoparticles of HAT-CN6 

were adsorbed on the multilayer GNRs through π-π stacking.[14] To confirm the change in electric 

property, FET measurement was performed by the low-temperature four-probe system (Pascal Co., 

Ltd) with semiconductor parameter analyzer (HP 4156B). Gold electrode with Ti/Au (6 nm / 24 

nm) having the gap of 1 um were deposited on SiO2 substrate through EBL. The width of 

multilayer GNR for FET measurement was 20 nm. Finally, the temperature dependence property 

of device was measured at different temperature by varying the Vgs and fixed 0.5 V Vds. 

4.3 Results and Discussion 

The AFM images of mGNR device and the mGNR with adsorbed molecular nanoparticles are 

shown in Figure 4.1. The channel formation between the source and drain electrodes was 

confirmed with the AFM image as in Figure 4.1 (a). The electrodes were fabricated with a 
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conventional photolithography technique.[21] Moreover, the AFM images of mGNR with 

different concentration of HAT-CN6 solution casted on mGNR are shown in Figure 1 (b), (c) and 

the concentration of solutions were 1x10-4 and 2x10-4 mol/L respectively. It can be clearly observed 

from the AFM images that, as the concentration of HAT-CN6 increased the number of adsorbed 

nanoparticles were also increased.  

 

Figure 4.1 AFM images. (a) The fabricated mGNR-FET device. (b) mGNR adsorbed with HAT-

CN6 concentration 1x10-4. (c) mGNR adsorbed with HAT-CN6 concentration 2x10-4 

Figure 4.2 shows the schematic representation of HAT-CN6 nanoparticle adsorbed on mGNR. 

Stronger π-π interaction of GNR with HAT-CN6 makes it suitable for altering the electrical 

property of GNR based devices. It has been reported that HAT-CN6 is a strong acceptor with 

higher LUMO energy level.[22] Here the device is fabricated with mGNR as a channel and the 

nanoparticles can be adsorbed at the top most layer of the mGNR and at the edge of successive 

layers. Thus, it changes the electronic property of the top most layer whereas other layer has no or 

very low impact of HAT-CN6 adsorption due to adsorption at sidewalls. However, the overall 

conductivity of the GNR device is affected by the adsorption of the nanoparticle. The nanoparticles 

on GNR results in lateral confinement of charge carriers occurred around the neck region of mGNR 
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and the nanoparticles form the trapping sites, hence, the carriers can pass only through the neck 

region at the top layer of the mGNR. (shown in Figure 4.2). Thus, the current will be suppressed 

due to high resistance at the neck region and charge carrier screening effect was supposed to be 

observed.[14] In contrast, the bottom layers of GNRs have a conduction similar to pristine 

turbostratic GNR because no nanoparticles adsorbed. 

 

Figure 4.2 Adsorption of nanoparticle on multilayer GNR and forming the charge carrier 

trapping sites and neck structures  

Furthermore, the schematic of the turbostratic structure of GNR is shown in Figure 4.3. The 

mGNR used in this study were grown on GNR template through the CVD process and forms 

turbostratic structure. The turbostratic property of the obtained mGNR was confirmed by Raman 

spectroscopy. [R. Negishi et al. Synthesis of very narrow multilayer graphene nanoribbon with 

turbostratic stacking] It is supposed that mGNRs grown by CVD process on GNR template have 

different lattice orientations and are stacked layer by layer on GNR which results in turbostratic 

structure. The change in lattice structure stacking between the layers of graphene can make the 

possible way to open the band gap in graphene-based electronics device. It was also reported that 

the graphene grown on carbon faces has higher mobility and forms the turbostratic structure 
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because of the rotational disorder.[23] Thus, multilayer graphene can achieve the electronic 

property of single-layer graphene by a relevant change in the stacking structure of graphene.[24] 

 

Figure 4.3 Schematic representation of turbostratic stacked multilayer GNR, showing rotation of 

lattice stacking and thus reduced interlayer interaction  

Next, the electrical property of pristine mGNR-FET device and the device with adsorption of 

nanoparticles were investigated with the FET measurement. The schematic diagram of the back-

gate FET device is shown in Figure 4.4 (a). The electrical characteristic of the device was observed 

using current-voltage measurement (Ids-Vds) for both the device with and without HAT-CN6 

nanoparticles as shown in Figure 4.4 (b). The obtained I-V curve indicates that the current is 

suppressed with the adsorption of nanoparticle and was suppressed due to the electron trapping 

sites formed on the GNR.[14] The gate dependent transfer characteristic of the device was also 

measured to observe the device behavior with the back-gate FET. The transfer curve of the device 

indicates the improved on/off ratio with the adsorption of HAT-CN6 molecular nanoparticle on 

mGNR as shown in Figure 4.4 (c). The phenomenon of improvement in on/off ratio was also 

reported by the theoretical calculations in the turbostratic structure of mGNR.[25] The 
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improvement in on/off ratio is supposed due to the adsorption of nanoparticles on the mGNR-FET 

device.  

 

Figure 4.4 Electrical characteristic of a FET device for stacked multilayer GNR. (a) Schematic of 

the back-gate FET device. (b) Comparison of the I-V curve with and without HAT-CN6 

nanoparticle. (c) Transfer curve obtained using back gate measurement. (d) Temperature 

dependent conductivity measurement.   

The channel width is narrowed due to adsorbed nanoparticle and works similar to narrow width 

GNR. Whereas the pristine mGNR device showed the pure metallic behavior with electron doped 

from SiO2 substrate and the device with HAT-CN6 is shifting towards p-type semiconductor. The 
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on/off ratio of the device with HAT-CN6 at room temperature is about 2.5 times to that of the 

pristine device. The mobility of the device with HAT-CN6 was also calculated and was obtained 

about 22 cm2/Vs. Improved on/off ratio in narrow width GNR device is highly appreciable for 

advanced digital electronics applications.[26]  

The device adsorbed with HAT-CN6 have high on/off ratio, which makes it suitable for high-

speed switching applications.[27] The reason of improved on/off ratio of the device with HAT-

CN6 is supposed to be due to the carrier trapping sites formed at top layer of the mGNR. Thus, 

some of the charge carriers are trapped with the nanoparticle on GNR and conduction path 

becomes narrow at the top most layer due to nanoparticles on it. Thus, the device with 

nanoparticles has narrower channel as compared to pristine device which improves the on/off 

current ratio of the device.[28, 29] This results in the suppression of current flow and shifts towards 

the semiconductor property. From the transfer curve, it can be observed that the device is in the 

transition state from metallic to semiconducting. The reason for not fully transforming to 

semiconductors is supposed due to an inner layer of device that has not any effect or just a few 

effects from the adsorption of nanoparticle at the sidewalls. 

At next step, carrier transport mechanism of the device was also studied with the temperature 

dependent electrical measurement as shown in Figure 4.4 (d). The obtained results of the 

temperature dependent curve suggest that in the high-temperature region the conductivity is due 

to electron hopping and as the temperature increases the conductivity of the device also increases. 

The increase in conductivity at the higher temperature is due to charge carrier hopping conduction 

in the mGNR-FET device. It was also observed that at a temperature around 200 K there is a slight 

fluctuation in the conductivity. Such a fluctuations could be due to two possible reasons, the 

acoustic phonon vibrations in the metallic region of mGNR[19] or due to suppressed carrier flow 
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resulting in lower conductivity with the adsorbed nanoparticle on mGNR. The activation energy 

of the device was calculated with the Arrhenius plot in Figure 4.5.    

 

Figure 4.5 Arrhenius plot to obtain the activation energy, pristine mGNR (black plot), mGNR 

with HAT-CN6 (red plot). 

The slope obtained at trend line as shown in Figure 4.5 and the activation energy was 

calculated according to the equation given below.[30] 

𝑆𝑙𝑜𝑝𝑒 =  −
𝐸𝑎

𝑅
 

Where Ea is the activation energy, R is the ideal gas constant in joules per mole Kelvin, and the 

slope is the temperature dependent slope. 

The calculated activation energy for the pristine mGNR device is about 1.81 meV whereas the 

device with HAT-CN6 was about 3.45 meV. The change in activation energy of the device with 

the HAT-CN6 could be due to Anderson localization effect at the top most layer of mGNR resulted 
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with the adsorption of nanoparticles.[31, 32] The obtained activation energy is very low which 

shows that device is in a transition state and not fully tuned to semiconducting. This is due to the 

nanoparticles only adsorbed at the topmost layer.   

  

Figure 4.6 (a) Comparison of temperature dependent conductivity by varying the concentration 

of HAT-CN6 nanoparticle. (b) The Arrhenius plot to obtain the activation energy.   

Moreover, the mGNR device with varying concentration of HAT-CN6 nanoparticle was also 

observed to verify the effect of nanoparticle on mGNR. The temperature dependent conductivity 

was measured in Figure 4.6 (a) to compare the change in conductivity by adsorption of molecular 

nanoparticles. It can be observed from as the concentration of HAT-CN6 was increased the 

conductivity of the device was suppressed due to large number of nanoparticles on mGNR. These 

nanoparticles forms the strong carrier trapping sites. Furthermore, the activation energy of the 

device was calculated from the Arrhenius plot in Figure 4.6 (b).  The obtained activation energy 

was 7.0 meV black plot, whereas once the concentration was twice the activation energy was about 

14.3 meV. It was observed that the activation energy of the device was increased with the higher 

concentration of the HAT-CN6 nanoparticle. This increase in activation energy confirms that the 
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device is more emphasized towards the semiconductor property resulting in the band gap opening 

with the increase in nanoparticle concentration. Since the increased concentration of nanoparticle 

results in large number of adsorption sites thus large traps and hence much confinement of charge 

carriers. The device is still transition state from semimetal to semiconductor as the activation 

energy is very small.  

The drastic change in activation energy was observed in the sGNR device with the adsorption 

of molecular nanoparticles as described in Chapter 3, whereas mGNR device has very small 

change. This change in activation energy confirms the finite opening of band gap in sGNR device 

and tuning it to semiconductor but, the mGNR device just shows the transition state with small 

change. The reason for small change in activation energy is due to nanoparticles can only adsorb 

at topmost layer. However, the mGNR device with HAT-CN6 showed the improved on/off ratio, 

which is due to the narrow conduction path at top layer of GNR from the adsorbed nanoparticles. 

The conductivity of the mGNR device was increased as compared to sGNR as the conduction path 

becomes stronger with the multilayer turbostratic stacking.  

4.4 Conclusion 

The turbostratic stacked mGNR were grown on the GNR template, obtained by unzipping DWNT 

via sonication process. mGNR-FET device shows the reasonable gate dependence modulation in 

the transfer curve with the nanoparticle adsorbed on it. The device shows the transition from 

semimetallic to p-type semiconducting with improved on/off ratio after the adsorption of flat 

organic molecule HAT-CN6. The obtained results suggest the formation of neck with HAT-CN6 

nanoparticle on GNR thus, the GNR device works similar to the narrow width GNR device. In 

addition, it was found that the HAT-CN6 is the strong acceptor molecular nanoparticle to alter the 

electrical property of GNR and noticeable band gap can be achieved in GNR device that is wider 
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than 10 nm. The possible reason of opening the band gap in GNR device was also discussed. The 

concentration of nanoparticle has a great impact on opening the band gap in GNR device. The 

activation energy was also calculated with the temperature dependence measurement. Such a 

technique could be promising for next generation semiconductor electronics industry. 
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5 CHAPTER 5 

Fabrication of X- and Y-type graphene nanoribbon cross junction and study the 

electrical transport property 

 

Double-walled carbon nanotubes (DWNTs) were used as a starting material to synthesize graphene 

nanoribbon (GNR) via lengthwise unzipping method and the obtained GNRs were used to form 

X-type or Y-type nanostructures. The electrical transport properties of X- and Y-type GNRs were 

successfully investigated using point contact current imaging (PCI-) AFM. According to the 

obtained results, semiconducting property of GNRs was observed at the junction whereas other 

parts were semimetallic. Moreover, the obtained results suggest the stacking angle dependent 

semiconducting property of X-type GNR. Semiconductor property of the junction located at the 

center of X-type GNR was supposed to be due to changes in lattice stacking. If the stacking angle 

between two GNRs differs the electrical transport properties also changes. The results also indicate 

that only one ribbon is behaving as semimetal but the conjunction of two ribbon works as 

semiconductor at the junction. Therefore, the electrical behavior of X- and Y-type GNRs were 

investigated which shows an important phenomenon in nanowire-based GNR junctions. 

5.1 Introduction  

Nowadays, graphene nanoribbon (GNR) as a two-dimensional material gained a huge interest due 

to its high carrier mobility and high-performance in graphene-based electronics.[1, 2] Several 

fabrication methods for GNR has been reported. However, lengthwise unzipping and subsequent 

chemical reduction of the nanoribbons still remains an attractive topic by the researchers in this 

area to restate the electrical conductivity of GNR.[3] Carbon nanotubes (CNTs) are considered to 
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be GNRs rolled up into seamless tubes, and the greatest challenge in converting CNTs to GNRs is 

cleaving CNTs in the longitudinal direction without rapid etching along the circumference.[4] 

Therefore, controlled unzipping of the CNTs is an essential to obtain GNR based devices.[5]  

The career mobility of graphene is known to be much higher than present semiconductor 

material,[6] thus, many researchers are trying the substitute of present semiconductor devices to 

GNR device. These properties place GNR as one of the most attractive materials for electronic 

applications. However, graphene is a zero gap semiconductor[7] and consequently cannot be 

directly introduced as a material for mainstream logic electronic devices. The absence of an 

electronic gap makes it a poor candidate to achieve a sufficiently large on/off ratio needed for 

practical logic device operation.[8] Moreover, the gap can be induced in a number of ways such 

as structural alterations of the two-dimensional (2D) graphene sheet which can effectively reduce 

the system’s dimensionality and lead to one-dimensional (1D) GNRs, a material with appealing 

electronic properties.[9, 10]  

In this research, we have unzipped double-walled carbon nanotubes (DWNTs) to synthesize 

graphene nanoribbon.[11] The obtained nanoribbons were in a random pattern and depending on 

the number of casting and waiting time we had tried to control the structure to X- and Y-type. The 

electrical property of synthesized X- and Y-type GNRs were investigated from the point contact 

current imaging (PCI-) AFM. It was observed that depending on the angle of X, Y junction, the 

electrical property was different. Although the cross structure of GNR has been reported 

previously, the electrical property, however, has not reported yet. Study on electrical properties of 

X- and Y-type GNR structures could be interesting for fabricating nanowire-based GNR devices. 
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5.2 Experimental procedures 

The systematic explanation of the GNR synthesis is presented in this section. It comprises of 

unzipping process, sample preparation, and the technique to obtain the X- and Y-type GNRs.  

5.2.1 Unzipping DWNT 

DWNT were used as starting material to synthesize GNR. First DWNTs were annealed at 500°C 

for 180 minutes to induce the defects on DWNTs surface. After annealing, DWNTs will have some 

defects on the surface of the tube. Then 3 mg of PmPV in dichloroethane solution with the annealed 

DWNTs were sonicated for 4 hours at 600 W. Thus, the DWNTs were unzipped as the sonication 

proceeds. The schematic representation of the unzipping process of DWNT is shown in Figure 

5.1. From the schematic diagram, it can be seen as the sonication time increased the DWNT was 

unzipped and form the double-layer GNR (dGNR) and subsequently it forms the Y-type GNR and 

sGNR. 

 

Figure 5.1 Synthesis of yGNR and sGNR from DWNT. DWNTs were annealed to induce defects 

followed by sonication. As the sonication time increases DWNTs were unzipped to double-layer 

GNR (dGNR), Y-type GNR (yGNR) and sGNR subsequently. 
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5.2.2 Sample preparation for X- and Y-type GNR 

Moreover, 1 to 2 hours sonication will lead to the formation of Y-type GNR, while more than 2 

hours sonication will make all the GNR to be single-layer. After sonication, the centrifugation was 

carried out at 5000 G for 4 hours to separate the impurities and PmPV. The remained unzipped 

DWNTs were at the sediment due to its heavier mass and GNRs remains on the top of the solution 

as supernatant. The supernatant solution was extracted and then was used to cast on the substrate.  

By casting twice, the X-type GNR were obtained on the substrate with some of the PmPV. The 

steps for sample preparation with the obtained GNR solution is shown in Figure 5.2.  

 

Figure 5.2 The process of sample preparation to obtain X- and Y-type GNR, subsequently the 

electrode deposition for PCI-AFM measurement.  

After annealing the substrate with GNRs/PmPV at 350 C at 90 minutes the complete removal 

of the PmPV was obtained. Next, the sample for PCI-AFM was prepared by depositing the gold 

electrode on the silicon substrate which contains the GNR on it. The PCI-AFM measurement was 

performed to obtain the electrical property of X- and Y-type GNRs. 
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5.3 AFM characterization of X- and Y-type GNR 

The AFM image of synthesized X- and Y-type GNR obtained from DWNTs are shown in Figure 

5.3. Y-type structure was obtained just after 1-2 hours of sonication since both the layers of GNR 

starts splitting within 1-2 hours. If the sonication time was further increased around to 4 hours, the 

sGNR were obtained. Moreover, by adjusting the casting, waiting time and the number of casting 

the X-type structures were obtained as can be seen from the AFM image.  The AFM images were 

obtained to confirm the formation of X- and Y-type GNRs. Once the X- and Y-type structure were 

confirmed the sample were set for the electrode deposition to prepare the sample for PCI-AFM 

measurement.  

 

Figure 5. 3 The AFM images of synthesized GNR (a) X-type GNR (b) Y-type GNR 

5.4 PCI-AFM characterization of the obtained structures 

To investigate the electrical property of synthesized GNR, PCI-AFM measurement was carried 

out. PCI-AFM is a typical AFM in which the electrical property of conductive nanomaterials can 

be measured together with the image of the nanomaterial. This is the combination of tapping mode 

and point contact mode in which the topography of the material can be obtained with the tapping 

mode whereas the electrical property with the point-contact mode. It was developed by Prof. T. 
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Matsumoto and his co-workers in 2002.[12] PCI-AFM can provide high-resolution topographic 

image and I-V characteristic of the nanomaterial at every pixel of the topographic image. 

In this experiment, PCI-AFM measurement was conducted by a scanning probe microscope 

controlled by two function generators.  The platinum-coated cantilever was used for the I-V 

topographic measurement. Gold electrode was deposited on the substrate to form the conductive 

electrode with respective connected GNRs.  

The schematic representation of PCI-AFM measurement is shown in Figure 5.4.  The 

topography of the sample was obtained by tapping mode AFM, whereas current at each pixel was 

measured by point-contact mode AFM. By setting the optimized parameters, the resolution of the 

topographic image could be high enough to distinguish each and every GNRs on the sample and 

the images can be obtained at the specific area. 

 

Figure 5.4   Schematic representation of PCI-AFM measurement. (a) Topographic image is 

obtained by tapping-mode AFM.  (b) Vibration of cantilever stopped during I-V measurement. (c) 

Pt cantilever is pressed to make electrical contact with the GNR to obtain I-V curve. All the steps 

(a) – (c) repeated for each 128 × 128 pixels of the AFM measurement. 

repeat 128 × 128 pixels

gold electrode

insulator
substrate

e-

Pt cantilever(a)

(b) (c)

nanomaterial
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5.5 Results and discussion 

The electrical property of synthesized X- and Y-type GNR cross junctions were measured with the 

PCI-AFM. The topographic current image of X-type GNR obtained from the PCI-AFM 

measurement is shown in Figure 5.5 (a). This image shows the current obtained from the 

conductive material. If the GNR is not connected to the electrode or the tapping is not enough to 

pass the current between the cantilever and the GNR, no current image appears. Thus, it is very 

important to consider the tapping force on the cantilever during the PCI-AFM measurement. 

 

Figure 5.5 Electrical property of X-type GNR obtained from PCI-AFM. (a) Topographic 

current image. (b) I-V curve obtained at the different point of X-type GNR. (c) Extracted plateau 

width of semimetallic GNR. (d) Plateau width of semiconducting GNR at the X-type junction 
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Moreover, the electrical property of the GNR at the junction of X-type GNR and at different 

points of GNR was measured to investigate how the electrical behavior of GNR changes at the 

junction. The typical I-V curve extracted from the topographic image at different points of X-type 

GNR are shown in Figure 5.5 (b).  

I-V curves extracted at the different point in the topographic image on the X-type structure are 

indicated by Px1, Px2, Px3, Px4, and Px5. The semiconducting property of GNR was observed at 

the junction of X-type GNR at point Px5. Semiconducting property at the junction was supposed 

to be due to the turbostratic stacking of GNR was formed at the junction. If the stacking between 

the cross junctions is out-of-plane it shows an important electron transfer property.[13] The 

electrical property of stacked GNR changes depending on the type of stacking of GNR. It is similar 

to the stacking of few layer GNRs which resembles the property of single-layer GNR due to lower 

interlayer interaction[14] and thus the turbostratic stacking at the junction shows the 

semiconducting property. Moreover, the point Px1, Px2, Px3 and Px4 shows the semimetallic 

property of the GNR. This was due to synthesized GNR have the width between 15-25 nm, and it 

shows the semimetallic property.[ Reetu raj et al. nanotechnology submitted] The semimetallic 

property of GNR with the width greater than 10 nm was also verified by various researchers.[15] 

The semimetallic and semiconducting property of GNR were confirmed by extracting the plateau 

width from the obtained I-V curve. The plot in Figure 5.5 (c) was extracted from the I-V curve 

Px1 and indicates no plateau. Thus, it confirms the semimetallic property of GNR. Whereas the 

plateau width extracted from the I-V curve at point Px5 in Figure 5.5 (d) shows the finite plateau, 

thus, confirms the semiconducting property at the junction.  

To confirm the electrical property of GNR at junction several X-type GNR cross junctions 

were synthesized. The electrical transport property of X-type GNRs was investigated at the 
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junction. Many of the X-type GNRs at the junction shows semiconducting property with the 

different plateau width. The different plateau width with the different X-type GNR was supposed 

to be due to the varied stacking angle of the X-structure.[13] The plateau width was extracted from 

the obtained I-V curve by plotting dI/dV-V curve. The flat area of dI/dV-V curve is defined as 

plateau width as shown in Figure 5.5 (d). More the plateau width, stronger the semiconducting 

property of the GNR. It was observed from the comparison with several X-type GNR by the 

varying angle of x structure the plateau width was varying. This variation is plateau width was 

supposed due to change in the lattice structure at the stacking with the different angles and thus 

results in different plateau width. However, the change in the plateau width is very small which 

confirms the semiconducting property at the junction of X-type GNR.  

 

Figure 5.6. Plateau width obtained from the different stacking angle at X-type junction 

However, some of the X-type GNRs shows the semimetallic property at the junction. This can 

be due to AB stacking of GNR at the junction and in-plane electron transmission.[16, 17] To verify 

the property of X-type GNR at the junction, several x structures of GNR were synthesized and the 
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electrical property at the junction was measured. Furthermore, the plateau width was also 

extracted. The plateau width obtained from the I-V curve at X-type junction are plotted with the 

angle of stacking at X-type junction in Figure 5.6. The obtained data suggest as the angle of 

junction changes the electrical property of GNR at the junction is also changed, which was 

confirmed by plateau width.  

 

Figure 5.7 Electrical property of Y-type GNR obtained from PCI-AFM. (a) Topographic 

current image. (b) I-V curve obtained at the different point of Y-type GNR. (c) Extracted plateau 

width of semimetallic GNR. (d) Plateau width of semiconducting GNR at the junction. 
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Next, the electrical property of Y-type GNR was also investigated. The topographic image of 

the Y-type GNR is shown in Figure 5.7 (a). I-V curve was observed at several points as indicated 

in the topographic image. All the points Py1, Py2, Py3, and Py4 shows the semimetallic property 

except the junction point Py5 as shown in Figure 5.7 (b). The phenomenon is similar to X-type 

junction. The lattice stacking at the junction is changed thus, the property of GNR changed at the 

junction. Hence, it is confirmed that the x and Y-type junction has semiconducting property and 

the rest part of GNR is semimetallic.   

Furthermore, the plateau width of the Y-type junction and the plateau width of a metallic GNR 

was also extracted to confirm electrical transport property of Y-type GNR as shown in Figure 5.7 

(c and d). Figure 5.7 (c) has no plateau width which confirms there is no any bandgap in the GNR 

is semimetallic. However, Figure 5.7 (d) has the plateau width, suggesting there is a finite band 

gap at the junction of Y-type GNR and has semiconducting property at the junction. Thus, the 

nanoribbons having over 10 nm width are considered to be semimetallic as reported from some of 

the theoretical and experimental calculations. It is also well-known that if it would be smaller than 

10 nm, the GNR will be semiconductor due to charge carrier confinement, and edge of the 

nanoribbon also has effect on the property of GNR. 

5.6 Conclusion 

The synthesis of X- and Y-type GNRs were successfully performed. Electrical transport property 

of GNR at different points of X and Y cross junctions were investigated. It was observed that the 

property of GNR at the junction is different as compared to other part of the GNR. The 

semiconducting property at the junction was obtained and confirmed by extracting the plateau 

width. The obtained plateau width suggests the finite opening of bandgap at the junction of X, Y-

type GNR whereas other parts have no bandgap. Different plateau width was observed at different 
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X-type junction and the variation in plateau width was supposed to be due to changes in lattice 

stacking angles at the different X-type junction of GNR.  However, some junction shows no 

plateau width, the reason for this is supposed the AB stacking of GNR at those junctions and in-

plane electron transmission. 
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6 CHAPTER 6 

Conclusion 

 

This work mainly emphasizes on investigating the electrical property of graphene nanoribbon 

(GNR). Furthermore, the electrical property of GNR was tuned to semiconducting by the 

adsorption of molecular nanoparticle. Great effort was made in tuning the electrical property of 

GNR to open the band gap in synthesized GNR. In this step, the synthesis of high-quality GNR 

has an important role, in investigating the physical and electrical property of GNR. The single-

layer GNR (sGNR) was successfully synthesized with the high percentage ratio of GNR, which 

was approximately 90 %. The electrical property of pristine GNR was investigated which shows 

semimetallic behavior since the GNR has width was more than 10 nm. Previous reports have 

highlighted that the GNR with less than 10 nm width has quasi-one-dimensional charge carrier 

confinement, which results in a finite band gap opening with high carrier mobility and on/off 

ratio.[1] Based on this theory the electrical property of sGNR was altered by the adsorption of the 

HAT-CN6 molecular nanoparticle. It is an acceptor[2] type molecule in nature forming the carrier 

trapping site at the GNR and thus, the formation of the neck region. The neck region works similar 

to narrow width GNR and hence the semiconducting behavior in our device was observed. Metal 

to p-type semiconductor transition was observed by adsorption of flat organic molecule HAT-CN6. 

The results obtained by field effect transistor (FET) measurement and the point contact current 

imaging (PCI-) AFM confirms the transition in electric property of sGNR. In addition, it was also 

confirmed that the HAT-CN6 is the strong contender molecular nanoparticle to open the band gap 

in GNRs that are wider than 10 nm. The possible reason for opening the band gap in sGNR was 

also suggested. The observed plateau width was in proportion to the number of nanoparticles 



98 
 

adsorbed on sGNR. The activation energy was also investigated by temperature dependent 

electrical measurement. The technique of opening bandgap could be promising for next generation 

semiconductor industry. 

Moreover, the multi-layer GNR (mGNR) was also synthesized and the electrical property was 

investigated. The GNR layers were grown by CVD process[3, 4] on the pre-synthesized GNR 

unzipped from double-walled carbon nanotubes (DWNTs). The synthesized mGNR has 

turbostratic structure and hence the reduced inter layer coupling.[5]  Thus, there were low inter 

layer interaction and the device can achieve property of sGNR with higher conductivity and on/off 

ratio.[6] The fabricated FET device shows the reasonable gate dependence modulation in the 

transfer curve. The device was changed to clear p-type with improved on/off ratio after the 

adsorption of flat organic molecule HAT-CN6. The obtained results suggest the formation of the 

neck and the clear change in an electrical property of mGNR-FET device was observed with HAT-

CN6. The concentration of nanoparticle has a great impact in opening the band gap in GNR device. 

The activation energy was also calculated with the temperature dependence measurement. Such a 

technique could be used for a high-speed switching device in near future. 

The work also has a brief description of the various other techniques used to synthesize the 

GNR.  In addition, the other 2D materials beyond the carbon-based materials are also attracting 

great interest in the research fields which could be one of the candidates for the next generation of 

electronics. It still needs the intensive research and study for unveiling the fundamental and 

physical properties and applications of 2D materials. 

Moreover, the fabrication of X- and Y-type GNR cross junction were also successfully 

performed. The electrical property of GNR at different points of x and y cross junctions was 

investigated. It was observed that the property of GNR at the junction is different as compared to 
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other part of the GNR. The semiconducting property at the junction was obtained with the varying 

plateau width. The variation in plateau width was supposed to be due to changes in lattice stacking 

at the different angles of GNR.  However, some junction shows no plateau width, the reason for 

this is supposed the AB stacking of GNR and in-plane conduction at those junctions.[7] 

6.1 Scope of the thesis 

The electrical property of the pristine sGNR synthesized from DWNT was investigated which 

shows semimetallic behavior since the GNR has width more than 10 nm. The property was tuned 

to semiconducting by use of molecular nanoparticles. This makes the great scope of such a GNRs 

in the semiconductor industry, which could be used in future for semiconductor device 

applications. The on/off ratio of mGNR-FET device was also improved with the use of molecular 

nanoparticles, which can be applied for high-speed switching devices. 

Moreover, the X- and Y-type junctions were also fabricated with the GNRs obtained from 

DWNTs. The junction shows the semiconducting property, which could be used for wiring 

applications as well as the device semiconducting device at the junctions.[8] 
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