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 Abstract 
 

Synthesis of Graphene Quantum 

Dots and Antidots 

 
Myung Jin Park 

Depertment of Chemistry 

Seoul National University 
 

 
The Nobel prize for physics in 2010 was awarded to Professor Andrei 

Geim and Professor Kostya Novoselov for their topic of ‘Ground 

breaking experiments regarding the two-dimensional material graphene’. 

The expansion of research in graphene was helped by many people 

who were already studying carbon nanotubes and fullerenes, simply 

translating their activities into this new area. 

The tools for characterizing graphene is often similar to those used for 

nanotubes, such as transmission electron microscopy (TEM), scanning 

electron microscopy (SEM), electronic device fabrication, diffraction and 

raman spectroscopy. These similarities also give a chance for rapid 

advances in understanding the properties of new 2D crystals that may 

exhibit new behavior in graphene. 

The biggest problem for fullerenes and nanotube is the manufacturing 

aspect. It is challenging to produce vast quantities of entirely pure 

materials. 
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Despite some of the most interesting and useful properties of 

fullerenes come by adding dopants or molecular functional groups, this 

makes their separation using high-performance liquid chromatography 

time consuming and thus the end product expensive.  

Carbon nanotubes also suffer from the problem of mixed chiralities 

that lead to both semiconducting and metallic electronic transport 

behaviors. This has limited their application in electronics, despite 

demonstrating their outstanding properties at device.  

Graphene, on the other hand, looks to be solving these manufacturing 

problems with variable synthetic methods, Chemical Vapor Deposition 

(CVD) and Chemical exfoliation as well. The pathway for cheap and 

high-quality graphene suited for a variety of applications is achievable.  

Graphene is a zero-gap semiconductor since the conduction and 

valence bands meet at the Dirac points and exhibit a linear dispersion. 

The electronic density of states is zero at the Dirac points. This 

topology of the bands gives rise to unique and exotic electronic transport 

properties. The charge carriers are massless, which affects an extreme 

intrinsic carrier mobility. This makes graphene a promising candidate for 

applications in high-frequency electronics as a being more suitable than 

logic-based transistors.  

While it is clear that outstanding properties of graphene with 

fascinating electronic structure that received the most attention, this 

intrinsic character is seen as one of the most challenging in terms of the 

opening the band gap. 

Recently, the constricting of graphene into a finite structure has 
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attracted the most intensive research. A great mount of theoretical work 

demonstrated that the influence of band structure can be varied by edge 

structure and width. The first experimental results, known as a graphene 

nanoribbon (GNR), were patterned by electron beam lithography. The 

measured energy gaps were found to be inversely proportional to GNR 

width. However, lithographic and graphene etching resolution is limited 

within the sub-10nm regime. 

In an attempt to solve these problems, solution processing with 

chemical reagents was employed to exfoliate the graphite sheets down 

into a narrower size, which yield GNR with a variety of shapes and 

repeatable uniformity. 

Furthermore, graphene nanomesh as a closely related structure to 

GNRs has been reported; a periodic array of holes in a graphene sheet, 

with the necks between adjacent holes narrowing to 5nm, which provides 

the confinement to easily open a band gap. 

The objective of this dissertation is to mainly introduce the optical 

properties and their applications of nanostructured graphene; graphene 

quantum dot (GQD) as a closely related with GNR material, and pseudo-

nanomesh fabricated from catalytic etching of metal nanoparticle.  

The book starts with a broad description of the graphene, which 

contains the atomic structure of graphene, synthetic methods, 

characterization using optical tool, and patterning, since these will help a 

general understanding of the graphene. Once an understanding of the 

graphene is obtained, we move towards describing each of experiments 

in Chapter 2 and 3. 
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Figure 1. Atomic orbital of a carbon atom. (a). Ground state, (b) sp3-

hybridised in diamond, (c)sp2-hybridesed in graphene. 

Figure 2. Crystal structure of graphene; (a) 2D hexagonal lattice of 

graphene in real space with vectors a1 and a2. The unit cell is indicated 

in grey. It contains two nonequivalent carbon atoms A and B, each of 

which span a triangular sublattice as indicated with black and white 

atoms, respectively. (b) Reciprocal lattice with lattice vectors b1 and b2. 

The first brillouin zone is indicated in grey and the high symmetry points 

Γ, Κ, Μ are indicated. (c) Lattice planes in the real lattice.  

Figrue 3. Band structure of graphene. Conduction band and valence band 

are meet at the Dirac points. Inset is a close-up of the Dirac point at 

small value of k, which shows the linear dispersion. 

Figure 4. Optical micrographs of graphene transferred on the substrate. 

(a) SEM image of the multilayer graphene grown on Ni foil. (b) Optical 

microscope image of the monolayer graphene grown on Cu foil. (c) 

Optical microscope image of the over grown graphene on the Cu foil. (d) 

Raman signal of the monolayer graphene. 

Figure 5. Calculated phonon dispersion relation of graphene showing the 
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different 6-phonon branches. 

Figure 6. (a) Peak shift of the G band as a function of electron 

concentration at 200K: (dots) measurements, (dotted line) adiabatic 

Born-Oppenheimer, (solid line) finite-temperature non-adiabatic 

calculation. (b) Full width at half maximum (FWHM) of the G band as a 

function of electron concentration at 200K: (dots) as measured, (line) 

theoretical calculation.  

Figure 7. Raman spectra at values of VTG between -2.2 V and +4.0 V. 

The dots are the experimental data, the black lines are fitted lorentzians, 

and the red line corresponds to the Dirac point. The G peak is on the left 

and the 2D peak is on the right. 

Figure 8. Position of the G band as a function of uniaxial strain. The 

spectrum is measured with incident light polarized along the strain 

direction, collecting the scattered light with no analyser. 

Figure 9. (a) Second-order raman process for the D band in graphene. 

(b) Second-order raman process for the 2D band. Two phonons have 

opposite wavevectors to conserve the total momentum in the scattering 

process. (c) Second-order raman process for intra valley scattering of 

the D’ band. 

Figure 10. Double resonance mechanism. (a) outer process. (b) inner 

process 

Figure 11. SEM images of GNRs prepared by electron beam lithography. 
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(a) Parallel arrangement with varying diameter. (b) Arrangement with 

different angles. (c) Energy gap plotted as a function of the width of 

GNRs. (d) Graphene nanomesh fabricated by block copolymer template. 

Figure 12. Anisotropic etching of graphite/graphene. (a) SEM image of 

channels cut by nanoparticles through a graphite surface. (b,c) STM 

image of nanocut graphite: typical etch orientations are along the zigzag 

and armchair lattice directions. (d-e) AFM image of the connected 

nanostructure: Etching in SLG has chirality-preserving angles of 60o 

and 120o, avoiding crossing of trenches leaving ∼10 nm spacing 

between adjacent trenches.  
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GQDs are tuned by reduction times. 

Figure 2. XPS spectra (A) and normalized PLE and PL spectra (B) of 

GOQD, 5 hrs reduced GQDs, and 10 hrs reduced GQD. 

Figure 3. TEM and AFM images of graphene oxide (GO) QDs (A, B), 5 

hrs reduced GQDs (C, D), and 10 hrs reduced GQDs (E, F), respectively. 

The AFM scan ranges are 3μm×3μm. 

Figure 4. J-V curves (A), IPCE (B) and dark J-V curves (D) of devices 

with plain BHJ (black), BHJ with GOQD (red), BHJ with GQD 5 (green) 

or GQD 10 (blue). UV-visible adsorption spectra of GOQD and GQD 10 

in chlorobenzene (C). 

Figure 5. Multi-peaks fitted XPS spectra of GOQD, GQD 5 and GQD 10. 

Figure 6. Height distribution (A)~(C) from AFM images in figure 3 of 

GOQD, GQD 5 and GQD 10. 

Figure 7. J-V curves of devices prepared by addition of various 

concentration of GOQD (A), GQD 5 (B) and GQD 10 (C) in BHJ layers. 
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Figure 8. Absorption spectra of plain BHJ film (black) and BHJ films with 

GOQD (red) and GQD 10 (blue). 

Figure 9. AFM images (3μm×3μm) of plain BHJ film (A) and BHJ films 

with GOQD (B), GQD 5 (C)  and GQD 10 (D).  

Figure 10. FT-IR spectra of GOQD, GQD 5 and GQD 10. 

Table 1. Performance parameters of the devices with plain BHJ 

(reference) or BHJ with GOQD, GQD 5 or GQD 10. 
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Figure 1. Schematic of fabrication of nanoscale perforated graphene films. 

(a) Reduced graphene oxide (rGO) is coated on a SiO2/Si substrate. (b) 

Diblock copolymer micelles incorporated with Pt precursors is coated on 

the rGO film. (c) The Pt NPs array is formed with penetration from top 

of rGO at 400oC in ambient condition. (d) The nanopores are formed on 

rGO or CVD graphene. (e) Diblock copolymer micelles incorporating with 

Pt precursors are first coated on the SiO2/Si substrate. (f) The micelles 

film is converted into Pt NPs array after annealing at 400oC in ambient 

condition. (g) The CVD graphene is transferred on the Pt NPs array, 

followed by annealing at 400 oC. (h) Local strain on graphene induced by 

negative thermal expansion leads to enhanced chemical reactivity 

resulting in localized catalytic perforation. 

Figure 2. AFM and TEM images for perforation processes. (a) AFM 

image of uniformly coated Pt-micelle arrays on rGO. (b) AFM image of 

well arrayed Pt NPs, on rGO after annealing. (c) AFM image of 

perforated rGO after transfer to another substrate. (d) TEM image of 

nanopores of rGO suspended in a TEM grid. (e) AFM image of the Pt 

NPs array on a SiO2/Si substrate after annealing. (f) AFM image of CVD 

graphene transferred on the Pt NPs array. (g) AFM image of CVD 

graphene subjected to local strain caused by annealing treatment. (h) 

AFM image of nanopores formed on CVD graphene after removing Pt 
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NPs. Scale bars in AFM and TEM images are 200 nm. 

Figure 3. Raman analyses of CVD graphene on Pt NPs with respect to 

annealing time. (a) The variation of the phonon frequencies of the 2D 

and G modes as a function of annealing time. (b) Correlation between 

2D/G intensity ratio and G mode position as a function of each annealing 

treated samples (Black dashed line represents second order polynomial 

curve fit to the data points).  (c) Correlation between FWHM of G mode 

and its position as a function of each annealing treated samples (Black 

dashed line represents second order polynomial curve fit to the data 

points). (d) Correlation between the G and 2D modes varied by 

annealing. The black dashed line indicates the charge neutral graphene 

under randomly oriented uniaxial strain. The red solid line indicates 

doped graphene with varying density of holes, Green dot indicates the 

charge neutral and strain-free graphene. (Inset: decomposition of hole 

doping and strain types using unit vectors; εC: compressive strain, εT: 

tensile strain, eH: hole doping effect, magenta dashed line: average value 

of strain-free graphene with varying density of holes.) 

Figure 4. (a) AFM image of nanopores (diameter: 17 nm, spacing: 42 nm) 

of CVD graphene obtained from smaller molecular weight of diblock 

copolymer PS-P4VP (32k-13k). (b) AFM image of nanopores 

(diameter: 21 nm, spacing: 56 nm) of CVD graphene obtained from 

diblock copolymer PS-P4VP (51k-18k). (c) AFM image of nanopores 

(diameter: 27 nm, spacing: 125 nm) of CVD graphene obtained from 

higher molecular weight of diblock copolymer PS-P4VP (109k-27k). (d) 
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Raman spectrum with respect to each sample. (e) Ids of each sample 

measured at constant Vds=10mV after the annealing under H2/Ar 

atmosphere at 300oC for 10 min (solid curves) and 20 min (dashed 

curves). 

Figure 5. (a) AFM image of annealing treated CVD graphene on Pt NPs 

in vacuum. (b) AFM image of annealing treated CVD graphene on silica 

NPs in the air. (c) AFM image of annealing treated CVD graphene on Au 

NPs in the air. Scale bars are 200 nm. (d) Raman spectrum with respect 

to each sample. 

Figure 6. AFM studies of perforated of rGO.  (a) AFM image of the 

spin-coated rGO on SiO2/Si substrate. (b) AFM image of the arrayed Pt 

NPs with perforation of rGO film after annealing treatment. (c) AFM 

image of the Pt NPs synthesized on a bare SiO2/Si substrate. The height 

histogram of Pt NPs on rGO is compared with that of the Pt NPs 

synthesized on a bare SiO2/Si substrate. The height of Pt NPs on rGO is 

2.4 nm smaller. This value indicates that the Pt NPs well penetrates the 

rGO film and resides on the SiO2/Si substrate. Scale bars are 200 nm. 

Figure 7. TEM studies of the synthesized Pt NPs.  (a) TEM image of the 

Pt NPs synthesized using the diblock copolymer PS-P4VP (32k-13k). 

(b) TEM image of the Pt NPs synthesized using the diblock copolymer 

PS-P4VP (51k-18k). Inset represents the selected-area electron 

diffraction pattern of Pt NPs. (c) TEM image of the Pt NPs synthesized 

using the diblock copolymer PS-P4VP (109k-27k). All of the 
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histograms informs the size distribution with respect to each Pt NPs. 

Scale bars are 500 nm. 

Figure 8. AFM and TEM images of perforated rGO. (a,b) Micrographs of 

nanopores (diameter: 8 nm, spacing: 34 nm) of rGO obtained from 

smaller molecular weight of diblock copolymer PS-P4VP (32k-13k). 

(c,d) Micrographs of nanopores (diameter: 19 nm, spacing: 101 nm) of 

rGO obtained from higher molecular weight of diblock copolymer PS-

P4VP (109k-27k). Scale bars in AFM and TEM images are 200 nm. 

Figure 9. Aggregation of the Pt NPs on CVD graphene. (a) SEM image of 

the large aggregation of the Pt NPs on CVD graphene forming clusters. 

(b) AFM image of the aggregation of the Pt NPs on CVD graphene. Scale 

bars in SEM and AFM images are 200 nm. 

Figure 10. Surface morphology variation of CVD graphene. (a) AFM 

image of CVD graphene transferred on the Pt NPs array. (b) AFM image 

of annealing treated CVD graphene for 5 min; (c) 10 min; (d) 15 min; (e) 

25 min; (f) 30 min. The ripples coexisted with suspended region are 

contracted, forming linear creases induced by negative thermal 

expansion coefficient of graphene. Localized compressive strain of 

graphene can act as catalytic oxidation sites for Pt NPs to decompose 

the chemically weaken bonding region. Scale bars are 200 nm. 

Figure 11. TEM images of perforated single-layer graphene suspended 

in TEM grids. The single layer thickness of graphene does not give 

enough contrast to clearly visualize the existence of nanopores. Scale 
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bars, 200 nm. 

Figure 12. Raman analyses of CVD graphene on Pt NPs with respect to 

annealing time. Correlation between FWHM of 2D mode and its position 

as a function of each annealing treated samples (Black dashed line 

represents the second order polynomial curve fit of whole data points). 

Figure 13. Annealing induced Raman spectrum variation. The D and D’ 

bands are increased proportional to annealing time, which is attributed to 

sp2 bond breaking resulting in the formation of nanopore. The blue shift 

of the G and 2D modes is caused by strong hole doping effect during 

annealing in the air (Inset represent the raman spectrum variation of 

before and after annealing. This spectra difference can be an indicator to 

estimate whether the pores is formed or not). 

Figure 14. Reduction of the doping concentration by the annealing 

process. Carrier concentration of the perforated graphene obtained from 

PS-P4VP (51k-18k) after the annealing at 300 oC under H2/Ar 

atmosphere. 

Figure 15. Photograph and SEM images for the perforation of wafer-

scale graphene on the arrayed Pt NPs. Photograph and SEM images for 

the strain-assisted perforation of wafer-scale graphene on the arrayed 

Pt NPs. (a) Graphene film transferred on Pt NPs arrays on a 4-inch 

wafer. (b, c). Graphene on Pt NPs before annealing. (d) Perforated 

graphene on Pt NPs after annealing at 400°C for 30min. Scale bars are 

200 nm. 
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ChapterⅠ 

Introduction 

 

1. The Atomic structure of Graphene 

In order to understand the atomic structure of graphene, it is 

necessary to get a knowledge of the feature of elemental carbon as well 

as its allotropes. The overall interest in carbon is originated from the 

various forms of structure. This variety results from a significant 

electron configuration of carbon that gives a role to form different types 

of valence bonds to various elements, including other carbon atoms, 

through atomic orbital hybridization. Carbon has the atomic number 6 and 

therefore, electrons occupy the 1s2, 2s2, 2px
1, and 2py

1 atomic orbitals as 

illustrated in Fig. 1 (ground state). It is a tetravalent element, i.e. only 

the four exterior electrons participate in the formation of covalent bonds. 

When forming bonds with other atoms, carbon promotes one of the 2s 

electrons into the empty 2pz orbital, resulting in the hybridized orbitals. 

In diamond the 2s-energy level hybridizes with the three 2p levels to 

form four energetically equivalent sp3-orbitals that are occupied with 

one electron each (Fig. 1). The four sp3-obitals are oriented with 

largest possible distance from each other; they therefore point towards 

the corners of an imaginary tetrahedron. The sp3-orbitals of one carbon 

atom overlap with the sp3-orbitals of other carbon atoms, forming the 
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3D diamond structure. The extreme rigidity of diamond is originated 

from the strong binding energy of the C-C sigma bonds. 

In graphite, only two of the three 2p-orbitals participate in the 

hybridization, forming three sp2-orbitals (Fig. 1). The sp2-orbitals are 

oriented perpendicular to the remaining 2p-orbital, therefore lying in the 

X-Y plane at 120o angles. Thus, sp2-carbon atoms form covalent in-

plane bonds having an effect on the hexagonal“honeycomb”structure of 

graphite. While the in-plane σ-bonds within the graphene layers 

(615kj/mol) are even stronger than the C-C bonds in sp3-hybridised 

diamond (345 kJ/mol), the interplane π- bonds between layers formed 

by the remaining 2pz-orbitals have a significantly lower binding energy, 

leading to an easy exfoliation of graphite along the layer plane. A single 

layer of graphite (graphene) has a lattice constant a= √3 0 where 

a0=1.42Å is the nearest neighbor interatomic distance.1 The interplane 

distance between two adjacent graphene layers in AB stacked graphite is 

3.35 Å.1 

The hexagonal lattice of graphene is shown in Fig. 2a with an armchair 

and a zigzag edge. The unit cell of graphene is a rhombus (grey) with a 

basis of two nonequivalent carbon atoms (A and B). The black and white 

circles represent sites of the corresponding A and B triangular 

sublattices. In Cartesian coordinates the real space basis vectors of the 

unit cell a1 and a2 are written as  

 

 

with a = √3	 0.
2 A section of the corresponding reciprocal lattice is 

a1 =  
√3 /2

 /2
 					and				a2 = 	 

√3 /2

− /2
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depicted in Fig. 2.2b together with the first brillouin zone (grey 

hexagon). The reciprocal basis vectors b1 and b2 can be expressed as  

 

 

and thus, the reciprocal lattice constant is	4π√3a. The high symmetry 

points (Г, М, К and К’) are indicated in Fig. 2b. The reciprocal 

lattice is a geometrical construction that is very useful in describing 

diffraction data. It is an array of points where each point corresponds to 

a specific set of lattice planes of the crystal in real space, as illustrated 

in Fig. 2c. 

The reciprocal lattice is generally used to depict a material’s 

electronic band structure, plotting the bands along specific reciprocal 

directions within the Brillouin zone. In this context the two points K and 

K’ (also known as Dirac point) are of particular importance. Their 

coordinates in reciprocal space can be expressed as  

 

 

(castro Neto et al., 2009).3 Graphene is a zero-gap semiconductor 

since the conduction and valence bands meet at the Dirac point and 

exhibit a linear dispersion.4 This topology of the bands gives rise to 

unique electronic transport properties. The charge carriers are massless, 

which affects an extreme intrinsic carrier mobility.5 This makes 

graphene a promising candidate for applications in new generation of 

atomic scale thin field effect transistors. 

 

b1 =  
2 /√3 

2 / 
 				and					b2 =  

2 /√3 

−2 / 
  

K =  
2 /√3 

2 /3 
 							and					K′ =  

2 /√3 

−2 /3 
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2. The Band structure of Graphene 

Each carbon atom in the graphene lattice is connected to its three 

nearest neighbours by strong in-plane covalenet bonds. These are 

known as σ bond and are formed from electrons in the 2s, 2px and 2py 

valence orbitals. The fourth valence electron occupies the 2pz orbital 

which is oriented perpendicular to the plane of the graphene sheet, and 

as a consequence, does not interact with the in-plane σ electrons. The 

2pz orbitals from neighbouring atoms overlap, resulting in delocalized π 

(occupied or valence) and π ∗ (unoccupied or conduction) band. Most of 

the electronic properties of graphene can be understood in terms of 

these π band. 

The calculated band structure of graphene is shown in Fig. 3. The 

valance and conduction band meet at the high symmetry K and K’ point. 

In intrinsic graphene, each carbon atom contributes one electron 

completely filling the valence and leaving the conduction band empty. As 

such the Fermi level (Ef), Ef is situated precisely at the energy where 

the conduction and valence bands meet. These are known as the Dirac or 

charge neutral point. 

Consideration of the dispersion relation can be limited to just two of 

the Dirac points (K, K’) and the others are equivalent through translation 

by a reciprocal lattice vector. These two Dirac points in reciprocal space 

can be directly related to the two real space graphene sub-lattices (A, 

B). The region of the dispersion relation close to K, K’ is plotted in the 
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inset to Fig. 3, showing the linear nature of the Dirac cones. The charge 

carriers near the Dirac point are act as massless Dirac Fermions 

travelling with a group velocity of VF≈1 x 106 ms-1.3  

 

 
3. Synthesis Methods 

3.1 Chemical Vapor Deposition 

The synthesis of graphene using Chemical Vapor Deposition (CVD) 

method is the most promising candidates for the goal of large scale, 

giving a high quality crystallinity to the as prepared sample.  

During synthesis using CVD, the precursor as a gas phase is injected 

to reaction chamber, where it react with a metal catalyst at elevated 

temperature and graphene is formed on the surface of the catalyst. 

Precursors, e.g. methane, ethylene and low molecular weight carbon 

based source can be used. Depending on the catalyst, two fundamental 

mechanisms of graphene growth are proposed.6 For polycrystalline Ni, 

the precursor is decomposed at the surface and the carbon is dissolved 

in the metal. When the substrate is cooled, the solubility of C in Ni 

decreases and graphene first segregates and then grows on the Ni 

surface.7 Consequently, it is very important to control the cooling 

conditions to make a monolayer graphene.8 An example of a few layer 

graphene grown on Ni is given in Fig. 4a. 

However, for Cu catalyst has a totally different mechanism. The 

carbon intermediate is not dissolved in the metal because of the low 
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solubility of C in Cu even at a very high temperature (even up to 

1000oC). Instead, the carbon atoms is crystalized to graphene directly 

on the surface at high temperature; there is no need to precisely control 

the cooling condition of the metal substrate. The synthesis on Cu is 

subjected to the surface mediated self-limiting.9 Once the growth of a 

monolayer of graphene is completed, the process is no longer 

propagated, because access to the catalytic Cu surface is efficiently 

blocked. Hence, only 1layer of graphene would be formed by the Cu-

catalyzed CVD, as shown in Fig. 4b. However, in many instances, small 

regions with double or multilayers, as seen in Fig. 4c, are observed. 

These multilayer regions may impede the fabrication of graphene based 

devices with a large scale due to the uniformity of the graphene films. 

Hence, controlling their monolayer as shown in Fig. 4b remains one of 

the key requirements in Cu-catalyzed CVD graphene growth. 

 

 

3.2 Chemically exfoliated Graphite oxide 

Owing to the surge of interest in graphene, research into various 

methods of production of this material has attracted scientists all over 

the world. Mechanical exfoliation using a commercial tape provides very 

high quality monolayers on substrate however it has to be isolated by 

time-consuming manual process. One possible solution to overcome 

these problems is the use of solution based methods to separate the 

layers of graphite by intercalation or functionalization of the individual 
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layers. This approach is scalable, making it applicable to the chemical 

functionalization.  

One of the earliest investigations was reported by the B.C. Brodie who 

was exploring the structure of graphite by investigating the reactivity of 

graphite. He determined that by adding potassium chlorate (KClO3) to a 

slurry of graphite in fuming nitric acid (HNO3), the resulting material 

was composed of carbon, hydrogen, and oxygen, resulting in an increase 

of overall mass of the graphite flake. Although Brodie was unable to 

accurately determine the molecular weight of graphite in his studies, he 

had unknowingly discovered a method for oxidizing graphite. Over the 

years there have been numerous efforts to oxidize graphite through 

various modified method but the basic principle remains the same even 

today.10 

The Hummers method uses a combination of potassium permanganate 

(KMnO4) and sulfuric acid (H2SO4). Although permanganate is a good 

established oxidizing agent, the active species in the oxidation of 

graphite is dimanganese heptoxide (Mn2O7), which appears as brownish 

red oil formed from the reaction of KMnO4 with H2SO4. The Mn2O7 is 

further more reactive than MnO4
-, and is known to cause an explosive 

reaction when it is subjected to elevating temperatures greater than 

55oC or when placed in contact with organic compounds.11,12 Tromel and 

Russ demonstrated the ability of Mn2O7 to selectively oxidize 

unsaturated aliphatic double bonds over aromatic double bonds, which 

may have important implications for the structure of graphite and 

reaction pathways during the oxidation.13 
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The exact mechanism of oxidation of graphite is unfortunately very 

challenging to make sure owing to the complexity of graphite’s flakes 

and the presence of defects in those structures. 

Graphite oxide obtained by this method exists in as a brown viscous 

slurry, which contains not only graphite oxide but also non-oxidised 

graphitic particles and the residues of the by-products produced during 

reaction. Pure graphite oxide suspensions are achieved by variable 

purification methods, e.g. centrifugation, dialysis which efficiently 

removes salts and ions.14 

As prepared graphite oxide itself is insulating, its carbon framework, 

however, can be substantially restored by variable reduction process, 

thermal annealing or treatment of chemical reducing agents resulting in 

reduced graphite oxide.   
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4. Raman spectroscopy of graphene 

4.1 Phonons in graphene 

Over the last few decades, Raman spectroscopy has proven to be the 

one of ideal tools for investigation of carbon based materials. It can be 

possible to acquire the simultaneous information of the sample on the 

vibrational structure as well as on the electronic properties of materials. 

Moreover, it is a fast, reliable and nondestructive method delivering 

results with high precision and resolution. 

The unit cell of graphene contains two atoms, A and B. In total, six 

phonon dispersion branches can be constructed out of the two atoms. 

Three modes whose energy tends to zero at the center of 1st brillouin 

zone are denoted as acoustic phonons and the other three with a finite 

energy are optical phonon branches. For both the optical and acoustic 

branches, two phonons are transverse and one longitudinal with respect 

to the direction of phonon propagation given by the wavevector, q in the 

two-dimensional honeycomb lattice, the direction of propagation is 

usually chosen parallel to the nearest carbon-carbon direction, e.g. 

between the sub-lattices(A and B) in the graphene. For the longitudinal 

phonons, the atomic displacements are parallel to the phonon 

propagation, whereas they are perpendicular for the transverse phonons. 
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The atomic displacements of the two transverse phonons are also 

perpendicular to each other. In a two-dimensional lattice of graphene, 

this means that a longitudinal and one transverse phonon are in-plane 

vibrations and the other transverse phonon vibrates in the direction 

perpendicular to the graphene layer (out of plane). The two in-plane 

longitudinal modes are denoted as LA (longitudinal acoustic) and LO 

(longitudinal optical) phonons. The four transverse phonons are 

assigned to in-plane transverse acoustic (iTA), in-plane transverse 

optic (iTO), out-of-plane transverse acoustic (oTA) and out-of-plane 

transverse optic (oTO) branches, respectively. This classification of the 

phonons holds for high symmetry Г- К and Г- М directions within 

the brillouin zone. The calculated phonon dispersion relation is shown in 

Fig. 5.15  

Phonons can also be classified according to representations of a point 

group to which the unit cell of graphene belongs. The symmetry of 

monolayer graphene (MLG) follows the point group D6h which is the 

symmetry of the wave-vector at the center of the Brillioun zone (Г 

point) in the reciprocal space. The six normal modes of single layer 

graphene are transformed in the Г point according to the E2g, B2g, E1u 

and A2u representations of the D6h point group. Two modes (E2g and E1u) 

are doubly degenerated and other two are non-degenerated. E2g and B2g 

are optical modes and E1u and A2u are acoustic modes. The only Raman 

active mode is E2g and the corresponding line is called the G band in the 

graphene Raman spectrum. The double degeneracy of the mode is the 

consequence of the fact that the iTO and LO branches meet exactly at 
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the Г point. This degeneracy is lifted for points inside the Brillouin 

zone as can be seen in Fig. 5 for the LO and iTO branches outside the Г 

point in the Г-K direction. 

In addition, phonons near the K-point give a significant contribution to 

the graphene Raman spectrum. There are two optical phonons exactly at 

the K-point, one coming from the iTO branch and another from the 

combination of the iLO and iLA branches. The former belongs to a 

Raman active A1 representation of the point group D3h. For the totally 

symmetric A1 mode, all the six atoms in a hexagonal ring vibrate in a 

radial direction. The corresponding Raman line is called as the D band. 

 

 

4.2 Electronic structure of graphene 

The first Brillouin zone of graphene is a hexagon with high symmetry 

points Г at the center of the first Brillouin zone (1st BZ) and two 

inequivalent points K and K’ in the corners. Each carbon atom has 

three bonds in the plane and on orbital perpendicular to the plane. 

Electrons from the perpendicular orbitals form band close to the Fermi 

level represented as π and π* bands. In the band structure of 

monolayer graphene, the π band corresponds to the valence band and 

the π* band is the conduction band. The bands meet each other at the 

corners of the 1st BZ, the so called Dirac points. The Fermi level is at 

the Dirac points and the energy scale of the bands is given as (γ0≈3eV) 

acquired from the condition in zero temperature and no doping. This 
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means that the linear dispersion of the valence and conduction band is 

sufficient for analyzing raman experiments performed with lasers in the 

visible range.  

 

 

4.3 Raman mode in graphene 

4.3.1 1st-order Raman mode 

The G band at around 1583cm-1 is the only Raman active first-order 

mode in monolayer graphene. Its line position and line width strongly 

depend on the doping state. This dependence is demonstrated 

experimentally in Fig. 6 for an electrically gated graphene sample.16 The 

G band upshifts when a positive gate voltage is applied and the sample is 

electron doped. The line width decreases with the doping (Fig.6, right). 

The trend is also similar for hole doping despite a smaller range of 

doping. The solid line in both panels is a calculation taking into account 

the non-adiabatic effects. It follows the experimental result well in 

particular for the line position. The logarithmic divergence is smeared 

out in the experiment owing to local temperature effects and 

inhomogeneous doping of the graphene surface. The importance of going 

beyond the common Born-Oppenheimer approximation is demonstrated 

by the dotted line in Fig. 6 (left). It is a result of a calculation that does 

not take the dynamic effects into account and its disagreement with the 
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experimental results is obvious. 

The experiment that offers much higher doping levels is the 

electrochemical top gating method.17 The dependence of the G band 

position and the line width (FWHM) is shown in Fig. 7. The doping range 

is one order of magnitude larger than measurements given by Pisana et 

al.16 The results of both experiments are in qualitative agreement. 

In this wider range, the theory of Lazzeri and Mauri18 still takes the 

experimental trends such as the asymmetry between electrons and holes, 

but the deviation from the experiment becomes significant at high doping 

levels. The asymmetry between the electron and hole doping is clear 

with smaller values of the doping induced shift. The doping removes or 

adds electrons from the system and changes the carbon-carbon bond 

strength.19 Hole doping increases the strength and therefore hardens the 

G band frequency. Electron doping does not the same role significantly. 

Both effects are superimposed on the frequency change owing to 

electron-phonon coupling. For hole doping, the effect of both 

mechanisms is cumulative whereas they act against each other for 

electron doping. Therefore, the frequency shift owing to electron doping 

is not as large as that for hole doping. 

 

 

4.3.2 Divergence of the G band 

The degeneracy of the G band at the Г-point can be lifted by 

applying uniaxial strain.20 The G band splits into two components that 



 

 １４ 

redshift linearly with the increasing strain as shown in Fig. 8. However, 

the rate of the redshift is different for the two lines. The reason is that 

the phonon eigenvectors that give rise to the two raman components are 

not equivalent under the applied strain. The component where the 

wavevector is perpendicular to the strain is less affected and has a 

higher energy than the line with the phonon eigenvector parallel to the 

strain. The relative intensities of the Raman components change with 

polarization of the incident laser light allowing a probe of the sample 

crystallographic orientation with respect to the strain direction. A 

universal plot relating the shift of the G band to the strain can be made 

for graphene. This can show the construction of correlation between 

Raman shift and stain.21 

 

 

4.3.3 2nd-order Raman mode 

The D band at ~1300cm-1 and 2D band at ~2690cm-1 are known in all 

carbon base materials. Looking at the phonon dispersion, it is obvious 

that the D band can be ascribed to iTO-derived phonon near the K point 

of the Brillouin zone and the 2D band is its overtone. The origin of the 

behavior was recognized as being the result of double resonance 

process, which exhibit a dispersive behavior.22  

There are several mechanism for elucidating the phonon relationship. 

First, the electron in the initial state i with the wavevector k near the K 

point is excited to the conduction band by absorbing a photon with the 
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energy E1 (Fig. 9).6 After that, Several scattering for the electron can 

be generated. For the D band, the electron emits a phonon with a 

wavevector q and phonon frequency (ωph) and moves to the K’ point 

(state b). The electron is then back scattered by a defect to the state c. 

The backscattering changes the electron momentum by –q. The electron 

recombines with the hole in the state i, which emit a photon with the 

scattered energy (ES). 

The scattering of an electron between K and K’ points is said to be 

an 2D band as an intervalley scattering (Fig. 9b). The magnitude q of 

the phonon wavevector involved follows q≈2k, where k is the electron 

wavevector. This condition is imposed by momentum conservation and 

both wavevectors are measured from the K point. The electronic state 

with a particular wavevector k can be selected by laser energy (Elaser). 

By changing Elaser, the phonon energy also changes and follows the 

dispersion of the iTO derived branch in the vicinity of the K point. 

Because the branch has a local minimum at the K point, the position of 

both the D and 2D bands always increases as a function of increasing 

(Elaser). 

For the scattering process discussed so far it was assumed that the 

exchanged momentum, q, connects the outer parts of the Dirac cones at 

the K and K’ points. In addition, the process connecting the inner parts 

is also possible. The principle is demonstrated in Fig. 10.24 

Both processes contribute to the shape of the D and the 2D bands of 

graphene. The outer process due to the phonons from the Γ-Κ are 

combined with the inner scattering. Because the phonon branches in the 
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two directions are generally different, the 2D band is splitted into two 

components even at zero strain. The splitting becomes more pronounced 

under uniaxial strain. The symmetry of a graphene lattice lowers and 

the electronic bands change differently along different directions in the 

BZ. Depending on which strain direction the electron is scattered within 

1st BZ, phonons with different q vectors take part in the double 

resonance process. 

Not only does the intervalley scattering participate in electronic 

transition, intravalley electronic transitions are also possible. The 

electron is scattered in the bands of the same K point. The momentum 

exchange in the process is small and the corresponding phonon comes 

from the LO derived branch near the Γ point. Owing to the over 

bending of the branch, the phonon from defect scattering in Fig. 9c leads 

to a higher band energy than the G band in the spectrum. It is called the 

D’ band and assigned at around 1620cm-1. However, its intensity is 

significantly smaller than that for the G band. 

The dependence of the peak position and intensity on doping was 

investigated by Das et al.17 and Kalbac et al.25 for the 2D band. For 

electron doping, the peak position does not considerably change at low 

doping levels. At higher doping stages, however, the line position 

redshifts by ~20cm-1 for electron doping and it is blueshifted by the 

same amount for hole doping. Doping has an important role in peak 

position, which changes the equilibrium lattice parameters; electron 

doping results in expansion of the lattice giving rise to softening of the 

2D mode whereas hole doping induces contraction of the lattice and 
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phonon stiffening. 

 

 

 

 

 

 

 

 

 

5. Nanostructured graphene 

5.1 Pattering via Lithography 

The gapless band structure of graphene makes it difficult for the direct 

use in graphene based field effect transistors, which is one of the most 

extensively discussed topics in graphene electronics. Therefore, in 

order to give a semiconducting property to graphene, it will be 

necessary to produce graphene nanoribbons (GNR) with widths below 

10nm.26  

Fabrication of GNRs with a sufficiently small width for opening a band 

gap was first achieved by means of electron beam lithography.27 

Mechanically exfoliated graphene was patterned by electron beam 

lithography and then exposed to oxygen plasma. The electron beam 

resist served as an etching mask. In Fig. 11a,b SEM images of parallel 

GNRs with varying width oriented along the same crystallographic 
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direction of the graphene layer is shown. GNRs with widths ranging from 

10 to 100nm have been fabricated.28 In Fig. 11c, the energy gap (Egap) is 

plotted as a function of the GNR width (W). This plot shows clearly that 

the energy gap is inversely proportional to the ribbon width. 

Nanoribbons with a width of ≈15nm exhibit energy gaps of up to ≈0.2eV. 

In the inset, the energy gap is plotted as a function of the relative angle 

(θ) for devices fabricated along different orientations on the graphene 

sheet (Fig. 11b). These values appear to be randomly scattered, not 

showing any sign of crystallographic directional dependence. This 

finding suggests that the edge structure is not well defined. Although it 

has been demonstrated that electron beam lithography can be a tool to 

pattern GNRs, the study on opening a band gap originated from 

transverse electron confinement in the defined edge structure should be 

more evolved. 

GNRs with sub-10nm width can also be prepared by means of 

nanowire lithography.29 In this process chemically synthesized silicon 

nanowires are deposited onto graphene and used as the physical 

protection mask during an oxygen plasma treatment acting as an etching 

process. The GNR width can be controlled by varying nanowire diameter 

and etching time. GNRs with widths down to 6nm have been fabricated in 

this way. Therefore, nanowire lithography shows the potential to create 

interesting graphene nanostructures with sub-10nm measures. However, 

a challenge lies in controlling the deposition of the nanowire masks on 

the graphene layer. For large-scale parallel device integration, a 

deposition method with positional and directional control will be required.  
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An inverse structure, graphene nanomesh, can be also generated by 

means of block copolymer lithography (Fig. 11d).30 The graphene 

nanomesh is created using a self assembled block copolymer with a 

periodic cylindrical domain arrangement as an etching mask. Neck widths 

as small as ≈7nm have been achieved. A different method that has been 

employed to fabricate graphene nanomeshes with widths below 10nm is 

nanoimprint lithography.31    

 

 

 

 

5.2 Crystallographic patterning via Catalyst 

Graphene can be patterned by means of catalytic hydrogenation and 

catalytic oxidation reactions. This approach involves the dispersion of 

catalytic nanoparticles on a graphite or graphene sheet and the 

subsequent exposure to hydrogen or oxygen at elevated temperatures. 

The thermally activated nanoparticles start to act like‘knives’, cutting 

trenches along specific crystallographic directions of the graphene or 

graphite surface.32, 33, 34, 35 

As a first step of the catalytic hydrogenation reaction, the catalytic 

particle, typically Fe, Ni or Co, dissociates molecular hydrogen. Atomic 

hydrogen then diffuses to the graphene edge, where it reacts with 

carbon to form methane from bond breaking of double bond. In this way, 

all catalytic particles that lie at a graphene edge eat up graphitic carbon 
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starting from that edge and produce etched channels with widths equal to 

the particle size. 

Fig. 12a shows an SEM image of a HOPG surface where nanosize 

nanoparticles have etched channels under the thermal treatment at 

1000oC in Ar/H2 condition. Several straight channels have been formed. 

Each of them starts from a graphite step edge, which demonstrates that 

an edge is necessary to initiate the etching process. In Fig. 12b, an STM 

image is shown where the etching directions are accomplished, which 

determined through comparison with the crystallographic orientation of 

the graphene flake in the high resolution STM image in Fig. 12c. 

Interestingly, channels with widths of more than 10nm appear to be 

parallel to a zigzag direction, whereas narrower channels are 

predominantly aligned with an armchair direction.32 This observation 

suggests that patterning of graphene with structurally defined edge 

termination can be achieved via catalytic hydrogenation. 

The formation of sub-10nm GNRs by means of this approach has been 

reported by Campos et al. (2009).36 The authors carried out catalytic 

hydrogenation experiments on monolayer graphene using Ni 

nanoparticles as catalyst. They found that when an nanoparticle gets into 

close vicinity (≈10nm) of a previously etched trench, it is deflected 

before reaching the trench. Moreover, they observed trenches where the 

catalytic particle first approaches another trench and is then deflected to 

continue etching in a direction parallel to the other trench that results in 

the formation of GNRs with widths of 10nm and below (Fig.12d,e). This 

approach opens up a possibility of orientation controlled graphene 
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patterning without metal mediated contamination. 
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Figure 1. Atomic orbital of a carbon atom. (a). Ground state, (b) sp3-

hybridised in diamond, (c)sp2-hybridesed in graphene. 

 

 

Figure 2. Crystal structure of graphene; (a) 2D hexagonal lattice of 

graphene in real space with vectors a1 and a2. The unit cell is indicated 

in grey. It contains two nonequivalent carbon atoms A and B, each of 
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which span a triangular sublattice as indicated with black and white 

atoms, respectively. (b) Reciprocal lattice with lattice vectors b1 and b2. 

The first brillouin zone is indicated in grey and the high symmetry points 

Γ, Κ, Μ are indicated. (c) Lattice planes in the real lattice.  

 

 

Figrue 3. Band structure of graphene. Conduction band and valence band 

are touched at the Dirac points. Inset is a close-up of the Dirac point at 

small value of k, which shows the linear dispersion. 
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Figure 4. Optical micrographs of graphene transferred on the substrate. 

(a) SEM image of the multilayer graphene grown on Ni foil. (b) Optical 

microscope image of the monolayer graphene grown on Cu foil. (c) 

Optical microscope image of the over grown graphene on the Cu foil. (d) 

Raman signal of the monolayer graphene. 

 

Figure 5. Calculated phonon dispersion relation of graphene showing the 

different 6-phonon branches. 

 

 

Figure 6. (a) Peak shift of the G band as a function of electron 
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concentration at 200K: (dots) measurements, (dotted line) adiabatic 

Born-Oppenheimer, (solid line) finite-temperature non-adiabatic 

calculation. (b) Full width at half maximum (FWHM) of the G band as a 

function of electron concentration at 200K: (dots) as measured, (line) 

theoretical calculation.  

 

Figure 7. Raman spectrum of graphene at values of VTG between -2.2 V 

and +4.0 V. The dots are the experimental data, the black lines are fitted 

lorentzians, and the red line corresponds to the Dirac point. The G peak 
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is on the left and the 2D peak is on the right. 

 

 

 

 

Figure 8. Position of the G band as a function of uniaxial strain. The 

spectrum is measured with incident light polarized along the strain 

direction, collecting the scattered light with no analyser. 
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Figure 9. (a) Second-order raman process for he D band in graphene. (b) 

Second-order raman process for the 2D band. Two phonons have 

opposite wavevectors to conserve the total momentum in the scattering 

process. (c) Second-order raman process for intra valley scattering of 

the D’ band. 

 

Figure 10. Double resonance mechanism. (a) outer process. (b) inner 

process 
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Figure 11. SEM images of GNRs prepared by electron beam lithography. 

(a) Parallel arrangement with varying diameter. (b) Arrangement with 

different angles. (c) Energy gap plotted as a function of the width of 

GNRs. (d) Graphene nanomesh fabricated by block copolymer template 

(scale bar: 2μm). 

 

Figure 12. Anisotropic etching of graphite/graphene. (a) SEM image of 

channels cut by nanoparticles through a graphite surface. (b,c) STM 

image of nanocut graphite: typical etch orientations are along the zigzag 

and armchair lattice directions. (d-e) AFM image of the connected 

nanostructure: Etching in graphene has chirality-preserving angles of 

60° and 120°, avoiding crossing of trenches leaving ∼10 nm spacing 

between adjacent trenches.  
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ChapterⅡ 

 

Synthesis of Graphene quantum dot and its application 

 

1. Introduction 

Organic photovoltaic devices (OPVs) based on the bulk-heterojunction 

(BHJ) structure with a blend of polymer donor and fullerene acceptor 

have been considered as one of the next-generation solar cells due to 

their possible applications for flexible devices and large area 

photovoltaics.1-5 However, the poor carrier mobility of the BHJ materials 

usually restrict the thickness of the BHJ film because the recombination 

of the carriers is directly proportional to the film thickness.6-8 In recent 

years, a lot of researches have been instigated to improve the power 

conversion efficiency (PCE) of the OPVs with the restricted film 

thickness, exploiting the synthesis of newly designed polymer or small 

molecules, the modification of morphologies, the plasmon or light 
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scattering using nano-patterned structures, and the novel interlayers as 

electron or hole conductors.9-19 Particularly, the addition of metal 

nanoparticles such as Ag or Au into the OPVs shows considerable 

improvements in the device performance due to the localized surface 

plasmon resonances (LSPR) and the incident light scattering or 

reflection.20-24 In addition, the device resistance (series or shunt 

resistance) characteristics can also be improved by mixing the metal 

nanoparticles in the active layer.24,25 As alternative approaches, various 

inorganic nanomaterials including nanoparticles, nanorods, and quantum 

dots have been exploited as the acceptor materials of the BHJ thin film 

or hybrid solar cells, improving both the light absorption and the 

electrical property of the BHJ layers.26-28 However, these alternative 

materials are hard to synthesize and usually not environmentally friendly. 

Moreover, the metal nanoparticles embedded BHJ layers often cause a 

short circuit leading to permanent damage.  

Recently, it was reported that a newly emerging material, graphene 

quantum dots (GQDs), is useful for optoelectronic applications owing to 

its tunable band-gap property depending on size and chemical 

functionality, which is important to improve the efficiency of 

optoelectronic devices.31,32 Moreover, the good dispersity of GQDs in 

common solvents is expected to enable various solution-processible 

applications.33-40 The amount of sp2 carbon in GQDs can be controlled by 

varying reduction time, which is useful for optimizing the electrical and 

optical properties.35 Thus, we controlled the degree of oxidation with 

maintaining other parameters constant, and found that there is a 
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compromise between short-circuit current (Jsc) and fill factors (FF). 

These values cannot be maximized at the same time, but the optimized 

reduction condition yields the power conversion efficiency (PCE) 

superior to a reference device without GQDs. 

 

 

2. Expreiment 

1. Synthesis of oxidized graphene quantum dots 

GOs were synthesized by the modified Hummer’s method.54 To make 

small and uniformly sized RGO powder, the purified GO was subjected to 

thermal reduction (250oC, 2hrs) inside a box furnace.55 The 0.5g of 

reduced GO (RGO) powder was added to the mixture of sulfuric acid and 

nitric acid, and mildly sonicated for 24 hours. To remove the acidic 

ingredients in the solution, the sample was diluted in distilled water after 

centrifuging for 30 min at 4000 rpm. This rinsing process was repeated 

for 6 times. The sample was mildly sonicated for 24 hours, and filtrated 

through 0.02 nm nanoporous anodisk. The resulting filtrate was further 

purified overnight using a 3500 Da dialysis bag.  

 

 

2. Synthesis of reduced graphene quantum dots 

The oxidized RGO dispersed in water was placed in small pressure 

vessel (Model No. CV100 Il-sin Autoclave) and was subjected to 

hydrothermal reduction at 200oC for 5 hrs and 10 hrs, respectively. The 
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reduced GQDs were filtered using a 0.02 μm nanoporous anodisk. The 

Brown filtrate was further filtered by a 3500Da dialysis bag overnight.  

 

 

3. Fabrication of OPVs 

The BHJ devices composed of PTB7/PC71BM with blended GOQD 

(oxidized GQDs), GQD 5 (reduced GQDs for 5hrs), and GQD 10 

(reduced GQDs for 10hrs) are prepared. A 40 nm thick hole conducting 

layer was deposited by spin casting PEDOT:PSS (AI4083, Clevious) on 

a pre-cleaned ITO glass, and then dried at 150 oC for 15min. A ~80nm 

thick layer of BHJ was spin-coated on top of the PEDOT:PSS layer in an 

Ar filled glove box. The BHJ was prepared to 2.5wt% in chlorobenzene 

solution mixed with 3% of 1,8-diiodoctane.  The blend ratio of PTB7 

(1-material Chemscitech Inc.) and PC71BM (Nano-c) was 1:1.5 in 

weight. To optimize the concentration of GQDs in BHJ, GQDs were 

mixed with the BHJ solution at different weight ratios from 0.01% to 

0.80%. Then, a ~6 nm thick TiOx interlayer was spin-coated as an 

electron conducting layer.56  Finally, a 100nm thick Al cathode was 

thermally evaporated at  ~10-7 Torr.  

 

 

3. Result and Discussion 

In this study, we synthesized three different types of GQDs with 

different oxidation degrees as shown in Figure 1: oxidized graphene 
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quantum dots (GOQD); 5 hrs reduced GQDs (GQD 5); and 10 hrs 

reduced GQDs (GQD 10). We didn’t consider further reduction because 

it tends to saturate after ~10 hrs. We added the GQDs to the BHJ OPVs 

with PTB7:PC71BM, and found that the positive effect of GQDs varies 

with the reduction time of GQDs, where Jsc increases with oxidation but 

FF increases with reduction. This indicates that the improved PCE of 

GQD-embedded OPV devices is relevant to the charge-carrier 

transportation and the light-absorption ability of the different GQDs. 

The 5 hrs reduced GQDs resulted in the increased power conversion 

efficiency from 6.70 % to 7.60 %.  

GOs possess large amount of oxygen based functional groups with sp2 

and sp3 hybridization.41,42 In oxidative conditions, the oxygen atoms tend 

to form a sp3 bond with carbons by breaking C=C bonds, resulting in 

sp3–hybridized epoxy chain structures.43 Further oxidation leads to the 

formation of epoxy pairs, carbonyl groups, and hydroxyl groups at the 

edge sites of GOs.44 As a result, the size of GOs decreases during the 

consecutive oxidation processes, while the sp2-sp3 carbon ratio is 

maintained.45 In the hydrothermal reduction process, the oxygen-related 

functional groups are gradually removed,35,46 and the three different 

types of GQDs are prepared by controlling the reduction time. The 

resulting reduced GQDs show enhanced electrical conductivity as the sp2 

carbon bonds are recovered by reduction. 35,46,48  

The deoxidization of GQDs was investigated by X-ray photoelectron 

spectroscopy (XPS), Fourier transform infrared spectroscopy (FT-IR) 

and photoluminescence excitation spectroscopy (PLE). In the C1s X-ray 
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photoelectron spectra (Figure 2A), the sp2 carbon peaks at 284.5eV are 

almost unchanged, while the hydroxyl carbon peaks at 286.0eV and the 

carbonyl/carboxyl peaks at 287.5~288.7eV decrease with respect to 

reduction time. We also confirm that the PLE spectrum varies with 

reduction time as shown in Figure 2B. Usually, GQD exhibits electronic 

transition processes similar to benzene that shows primary and 

secondary bands at 202 nm and 255 nm, respectively.47 Likewise, GOQD, 

GQD 5 and GQD 10 show primary excitation bands at ~270 nm and the 

secondary excitation bands at 310 nm, 315 nm, and 328 nm, respectively. 

The primary band electronic transition at 270 nm approximately 

corresponds to the energy gap between π and π* (~1.55eV), which 

remains almost constant with increasing reduction time.48-50  This 

implies that the GQDs are relatively uniform as also shown in the TEM 

and AFM images (Figure 3 and 6). On the contrary, the secondary bands 

are remarkably different because the amount of oxygen-related 

functionality responsible for n-π* transition changes with reduction 

time.51-53 As a result, the intensity of the secondary excitation band 

decreases. At the same timed, the secondary excitation energy is blue-

shifted as the n-π* resonance volume decreases.51,52 Thus, we conclude 

that the reduction is unfavorable for the intensity and range of light 

absorptivity. However, the increase of sp2 carbons leads to the better 

electrical conductivity, which is advantageous for charge carrier 

transport. 

In order to experimentally verify the positive effects of GQDs in BHJ 

solar cells, GOQD, GQD 5, and GQD 10 were added in the BHJ layer of 
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PTB7/PC71BM. Figure 3 shows no noticeable size difference between 

the three different types of GQDs. The GQD content in the BHJ layers 

was optimized by applying different weight ratios ranging from 0.01 wt% 

to 0.80 wt% as shown in Figure 7. The optimized ratio was found to be 

0.2 wt% for GOQD, 0.5 wt% for GQD 5, and 0.02 wt% for GQD 10, 

respectively. The device with BHJ layer with GOQDs shows the highest 

Jsc as shown in Figure 4A and Table 1, which is related to the highest 

IPCE values of the GOQD device in Figure 4B. This confirms that the 

functional groups on the edge of GOQD play a positive role in light 

absorption. The UV-visible absorption spectra of GOQDs and its BHJ 

device showing the higher absorbance than GQDs also support such 

positive effects (Figure 4C and 8), which is similar to the case of 

enhanced absorbance by metal nanoparticles.23-25 On the other hand, the 

GQD 5 and GQD10 devices don’t exhibit such noticeable light 

absorption improvement compared to the reference BHJ device.  

However, we found that the fill factors are increased from 59.7% to 

67.6% for GQD 5 and to 63.5% for GQD 10, respectively. This implies 

that the reduction of GQDs plays another positive role in carrier 

conduction. To investigate the contribution of reduced GQDs to FF, we 

evaluated series resistances (Rs) and shunt resistances (Rsh) in J–V 

measurements. Due to the small changes in resistance factors, the FF 

value of GOQD device was not much improved compared to the 

reference (Figure 4D and Table 1). However, the J-V characteristics of 

partially reduced GQDs (GQD 5) device shows clearly increased Rsh and 

FF as well as decreased Rs. This means that the leakage current can be 
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slashed by embedding GQD 5. However, the GQD 10 device shows 

considerably decreased Rsh values and power conversion efficiency, 

which indicates that the reduction level of GQDs needs to be optimized to 

maximize the performance of the BHJ solar cells. 

 

 

4. Conclusion 

In summary, we have demonstrated that the OPV performance varies 

with the degree of reduction in GQDs. By controlling the duration of 

hydrothermal reduction, the strongly oxidized, partially reduced, and 

strongly reduced GQDs were synthesized. Consequently, we found that 

the light absorptivity and conductivity of GQDs play different positive 

roles in enhancing the performance of BHJ OPVs. In case of GOQDs, the 

presence of functional groups having non-bonding electrons leads to the 

resonance effect facilitating the secondary excitation at ~328 nm. From 

this property, the device prepared by embedding the GOQDs in BHJ 

layers showed the considerable enhancement of absorptivity, thereby 

the increase of Jsc. On the other hand, the excitation band varies with 

reduction time as the functional groups are removed. When the reduced 

GQDs were embedded in the BHJ layers, the cell performances reach 

their optimum point even with relatively lower GQD content compared to 

the GOQD device. This is possibly due to the enhanced metallic property 

of reduced GQDs. As a result, the adaption of partially reduced GQDs in 

OPVs improved the FF from 60.4% to 67.6%, thereby enhanced the PCE 
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from 6.70% to 7.60% by balancing optical absorptivity and electrical 

conductivity. We believe that this result will provide a new insight to 

solar cell researchers who want to enhance the efficiency of OPVs by 

utilizing various quantum dot materials. 
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Figure 1. Schematic of BHJ solar cell prepared by addition of three types 

of GQDs in BHJ layer, of which functional groups on the edge of each 

GQDs are tuned by reduction times. 
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Figure 2. XPS spectra (A) and normalized PLE and PL spectra (B) of 

GOQD, 5 hrs reduced GQDs, and 10 hrs reduced GQD. 
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Figure 3. TEM and AFM images of graphene oxide (GO) QDs (A, B), 5 

hrs reduced GQDs (C, D), and 10 hrs reduced GQDs (E, F), respectively. 

The AFM scan ranges are 3μm×3μm. 

 



 

 ５１ 

 

 

 

Figure 4. J-V curves (A), IPCE (B) and dark J-V curves (D) of devices 

with plain BHJ (black), BHJ with GOQD (red), BHJ with GQD 5 (green) 

or GQD 10 (blue). UV-visible adsorption spectra of GOQD and GQD 10 

in chlorobenzene (C). 
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Figure 5. Multi-peaks fitted XPS spectra of GOQD, GQD 5 and GQD 10. 

 

 

Figure 6. Height distribution (A)~(C) from AFM images in figure 3 of 

GOQD, GQD 5 and GQD 10. 
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Figure 7. J-V curves of devices prepared by addition of various 

concentration of GOQD (A), GQD 5 (B) and GQD 10 (C) in BHJ layers. 
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Figure 8. Absorption spectra of plain BHJ film (black) and BHJ films with 

GOQD (red) and GQD 10 (blue). 

 

 

Figure 9. AFM images (3μm×3μm) of plain BHJ film (A) and BHJ films 

with GOQD (B), GQD 5 (C)  and GQD 10 (D).  
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Figure 10. FT-IR spectra of GOQD, GQD 5 and GQD 10. 

 

Device 

Configuration 

PCE 

(%) 

FF 

(%) 

Jsc 

(mA/cm2) 
Voc (V) 

RSh 

(KΩcm2) 

RS 

(Ωcm2) 

Reference 6.70 59.7 15.2 0.738 8.70 2.87 

GOQD 

(0hrs) 
7.11 60.4 16.1 0.733 12.82 2.36 

GQD   

(5hrs) 
7.60 67.6 15.2 0.740 26.60 1.80 

GQD   

(10hrs) 
7.21 63.6 15.3 0.740 15.20 1.99 

Table 1. Performance parameters of the devices with plain BHJ 

(reference) or BHJ with GOQD, GQD 5 or GQD 10. 
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Chapter Ⅲ 

 

Synthesis of Graphene Antidots  

 

1. Introduction  

Graphene has been widely studied due to its extraordinary physical 

properties.1,2 When graphene is patterned to have finite nanostructures, 

this property can be tuned or altered. To prepare such nanostructured 

graphene, numerous etching methods have been developed.3-5 Recently, 

there are interesting reports that this graphene can be also etched by 

metal nanoparticles (NPs), leading to crystallographic nanopatterns at 

elevated temperature,6,7 which is, however, hardly controllable to form 

ordered nanostructures on graphene because of migrating NPs. 

Moreover, a temperature as high as 1000oC for activating metal NPs 

results in degraded graphene properties. Thus, if NPs are fixed during 

the catalytic etching of graphene at lower temperature, holes rather than 

trenches can be formed with minimizing defects induced by the reaction 

at high temperature. In addition, it does not rely on relatively 

complicated and time-consuming lithographic processes to create 

ordered nanostructures on graphene, which enables wafer-scale 
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fabrication in a time- and cost-effective manner. We believe such less 

defective graphene nanopores will be very useful for various membrane 

applications such as DNA sequencing8 and ultrafiltration of gas or water 

molecules9.  

Here we demonstrate that a regular pattern of nanopores can be 

fabricated on reduced graphene oxide (rGO) as well as a large-area 

graphene films synthesized by chemical vapor deposition (CVD), utilizing 

the catalytic reaction of arrayed Pt NPs synthesized from diblock 

copolymer micelles. The size and spacing of nanopores can be easily 

tuned by using various copolymers with different molecular weights. We 

found that the Pt NPs penetrate the rGO film from top to bottom. On the 

other hand, the Pt NPs on the CVD graphene do not react with graphene, 

while the Pt NPs placed under graphene lead to perfect perforation of 

the graphene films during the annealing at 400 ˚C in ambient conditions. 

From systematic AFM and raman analysis, we found that the graphene 

film transferred on Pt NP arrays is mostly suspended initially, but it is 

subject to compressive strain during annealing, which provide a good 

conformal contact with underlying Pt NPs for selective catalytic reaction. 

As a result, the graphene on the Pt NP arrays undergo substantial 

mechanical deformation with large strain, which possibly catalyzes the 

oxidation of sp2 carbon atoms. 
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2. Experiment 

1. Synthesis of diblock copolymer micelles.  

Three polystyrene-block-poly(4-vinylpyridine) (PS-P4VP) diblock 

copolymers (Mn: 32k-13k, PDI = 1.08; Mn: 51k-18k, PDI = 1.15; Mn: 

109k-27k, PDI = 1.12) were purchased from Polymer Source Inc. PS-

P4VP copolymers were dissolved in toluene to yield a 0.5 wt% micellar 

solution, which was stirred for 24 h at room temperature and for 3 h at 

85 oC and then cooled to room temperature. H2PtCl6, a precursor of Pt 

NPs, was added to the micellar solution. The molar ratio of precursors to 

pyridine units in the P4VP block was 0.5 for PS-P4VP (32k-13k) and 

PS-P4VP (51k-18k), and 0.35 for PS-P4VP (109k-27k). Arrays of 

Au and SiO2 NPs were also prepared from PS-P4VP (51k-18k) 

micelles containing HAuCl4 and tetraethyl orthosilicate with 0.5 molar 

ratio, respectively. 

 

 

2. CVD graphene growth and transfer to Pt NPs array.  

CVD graphene was synthesized on 25μm Cu foil with H2 and CH4 flow 

for 5 and 50sccm respectively at 1000°C for 30mins in a vacuum. After 

graphene growth, poly(methyl methacrylate) (PMMA) as a supporting 

layer was coated on one side and the other side was removed by 

reactive ion etching (RIE). Cu foil can be etched away using ammonium 

persulfate aqueous solution (20mm), leaving the graphene floating on 
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solution. The graphene with the supporting layer was rinsed 3 times on 

distilled water and transferred onto the Pt NPs arrayed substrate. After 

drying process, the graphene transferred substrate was submerged 

vertically in acetone for 30min, followed by immersion in isopropanol 

(IPA) for 2 min. IPA treatment can prevent rupture of graphene surface, 

which is ascribed to its solubility in acetone, volatilization and lower 

surface tension than acetone. From these properties, clean surface 

without crack can be acquired even in natural dry condition. 

 

 

3. Perforation of rGO and CVD graphene by Pt NPs. 

Aqueous GO dispersion (0.1 wt%) was obtained by ultrasonication (2 

h) of GO synthesized by the modified Hummers’ method, followed by 

centrifugation at 3000 rpm for 1 h to remove precipitates. The rGO film 

was prepared by spin coating of GO dispersion five times and followed 

by hydrazine vapor treatment on a SiO2(300nm)/Si substrate, which was 

cleaned in a piranha solution (70/30 v/v concentrated H2SO4 and 30% 

H2O2) prior to spin coating. Single layer of PS-P4VP micelles containing 

precursors of Pt NPs was spin-coated onto an rGO film for 60 s at 4000 

rpm for PS-P4VP (32k-13k), and at 2000 rpm for PS-P4VP (51k-18k) 

and PS-P4VP (109k-27k). To perforate the rGO film by synthesizing 

Pt NPs with the removal of copolymers, the micellar film on the rGO film 

was heated at 400 oC for 30 min in air. For the perforated rGO film 

transfer, the rGO film was spin coated with a PMMA supporting layer 

and delaminated from the SiO2/Si substrate by exposing it to an aqueous 
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NaOH solution (1.0 m). After transfer to another SiO2/Si substrate, the 

PMMA layer was removed by mild sonication in acetone. To perforate 

the CVD graphene, Pt NPs were first synthesized on a SiO2/Si substrate 

with the same procedure on an rGO film. The single-layered graphene 

was then transferred onto the top of Pt NPs using transfer technique as 

described above. Annealing treatment (400 oC) was exerted to each 

sample, which was 20mins for PS-P4VP (32k-13k), 30min for PS-

P4VP (51k-18k) and 40min for PS-P4VP (109k-27k) respectively. 

The perforated graphene was transferred to another SiO2/Si with the 

same method used for perforated rGO films. 

 

 

4. Device fabrication.  

The SiO2 (300 nm)/Si2+ substrate was used for electrical 

measurement of perforated graphene field effect transistor. Perforated 

graphene was spin coated with PMMA and delaminated using aqueous 

NaOH solution (1.0 m). After several rinsing using distilled water, 

PMMA coated sample was transferred onto the highly p-doped 

SiO2/Si2++ substrate and PMMA was removed by acetone. Chromium (5 

nm) and gold (30 nm) electrodes were thermally deposited using pre-

patterned mask, followed by isolation of graphene channels using 

photolithography. Each device having different pore size and density was 

fabricated, forming same channel length (50 μm) and width (200 μm). 

Drain-source current (Ids) was measured at constant drain-source 

voltage (Vds) 10mV. Prior to the measurement, all graphene samples 
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were annealed at 300 oC under H2/Ar atmosphere. 

3. Result and Discussion 

We chose different types of graphene, one of which is rGO and the 

other is CVD graphene. Both materials showed uniformly punched holes 

with varying pore sizes. Those fabrication mechanisms were extremely 

different from each other, which is summarized in Figure 1. First, the 

rGO film was prepared by successive spin-coating of graphene oxide on 

a SiO2/Si substrate followed by reduction using hydrazine. The thickness 

of rGO film is approximately 2.3 nm with uniform surface (rms 

roughness of 0.4 nm) (Figure 6a). Then, on such rGO film, we spin-

coated a single layer polystyrene-block-poly(4-vinylpyridine) (PS-

P4VP, 51k-18k) micelles with H2PtCl6, a precursor of Pt NPs, in the 

P4VP cores. The AFM image in Figure 2a shows an array of spherical 

micelles without overlapping, implying a single layer of copolymer 

micelles. The spacing of micelles obtained by the fast Fourier 

transformation (FFT) analysis of the image is ~51 nm. Then, we 

removed the copolymers by heating at 400 oC in air, which resulted in 

the generation of Pt NPs in the core regions of the micelles as shown in 

Figure 2b. The heating temperature of 400 oC is known to be safe 

enough to prevent the degradation of rGO.10 The spacing of non-

aggregated Pt NPs (~51 nm) is identical to that of the original micelles, 

implying that an array of Pt NPs was successfully fabricated preserving 

the order of the copolymer micelles. 
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The height histograms of Pt NPs on rGO before and after annealing 

indicate that the Pt NPs penetrating the rGO film reside on the SiO2/Si 

substrate (Figure 6). To confirm the perforation of rGO, the sample 

shown in Figure 2b was delaminated and transferred onto another 

SiO2/Si substrate for AFM analysis and also on a TEM grid. In the AFM 

image of the transferred rGO (Figure 2c), we clearly observe arrayed 

holes with the depth of ~2.2 nm, which is again equivalent to the 

thickness of rGO (~2.3 nm). These arrayed holes are evidently 

noticeable in the TEM image (Figure 2d). The spacing of holes (~49 nm 

in AFM, ~50 nm in TEM) is almost identical to that of Pt NPs (~51 nm), 

indicating that holes were produced by arrayed Pt NPs. The crystalline 

structure of Pt NPs was confirmed by the selected-area electron 

diffraction pattern (Inset of Figure 7b). 

When Pt NPs were synthesized on rGO, they directly contacted the 

rGO surface at the beginning. Since rGO has many oxygen-containing 

defective sites on its surface, catalytic oxidation of rGO by Pt NPs could 

be initiated from these surface defects and facilitated by oxygen 

molecules in air, resulting in the formation of holes in rGO by eliminating 

carbon atoms near Pt NPs. Once Pt NPs touched the substrate by 

etching the rGO around Pt NPs, no further oxidation by catalytic Pt NPs 

could proceed in lateral directions. Pt NPs were immobile when they 

were synthesized on a bare SiO2/Si substrate at 400 oC. Thus, Pt NPs 

perforated rGO from the top of rGO. Since the size of holes (~15 nm) is 

somewhat larger than the diameter of NPs (~10 nm), there would be a 

small positional drift or deformation of NPs (Figure 7b). 
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One of the merits of the diblock copolymer micellar approach is the 

controllability of the size and spacing of NPs. We employed a lower 

molecular weight copolymer PS-P4VP (32k-13k) and also a higher one 

PS-P4VP (109k-27k) than previously utilized PS-P4VP (51k-18k). 

We repeated the same procedure as before to generate nanoholes in rGO. 

Since the length of the PS corona block eventually governs the spacing 

of nanoholes, we obtained a smaller spacing of holes (~34 nm) with PS-

P4VP (32k-13k), i.e. dense holes, and a larger one (~101 nm) with 

PS-P4VP (109k-27k), i.e. sparse holes, as shown in AFM and TEM 

images (Figure 8). These spacing values are consistent with those of Pt 

NPs (Figure 7). For the size of holes, which depends on the length of the 

P4VP core block, smaller holes (~8 nm) and larger holes (~19 nm) were 

produced by PS-P4VP (32k-13k) and PS-P4VP (109k-27k), 

respectively. Overall, we were able to generate the arrays of discrete 

nanoholes in rGO with controllable sizes and spacing by regulating the 

molecular weights of copolymers. 

Next, we applied the diblock copolymer micellar approach to perforate 

CVD graphene. We simply followed the same procedure as the previous 

rGO perforation, but the aggregations of Pt NPs were observed on the 

CVD graphene (Figure 9). Considering the similar phenomenon observed 

on graphite surface, the aggregation of Pt NPs might be due to the low 

surface energy of graphene11 and low temperature (400 oC) that cannot 

activate thermal decomposition of sp2 carbon-carbon bonds. Thus, 

previous methods usually employed the temperature higher than 1,000 

oC to promote the reaction, which is unfavorable for maintaining the high 
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quality graphene. In this regard, a catalytic condition that can lower the 

reaction energy barrier is desirable, which includes the use of catalysts 

or strain-induced sp2-sp3 bond character changes.12-15 In particular, the 

Pt NPs lying under graphene is useful to generate highly localized strain 

that can alter the bond characteristics of graphene, leading to efficient 

perforation at lower temperature. 

We first synthesized arrayed Pt NPs from PS-P4VP (51k-18k) on a 

bare SiO2/Si substrate and transferred CVD graphene on top (Figure 2e 

and 2f). The transferred graphene on the Pt NPs tends to be suspended 

across a few Pt NPs (Figure 2f). At the initial stage of the annealing 

process (Figure 10b to 10d), the graphene seems to experience the 

local strain increasing with time due to the difference in thermal 

expansion coefficient between graphene and Pt NPs.16-19 The suspended 

regions disappear after 30 min (Figure 2g) as the Pt NPs perforate the 

graphene from bottom to top, which is clearly shown in the 3D views of 

the AFM images before and after heating (Figure 2f and 2g). To confirm 

the perforation in CVD graphene, the sample shown in Figure 2g was 

delaminated and transferred onto another SiO2/Si substrate. In the AFM 

image of the transferred graphene (Figure 2h), we can clearly observe 

the arrayed holes. The spacing of the holes (~56 nm) is close to that of 

the Pt NPs (~51 nm). The hole array can be also observed in the TEM 

image of the perforated graphene (Figure 11). 

We further explored the mechanism of the perforation in CVD 

graphene with varying annealing time using Raman spectroscopy. Dozens 

of random points of each sample were measured and classified to 
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elucidate the correlation between strain and doping effects. The Raman 

G and 2D bands for graphene transferred on Pt NPs before annealing 

were observed at 1580.4 ± 1.7 cm-1 and 2671.9 ± 3.7 cm-1 and 

shifted to 1597.4 ± 1.0 cm-1 and 2691.4 ± 1.4 cm-1 after 30 min, 

respectively (Figure 3a). This indicates that the annealing generally 

induces strong p-doping effect,20 but the large downshift of G peak at 

1577.1 cm-1 from the suspended region cannot be explained only by 

doping effect,21 and is possibly correlated with mechanical strain22-24 

between the graphene and its underlying substrate.25 From these, we 

assume that both mechanical deformation and the doping of graphene are 

critical factors that promote the catalytic perforation of graphene by Pt 

NPs during annealing process. 

The 2D/G ratio is a typical means to estimate the doping 

concentration. The double resonant process (2D peak) in the inter-

valley is strongly affected by doping effect, which induces decreasing 

intensity owing to electron-electron scattering effect.26 The 2D/G ratio 

gradually decreases and the frequency of G band increases with 

annealing time and saturates after 30 min (Figure 3b). This implies that 

the graphene on Pt NPs is influenced by the thermally induced p-doping 

effect. 

The G band broadening (Figure 3c) appearing at 5 to 20 minutes 

support the dominance of mechanical strain23-25 rather than doping effect 

that leads to the sharpening of the G band.27 After annealing for 30 min, 

the Raman data points look similar to those before annealing. This 

exhibits that the strain is released as the graphene is perforated by Pt 



 

 ６６ 

NPs, where the local curvatures provide the sp3-like reactive sites for 

adsorbed molecules such as oxygen.20-23 Finally, the oxidized carbons 

decompose into CO or CO2, resulting in the nanohole arrays of graphene 

as shown in Figure 2h. The 2D band broadening (Figure 12) also 

manifests the role of mechanical strain in the perforation of graphene by 

Pt NPs.24 

Recently, Lee et al. reported Raman studies on the optical separation 

of mechanical strain from doping in graphene,25 where eH, εC, and εT 

vectors represent doping concentration, compressive strain, and tensile 

strain, respectively (Inset of Figure 3d). As shown in Fig. 3D, we 

borrowed this concept to elucidate the detailed mechanism of perforation 

by Pt NPs, which indicates that the strained graphene by Pt NPs follows 

the uniaxial slope (Δω2D/ΔωG = 2.2 ± 0.2) as well as the hole doping 

slope (0.75 ± 0.04) with annealing time.  

The graphene on SiO2 substrates typically shows the p-doping of ~ 

3.55 x 1012 cm-2 and the compressive strain (εC) of ~0.15% that is 

caused by slippage and shrinkage during the drying process at ~ 80 °C 

(gray dots in Figure 3d).13 On the other hand, the graphene on NPs 

arrays remarkably experiences the tensile strain (εT) of ~0.16 % (point 

A in Figure 3d), resulting in the downshift of G peaks at ~1577.1 cm-

1(blue dots in Figure 3d). The hole doping level is ~3.8 x 1012 cm-2 

(point B in Figure 3d), which is similar to the graphene on SiO2. The 

shift of data points after transfer onto Pt NP arrays looks parallel to the 

uniaxial slope in general, but rather wide distributions and relatively 

steeper slopes imply the coexistence of suspended regions that leads to 
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the biaxial buckling graphene as shown in Figure 2f.28-30 After 10 min 

annealing, the distribution mostly changes back to confined quasi 

linearity and follows the uniaxial type (purple dots in Figure 3d). This 

spectral change indicates that the negative thermal expansion of 

graphene tends to form uniaxial strain along the linear wrinkles bridged 

by adjacent Pt NPs rather than biaxial strain as shown in Figure 2g. In 

addition, the region of distribution is upshifted with a slightly declined 

slope, suggesting that the graphene was p-doped. The appearance of 

the hole doping (6.0 x 1012 cm-2) is possibly caused by the attachment of 

oxygen molecules on the graphene surface.13 After 20 min annealing, the 

degree of distribution is more perturbed and the slope is declined 

towards the hole doping slope. We suppose that the spectral 

inhomogeneity after 20 min annealing is originated from the increased 

hole doping by oxidation reaction at structurally deformed sites (pink 

dots in Figure 3d). The continuing annealing up to 30 min further p-

dopes the deformed graphene on Pt NP arrays, and finally, the 

compressive strain is released as the graphene is perforated by the Pt 

NP-assisted oxidation reaction (See red dots with no linearity assigned 

to strain in Figure 3d). After complete perforation, the final compressive 

strain is appeared to be ~ 0.22 % at a p-doping level of ~ 1.2 x 10
13

cm-

2 (Table 1). The gradual appearance of defect-related D and D’ peaks 

as well as the shift of G and 2D peaks also support that the perforation 

proceeds with increasing annealing time (Figure 13). Thus, we conclude 

that the localized strain and the oxidation reaction by Pt NPs 

cooperatively contribute the strain-assisted perforation of graphene. 
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As previously shown in rGO case, the size and spacing of the 

nanopore arrays on the CVD graphene can be also tuned by regulating 

the molecular weight of copolymers (number of pores per unit area, ~ 

1.0 x 1010 cm-2, ~ 3.4 x 1010 cm-2, and ~ 6.0 x 1010 cm-2, for Figure 4a 

to 4c, respectively). This observation is consistent with Raman spectra, 

in which the intensity of D peak appears to be proportional to nanopore 

density (Figure 4d). 

 To investigate the electrical properties of the perforated graphene, 

we fabricated the field effect transistor (FET) (Figure 4e). We 

calculated the charge neutral point of nanoperforated graphene shown in 

Figure 4b from its p-doping concentration (1.2 x 1013 cm-2) to be ~167 

V,33 which is beyond the upper limit of our measurement set-up. Thus, 

we carried out the H2/Ar annealing treatment at 300 oC for 10 min prior 

to the measurement to reduce the doping level, allowing us to observe 

the charge neutral points of FETs (solid lines in Figure 4e). The charge 

neutral points shift more dramatically when H2/Ar annealing process 

takes longer (dashed lines in Figure 4e and Figure 14). The different 

charge neutral points of perforated graphene FETs show that the Fermi 

level is closely related to the nanopore density.  Note that Ids-Vg curves 

are asymmetric because of a difference in the conductance of holes and 

electrons.34 Electrical properties seems to act as a p-type graphene 

based FET rather than semiconductor, which may be attributed to 

relatively large spacing among holes against previous report.5 We think 

that the neck width of perforated graphene should be scaled down below 

20 nm to have semiconducting properties, which will be further studied 



 

 ６９ 

in our following researches. As opposed to doping correlation, current 

level is inversely proportional to high pore density, which once again 

demonstrate the rate of carbon decomposition at each sample.  

We have performed several control experiments to confirm the 

catalytic role of Pt NPs.  First, graphene on a bare substrate heated at 

400 oC in air showed no changes regardless of annealing time. Second, 

graphene on Pt NP arrays heated at 400 oC in vacuum resulted in 

formation of many ripples but no perforation (Figure 5a), implying that 

oxygen molecules are essential for perforation in addition to structural 

deformation. Third, instead of Pt NPs, graphene was transferred on SiO2 

NP and Au NP arrays, and then heated at 400 oC in air, but no signature 

of perforation was observed both in AFM images (Figure 5b and 5c) and 

Raman spectra (Figure 5d), suggesting that Pt plays an important role as 

a catalyst to perforate graphene. We suppose that the use of Pt NPs as 

catalysts lowers the activation energy needed for perforation reaction, 

while the non-catalytic SiO2 NPs requires more thermal activation 

energy and reaction temperature as high as 1,100 oC.31 
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4. Conclusion 

We successfully fabricated rGO and CVD graphene films 

patterned with nanopore arrays using Pt NP arrays whose sizes 

and spacing are controllable by using different diblock copolymer 

precursors. We confirmed that the perforation reaction is 

catalyzed by Pt NPs lowering the activation energy barriers for 

the oxidation reaction of carbon atoms, where the mechanical 

strain should be additionally considered for the perforation of CVD 

graphene. The method of using diblock copolymers is scalable 

above a wafer scale (Figure 15), and thus, it is expected to 

provide a practical route to fabricate large-area nanopatterned 

graphene without employing complicated lithography processes. 

The suggested perforation mechanism by Pt NPs can be compared 

with using different metals such as Ag, Ni, and Fe utilized for 

randomly directional patterning at high temperature,6,7,32 which are 

unlike the case of using diblock copolymer method. In addition, the 

further studies on the chemistry and strain-engineering between 



 

 ７１ 

graphene and metal catalysts would be useful to understand the 

properties of graphene, which utilized for various electronic, 

chemical, biological, and environmental applications. 
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Figure 1. Schematic of fabrication of nanoscale perforated graphene films. 

(a) Reduced graphene oxide (rGO) is coated on a SiO2/Si substrate. (b) 

Diblock copolymer micelles incorporated with Pt precursors is coated on 

the rGO film. (c) The Pt NPs array is formed with penetration from top 

of rGO at 400oC in ambient condition. (d) The nanopores are formed on 

rGO or CVD graphene. (e) Diblock copolymer micelles incorporating with 
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Pt precursors are first coated on the SiO2/Si substrate. (f) The micelles 

film is converted into Pt NPs array after annealing at 400oC in ambient 

condition. (g) The CVD graphene is transferred on the Pt NPs array, 

followed by annealing at 400 oC. (h) Local strain on graphene induced by 

negative thermal expansion leads to enhanced chemical reactivity 

resulting in localized catalytic perforation. 

 

 

 

 

Figure 2. AFM and TEM images for perforation processes. (a) AFM 

image of uniformly coated Pt-micelle arrays on rGO. (b) AFM image of 

well arrayed Pt NPs, on rGO after annealing. (c) AFM image of 

perforated rGO after transfer to another substrate. (d) TEM image of 

nanopores of rGO suspended in a TEM grid. (e) AFM image of the Pt 
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NPs array on a SiO2/Si substrate after annealing. (f) AFM image of CVD 

graphene transferred on the Pt NPs array. (g) AFM image of CVD 

graphene subjected to local strain caused by annealing treatment. (h) 

AFM image of nanopores formed on CVD graphene after removing Pt 

NPs. Scale bars in AFM and TEM images are 200 nm. 

 

 

Figure 3. Raman analyses of CVD graphene on Pt NPs with respect to 
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annealing time. (a) The variation of the phonon frequencies of the 2D 

and G modes as a function of annealing time. (b) Correlation between 

2D/G intensity ratio and G mode position as a function of each annealing 

treated samples (Black dashed line represents second order polynomial 

curve fit to the data points).  (c) Correlation between FWHM of G mode 

and its position as a function of each annealing treated samples (Black 

dashed line represents second order polynomial curve fit to the data 

points).  (d) Correlation between the G and 2D modes varied by 

annealing. The black dashed line indicates the charge neutral graphene 

under randomly oriented uniaxial strain. The red solid line indicates 

doped graphene with varying density of holes, Green dot indicates the 

charge neutral and strain-free graphene. (Inset: decomposition of hole 

doping and strain types using unit vectors; εC: compressive strain, εT: 

tensile strain, eH: hole doping effect, magenta dashed line: average value 

of strain-free graphene with varying density of holes.) 
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Figure 4. (a) AFM image of nanopores (diameter: 17 nm, spacing: 42 

nm) of CVD graphene obtained from smaller molecular weight of diblock 

copolymer PS-P4VP (32k-13k). (b) AFM image of nanopores 

(diameter: 21 nm, spacing: 56 nm) of CVD graphene obtained from 

diblock copolymer PS-P4VP (51k-18k). (c) AFM image of nanopores 

(diameter: 27 nm, spacing: 125 nm) of CVD graphene obtained from 

higher molecular weight of diblock copolymer PS-P4VP (109k-27k). (d) 

Raman spectrum with respect to each sample. (e) Ids of each sample 

measured at constant Vds=10mV after the annealing under H2/Ar 

atmosphere at 300oC for 10 min (solid curves) and 20 min (dashed 

curves). 
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Figure 5. (a) AFM image of annealing treated CVD graphene on Pt NPs 

in vacuum. (b) AFM image of annealing treated CVD graphene on silica 

NPs in the air. (c) AFM image of annealing treated CVD graphene on Au 

NPs in the air. Scale bars are 200 nm. (d) Raman spectrum with respect 

to each sample. 
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Figure 6. AFM studies of perforated of rGO.  (a) AFM image of the 

spin-coated rGO on SiO2/Si substrate. (b) AFM image of the arrayed Pt 

NPs with perforation of rGO film after annealing treatment. (c) AFM 

image of the Pt NPs synthesized on a bare SiO2/Si substrate. The height 

histogram of Pt NPs on rGO is compared with that of the Pt NPs 

synthesized on a bare SiO2/Si substrate. The height of Pt NPs on rGO is 

2.4 nm smaller. This value indicates that the Pt NPs well penetrates the 

rGO film and resides on the SiO2/Si substrate. Scale bars are 200 nm. 
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Figure 7. TEM studies of the synthesized Pt NPs.  (a) TEM image of the 

Pt NPs synthesized using the diblock copolymer PS-P4VP (32k-13k). 

(b) TEM image of the Pt NPs synthesized using the diblock copolymer 

PS-P4VP (51k-18k). Inset represents the selected-area electron 

diffraction pattern of Pt NPs. (c) TEM image of the Pt NPs synthesized 

using the diblock copolymer PS-P4VP (109k-27k). All of the 

histograms informs the size distribution with respect to each Pt NPs. 

Scale bars are 500 nm. 
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Figure 8. AFM and TEM images of perforated rGO. (a,b) Micrographs 

of nanopores (diameter: 8 nm, spacing: 34 nm) of rGO obtained from 

smaller molecular weight of diblock copolymer PS-P4VP (32k-13k). 

(c,d) Micrographs of nanopores (diameter: 19 nm, spacing: 101 nm) of 

rGO obtained from higher molecular weight of diblock copolymer PS-

P4VP (109k-27k). Scale bars in AFM and TEM images are 200 nm. 
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Figure 9. Aggregation of the Pt NPs on CVD graphene. (a) SEM image 

of the large aggregation of the Pt NPs on CVD graphene forming clusters. 

(b) AFM image of the aggregation of the Pt NPs on CVD graphene. Scale 

bars in SEM and AFM images are 200 nm. 

 

 

 

 

 

 



 

 ８６ 

 

 

Figure 10. Surface morphology variation of CVD graphene. (a) AFM 

image of CVD graphene transferred on the Pt NPs array. (b) AFM image 

of annealing treated CVD graphene for 5 min; (c) 10 min; (d) 15 min; (e) 

25 min; (f) 30 min. The ripples coexisted with suspended region are 

contracted, forming linear creases induced by negative thermal 

expansion coefficient of graphene. Localized compressive strain of 

graphene can act as catalytic oxidation sites for Pt NPs to decompose 

the chemically weaken bonding region. Scale bars are 200 nm. 
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Table 1. Charge density and strain in graphene on Pt NPs array as a 

function of annealing. 

 Charge density (n) Strain (ε) a) 

On SiO2/Si 3.55 x 10
12

cm
-2 ε

C
 : 0.15 % 

0min 3.8 x 10
12

cm
-2 ε

T
 : 0.16 % 

10min 6 x 10
12

cm
-2 ε

C
 : 0.08 % 

20min 9 x 10
12

cm
-2 ε

C
 : 0.10 % 

30min 1.2 x 10
13

cm
-2 ε

C
 : 0.22 % 

a) ε
C
 : compressive strain, ε

T
 : tensile strain 

 

 

Figure 11. TEM images of perforated single-layer graphene suspended 

in TEM grids. The single layer thickness of graphene does not give 

enough contrast to clearly visualize the existence of nanopores. Scale 
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bars, 200 nm. 

 

 

 

 

 

Figure 12. Raman analyses of CVD graphene on Pt NPs with respect to 

annealing time. Correlation between FWHM of 2D mode and its position 

as a function of each annealing treated samples (Black dashed line 

represents the second order polynomial curve fit of whole data points). 
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Figure 13. Annealing induced Raman spectrum variation. The D and D’ 

bands are increased proportional to annealing time, which is attributed to 

sp2 bond breaking resulting in the formation of nanopore. The blue shift 

of the G and 2D modes is caused by strong hole doping effect during 

annealing in the air (Inset represent the raman spectrum variation of 

before and after annealing. This spectra difference can be an indicator to 

estimate whether the pores is formed or not). 
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Figure 14. Reduction of the doping concentration by the annealing process. 

Carrier concentration of the perforated graphene obtained from PS-

P4VP (51k-18k) after the annealing at 300 oC under H2/Ar atmosphere. 
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Figure 15. Photograph and SEM images for the perforation of wafer-scale 

graphene on the arrayed Pt NPs. Photograph and SEM images for the 

strain-assisted perforation of wafer-scale graphene on the arrayed Pt 

NPs. (a) Graphene film transferred on Pt NPs arrays on a 4-inch wafer. 

(b, c). Graphene on Pt NPs before annealing. (d) Perforated graphene on 

Pt NPs after annealing at 400°C for 30min. Scale bars are 200 nm. 
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국  

그래  양자 과 양자  합  

 명 진 

부 리  공 

울  원 

 

2010  노벨 리 상  ‘2차원 질인 그래  근본  돌 구를 

시  실험에  공 ’  드 가임, 스탄틴 노보  에게 

공동  여 었다. 

그래  연구는 부  탄소나노튜 , 풀러  연구  과 자들에 해 

자연스럽게 연구 었고, 새 운 행  었다. 그래  연구를  

분 장 는 과 자 미경, 주사 자 미경, 자소자를 이용  분 , 

라만분 법등이 쓰이고 있는데 이는 탄소나노튜 에  쓰이  법과 매우 

슷 다. 이러  사 들  그래  새 운 상  이해 는데 른 

회를 창출해주었다.  

같  탄소계열인 풀러 , 탄소나노튜  그래  가장 큰 차이 이라면 

샘  작 면  들  있  것이다. 풀러  도펀트를 첨가 거나 

작용 를 도입 가 용이  면이 있 에도 불구 고 종 합  

는데 시간이 래 걸리고 량합 이 어 운 단 이 있다. 

탄소나노튜  경우  분자 칭  에 도체  도체  

동시다 인 역  인해 자  특  해 다는 가 지 고 

있다.  
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면 그래  이러  조 를 증 증착법,  리법, 계  

리법 등 다양  합 법  해결  듯 보여진다. 이를 통해 싸고, 질 좋  

그래  합 이 가능해 고 다양  분야에 용   있게 었다.  

그래  락포인트에  원자가 자  도 가 만나 드갭  

갖고 있는 질이다. 이 지 에 는 자상태 도가 0이 다. 이러  

드구조는 매우 특이  자 송특  보여 다. 운 자가 이  

에 속도가 장히 르고, 이러   그래 이 논리회 보다 

고주  자소자에  후보군이   있  말해 다. 

이 게 많  심  고 있는 그래  자구조는 뛰어난 질  갖고 

있 에도 불구 고 이러  근본  특 ( 드갭) 에 드갭  여는 

부분이 가장 큰 과  여겨진다. 이  여 근 그래  0차원  

이는 연구가 많  심  고 있다. 히 많  이  연구결과를 통해 

그래  엣지 태  폭 이에 라 드구조가 향  는다는 사실이 

다. 첫 번째 실험  연구결과는 자  리소그래  공  이용 여 

작  그래  나노리본이었다.  드갭  그래  나노리본  폭과 

는 경향  보 다. 그러나 이러  리소그래  공  10nm이  

닝 계가 있다. 이러  를 극복  여  법  이용  

리법이 개 었고,  작고, 좁  폭  가지며 모양과 재 이 가능  

그래  나노리본 작이 가능해 다. 그래  나노리본과 여 그래  

나노 쉬가 있는데, 이는 주 인 구 열  이루어  있 며, 구 사이  

간격이 5nm  좁  에 보다  쉽게 드갭  열 가 있다. 

이 논  그래  나노리본과 슷  특  갖는 그래  양자 과 그래  

나노 쉬  작법, 그리고 이 게 작  나노구조체  용에  소개를 

주  다.  

 소개 에  그래  이해를 돕  해 인 소개를  
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 것이며, 이 후에 2장과 3장에  구체 인 연구내용  소개  것이다. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

주요어: 그래 , 그래  양자 , 그래  나노 쉬, 도체, 그래  라만, 
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