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Abstract

Optimizing Electronic Properties of Single-Layer Graphene 

for Device Applications by Noncovalent Chemical Doping

Hwa Rang Kim

Department of Chemistry

Graduate School

Seoul National University

Since its first discovery as a flake-form from mechanical exfoliation of

highly-oriented pyrolytic graphite (HOPG) using tape in 2004, numerous studies 

have shown that graphene has outstanding and extraordinary thermal, mechanical, 

electrical, electronic and optical properties. In 2009, large-area synthesis of 

polycrystalline graphene using a chemical vapor deposition (CVD) method became 

experimentally possible, thereby establishing a foothold for the graphene to be 

applied to various fields. In particular, the field of application using electrical and 

electronic characteristics of graphene is in the spotlight. Graphene is a remarkable

material with high electron mobility, electrical conductivity and thermal conductivity. 

Furthermore, the pristine single-layer graphene (SLG) has zero gap, a theoretical 

value calculated by a tight-binding (TB) approximation model.

Engineering the electronic properties of materials is an essential process 

for application to electronic devices, and doping is one of the methods mainly used 

to control electronic properties. By doping graphene, electrical and electronic 

characteristics such as band gap, electrical conductivity, and work function (WF) can 

be modified and controlled. Doping methods for graphene include atomic 

substitution, applying electric field, physisorption (physical adsorption) of molecules 

and metal nanoparticles, etc. Among those methods, the physisorption is widely used 

as a graphene doping method because it can obtain a simple and superior doping 

effect without crystallographic defects. This paper describes researches on 

optimization methods of the electronic properties of graphene synthesized by CVD 
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method and its applications of electronic devices. Noncovalent chemical doping by

the physisorption was selected as the optimization method of the electronic 

properties of graphene, and the possibility of application of the doped graphene to

an electronic device was verified.

Chapter 1 delineates the physical properties of graphene, focusing on the 

electrical and electronic properties. In addition, the doping method used in the study 

and the charge transfer phenomenon of doped graphene were introduced.

Chapter 2 gives a detailed description of the procedure such as the 

synthesis, transfer, and doping methods of graphene. Graphene used in these 

researches was synthesized by CVD method, and the synthesized graphene was 

manufactured as electronic device specimens through copper etching and transfer 

processes. Graphene is chemically doped by the physisorption method using various 

nanomaterials such as molecules forming self-assembled monolayers (SAM). 

Through Raman spectroscopy, the quality of graphene specimens immediately after 

synthesis and doping process was evaluated. Moreover, the electronic properties of 

graphene were analyzed by a 3-electrode system using field-effect transistor (FET)

devices

Chapter 3 depicts a study on electronic devices showing changes in 

chemical doping effects by sequentially providing various nanomaterials to graphene 

synthesized by CVD method. Gold nanoparticles were used as dopants on the surface 

of graphene by physisorption for a noncovalent functionalization, and the doped

graphene was manufactured as FET devices. SAM is formed by adsorbing 4-

mercaptobenzoic acid (4-MBA) molecules onto gold nanoparticles on the 

manufactured graphene device. And then, if mercury ions are injected, a carboxyl 

group of 4-MBA molecules constructing SAM acts as a ligand to capture mercury 

ions, thereby assembling a chelate complex. Through the analyses of the electronic 

properties of the graphene FET devices in each step, it can be seen that the doping 

effect of the graphene surface is finely adjusted by each nanomaterial element. 

Through this study, the possibility of chemical functionalization of graphene FET 

devices was exactly clarified.
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Chapter 4 describes the improvement in the performance of graphene

thermoelectric devices using n-type doping by introducing n-alkylamine (H2NCn) 

molecules onto SLG film synthesized by CVD method. The n-alkylamine molecules

form SAM on the surface of graphene and provide electrons to graphene through 

noncovalent functionalization. Graphene doped by n-alkylamine molecules with 

different lengths of carbon chain was manufactured as FET devices and analyzed by

a 3-electrode system. Graphene FET devices were proved clearly that the 

concentration of charge carriers of graphene specimens could be regulated by 

chemical doping method using each molecule. Graphene thermoelectric devices was 

manufactured by sequentially stacking a gallium oxide (Ga2O3) thin film layer and a

eutectic gallium-indium alloy (EGaIn) bulk layer onto the n-alkylamine SAM 

formed on each graphene specimen. An induced-gap state was introduced into the

graphene layer in graphene thermoelectric devices (SLG//H2NCn//Ga2O3/EGaIn) by 

noncovalent junctions of n-alkylamine molecules. Through comparison with

thermoelectric devices with a conventional structure (Au/SCn/Ga2O3/EGaIn) 

composed of the junction of gold thin film layer and n-alkanethiolates (SCn)

molecules, it was shown that the graphene thermoelectric devices produced by the 

above method have improved and outstanding thermoelectric properties.

Keyword: graphene, chemical doping, self-assembled monolayer, noncovalent 

functionalization, field-effect transistor, thermoelectric device

Student Number: 2016-20339
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Chapter 1.

Introduction to Graphene

1. 1. Discovery and Advancement of Graphene

Graphene is a unique and eccentric material. Single-layer graphene (SLG) was 

studied theoretically by P. R. Wallace in 1947 for understanding the electronic 

characteristics of 3-dimensional (3D) graphite.[1] Prior to its discovery, there was a 

hypothesis that the existence of graphene was impossible accordance with Mermin-Wagner 

theorem of condensed matter physics in 1968.[2] This theorem means that symmetries in 

0-, 1-, or 2-dimensional (0D, 1D, or 2D) systems cannot be broken spontaneously at finite 

temperatures. In other words, even if a system is composed of well-ordered atoms, the order 

of the whole system is broken by small fluctuations that occur accidentally. Therefore, 

graphene was believed to be structurally unstable for a lone time.

Graphene, however, is a 2D material first introduced to the world by K. S. 

Novoselov and A. K. Geim in 2004.[3] (Figure 1-1) SLG, however, was isolated by 

repeated mechanical exfoliation from highly-oriented pyrolytic graphite (HOPG). They 

pulled and rubbed Scotch tape with graphene few layers onto silicon oxide (SiO2) thin film 

on a silicon wafer. This very simple method called Scotch tape technique is mainly used to 

obtain single-crystalline graphene flakes for solid state physics research.

Since discovery of graphene, numerous studies have been conducted to synthesize 

graphene in a large-area. Finally, Korean scientist B. H. Hong succeeded in synthesizing 

large-area few layer graphene using the chemical vapor deposition (CVD) method.[4]

(Figure 1-2) The first synthesis method was to synthesize graphene on a nickel metal 

catalyst using methane gas as a precursor, and then it was changed to a method mainly 

using copper as a metal catalyst for single-layer synthesis.[5] (Figure 1-3) Recent research 

trends related to large-area synthesis have been continuing to synthesize and commercialize 

single-crystalline graphene by changing carbon precursor, metal catalysts, synthesis 

temperature, and experimental systems, etc.[6,7]
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Figure 1-1. Graphene films by exfoliation. (a) Optical microscope (OM) image of a 
relatively large multi-layer graphene (MLG) flake with thickness ~3 nm on SiO2 layer. (b) 
Atomic force microscope (AFM) image of 2 μm by 2 μm area of the edge of graphene flake
with height 3 nm above SiO2 layer. (c) AFM image of SLG film near the bottom, which 
exhibits a differential height of ~0.4 nm. (Reprinted from ref. [3], Copyright 2004 American 
Association for the Advancement of Science)
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Figure 1-2. Graphene films on Ni by CVD method. (a) Scanning electron microscope 
(SEM) images of as-grown graphene films on 300 nm nickel thin films and 1mm Ni thick 
foils (inset). (b) Transmission electron microscope (TEM) images of graphene films of 
different thicknesses. (c) OM image of the graphene film transferred to a 300 nm SiO2 layer. 
The inset AFM image shows typical rippled structures. (d) A confocal scanning Raman 
image corresponding to (c). The number of layers is estimated from the intensities, shapes 
and positions of the G and 2D band peaks. (e) Raman spectra (532 nm laser wavelength) 
obtained from the corresponding colored spots in (c) and (d). a.u., arbitrary units.
(Reprinted from ref. [4], Copyright 2009 Nature Publishing Group)
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Figure 1-3. Graphene films on Cu by CVD method. (a) SEM image of graphene transferred 
on 285 nm SiO2 layer, showing wrinkles, as well as double- and triple-layer regions. (b) 
OM image of the same regions as in (a). (c) Raman spectra (532 nm laser wavelength) from 
the marked spots with corresponding colored circles or arrows showing the presence of 
single-, double-, and triple-layers of graphene. a.u., arbitrary units. (d to f) Raman mapping 
images of (d) the D (1300 to 1400 cm–1); (e) G (1560 to 1620 cm–1); and (f) 2D (2660 to 
2700 cm–1) bands, respectively. CCD cts., charge-coupled device counts. Scale bars, 5 μm. 
(Reprinted from ref. [5], Copyright 2009 American Association for the Advancement of 
Science)
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1. 2. Structure of Graphene

1. 2. 1. Hexagonal Lattice: Electronic Configurations of Carbon 

Atoms

The structure of graphene, strictly speaking, refers to a single-layer plane of a 

hexagonal honeycomb lattice in which carbon atoms are covalently bonded.[8–10] (Figure 

1-4g and 1-4h) One carbon atom has six electrons, (Figure 1-4a) which have an electronic 

configuration of 1��2��2��
�2��

�2��
� in the ground state.[10–12] (Figure 1-4b, 1-5a and 

1-6b)

According to valence bond theory (VBT), it is explained that covalent bonds are 

formed in such a way that valence orbitals with unpaired electrons approach and overlap 

each other to form electron pairs. In VBT, bonds are largely classified into � bond and �

bond. However, new concepts such as promotion and hybridization should be introduced 

and explained in the case of molecules that cannot be explained by VBT alone. Promotion

of electrons is a concept introduced to explain that the number of bonds is more than that 

of unpaired electrons, and refers to the excitation process of replacing already paired 

electrons at lower energy levels as unpaired electrons at higher energy levels by absorbing 

energy. (Figure 1-5b) In addition, hybridization is a concept introduced to explain a 

phenomenon in which the bond length of certain molecules (e.g., methane) bonded through 

electron promotions is the same. (Figure 1-5c)

As the electrons of one carbon atom are excited by the electronic configuration

(Figure 1-5b),[10–12] one carbon atom covalently bonds the adjacent two, three or four

carbon atoms through ��, ��� or ��� hybridized orbital, respectively.[11,12] (Figure 1-

5c) Among them, ���  hybridized orbitals participate in the bonding between carbon 

atoms constituting graphene. The covalent bond between ���  (also ��  or ��� )

hybridized orbitals is called � bond.[10,13] (Figure 1-4e) Meanwhile, the 2�� orbital in 

which one remaining outer-shell electron is located exists perpendicular to the plane where 

the �  bond by ���  hybridized orbitals is located. Attraction also acts among the 2��

orbitals of surrounding atoms, and this additional out-of-plane bond is called a �

bond.[10,13] (Figure 1-4e)

Molecular orbital theory (MOT) is another theory that explains chemical bonds 

along with VBT. VBT assumes that electrons are localized and only valence electrons 

participate in bonds, while MOT assumes that electrons are delocalized and all electrons in 

atoms participate in bonds. When carbon atoms get closer to each other, atomic orbitals 

also overlap to form molecular orbitals. (Figure 1-6a) Linear combination of atomic 

orbitals (LCAO) is introduced as a mathematical technique to explain the bond between 
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two carbon atoms. In this situation, if the electrons of the two carbon atoms are filled from 

the low energy level of the molecular orbital formed by MOT, all electrons are paired, and 

no unpaired electrons remain. (Figure 1-6b) This is a property shared by all carbon 

allotropes and can explain their zero paramagnetic contributions.[12] Of course, graphene 

belongs to the carbon allotropes.[12,14] (Figure 1-7)

Ultimately, graphene is naturally placed in a stable energy state. The resulting bond 

order is 4 3⁄ . The bond length of graphene (or lattice constant) is 0.142 nm, which is the 

distance between two closest carbon atoms,[8,10] and the distance between of an atom and 

the second neighboring atom is 0.246 nm. (Figure 1-4f) In addition, the height of SLG is 

0.335 nm, which is an interplanar spacing in graphite.[15]
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Figure 1-4. The description of graphene hexagonal lattice. (a) Atomic structure of a carbon 
atom. (b) Energy levels of outer electrons in carbon atoms. (c) The formation of ���

hybridized orbitals. (d) The crystal lattice of graphene, where A and B are carbon atoms 
belonging to different sub-lattices, �� and �� are unit-cell vectors. (e) � bond formed 
by ���  hybridized orbitals and �  bond formed by 2��  orbitals. (Reprinted from ref.
[10], Copyright 2018 Taylor and Francis Ltd.) (f) Schematic diagram of hexagonal cell of 
graphene structure. (g) Graphene sheet comprising of 2D hexagonal network of carbon 
atoms combined by strong covalent bonding by ��� hybridized orbitals and 2�� orbitals. 
(Reprinted from ref. [8], Copyright 2016 Scientific Research Publishing Inc.) (h, i) The 
lattice of graphene; (h) Bravais lattice; (i) reciprocal lattice. (Reprinted from ref. [9]
Copyright 2014 MDPI)
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Figure 1-5. Schematic description of ��, ��� , and ��� hybridization in carbon with an 
illustration of the bonding structure. (a) Ground state. (b) Excited state. (c) Hybridized state. 
(d) The types of covalent bond corresponding to hybridized states. (Reprinted from ref. 
[12], Copyright 2018 The Royal Society of Chemistry)
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Figure 1-6. The molecular orbitals of C-C bonding. (a) General molecular orbital energy-
level diagram for the first two energy levels showing the formation of molecular bonding 
(� , � ) and antibonding (�∗ , �∗ ) orbitals. (b) Bonding scheme for two carbon atoms 
providing evidence for pairing of all the spins, confirming thus the diamagnetic nature of 
the C–C pair. (Reprinted from ref. [12], Copyright 2018 The Royal Society of Chemistry)
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Figure 1-7. A ternary phase diagram of carbon materials. The diagram showing materials 
consisting of carbon in a single hybridization state at the vertices, materials containing 
mixtures of two hybridization states along the edges, and materials with all three 
hybridization states within the triangle. (Reprinted from ref. [14], Copyright 2015 ACS 
Publications)
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1. 2. 2. Structural Defects of Graphene

SLG synthesized by conventional CVD method is generally polycrystalline 2D 

material because the metal catalyst on which graphene grows is polycrystalline.[4,5,13,16–

21] Polycrystalline graphene sheet inevitably includes crystallographic defects such as 

point defect and line defect in Figure 1-8.[16–24]

Point defect of graphene is a generic term for Stone-Wales (SW) defects, single 

vacancies (SV), double vacancies (DV), carbon adatoms including inverse Stone-Wales 

(ISW) defects, foreign adatoms, and substitutional impurities, etc.[17] (Figure 1-9)

Line defects of graphene are dislocation-like defects.[17] (Figure 1-10) Dislocation 

is mainly classified into edge and screw. In the former or latter, the Burgers vector is 

perpendicular or parallel to the direction of dislocation line, respectively. Real dislocation 

appearing in 3D crystals is typically mixed dislocation. Because the conventional concept 

of dislocation including a Burgers vector and a dislocation line can only be represented in 

3D crystals and screw dislocation in particular requires a 3D strain field, line defects of 

graphene are different from that of 3D crystals.

The size of grains and the arrangement of grain boundaries (GB) affect the 

properties of polycrystalline materials, especially 2D materials including graphene 

synthesis by CVD method. Crystallographic defects in graphene crystal act as a factor that 

degrades thermal, mechanical, electrical, electronic, and optical properties.[16,17,25,26]

(Figure 1-8)

Figure 1-8. Domain structures of graphene. (a) Polycrystalline graphene generally 
observed for CVD grown samples. Thick lines correspond to boundaries. (b) Ideal single-
crystalline graphene. Single-crystalline graphene is expected to show higher mobility and 
better mechanical properties than polycrystalline graphene. (Reprinted from ref. [16], 
Copyright 2015 Springer Japan)
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Figure 1-9. Point defects of graphene. (a) SW defect, SW(55-77). (b) SV defect, V1(5-9). 
(c-e) DV defects; (c) V2(5-8-5); (d) V2(555-777) by rotating a bond marked in (c) from 
V2(5-8-5); (e) V2(5555-6-7777) by rotating another bond marked in (d) from V2(555-777). 
(f-h) Carbon adatoms; (f) Single adatom in the bridge; (g) Single adatom in the dumbbell; 
(h) Double adatoms, ISW defect, I2(7557). (i-j) Foreign adatoms (transition metal atoms)
adsorbed on (i) SV; and (j) DV, respectively. (Reprinted from ref. [17], Copyright 2011
ACS Publications)
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Figure 1-10. Line defects of graphene. (a, b) Line defect formation from aligned vacancy 
structures. (c) GB defect structure consisting of pentagon-pairs and octagons in graphene 
grown on a Ni substrate. (d-i) Dislocations in graphene; (d-f) Atomic structures of (d) 
(1, 0)  and (e) (1, 1)  dislocations; and (f) a (1, 0) + (0, 1)  dislocation pair, 
respectively; Atomic structures of (g) the � = 21.8° large-angle GB (LAGB); and (h) 
the � = 32.2°  symmetric large-angle GB; (i) Buckling of the graphene layer due the 
presence of a (1, 0)  dislocation. (Reprinted from ref. [17], Copyright 2011 ACS 
Publications)
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1. 3. Band structure of Graphene

1. 3. 1. Band Theory of Graphene

The electronic band theory of graphite was explored by P. R. Wallace in 1947.[1]

He proposed a tight-binding (TB) approximation model for the first time to illuminate the 

band structure of SLG. TB approximation represents that the nearest-neighbor interactions 

are very large and decrease quickly along the increase of the distance.[27] In description of 

P. R. Wallace, nearest- and next-nearest-neighbor interactions for the 2��  orbitals of 

graphene were considered, but the overlap among basis functions centered at different 

atoms was neglected.[1] Figure 1-11 shows the shape of the TB wave function.[27]

These days, the TB approximation model developed by R. Saito et al. in 1998 is 

chiefly used, instead of the method of P. R. Wallace. The description of R. Saito et al. also 

considered nearest- and next-nearest-neighbor interactions for the 2��  orbitals of 

graphene, and took account of the non-finite overlap among basis functions including only 

nearest-neighbor interactions within the graphene.[28]

After that, the study of TB approximation model considering third-neighbor 

interactions was also published by S. Reich et al. in 2002.[29] The more interactions among

more distant neighbors is considered, the closer it is to the result calculated by ab-initio

calculation.

Graphene lattice is a structure in which a hexagonal lattice system of carbon atoms 

is spread out on an infinite plane. In order to analyze the band structure of a material, the 

concept of the reciprocal space must be introduced. First, a unit cell containing two carbon 

atoms is determined from the Bravais lattice of graphene in the real space, (Figure 1-4h

and 1-12a) and then a reciprocal lattice corresponding thereto is drawn in the reciprocal 

space.[1,9–11,28–32] (Figure 1-4i and 1-12b)

Figure 1-11. Characteristic spatial variation of the real (or imaginary) part of the TB wave 
function. (Reprinted from ref. [27], Copyright 1976 Harcourt, Inc.)
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1. 3. 2. Lattice Vector and Reciprocal Lattice Vector

In this thesis, the band theory of graphene using TB approximation model by R. 

Saito et al. is introduced. The lattice vector (�� or ��) is directed from a carbon atom (red) 

in unit cell shown in Figure 1-12a to each next-nearest-neighbor atom, respectively. Prior 

to the development of the equation, the vectors in this paper is indicated by the Cartesian 

coordinates. The position of each carbon atom in the real space is indicated by a vector �

which is defined as

� = ���� + ���� (1-1)

where �� and �� are two integers, and the values of the lattice vectors �� and �� are 

given by

�� = � �
3

2
,

√3

2
� , �� = � �

3

2
, −

√3

2
�, (1-2)

Where � is the lattice constant, 0.142 nm. In addition, the positions of the nearest-neighbor 

atoms can be written as

�� = � �
1

2
,

√3

2
� , �� = � �

1

2
, −

√3

2
� , �� = �(−1, 0), (1-3)

and the positions of the next-nearest-neighbor atoms are given by

��
±� = ±��, ��

±� = ±��, ��
±� = ±(�� − ��), (1-4)

which is expressed as unit vectors in Equation (1-2). The reciprocal vectors must 

satisfy the following conditions: �� ⋅ �� = 2����, where �� is the vector represented in 

Equation (1-2), ���  is Kronecker delta defined as ��� = �
0 (� ≠ �)

1 (� = �)
 , and then the 

reciprocal vectors shown in Figure 1-12b are placed at

�� =
2�

�
�

1

3
,

√3

3
� , �� =

2�

�
�

1

3
, −

√3

3
� (1-5)

corresponding to a lattice constant of 4� 3�⁄ in reciprocal space. The remarkable points 

in Figure 1-12b are high-symmetry points �, �, ��, and � in the first Brillouin zone 
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(BZ), which are located at its center, its corners and the center of its sides, respectively. 

Each point can be written as

� = (0, 0), � =
2�

3�
(1, 0), � =

2�

3�
�1,

√3

3
� , �� =

2�

3�
�1, −

√3

3
�. (1-6)

Figure 1-12. Graphene Lattice in the real and the reciprocal spaces. (a) Graphene structure 
in the real space. The atoms are distinguished in accordance to the two sub-lattices �
(green) and � (red) to which they belong. Unit vectors (�� and ��) and nearest-neighbor 
vectors (�� , ��  and �� ) are marked. The unit cell (primitive cell; PC) is highlighted 
(yellow area). (b) Corresponding reciprocal lattice of graphene. Reciprocal unit vectors (��

and ��), and the high-symmetry points �, �, ��, and � (yellow) are marked. The unit 
cell and the first BZ are highlighted (blue area). (Reprinted from ref. [11], Copyright 2019
MDPI)
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1. 3. 3. Bloch Theorem

The TB approximation is developed under the assumption that each atom has a 

weak interaction with other atoms. According to Bloch theorem, the wave function of 

particles in a space with a periodic potential appears in the form in which the function of a 

plane wave is modulated by a periodic function. In other words, the electrons present inside 

a crystal with a periodic potential are independent of translations along the lattice vectors.

Bloch theorem is satisfied with the following equation:

���
� = e��⋅���, (1-7)

where, �� is a translation operator along the direction of a vector � which is position in 

a real space, and a wave function � is an eigenstate of all of translation operators, and 

wave vector �  is crystal momentum vector, which is can be written as a linear 

combination of the reciprocal lattice vectors:

� = ���� + ����. (1-8)

Meanwhile, the mathematical technique for reconstructing the total wave function 

of an unknown system is to use the LCAO for each element constituting the system. To do 

this, the wave function of each element must be known in advance. LCAO technique is 

also used to find the total wave function of the polyatomic system, and then each element 

is each single atom.[28,31,33,34] In general, the form of a wave function is LCAO for 

plane waves, which is easy for the integration of wave functions and has numerical 

accuracy by only dependence on the number of wave functions.[28] On the other hand, the 

difficulty of representing atomic orbitals in a crystal as the wave functions of plane waves 

and a large scale of computation are the disadvantages for LCAO.[28] Despite its 

limitations that there are no simple method to improve numerical accuracy and no 

information on the interatomic region, TB approximation model using LCAO has the 

advantage of having fewer the number of basis functions than that of plane waves and ease 

of modification of many physical properties.[28]

A periodic function, which satisfies Bloch theorem, has the same periodicity (as the 

crystal) and can be expressed as �(�) . As an equation, it can be denoted as �(�) =

�(� + ��), which, that is, means

�(�) = �(� + �). (1-9)

The Bloch function � is the following equation:
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�(�, �) = e��⋅��(�). (1-10)

Bloch Theorem is stated in this form:

�(�, � + �) = e��⋅��(�, �) (1-11)

for every position of atom � in the Bravais lattice, by the combination of Equation (1-9) 

and (1-10).

If � atoms in a unit cell in a crystal, � atomic wave functions �� exist in a unit 

cell. A TB Bloch function �� of �-th atom in the solid can be written as

��(�, �) =
1

√�
� e��⋅���(� − �)

�

�

, (� = 1, ⋯ , �), (1-12)

where � is the number of unit cells in solid crystal. The proof that �� (�, �) is a Bloch 

function is the following relations:

��(�, � + ��) =
1

√�
� e��⋅����(� + ��) − ��

�

�

��(�, � + ��) =
1

√�
� e��⋅��������������� − (� − ��)�

�

�

��(�, � + ��) =
1

√�
� e��⋅��

e��⋅���������� − (� − ��)�

�

�

��(�, � + ��) = e��⋅�� 1

√�
� e��⋅���������� − (� − ��)�

�

����

��(�, � + ��) = e��⋅��
��(�, �).

(1-13)

As this time, if � = ��,

�(�, � + ��) = ��(�, �), (� = 1, 2) �∵ e��⋅�� = 1�. (1-14)

The eigenfunction in the whole crystal ��(�, �)  is represented by a linear 

combination of ��� (�, �) as follows
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��(�, �) = � ���� (�)��(�, �)

�

����

, (�, �� = 1, ⋯ , �), (1-15)

where the coefficients ����(�) are the constants determined by given conditions, and thus 

��(�, �) is also a Bloch function with same value of �.
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1. 3. 4. The Eigenvalue of Hamiltonian and The Secular Equation

The �-th eigenvalue ��(�), (� = 1, ⋯ , �) is can be written as

��(�) =
����ℋ����

�������
(1-16)

where ℋ is the Hamiltonian operator of the crystal. By substitution Equation (1-15) into

Equation (1-16) and change of variables, the following equation,

��(�) =
∑ ���

∗ ��������ℋ������
�, ����

∑ ���
∗ ���� ������� ��

�, ����

��(�) =
∑ ℋ���(�)���

∗ ����
�
�, ����

∑ ����(�)���
∗ ����

�
�, ����

, (�, �, �� = 1, ⋯ , �)

(1-17)

is obtained, where (� × �) matrices

ℋ���(�) ≡ ����ℋ����� (1-18)

and

����(�) ≡ ��� ����� (1-19)

are called transfer integral and overlap integral, respectively. In order to minimize ��(�), 

the coefficient ���
∗ is optimized. This is done under the local minimum condition, in which 

the partial derivative of �� for the ���
∗ is zero, as follows

���

����
∗ =

∑ ℋ��� ����
�
����

∑ �������
∗ ����

�
�, ����

−
�∑ ℋ��� ���

∗ ����
�
�, ���� ��∑ ���� ����

�
���� �

�∑ �������
∗ ����

�
�, ���� �

�

���

����
∗ = 0.

(1-20)

The following equation obtained by organizing Equation (1-20) is given by

� ℋ�������

�

����

= �� � ��������

�

����

or � �ℋ��� − ������ �����

�

����

= 0. (1-21)
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Equation (1-21) that omits subscript � is represented by

(ℋ − ���)�� = 0, (1-22)

where �� is defined as column vector,

�� = �
���

⋮
���

�. (1-23)

For the value of the left-hand matrix of Equation (21) to be zero, the determinant of the 

matrix (ℋ − ���) should be zero or the coefficient vector �� should be the null vector. 

Since the latter means no wave function in the crystal solid, the following condition is 

stated by

det(ℋ − ��) = 0, (1-24)

where Equation (1-24) is called the secular equation.[11,28,31,33,34]
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1. 3. 5. Transfer Integral and Overlap Integral

For graphene structure, a ��� hybridized orbital makes three in-plane � bonds,

while, and a 2�� orbital creates one out-of-plane � bond. Because � energy bands are 

of paramount importance for determining the electronic properties of SLG. Each Bloch 

function is constructed by each atomic orbital from two inequivalent sub-lattices � (green) 

and � (red) in the graphene structure shown in Figure 1-12a. Two basis functions for 

graphene are obtained by substituting the sub-lattice �  or �  into the variable �  of 

Equation (1-12) as follows

��(�) =
1

√�
� e��⋅����(� − ��)

�

��

,

and ��(�) =
1

√�
� e��⋅����(� − ��)

�

��

,

(1-25)

where �� or �� is corresponding to the atom sites � or �, respectively. For example,

�� − ��
� = ��

±� , ⋯ and �� − ��
� = �� , ⋯ by Equation (1-4) and (1-3), respectively. 

The transfer integrals, ℋ��� , ( �, �� = �, �)  obtained by substituting Equation (1-25)

into Equation (1-18) can be written as

ℋ�� =
1

�
� e��⋅������

� �⟨��(� − ��)|ℋ|��(� − ��
� )⟩

�

��, ��
�

ℋ�� =
1

�
� � ���

�����
�

+ � e��⋅��
±�⟨��|ℋ|��⟩

�����
� ±��

±�

+ ⋯ �

ℋ�� = ����
+

1

�
�� e��⋅��

±�⟨��|ℋ|��⟩

��
±�

+ ⋯ �

ℋ�� ≈ ����
,

(1-26)

ℋ�� =
1

�
� e��⋅������

� �⟨��(� − ��)|ℋ|��(� − ��
� )⟩

�

��, ��
�

ℋ�� = ⋯

ℋ�� ≈ ����
,

(1-27)
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ℋ�� =
1

�
� e��⋅������

� �⟨��(� − ��)|ℋ|��(� − ��
� )⟩

�

��, ��
�

ℋ�� =
1

�
� � e��⋅��⟨��|ℋ|��⟩

�����
� ���

+ ⋯ �

ℋ�� = ⟨��|ℋ|��⟩�e��⋅�� + e��⋅�� + e��⋅��� + ⋯

ℋ�� ≈ ��(�)

(1-28)

and

ℋ�� = ⟨��|ℋ|��⟩ = ⟨��|ℋ|��⟩∗ = ℋ��
∗ , (1-29)

where ����
is the 2�� orbital energy,[28,35] � ≡ ⟨��|ℋ|��⟩, and

�(�) ≡ e��⋅�� + e��⋅�� + e��⋅��

�(�) = e
��⋅��

�
�

,
√�
�

�
+ e

��⋅��
�
�

, �
√�
�

�
+ e��⋅�(��, �)

�(�) = e�
�
�

��� �e�
√�
�

��� + e��
√�
�

���� + e�����

�(�) = 2e�
�

�
��� cos �

√�

�
���� + e�����.

(1-30)

Using Equation (1-19), the overlap integrals, ���� , ( �, �� = �, �) are given by

��� = ⟨��|��⟩ = 1, (1-31)

��� = ⟨��|��⟩ = 1, (1-32)

��� = ⟨��|��⟩

��� = ⟨��|��⟩�e��⋅�� + e��⋅�� + e��⋅��� + ⋯

��� ≈ ��(�)

(1-33)

and

��� = ⟨��|��⟩ = ⟨��|��⟩∗ = ���
∗ , (1-34)

where � ≡ ⟨��|��⟩.
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1. 3. 6. � Energy Bands of Graphene

Thus, the explicit forms for ℋ and � can be written as

ℋ = �
����

��(�)

��(�)∗ ����

� ��� � = �
1 ��(�)

��(�)∗ 1
�. (1-35)

where ℋ and � are Hermitian matrices, by substituting equations from Equation (1-26) 

to (1-29) and from Equation (1-31) to (1-34), respectively, the parameters � and � are 

called the nearest-neighbor hopping energy and the next-nearest-neighbor hopping energy, 

which are the transition energy between adjacent and sub-adjacent atoms, respectively.

[28,35] Before finding the eigenvalues �, the value of ��(�)∗�(�) is first calculated as 

follows

�(�) ≡ ��(�)∗�(�)

�(�) = �2e�
�
�

��� cos �
√3

2
���� + e������

�(�) = ��2 cos �
�

�
���� cos �

√�

�
���� + cos(���)�

�

�(�) = + �2 sin �
�

�
���� cos �

√�

�
���� − sin(���)�

�

�

� �⁄

�(�) = �1 + 4 cos� �
√�

�
���� + 4 cos �

√�

�
����

�(�) = × �cos �
�

�
���� cos(���) − sin �

�

�
���� sin(���)��

� �⁄

�(�) = �1 + 4 cos �
�

�
���� cos �

√�

�
���� + 4 cos� �

√�

�
����

�(�) = �3 + 4 cos �
�

�
���� cos �

√�

�
���� + 2 cos�√3����.

(1-36)

The secular equation which is Equation (1-24) for � energy bands of graphene is given 

by

0 = det(ℋ − ��)

0 = det �
����

− � (� − ��)�(�)

(� − ��)�(�)∗ ����
− �

�

0 = �����
− ��

�
− (� − ��)��(�)∗�(�)

0 = �����
− ��

�
− (� − ��)���(�)�

�
,

(1-37)
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yielding the eigenvalues of the energy dispersion relations of Equation (1-37) written as

��
±(�) =

����
± ��(�)

1 ± ��(�)

��
±(�) ≈ ����

± ��(�) − ��(�) + ⋯,

(1-38)

where the positive (+) or negative (−) sign means the energy band of � or �∗ molecular 

orbital, that is the valence or the conduction band, respectively. The hopping energy 

parameters �  and �  are non-identified, but the range of �  is typically 

[−3.033 eV, 2.8 eV] and the range of � is [0.07 eV, 0.129 eV] or [0.02�, 0.2�] from 

theoretical or experimental values.[11,13,28,29,32]. In Figure 1-13a, the hopping means 

the transition of an electron from 2�� orbital in an atom to 2�� orbital in another atom.

In Figure 1-14, the 3D full electronic dispersion of graphene is described by

Equation (1-38) substituting the parameters ����
= 0 , � = 2.7 eV , � = 0.2� , and � =

0.142 nm  in order to recreate the TB approximation calculation of the bands of 

graphene.[32] The electronic dispersion in the honeycomb lattice may be symmetric near 

zero energy if � = 0. However, the spectrum of electronic dispersion (blue plots in Figure 

1-13e) is asymmetric because it is actually � ≠ 0.[36] This fact means that the electron-

hole symmetry is broken.[32] (Figure 1-13c and 1-13e) A zoom in Figure 1-13e or 1-14

shows the bands, where the vertices of the two conicals meet around zero energy, called 

Dirac cones. The point is commonly said Dirac point (DP) at the � or �� point in the 

BZ, which is represented by Equation (1-6). (Figure 1-12b and 1-13b) It was proved that 

the value of band gap is zero, and graphene is the semi-metallic. Equation (1-38) with 

����
= 0  and � = � + �, (|�| ≪ |�|)  using the notation from P. R. Wallace is as 

follows

��
±(�) = ±

3��

2
|�| + � ��

|�|

|�|
�

�

�, (1-39)

where � is a relative momentum vector to the DP.[1,13,28,32,35] Equation (1-39) can be 

changed to an equation:

��
±(�) ≈ ±ℏ��|�|, (1-40)

where �� is the Fermi velocity, defined as �� = 3�� 2ℏ⁄ , with a value of �� ≈ � 300⁄ ≈

1 × 10�m/s.[1,13,32,36] Ultimately, graphene was proved to be a zero gap material.
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In this paper, the band structure of graphene was solved using TB approximation

model, and in addition to this method, it can be proved using pseudo-potential 

calculation[37] and density functional theory (DFT)[38], etc.

Since R. Saito’s TB model is the approximation, the result is naturally some 

difference from that of ab-initio calculation. (Figure 1-13c and 1-13d) In order to be 

similar to the ab-initio result, the parameters � and � should be set well. As discussed, in 

molecules with �  bonds, the number of �  bonds participating in the conjugation 

increases the delocalized electrons throughout the molecules. As a result, the energy gap 

between highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular 

orbital (LUMO) of the molecules, called HOMO-LUMO gap, decreases due to the 

conjugation of the � bonds formed by the overlap of the � orbitals. The zero band gap 

of graphene can be regarded as an extension of the discussion. Furthermore, the � energy 

bands of graphene can be considered in order to draw the remaining bands (red) from the 

full band structure in Figure 1-13e.[36] 2�, 2�� , and 2�� orbitals, which contribute to 

��� hybridized orbital, participate in the calculation of the � bands.[28]
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Figure 1-13. Dirac cone on graphene lattice and phonon dispersion of graphene. (a) 
Chemical bonds of graphene, showing the ��� hexagonal structure, and the 2�� orbitals 
that impart graphene its conductivity. (b) The hexagonal symmetry of electrons in the 
momentum space, and the Dirac cones originating from the mobile �  electrons.
(Reprinted from ref. [39], Copyright 2007 American Institute of Physics) (c, d) Ab-initio
and the nearest-neighbor TB dispersions of graphene. (c) The converged ab-initio
calculation of the graphene � and �∗ electronic bands is shown by the full lines. The 
dashed lines represent the TB dispersion of Equation (1-38) with � = 2.7 eV and � = 0.
(d) Difference �� between the ab-initio and TB band structures. (Reprinted from ref. [29], 
Copyright 2002 American Physical Society) (e) Graphene’s band structure. Orbital 
energies depend on the momentum of charge carriers in the crystal BZ (inset, right) 
(Reprinted from ref. [36], Copyright 2007 American Institute of Physics)
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Figure 1-14. Electronic dispersion of honeycomb lattice. Inset: zoom-in of energy bands 
close to one of DP. (Reprinted from ref. [32], Copyright 2009 American Physical Society)
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1. 4. Group Theory to Analyze Graphene

1. 4. 1. Group Theory for Graphene

Raman spectroscopy, which will be discussed in Paragraph 2. 5. 1., is a very 

important tool for analyzing graphene. To interpret the Raman spectrum of SLG, it is first 

necessary to understand the real lattice (Figure 1-12a) and reciprocal lattice (Figure 1-12b) 

of SLG. In Figure 2-12b, the high-symmetry point is � , � , �� , and � , etc., as 

mentioned in Paragraph 1. 3. 2. Next, it is necessary to know the vibration mode of the 

phonons in order to analyze graphene. The group theory covered in inorganic chemistry or 

physical chemistry is applied for graphene study. The phonon symmetries are explained as 

the irreducible representation of the crystal point group.

A space group of perfect crystalline SLG (on an isotropic medium) is �6 ���⁄

(���
� )  in Hermann-Mauguin (Schoenflies) notation.[40,41] The group of wavevector

(GWV) of the crystal has ��� as a crystallographic point group at � point in Schoenflies 

notation.[40,41,50,42–49] SLG is 2D material, but space group must be considered to deal 

with out-of-plane phonons. For graphene, it is necessary to know the irreducible 

representation at the center and edge of the BZ.[49] The representation of the total lattice

vibration ��� can be decomposed into each irreducible representation using the following 

equation by (internal) direct product:

��� = ��� ⊗ ���� (1-41)

where ���   and ����  are the equivalence representation (for the atomic sites) and 

representation of real space vectors in Mulliken notation, respectively.[41,49] The 

equivalence representation means the invariance under the symmetry operations and is 

reducible in general.[49]

Figure 1-15 shows all symmetry operations and unit cell of SLG. 2 carbon atoms 

exist in primitive unit cell. Thus, lattice vibration of perfect crystalline SLG has 6 normal

modes, which is characteristic vibrational modes independent of each other[40,46].
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1. 4. 2. Phonons at � point

The GWV at �  point (� = � = � ) of the graphene crystal is ���   shown in 

Figure 1-15.[40,41,50,42–49] The atom equivalence representation ��
��

is reduced to the 

irreducible representations as follows

      

��
��

= ��� ⊕ ��� (1-42)

And �, � and � vector representation ����

��� is reduced to the irreducible representations 

as follows

����

��� = ��� ⊕ ��� (1-43)

The normal modes of � points in the reciprocal lattice of perfect crystalline SLG is the 

following relation from Equation (1-41):

��
�� = ��

��
⊗ ����

���

��
�� = ��� ⊕ ��� ⊕ ��� ⊕ ��� .

(1-44)

Each vibration mode of ��
�� is illustrated in Figure 1-16. Detailed calculations for the 

above equations can be found from Table 1-1.
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Figure 1-15. All symmetry operations of SLG. The primitive unit cell (gray diamond) 
contains 2 inequivalent atoms A (gray filled circle) and B (open black circle). (a) Top view 
of a SLG with 6 atoms (one hexagon) represented. The inversion center � and the axis 
(along � axis) of the ��, ��, ��, �� and �� operations is illustrated as a red dot. The 
horizontal �� reflection is in the �� plane. The axis of the ��

′  and ��
′′ are illustrated in 

black dashed and solid lines, respectively. The vertical planes for the ��  and �� 
reflections are demonstrated as black dashed and solid lines, respectively. (b) Top view of 
a SLG with more hexagons. Each operation of ��

′ , ��
′′, �� and �� is drawn. This sketch 

is useful to determine the characters of the equivalence representation. (Reprinted from ref. 
[48], Copyright 2017 Guillaume Froehlicher)

Figure 1-16. The eigenvectors for the in-plane phonons relevant to the high symmetry � 
point of the BZ of SLG. Each of these 6 modes is labeled and their atom displacements are 
indicated as the method from ref. [45]. i/o stands for in-plane/out-of-plane; L/T/Z stands 
for longitudinal/transverse(i)/transverse(o); O/A stands for optical/acoustic. (Reprinted 
from ref. [40], Copyright 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)
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1. 4. 3. Phonons at �(�) point

The GWV at � point (� = �) of the graphene crystal is ��� shown in Figure 1-

17.[40,45,47–49] The atom equivalence representation ��
��

is originally the irreducible 

representations as follows

��
��

= �� (1-45)

And �, � and � vector representation ����

��� is reduced to the irreducible representations 

as follows

����

��� = �� ⊕ ��
�� (1-46)

The normal modes of � points in the reciprocal lattice of perfect crystalline SLG is the 

following relation from Equation (1-41):

��
�� = ��

��
⊗ ����

���

��
�� = ��

� ⊕ ��
� ⊕ �� ⊕ ���.

(1-47)

It can be induced in the same way for �� point.

���
�� = �

��
��

⊗ ����

���

��
�� = ��

� ⊕ ��
� ⊕ �� ⊕ ���.

(1-48)

Each vibration mode of ��
�� or ���

�� is illustrated in Figure 1-18. Detailed calculations

for the above equations can be found from Table 1-2.
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Figure 1-17. Symmetry operations of �(�) point on SLG lattice. (a) Symmetry operation 
of the � vector in the BZ of SLG. The center of the BZ, � point and the 3 equivalent � 
and ��  points, respectively, are indicated. The axis (along ��   axis) of the ��  and �� 
operations is illustrated as a red dot. The horizontal �� reflection is in the ���� plane. 

The axis of the �� and the planes of the �� reflections are illustrated in black solid lines. 
(b) Top view of the corresponding SLG with 2 inequivalent atoms A (gray filled circle) and 
B (open black circle). (Reprinted from ref. [48], Copyright 2017 Guillaume Froehlicher)

Figure 1-18. The eigenvectors for the in-plane phonons relevant to the high symmetry �(�) 
point of the BZ of SLG. Each of these 6 modes is labeled and their atom displacements are 
indicated as the method from ref. [45]. i/o stands for in-plane/out-of-plane; L/T/Z stands 
for longitudinal/transverse(i)/transverse(o); O/A stands for optical/acoustic. (Reprinted 
from ref. [40], Copyright 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)
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1. 5. Chemical Doping of Graphene

1. 5. 1. Several Methods for Band Gap Opening in Graphene

Transistors, one of the great inventions of the 20th century using the knowledge of 

quantum mechanics, are electronic devices using the electronic properties of semiconductor. 

Despite its excellent electrical and electronic properties, the zero gap characteristic of SLG 

(Figure 1-14) acts as major obstacle to being used as a transistor, one of the electronic 

devices. Scientists have used several methods for opening a band gap of graphene.

1. Graphene nanoribbon (GNR)[51–58] and graphene quantum dot (GQD)[59–67]:

Splitting a structure in which carbon atoms are bonded in an infinite 2D plane into a 

narrow 1D strip or a small 0D particle creates a bandgap by the quantum confinement

effect[52,53,55–57,62].

2. Functionalized graphene:

When various functional groups are combined with the dangling bond at the edge of the 

graphene nanoflake,[68] the physical properties including bandgap are changed (e.g.,

graphene oxide (GO)[69–71], reduced GO (RGO) and hydrogenated graphene[72,73]).

3. Multi-layer graphene (MLG)[74,75,84–93,76–83]:

A structure with a double-layer or higher creates a band gap due to the overlap of band 

structure of SLG. Particularly, since the van der Waals (vdW) material,[94–99]

including graphene does not have strong interlayer bonds by vdW force, there is a 

possibility of a change in the interlayer angle. Since the change in the twisted angle 

means a change in the layer-stacked structure, it affects the band gap.[75–77,83,86,90]

4. Field-tuned graphene:

When an electric field,[3,100,101] a magnetic field,[102–106] or a strain field[107–109]

is applied to graphene, a change in positions of carbon atoms constituting graphene, that 

is, a change in the structure of graphene, and thus a band gap is generated.

Numerous studies on the above methods have continued, but major drawbacks of these 

methods are the complexity of the fabrication process and poor reproducibility. Moreover, 

the biggest disadvantage is that these methods is not suitable for the purpose because they 

break the hexagonal lattice of graphene and degrades its excellent electronic properties. 

Due to scattered problems, graphene is more likely to be applied to transparent 

electrodes[110–115] or thin film heaters[116,117] than transistors. Although the large-area 

synthesis of graphene has taken a step closer to commercialization, there is an electrical 

resistivity that is difficult to ignore because polycrystalline graphene is synthesized at the 

current technology level.
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1. 5. 2. Doping Methods of Graphene

That is, there is a need for a method of opening a band gap or lowering resistivity

without breaking graphene lattice. A solution to this is doping, a method mainly used in the 

field of semiconductor engineering. The graphene doping methods are largely classified 

into ‘carrier injection’ and ‘Fermi level control’.

The former is a method of increasing the concentration of charge carriers by 

injecting them directly in graphene. It is similar to hitting the dopant ions accelerated to the 

surface of wafer for doping in a semiconductor engineering. There are two methods of 

‘atomic substitution’ and ‘chemisorption’ in the carrier injection method, where 

‘chemisorption’ is a compound word of ‘chemical adsorption’. Atomic substitution is a 

method of converting carbon atoms located at vertices of graphene hexagonal lattice into 

other species (hetero atoms such as boron[118,119] and nitrogen[120–128]) similar in size 

to carbon atoms. Macroscopically, this method can be seen as the functionalization of 

graphene. In addition, chemisorption is a method of inducing covalent bond with a 

functional group by changing the bond characteristic of sp� carbon of graphene to sp�. 

The carrier injection method naturally causes destruction of the hexagonal lattice system

and creation of the defects into its lattice, eventually resulting in unwanted degradation of 

graphene quality.

On the other hand, the latter is a method of causing a change in carrier concentration 

by controlling the Fermi level, ��  of graphene. (The definition of Fermi level will be 

described later in Paragraph 1. 6.) This method includes ‘applying gate voltage’ and 

‘physisorption’, where ‘physisorption’ is a compound of ‘physical adsorption’. Applying 

gate voltage refers to a method of temporarily changing the carrier concentration of 

graphene and controlling the current (���) flowing through the channel by applying a gate 

voltage (���) to a graphene channel in the graphene transistor to modify �� of graphene.

In fact, this method changes �� while minimizing the lattice distortion of graphene by 

tuning the weak field. Whereas, physisorption is a method of inducing a change in the ��

of graphene by physically adsorbing dopants such molecules and nanoparticles on the 

graphene surface. Unlike carrier injection, the method controlling ��  has the merit of 

doping while maintaining the outstanding intrinsic properties of graphene by not causing a 

large change in the graphene lattice. It can also use both methods that belong to it at the 

same time.

The conventional physisorption methods can obtain low resistivity and high 

conductivity, but doping stability is insufficient. In Figure 1-19 and 1-20, the stability of 

physisorption method tends to be less than that of chemisorption because the dopants are

less bound to graphene surface and the distance from graphene surface is longer.[129,130]

This thesis introduces researches on the change of �� of graphene without changing its 

lattice by doping graphene with physisorption.
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Figure 1-19. Potential energy surface for hollow-site (2-2') dissociative adsorption of H2 

on graphene. (Reprinted from ref. [129], Copyright 2011 KISTI)

Figure 1-20. The adsorption energy of H2 molecule on Co/N4/G dramatically enhanced by 
injecting positive charges on the adsorbent. Top (upper) and side (lower) views of the most 
stable configurations of a single H2 molecule absorbed on the (a) neutral and (b) 5e 
positively charged Co/N4/G clusters. The white, gray, blue, and green balls represent H, C, 
N and Co atoms, respectively, and the adsorption energies of the H2 molecule on the 
considered Co/N4/G clusters are reported. G, graphene. (Reprinted from ref. [130], 
Copyright 2017 Elsevier B.V.)
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1. 6. Properties of Doped Graphene

1. 6. 1. Fermi Level

The properties of the doped graphene are entirely determined by the presence or 

absence of a change in the hexagonal lattice. Since the experiments were conducted to 

minimize the deformation of the graphene hexagonal lattice using the physisorption method,

it is assumed that there is no change in the shape of the band structure of SLG.

The schematic band structure of pristine SLG has a linear energy-momentum 

dispersion relation around the DP in Figure 1-13 and 1-14. Its cone-shaped band structures 

of n-type-doped, pristine and p-type doped graphene are illustrated in the order mentioned

in Figure 1-21.[131] The doping type is closely related to Fermi level, �� determined by 

Fermi-Dirac (F-D) distribution. In the band theory of crystalline solids, electrons occupy 

the continuous energy states which are called bands comprised of each single-particle 

energy eigenstate, �. Electron follows F-D distribution because it belongs to fermion. The 

F-D distribution presents the probability of an energy state occupied by an electron at 

thermodynamic equilibrium as follows[27,132]

�(�) =
1

e(���) ���⁄ + 1
. (1-49)

�� is defined as the energy level at which the probability of existence of electrons given 

by F-D distribution is 1/2 because electron is fermion as follow

�(� = ��) =
1

e(����) ���⁄ + 1
=

1

2
. (1-50)

Because the band structure is different for each material, �� may belong to the band or 

exist in the forbidden region. According to the first principle calculation, �� of graphene 

accurately exists in DP. p- or n-type doping means a phenomenon in which the type of 

major charge carrier is determined as positive or negative charge carriers are donated with 

a material, respectively. In addition, major carriers of p- or n-type materials are generally 

holes and electrons, respectively. In the case of p-type doped materials, electrons are 

donating to the outside to form empty space (holes) in the band, and thus the position of 

�� related to the probability of electron presence is lowered. (the right in Figure 1-21) On 

the contrary, in the case of n-type doped materials, electrons are donating from the outside, 

and thus �� rises in the band structure. (the left in Figure 1-21)
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1. 6. 2. Doping by Physisorption

For the physisorption of molecules, where the LUMO of dopants is lower than ��

of pristine graphene, electrons are donated from graphene to dopants, and thus a hole is 

formed in graphene and p-type doping of graphene is performed. On the other hand, n-type 

doping is performed by donating electrons from the dopants to the graphene when the 

HOMO of the dopants is higher than �� of pristine graphene.[133] (shown in Figure 1-

21) Even the physisorption involves fine lattice deformation, so a small gap should actually

exist in the middle (DP) of the cone-shaped band structure.

Copious studies have been conducted on p-type doping of graphene and its 

application due to the reason that p-type doping is relatively easier than n-type. In fact, 

graphene is p-type doped by itself through its synthesis and transfer process and the etching 

process of metal catalyst, or by supporting substrate (generally Si/SiO2 wafer) and 

atmospheric environment, etc.[134,135,144–147,136–143]

Conventionally known p-type dopants of graphene include water vapor, No2 gas, 

Br2 and I2 molecules, organic molecules with electron withdrawing groups such as

tetracyanoethylene (TCNE), 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-

TCNQ) and 1,3,6,8-Pyrenetetrasulfonic acid tetrasodium salt, self-assembled monolayer 

(SAM) of fluoroalkyltrichlorosilane (FTS) and metal atoms with high electron affinity like 

bismuth (Bi), antimony (Sb) and gold (Au), etc.[133] On the other hand, the n-type dopants 

of graphene are less known than the p-type dopants. These include ammonia (NH3), 

poly(ethyleneimine) (PEI) which is an electron-donating polymer, and aromatic molecules 

with donating groups and potassium (K), etc.[133]

In the DP of pristine graphene, positive and negative carriers exist as equal numbers, 

and only a few intrinsic carriers by thermal excitation can rise to the conduction band at 

the finite temperature. Therefore, in transfer characteristic curve of pristine graphene, the 

voltage corresponding to the DP is zero, and the current corresponding to the same point is 

close to zero. (Figure 1-22) The gate voltage at DP is called a charge neutrality point (����; 

Dirac point voltage). In the transfer characteristic curve, the left and right regions of ����

are hole- and electron-dominant regions, respectively. When p-type doping is performed, 

the plot moves to the right, (Figure 1-23a) and when n-type doping is performed, it moves 

to the left (Figure 1-23b). A detailed description of electrical transfer characteristics will 

be given in Paragraph 2. 6..
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Figure 1-21. Schematic band structures of graphene at the ground state and the HOMO-

LUMO levels of dopants. (center) Band structure of pristine graphene with zero gap. ��

is at the cross-over point. Band structures of (right) p-type and (left) n-type graphene with 

the band gap. �� lies in valence and conduction band, respectively. (Reprinted from ref.

[131], Copyright 2015 The Royal Society of Chemistry)
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Figure 1-22. Changes in conductivity � of graphene with varying gate voltage ��(= ���)

and carrier concentration �. Here � is proportional to �. Note that samples with higher 

mobility (> 1 m2·V-1·s-1) normally show a sublinear dependence, presumably indicating the 

presence of different types of scatterers. Inset: SEM image of one of experimental 

devices i͑n false colors matching those seen in visible optics. The scale of the micrograph 

is given by the width of the Hall bar, which is 1 μm. (Reprinted from ref. [32], Copyright 

2009 American Physical Society)

Figure 1-23. Examples of charge transfer characteristics of graphene FET: (a) p-type doped

and (b) n-type doped. (a) Doping increased from the leftmost (black), the pristine sample

to the rightmost (red) due to increasing exposure to NO2. (Reprinted from ref. [148],

Copyright 2007 Springer Nature) (b) Doping increased from the rightmost (black) to the 

leftmost (dark red) due to increasing exposure to potassium at 20 K in UHV. (Reprinted 

from ref. [149], Copyright 2008 Nature Publishing Group)
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Chapter 2.

Experimental

2. 1. Graphene Synthesis by Chemical Vapor Deposition

2. 1. 1. The Early History of Graphene Synthesis

After its first discovery,[3] which is the top-down method, numerous researchers 

continued their attempts to make graphene through the bottom-up method. In other words, 

graphene is synthesized from a small molecule to a large crystal. Since graphene consists 

of only carbon atoms, the precursor must be a material containing carbon atoms. Since the 

mid-2000s, graphene was synthesized through epitaxial growth using silicon carbide (SiC) 

substrate.[150–156] However, this approach had disadvantages in that it required high 

vacuum conditions and high-cost crystalline substrates, and that it was difficult to grow 

only SLG.

Finally, K. S. Kim et al., succeeded in growing graphene on a catalyst substrate by 

injecting precursor molecules,[4] focusing on the CVD process, which is essential for 

semiconductor engineering processes. Particularly, the CVD method has the advantage of 

not only being able to easily synthesize large-area graphene, but also obtaining

reproducibility by ensuring the lower limit of the quality. In addition, it is also a great merit 

that mass production of graphene is possible at a relatively low-cost compared to the 

epitaxial growth method. A year later, the same laboratory surprised the world once again 

by enabling high-speed synthesis of graphene at a 30-inch scale through a roll-to-roll (R2R) 

process.[157]
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2. 1. 2. Metal Catalyst Requirement for Graphene Growth

Numerous studies have been reported using various transition metals as catalysts 

for synthesis of carbon allotropes including graphite[158–164], diamond[163,165–168]

and carbon nanotube (CNT)[161,169–173]. In order to grow graphene through the CVD 

method, a metal catalyst is further required. The reason is that the metal catalyst 

absorbs/adsorbs carbon atoms from carbon precursor molecules under high temperature 

conditions, and serves as a substrate of graphene formed through bonding among carbon 

atoms during the cooling process.

For elements in the red box of periodic table represented in Figure 2-1, it has been 

reported that their carbon solubility is appropriate. It is well known that the injected 

hydrocarbon molecules are decomposed at high temperature[158,164,174,175] to form an 

amorphous carbon phase on the surface of the transition metal catalysts[158,174,176,177]

(particularly Ⅷ group transition metals including Fe, Co and Ni), and crystals through 

��� carbon are formed during the cooling process.

In Figure 2-2a, iron (Fe) mainly derives various phases of Fe and cementite (Fe3C) 

phases which is the stable carbide during cooling, and precipitation of graphitic carbon is 

shown only through specific cooling process.[177] Since iron has high carbon affinity, 

carbon atoms in iron should compete between carbide formation and graphitic carbon 

precipitation. In Figure 2-2b and 2-2c, a metastable carbide (Co3C or Ni3C) formed from 

cobalt (Co) or nickel (Ni) at high temperature separates into pure metal and graphitic carbon 

during cooling of metal-carbon solid solution. The nucleation process begins with carbon 

atoms precipitation from defects such as grain boundaries of polycrystalline metals. Since 

these metals have high carbon solubility, a large amount of carbon atoms is precipitated 

during cooling to form multi-layered graphite. While copper (Cu) has very low carbon 

solubility and low carbon affinity enough not to form any carbide phase, and thus graphite 

is not formed even after cooling process. (Figure 2-2d)

In general, the higher the temperature, the higher the carbon solubility of the metal.

Different carbon solubility of the various transition metals (from Fe to Cu) result from 

electronic configurations as follow

26Fe [Ar]3��4�� ~2.09 wt% at ~1154 ℃,
27Co [Ar]3��4�� ~0.9 wt% at ~1320 ℃,
28Ni [Ar]3��4�� ~0.6 wt% at ~1326 ℃,
29Cu [Ar]3���4�� ~0.0076 wt% at ~1084 ℃.

Fe to Co have asymmetric electron distributions in 3�-shell. In particular, Fe has a higher 

carbon affinity[178,179] owing to relatively large mutual repulsion among electrons, 

thereby forming a cementite phase.[179] Cu, on the other hand, is less reactive because its 
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3� -shell is fully-filled and has the most stable electronic configuration with spherical 

symmetry.[178,180–183] That is, a ��� carbon atom shares an electron in Cu 4�� orbital

remaining one electronic state to form a weak bond, which adsorbs carbon atoms on the Cu 

surface.[178,180] In the case of Co[174,184] and Ni[184–186], it has the characteristics 

between Fe and Cu. In Figure 2-3, the thicker the metals, the larger the number of 

synthesized graphene layers. For that reason, the first metal catalyst used for graphene 

synthesis through the CVD method was nickel,[4,187] but now most of the graphene is 

synthesized using copper.[5,157,187–189] Graphene synthesized on the Cu (111) film is a 

single-domain, whereas graphene synthesized on the film such as Cu (100) has a multi-

domain of two main orientation with a 30° difference.[190] (shown in Figure 2-4)

Figure 2-1. Periodic Table. (Red box) Carbon affinity to different transition metals is 

reported. The affinity decreases moving from Fe to Cu. (No Copyright)
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Figure 2-2. Binary phase diagrams of transition metals and carbon: (a) Fe-C; (b) Co-C; (c) 

Ni-C; (d) Cu-C. (Reprinted from ref. [184], Copyright 2002 ASM International) Inset of 

panel (d): The carbon solubility in Cu, of ~0.008 weight % at ~1084 ℃. (Reprinted from 

ref. [183], Copyright 2004 Elsevier B. V.)



47

Figure 2-3. A histogram of the number of graphene layers two representative growth with 
different Ni thickness and growth time. (Reprinted from ref. [4], Copyright 2009 Nature 
Publishing Group)
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Figure 2-4. Spatial distribution and atomic models of graphene domains on Cu(111) (left) 
and Cu(100) (right). Graphene domains are determined from the dark field (DF) low energy 
electron microscope (LEEM) images. (Reprinted from ref. [190], Copyright 2012 ACS 
Publications)
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2. 1. 3. Graphene Synthesis Process and Mechanism

The CVD method was used to synthesize SLG, a material for research on graphene 

devices. Figure 2-5 and 2-6 show the graphene synthesis process through the CVD 

method.[179,191] As discussed above, copper foil is used as a metal catalyst and methane

(CH4) gas is used as a carbon precursor.[4,5,179,187] First, in the chamber, put the inner 

quartz tube with copper foil and hold a low vacuum of ~10-4 Torr. After that, the temperature 

is raised to 1000 ℃ while introducing hydrogen (H2) gas. This process of 1 hour

corresponds to annealing. Since copper naturally forms a native oxide layer on the surface, 

it is necessary to remove oxide and increase the crystallinity of the foil under hydrogen gas 

serving as an etchant and high temperature conditions. Next, methane gas is introduced for 

1 hour while maintaining the previous conditions to grow graphene islands from the carbon 

seeds nucleated on the surface. Each graphene island generally grows with its orientation 

following the characteristics of the copper surface. They become grains of a full-grown

graphene film, and when they meet adjacent islands, they form grain boundaries and stop 

growing. After the growth process is completed, a cooling process is performed to lower

the temperature to room temperature, in which the carbon atoms constituting graphene are 

slightly rearranged. The time, temperature, gas flow rate, etc. of each step may vary 

depending on equipment, environmental conditions, experimental purposes, etc.

The size of the first graphene by the CVD process was only about one hand, but a 

R2R high-speed synthesis method was developed one year later, and graphene with a width 

of 30 cm and a desired length could be obtained for one synthesis.[157] (shown in Figure 

2-7a) Since then, the R2R synthesis method has been further improved by numerous 

researchers, such as successful synthesis of graphene of 100 m length.[192] In addition, a 

R2R method of improving the quality of the synthesized graphene by spatially separating 

the annealing zone and the growth zone and supplying the methane only to the growth zone 

has been developed.[193] (shown in Figure 2-7b) The R2R method has become an 

essential method for building a mass production system of graphene. In addition to 

graphene synthesis, R2R methods in metal catalyst etching, graphene doping, patterning, 

and transfer processes over substrates have been proposed and are being studied for 

commercialization.[191,194] (shown in Figure 2-7c) In these studies, graphene 

synthesized using R2R CVD equipment was used.[188,189]

During the annealing process, hydrogen gas removes oxides and impurities from 

the copper surface[195] and coarsens the grains by unifying the orientation of adjacent 

grains of the copper[179,196]. In addition, an appropriate amount of hydrogen must be 

supplied to the growth stage because the higher the partial pressure of hydrogen, the smaller 

the grain size, but the more perfect hexagon-shaped grain is formed.[197] If the partial 

pressure of hydrogen is too high, an environment is created to form an additional layer by 

helping the carbon atom penetrate under the as-grown SLG.[198] The graphene is 
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synthesized under the conditions corresponding to the window of the partial pressure of 

hydrogen in which hexagon-shaped graphene flakes are formed.[199,200] (shown in 

Figure 2-8) When the plasma-enhanced CVD (PECVD) method is used, hydrogen gas

generated during the decomposition of methane acts on the growth of graphene even 

without additional hydrogen gas.[201]
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Figure 2-5. Schematic illustrating the three main stages of SLG growth on copper by CVD: 

(a) Cu foil with native oxide; (b) the exposure of the Cu foil to CH4/H2 atmosphere at 1000 ℃ 

leading to the nucleation of graphene islands; (c) enlargement of the graphene flakes with 

different lattice orientations. (Reprinted from ref. [179], Copyright 2011 The Royal Society 

of Chemistry)

Figure 2-6. Schematic of general elementary steps of a typical CVD process. (a) First, 
reactant gases (blue) are transported into the reactor. Then, there are two possible routes 
for the reactant gases: (b) directly diffusing through the boundary layer and (c) adsorbing 
onto the substrate; or (d) forming intermediate reactants (green) and by-products (red) via 
the gas-phase reaction and being deposited onto the substrate by (b) diffusion and (c) 
adsorption. (e) Surface diffusion and heterogeneous reactions take place on the surface of 
substrate before the formation of thin films or coatings. (f) Finally, by-products and 
unreacted species are desorbed from the surface and forced out of the reactor as exhausts. 
(Reprinted from ref. [191], Copyright 2021 Nature Publishing Group)
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Figure 2-7. Graphene synthesis by R2R process. (a) Schematic of the roll-based production 

of graphene films grown on a copper foil. The process includes adhesion of polymer 

supports, copper etching (rinsing) and dry transfer-printing on a target substrate. A wet-

chemical doping can be carried out using a set-up similar to that used for etching.

(Reprinted from ref. [157], Copyright 2010 Nature Publishing Group) (b) Concentric tube 

CVD system configured for R2R graphene growth on Cu foil. System schematic showing 

the helical feed path (left to right), sequential treatment zones, and internal gas injection 

holes. (Reprinted from ref. [193], Copyright 2015 Nature Publishing Group) (c) Full R2R 

production of graphene films. CVD synthesis of graphene on copper (yellow), lamination, 

etching/doping and patterning/transfer to target substrates (blue) for graphene film 

production. (Reprinted from ref. [191], Copyright 2021 Nature Publishing Group)
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Figure 2-8. Log-log plot of a �(H�) − �  parameter space (the window of the partial 

pressure of hydrogen). The plot of the parameter space is used to systematically explore 

the effect of the applied partial pressures on the formation of SLG. Identification of the 

CVD parameter space which can be used for the growth of high-quality SLG on Cu at � =

 1333 K. (a), (b), (c) and (e) OM and (f) SEM data display the Cu foil after 1 hour treatment 

at the indicated CVD parameters which are compiled in (d) a �(H�) − � diagram. The 

optimum parameter range is indicated by a blue square. Microscopy data with image sizes 

of 170 × 220 μm� : (a) No graphene growth at �(H�) =  50 mbar , � = 1333 , � =

 67, (b) growth of 210 μm sized SLG flake at �(H�) =  20 mbar, � = 1000, � =  25, 

(c) no graphene growth within growth time at �(H�) =  0.3 mbar, � = 1000, � =  0.3, 

(e) nucleation during growth of dendritic flakes at �(H�) =  2 mbar, � = 1000, � =  2, 

(f) MLG growth at �(H�) =  150 mbar, � = 625, � =  45, which is clearly observed 

by the characteristic dark contrast of MLG in the SEM zoom shown in the inset. All 

experiments were performed on carbon depleted Cu foils. (Reprinted from ref. [200], 

Copyright 2017 Wiley-VCH)
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2. 2. Pre-treatment Process for Graphene Transfer

Graphene by CVD method is synthesized on both sides of copper foil. To use a 

cleaner surface of graphene, the opposite surface of graphene is removed by plasma etching. 

This is an anisotropic dry etching method called reactive etching (RIE). Oxygen (O2)

plasma is generally used to remove graphene.

To transfer graphene onto a substrate, copper must be etched. Since SLG is one 

atomic layer, a film supporting graphene is required. If copper is etched without a 

supporting film, the graphene on the etching solution does not maintain the shape of the 

film and crumples. A supporting film on the graphene is formed by spin coating a solution 

obtained by dissolving poly(methyl methacrylate) (PMMA) in chlorobenzene.[5] For large-

area graphene larger than wafer size, the supporting film is formed by laminating thermal 

release tape (TRT) instead of spin coating PMMA.[157]

The copper surface without graphene is floated down on the etching solution. At 

this time, it should be noted that the specimen is floated so that bubbles do not form between 

the specimen and the solution. An ammonium persulfate (APS; (NH4)2S2O8) aqueous 

solution[157,202] or an iron(Ⅲ) chloride (FeCl3) aqueous solution[4,5] is used as the 

etching solution. In this research, the APS was used. Using the APS solution, etching is 

completed within a few hours.

After etching is completed, a rinsing step is performed to clean the residual etchant

on the surface of graphene.[157] Graphene floating on the solution is transferred onto 

deionized (DI) water using a piece of polyethylene terephthalate (PET). One rinse is 

performed on DI water for about 30 minutes, and this step is finished by repeating it two 

or three times.
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2. 3. Graphene Transfer Process

The graphene transfer method is classified into a wet method and a dry method 

according to the process environment. As mentioned in Paragraph 2. 2., as long as the 

method has been invented so far, etching of the metal catalyst is possible only in a solution 

process. The criterion for dividing the wet and dry methods is whether a solution is used in 

the transfer process after etching.

Wet transfer is a traditional method of transferring graphene synthesized through 

the CVD method. The substrate (e.g., SiO2) is placed under the graphene flake on the water 

and then used to scoop up the graphene. Thereafter, the graphene film is dried for several 

hours or overnight so that it is firmly attached to the substrate. In some cases, a hot plate 

may be used for good adhesion between graphene and the substrate.

In general, a dry transfer method is used for the transfer of large-area graphene.

Unlike the wet method, the dry method does not have a solution process. After graphene is 

brought into contact with the substrate, TRT is removed by laminating at a temperature of 

110 to 120 ℃.

Although not used in these studies, the technique used in the transfer process is also 

used for stacking graphene as can be seen in Figure 2-9 and 2-10a.[203] There is also a 

method of stacking SLG on a substrate one after another (Figure 2-10b),[203] but this 

method is not used now because there is a disadvantage that supporting film must be coated 

several times.

Annealing after transfer has an effect of increasing adhesion between graphene and 

the substrate. According to empirical research, when the transferred graphene is heated for 

about 1 to 2 hours in a temperature range between 100 and 300 ℃ in a hydrogen gas or a 

vacuum atmosphere, an annealing effect may be seen without a negative effect on the 

specimen. Through change in charge transfer characteristics before and after annealing, the 

results are obtained that residues and impurities on the graphene surface are removed and 

electrochemically reduced.[204] (Figure 2-11)
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Figure 2-9. Schematics of stacking graphene. The schematics shows the processes (a) from 
graphene synthesis to wet transfer and (b) from graphene synthesis to dry transfer.
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Figure 2-10. A schematic representation showing the graphene stacking processes with 
PMMA removal steps. The processes with (a) a single PMMA removal step (upper) and (b)
multiple PMMA removal steps (lower). (Reprinted from ref. [203], Copyright 2015 ACS 
Publications)

Figure 2-11. Comparison of electrical transfer characteristics of a monolithic graphene–
graphite back-gate FET (��� = 0.1 V) before (black) and after (red) annealing. (Reprinted 
from ref. [204], Copyright 2012 Nature Publishing Group)
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2. 4. Graphene Doping by Physisorption

The definition and principle of physisorption are discussed in Paragraph 1. 6. 2. 

In the physisorption process, the material shall be quantitatively coated on the substrate and 

shall not be deformed. Typical methods of physisorption include dip coating, spin coating, 

spray coating, organic vapor phase deposition and evaporation deposition, etc.[205] It is 

important to choose the appropriate method depending on the material.

The research in Chapter 3 showed continuous chemical doping of SLG by 

introducing gold nanoparticles, SAM of 4-mercaptobenzoic acid, and mercury ion to the 

surface of SLG sequentially. The research in Chapter 4 depicted that Cu//SLG doped by 

SAM of n-alkylamine was used as an electrode of a thermoelectric device to significantly 

improve thermoelectric performance. In both studies, dopants were physisorbed through a 

simple dip coating method shown in Figure 2-12, and graphene surface was successfully 

modified.

Figure 2-12. Schematic process of dip coating. (Reprinted from ref. [205], Copyright 2014 

ACS Publications)
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2. 5. Raman Spectroscopic Analyses for Graphene

2. 5. 1. Raman Spectroscopy

Light interacts with matter and then goes through several processes: reflection, 

transmission, absorption and scattering, etc. (Figure 2-13a) When the incident light is 

irradiated to the matter, the scattered light may be observed as a result of the interaction of 

light and matter. If the wavelength of the scattered light is the same as that of the incident 

light, the phenomenon is called Rayleigh scattering. On the other hand, if the two 

wavelengths are different, it is called Raman scattering. Thus, Rayleigh and Raman 

scattering are elastic or inelastic scattering, respectively. Emission or absorption of phonons 

occurs by lattice vibration. In this process, Raman scattering occurs due to the loss or gain 

of the energy of the optical phonon, the former and the latter being referred to as Stokes 

and anti-Stokes Raman scattering, respectively. (Figure 2-13b)

A typical Raman spectroscopy uses Stokes Raman scattering, which detects 

scattered light with a lower energy than the energy of incident light. In addition to Stokes 

Raman scattering, energy level diagrams for several emission signals can be found in 

Figure 2-13c. Raman spectroscopy is used as a tool to study the vibration modes of the

molecule or the crystal or to specify the material by observing the Raman scattering of the 

material irradiated with monochromatic light (e.g. laser) and analyzing the spectrum of 

scattered light. The optical properties and phonon properties of the material can be 

identified through this analysis method.

Moreover, Raman spectroscopy is a non-destructive analysis method that does not 

damage the material during the analysis process. In particular, Raman spectroscopy is 

considered a very important analysis method in the study of 2D materials including 

graphene. With this spectroscopy, physical characteristics of graphene, such as defect,[206–

208] strain,[209–212] doping level,[208,209,213–215] the number of layers,[50,216,217]

electrical conductivity[188,218] and thermal conductivity,[210] can be measured.
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Figure 2-13. Principle of Raman spectroscopy. (a) Schematic processes of light-matter 
interactions: reflection, refraction, transmission, diffraction, absorption and scattering 
(Reprinted from ref. [219], Copyright 2019 The Royal Society of Chemistry) (b) Raman 
spectroscopy working principles. Three types of scattering signal that are generated as a 
result of interactions between light and a molecule. (c) Jablonski diagrams showing 
transition of energy level for the generation of emission signals. Colors of the arrows 
represent the wavelength. (Yellow dotted box) For Rayleigh and Raman (Stokes and anti-
Stokes) scattering, the molecule is excited to a virtual energy state and then returns to a 
lower energy level, accompanied by light scattering. In contrast, for resonance Raman 
scattering and fluorescence emission, the molecule undergoes a transition to a higher 
electronic state, generating a much stronger emission signal. Hyper-Raman scattering relies 
on a nonlinear two- photon process. Coherent Raman scattering (CRS), including coherent 
anti- Stokes scattering (CARS) and stimulated Raman scattering (SRS), is another type of 
nonlinear optical process based on the interaction between pump and Stokes lasers. 
(Reprinted from ref. [220], Copyright 2021 Nature Publishing Group)
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2. 5. 2. Graphene’s Bands in Raman Spectra

Under the condition of laser wavelength ������ = 514.5 nm (or laser excitation 

energy ������ = 2.414 eV), the Raman spectrum of SLG exhibits the specific peaks of �, 

� and 2� (or �′) bands at around 1580, 1350 and 2700 cm-1, respectively. The Raman 

processes of vibration modes are shown in Figure 2-14 and 2-15. In particular, Figure 2-

15 shows each Raman process corresponding to the order and the number of phonons of 

the resonance. Note the contents of Paragraph. 1. 4.

‘G’ of the �  band means ‘graphite’.[71] The peak of the �  band is the main 

spectral feature of ��� carbon-based materials including graphite, graphene, fullerene and 

CNT. (Figure 2-16a) Since ��� symmetry (stretching) at � point corresponds to Raman 

active, the � band can be observed through the single resonance process (Figure 2-14)

which consists 2 degenerate iLO/iTO phonon modes.[221] (Table 2-1) The energy 

difference between the incident light and the scattered light corresponds to energy of 

phonon, and the momentum of light is negligible compared to the size of the BZ. To satisfy 

the conservation law of energy/momentum conservation, the momentum of phonon

corresponds to � point, the center of the BZ. In this case, there is always an electron-hole 

pair, and the � band is independent of ������ (or ������).

‘D’ of the �  band means ‘disorder-induced’[221,222] or ‘defect-induced’[223]

due to lattice vibrations of the corner of the BZ. Since ��
� symmetry (breathing) at �

point corresponds to Raman active, the �  band can be observed through the double 

resonance process which consists nondegenerate iTO phonon mode[224,225] at a 

defect[226–228]. (Figure 2-16b) ‘2D’ of the 2� band means twice the Raman shift of �

band. Another name, �′ band is an original name of 2� band and ‘G’ of �′ band means

another unique Raman-allowed spectral feature observed in the perfect crystal, not the �

band. The 2�  band is an overtone band[40,222] and shows that graphene has perfect 

symmetry of hexagonal lattice.[42,225,229] the �  and 2�  band are the dispersive 

behaviors by double or triple resonance process (Figure 2-14) and are dependent of ������

(or ������ ).[230] �  and 2�  bands represent the phonon interactions at the �  and �

points in the BZ, respectively, and the positions and intensities of the points verify strain, 

doping level and the number of graphene layers.
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Figure 2-14. Raman processes on SLG. Electron dispersion (solid black lines), occupied 
states (shaded areas), interband transitions neglecting the photon momentum, accompanied 
by photon absorption (blue arrows) and emission (red arrows), intraband transitions 
accompanied by phonon emission (dashed arrows), electron scattering on a defect 
(horizontal dotted arrows). (a) One-phonon processes responsible for the � band, which 
interfere destructively. Some processes can be eliminated by doping, such as the one that 
is crossed out. (b–g) In the presence of defects, the phonon wavevector need not be zero, 
producing the �′  band for intravalley scattering (b, c), and �  band for intervalley 
scattering (d–g). Besides the e-h or h-e processes, where the electron and the hole 
participate in one act of scattering each (b–e), there are contributions (e-e and h-h) where 
only the electron (f) or the hole (g) are scattered. (h–k) For two-phonon scattering, 
momentum can be conserved by emitting two phonons with opposite wavevectors, 
producing the 2�′  band for intravalley scattering (h) and the 2� , � + �′′  bands for 
intervalley scattering (i–k). The e-e and h-h processes are shown in (j, k). (l) With defects, 
one intravalley and one intervalley phonon can be emitted, producing the � + �′ band. 
The processes (f, g, j, k) give a small contribution, as indicated by the orange band labels. 
‘e’ and ‘h’ in e-e, e-h, h-e and h-h are electron and hole, respectively. (Reprinted from ref. 
[225], Copyright 2013 Nature Publishing Group)
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Figure 2-15. Raman processes on SLG expressing resonances. (a) First-order (single), (b) 
one-phonon second-order (double) and (c) two-phonon second-order (double) resonance 
Raman spectral processes. (top) incident photon resonance and (bottom) scattered photon 
resonance conditions. For one-phonon, second-order transitions, one of the two scattering 
events is an elastic scattering event (dashed lines). Resonance points are shown as solid 
circles. (Reprinted from ref. [231], Copyright 2005 Elsevier B.V.)

Table 2-1. Phonon types and Raman/infrared (IR) activities according to irreducible 
representations at � point.
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2. 5. 3. Analyses for Raman Spectra of Graphene

The Raman spectrum of SLG is shown in Figure 2-16b. Each intensity of the peaks 

of the � and 2� bands, �� and ��� of SLG with high crystallinity has a ratio of 2 or 

more.[40] In other words, if SLG is close to the perfect crystal, then ��� ��⁄ > 2. As the 

��� hybridized orbitals of carbon atoms are broken and the crystalline defects increase, 

the value of �� ��⁄ increases.[227]

In Figure 2-17c, As the number of layers of graphene increases, the relative 

intensity of the peak of 2� band decreases and the shape of that becomes broadened.[227]

In addition, the position of the peak of the 2� band is gradually blue-shifted.[232] (Figure 

2-17c) On the other hand, the position of peak of the � band is almost constant.[232]

(Figure 2-17a) Using the above aspect, SLG can be determined. This is the similar

tendency as ������ decreases (or ������ increases). [42] (Figure 2-18) The phenomenon 

means that the 2� band (also the � band) has a dispersive behavior.[230]

Raman spectroscopy can be used to optically differentiate between the strain effect 

and the charge doping effect in graphene samples. [209] Figure 2-19 shows the � versus

2� peak position of graphene samples, indicating that the point of ����
� , ���

� � semi-

empirically corresponds to the strain-free and charge-neutral state, where the values of ��
�

and ���
� are given by

��
� = 1581.6 ± 0.2 and ���

� = 2676.9 ± 0.7. (2-1)

If tensile strain or a p-type doping effect is applied to this graphene, the point 

(�� , ���) moves in the direction �� or ��, respectively (inset of Figure 2-19, where 

the slopes are 2.2 ± 0.2  and 0.70 ± 0.05  for ��  and �� , respectively).[209] Using 

this analysis tool, each contribution can be calculated by separating the strain effect and 

doping effect of graphene.

In general, the peak of � band in Raman spectra SLG can be used to measure the 

charge concentration,[233] indicating that 1 × 10��   cm-2 of the hole concentration 

corresponds to the range from 1 to 3 cm-1 of the measurement for the peak position of �

band (1 cm-1). Therefore, we can demonstrate that the carrier concentrations, �, derived by 

Raman measurements. The peak position of � band is blue-shifted by both p-type and n-

type doping effects. On the other hand, the peak position of 2� band is red-shifted by n-

type doping effect. (Figure 2-20) Figure 2-21 depicts the change of the peak positions of 

�  and 2�  bands, full-width at half-maximum (FWHM) of �  band and the intensity 

ration of these bands, ��� ��⁄   by p-type and n-type doping effect through gate voltage 

application.
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Figure 2-16. Raman spectra of carbon materials and graphene-related materials (a) Raman 
spectra of carbon solids and nanostructures, including 1D carbon wire, carbon ��– ��� 
bonding, amorphous carbon (a-C), graphite, SLG, single-walled CNT (SWCNT), C60 
fullerene and diamond. (Reprinted from ref. [234], Copyright 2005 Elsevier B.V.) (b) 
Raman spectra of graphene-based materials, including graphite, TLG, SLG, disordered 
graphene, GO and nanographene. (Reprinted from ref. [42], Copyright 2005 Elsevier B.V.)

Figure 2-17. Raman spectra with the variation of graphene layers. (a) Evolutions of the (a) 
G band, (b) G* band, and (c) 2D band in the Raman spectrum as functions of the number 
of graphene layers. (Reprinted from ref. [232], Copyright 2009 The Korean Physical 
Society)
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Figure 2-18. Raman spectra with the variation of excitation energy. Raman spectra of SLG 
measured at various excitations (������ from 442 nm to 633 nm) in the � and 2� mode 
regions. (Reprinted from ref. [42], Copyright 2018 The Royal Society of Chemistry)

Figure 2-19. Correlation between the frequencies of the G and 2D Raman modes of 
graphene (�� , ��� 

 ) . (Reprinted from ref. [209], Copyright 2012 Nature Publishing 
Group)
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Figure 2-20. Raman spectra of graphene as a function of gate voltage, ���. Raman spectra 
at values of ��� (top-gate) between −2.2 V and +4.0 V. The dots are the experimental 
data, the black lines are fitted Lorentzian functions, and the red line corresponds to the DP. 
The peak of G band is on the left and the peak of 2� band is on the right. (Reprinted from 
ref. [42], Copyright 2008 Nature Publishing Group)
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Figure 2-21. The change of �  and 2�  bands by gate voltage applications. (a) Peak 
position of the �  band (Pos(� )) and (b) its FWHM (FWHM(� ); bottom panel) as a 
function of p-type and n-type doping. The solid blue lines are the predicted non-adiabatic 
trends from ref. [235]. (c) Peak position of the 2� band (Pos(2�)) as a function of doping. 
The solid blue line is the adiabatic DFT calculation from the authors of ref. [42]. (d) ��� ��⁄  
exhibits a clear dependence on the electron concentration of SLG doped by gate voltage 
application. (Reprinted from ref. [42], Copyright 2008 Nature Publishing Group)
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2. 6. Electronic Analyses for Graphene Field-effect Transistor

2. 6. 1. Field-effect Transistor

A transistor is an electronic device that was born by the development of quantum 

mechanics. Transistor is an abbreviation for 'transfer resistor', which means a 3-terminal

device that controls resistance.[236] Transistors are largely classified into the bipolar 

junction transistor (BJT) and the field-effect transistor (FET). The biggest difference 

between the two transistors is their polarity. BJT is bipolar and FET is unipolar. Compared 

to BJT, FET has the advantages of easy circuit analysis, advantageous for low voltage 

driving, and easy manufacturing process. So, historically, BJT was developed before FET, 

but now FET is used for more digital equipment. Figure 2-22 shows the structure BJT, FET 

and potential-effect transistor (PET).

The FET controls the current by using a change in the electric field in the device.

Changes in the electric field result from changes in voltage. In other words, the FET is a 

device that controls the intensity of current, that is, the flow of electrons, through voltage 

control. Figure 2-22c depicts the structure of FET device. Electrons flow from the source 

terminal to the drain terminal, and the voltage applied to the gate terminal controls the flow 

of the electrons. FET is also subdivided according to structure and materials, which is 

introduced in Figure 2-23. Among them, metal-oxide-semiconductor FET (MOSFET), 

which has many advantages, is the most commonly used transistor in the world. Figure 2-

24 shows the structure of MOSFET. There are two types of MOSFET; in general, n-p-n 

MOSFET is called NMOS, and p-n-p MOSFET is called PMOS.
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Figure 2-22. The structure of various transistor. (a) n-p-n BJT, (b) p-n-p BJT, (c) FET and 
(d) PET. (Reprinted from ref. [236], Copyright 2007 John Wiley & Sons, Inc.)

Figure 2-23. Family tree of FETs. IGFET, insulator gate FET. JFET, junction FET. 
MESFET, metal-semiconductor FET. MOSFET/MISFET, metal-oxide/insulator-
semiconductor FET. HFET, heterojunction FET. MODFET, modulation-doped FET. 
HIGFET, heterojunction insulated-gate FET. (Reprinted from ref. [236], Copyright 2007 
John Wiley & Sons, Inc.)
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Figure 2-24. Schematic diagram of a n-type MOSFET (NMOS). (Reprinted from ref. [236], 
Copyright 2007 John Wiley & Sons, Inc.)

Figure 2-25. Electrical transfer characteristics of MOSFET. (a) a n-n-n MOSFET (with n-
type doped channel), depletion MOSFET. (b) a n-p-n MOSFET (with p-type doped 
channel), enhancement MOSFET. −��  , pinch-off voltage. �� , threshold voltage. 
(Reprinted from ref. [237], Copyright 2007 Springer New York)
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2. 6. 2. Current Equation in MOSFET

Electrical transfer characteristics (electrical transfer curve) is a plot showing the 

relationship between source-drain current, ���   and gate voltage, ���  at the constant 

source-drain voltage, ���  in FET device. In order to interpret the electrical transfer 

characteristics of MOSFET, it is necessary to derive the (drain) current equation.[236]

Prior to the induction of the equation, it is assumed that MOSFET is an 

enhancement NMOS. The capacitance of the gate oxide is as follows

��� = ���

��

���
= �����

��

���
, (2-2)

where ��� is the capacitance of gate oxide; ��� is the permittivity of gate oxide; �� is 

the vacuum permittivity (= 8.854×10-12 F·m-1); ���  is the relative permittivity of gate

oxide; � is the width of gate oxide; � is the length of gate oxide; ��� is the thickness 

of gate oxide. Using Equation (2-2), The current is as follows

��� =
���

�
=

����

�
= �����

��

���

�

�
, (2-3)

where ��� is the charge in gate oxide; � is the voltage at gate; � is the time when the 

current flows. If ��� is bigger than ��, the channel is formed, and if ��� is smaller than 

�� , the channel is not formed. Let �(�)  be the voltage function for distance �  in a 

channel,

� = ��� − �� − �(�). (2-4)

Meanwhile, the relationship between the velocity of charge �  and the electric field at 

channel � is as follows

� = �� = �
��

��
, (2-5)

where the coefficient is defined as �  which is the carrier mobility. The time �  is 

calculated as follows

� =
�

�
=

�

�
��
��

. (2-6)
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Using Equation (2-6), the time during which electrons travel in NMOS is calculated as 

follows

��� = �����

��

���

��� − �� − �(�)

�

�
��
��

��� = ������
�

���

[��� − �� − �(�)]
��

��

(2-7)

Equation (2-7) is rearranged as follows

����� = ������
�

���

[��� − �� − �]��. (2-8)

Equation (2-8) which is variable-separated is integrated as follows

� �����
�

�

= � ������
�

���

[��� − �� − �]��
���

�

. (2-9)

Equation (2-9) is summarized as follows

���� = ������
�

���
�(��� − ��)��� −

1

2
���

��. (2-10)

Divide both sides of Equation (2-10) by �,

��� =
1

2
�

�����

���

�

�
�2(��� − ��)��� − ���

��. (2-11)

Equation (2-11) is the general current equation in MOSFET. If some variables of materials 

are combined,

��� =
1

2
�′

�

�
�2(��� − ��)��� − ���

��. (2-12)

where �� = ������ ���⁄   is a process transconductance parameter which derived 

according to the manufacturing process. If some variables of materials are combined

repeatedly,
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��� =
1

2
��2(��� − ��)��� − ���

��. (2-13)

where � = ��(� �⁄ ) = (������ ���⁄ )(� �⁄ ) is a MOSFET transconductance parameter 

or a gain factor which determined by device designer.

Figure 2-26a shows that the electrical transfer characteristics is divided into three 

regions: linear, nonlinear or saturation region. Linear and saturation region can be 

approximated. In linear region, ��� ≥ �� and ��� < ��� − ��, Equation (2-11) becomes 

the following equation,

��� = �
�����

���

�

�
(��� − ��)���. (2-14)

On the other hand, in saturation region, ��� ≥ �� and ��� ≥ ��� − ��, Equation (2-11)

becomes the following equation,

��� =
1

2
�

�����

���

�

�
(��� − ��)�. (2-15)

To summary is as follows Equation (2-16) and (2-17). In the case of PMOS, the direction 

of the inequality of the condition is reversed.

For NMOS,

��� =

⎩
⎪
⎨

⎪
⎧ �

�����

���

�

�
(��� − ��)��� for ��� ≥ �� and ��� < ��� − ��

1

2
�

�����

���

�

�
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. (2-16)

For PMOS,

��� =

⎩
⎪
⎨

⎪
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�����

���
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�
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�����

���
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�
(��� − ��)� for ��� ≤ �� and ��� ≤ ��� − ��

. (2-17)
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Figure 2-26. Full electrical transfer characteristics and the structures of MOSFET. (a) 
Idealized drain characteristics (���  vs. ���) of a MOSFET. The dashed lines separate the 
linear, nonlinear, and saturation regions. MOSFET operated (b) in the linear region (low 
��� ), (c) at onset of saturation, and (d) beyond saturation (effective channel length is 
reduced). (Reprinted from ref. [236], Copyright 2007 John Wiley & Sons, Inc.)
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2. 6. 3. Graphene Field-effect Transistor

Graphene was once praised for having a potential performance in practical 

applications. One of the expected applications was a semiconductor device that replaced 

the current MOSFET. However, as shown in Paragraph 1. 3. 6., graphene cannot be used 

as a semiconductor because it is a zero gap material. Currently, device research using other 

semiconductor 2D materials is underway. This paragraph describes the structure, the 

measurement method of physical properties, and limitations of graphene FET.

A graphene FET is an FET in which graphene is a channel of a device. The general

shape shown in Figure 2-27 of the graphene FET is not much different from that of the 

MOSFET. In the actual experiment, the back-gated FET in Figure 2-27a did not make a 

back-gate contact but used a p-type doped Si wafer as an electrode. In general, the physical 

properties measured in the top-gated FET are better than those measured in the back-gated 

FET. In addition, dual-gated FET in Figure 2-27b is an FET using both top-gate and back-

gate contacts, and has better performance than each FET. Figure 2-27c shows the FET 

manufactured after directly growth of epitaxial graphene on a silicon carbide (SiC)

substrate. OM image in Figure 2-28 shows that my real graphene FET by electron-beam 

lithography (EBL). The graphene FET devices are produced by photolithography (PL), 

EBL and masked deposition, etc.
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Figure 2-27. The structures and electrical transfer characteristics of graphene FET. (a) 
Back-gated graphene transistor; (b) dual-gated graphene transistor; (c) epitaxial graphene 
from SiC and transistor structure; (d) typical transfer curve for a single-layer graphene 
transistor: channel resistivity (blue line) and channel conductivity (red dashed line) vs. gate 
voltage. The inset in (d) shows an OM image of the graphene transistor. The distance 
between the two outer electrodes is 10 µm. (Reprinted from ref. [238], Copyright 2013 IOP 
Publishing)

Figure 2-28. Graphene transistor. The device is fabricated on exfoliated graphene flake by 

EBL. OM image. Scale bar, 20 μm.
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2. 6. 4. Electrical Transfer Characteristics of Graphene

Figure 1-22, 1-23, 2-11, 2-27b and 2-29a describe ��� as a function of ��� at 

constant source-drain voltage ��� in graphene FET. These curves are different from the 

plot of MOSFET (shown in Figure 2-25). MOSFET has a characteristic of rectifying action, 

so an electric current flows in one direction with respect to a specific voltage (−�� or ��

in Figure 2-25), whereas graphene FET has a current that flows to the left and right of 

����.

In Figure 2-27b, it can be seen that the major carrier changes to the left and right 

of the ����. This is a phenomenon that occurs when the charge carrier concentration varies 

depending on the value of ���, and is interpreted through the band structure corresponding 

to each region. The left and right sides of ���� are hole-dominant and electron-dominant

regions, respectively. The gate voltage change has a similar effect to doping.

We calculated the carrier mobility of the doped graphene using the standard model 

of the MOSFET (Equation (2-16) and (2-17)). In the linear region of the transfer curve 

(also known as the ohmic region or triode region), ��� is linearly proportional to ���.

Equation (2-16) or (2-17) is summarized in terms of carrier mobility as follows

� =
1

���

�

�

1

���

����

����
. (2-18)

When doping is performed, electrons or holes are provided in the bands, and thus 

the effect of permanently applying the gate voltage may be obtained. That is, p-type doping 

moves the plot to the left, and n-type doping moves the plot to the right.

The values of ����  can be determined through electrical transfer curves, from 

which carrier concentration, � can be calculated from Equation (2-19).

� =
���

�
Δ���� =

�����

����
Δ����, (2-19)
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Figure 2-29. Electrochemically top-gated graphene transistor. (a) ���  as a function of ���. 
The dotted line corresponds to the CNP (DP). (b) ���  versus ��� at different ���. The 
black dotted line corresponds to the value of ��� at which the data in (a) was measured. 
(Reprinted from ref. [42], Copyright 2008 Nature Publishing Group)
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2. 6. 5. Fermi Level Calculation of Graphene

The definition of Fermi level, ��  is introduced in Paragraph 1. 6. 1. The 

following induction process is performed to calculate �� from the experimental values.

The induction method was referred to as the method described in ref. [237]

Let ��� be the number of states (population density) of 2D electron gas (2DEG) 

in 2D space. It is not possible to count the exact number of ���. If the smallest reciprocal 

area is ��
∗ , it means a fundamental unit in reciprocal space (� space).

��
∗ = ���� =

2�

��

2�

��
=

(2�)�

��
, (2-21)

where ��   (or �� ) is an unit momentum of �∗  (or �∗ ) direction in reciprocal space; 

�� = 2� ��⁄ and �� = 2� ��⁄ in real space; �� = ���� is the real area. If a reciprocal 

area occupied by ��� is ��
∗ , the reciprocal area ��

∗ is approximated to the circle area

with radius � because each state is very close.

��
∗ = ���. (2-22)

Nondegenerate ��� is calculated as follows

��� =
��

∗

��
∗ =

���

(2�)� ��⁄
=

��

(2�)�
��. (2-23)

However, 2DEG on the surface of SLG is double degenerate. If Equation (2-23) is 

modified in consideration of degeneracy, the equation is as follows

��� = ����

��
∗

��
∗ = 2 ⋅ 2 ⋅

��

4�
�� =

��

�
��, (2-24)

where �� = 2  is valley degeneracy; �� = 2  is spin degeneracy. The density of states 

(DOS), ��� is obtained by dividing ��� by ��.

��� =
���

��
=

��

�
. (2-25)

Since it deals with 2DEG of SLG, if the subscript ‘2D’ is omitted and � is defined as 

Fermi wavevector, ��, the equation is as follows
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�� = √��. (2-26)

When the energy of electron in graphene is located at the Fermi level, Equation (1-40) is 

as follows

�� = ℏ���� (2-27)

If Equation (2-26) and (2-19) is substituted for Equation (2-27), Fermi level, �� is as 

follows

�� = ℏ��√�� = ℏ���
������Δ����

����
. (2-28)

Since DOS is a measure of how much carrier such as electron exists in matter, it can be 
considered as carrier concentration. The DOS obtained by this method is the value near ��.
That is ��  can be obtained by substituting the carrier concentration obtained from
electrical transfer characteristics into Equation (2-28). Equations for electron gas in 1D or
3D space can also be induced in a similar manner.

Figure 2-30 shows the result of matching the phonon dispersion and DOS of SLG.
And the plot of dos shows the band gap of materials. More information on Figure 2-30 can 
be found in the Paragraph. 1. 3. And 1. 4.
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Figure 2-30. The relation between phonon dispersion and DOS of SLG. (a) Phonon 
dispersion relation for SLG along the direction connecting the high-symmetry points �, 
�  and � . The phonon branches are labeled in accordance with their type of atomic 
displacement. Various Raman contribution is indicated, as well as the corresponding range 
of phonon wavevector. (b) Phonon DOS of SLG. The contribution of Raman mode at 
different phonon frequency is indicated by color. (Reprinted from ref. [11], Copyright 
(2019) MDPI)
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Chapter 3.

Gold nanoparticle-mediated noncovalent functionalization 

of graphene for field-effect transistors

[* The contents of this chapter are reproduced and modified from:

Dongha Shin†, Hwa Rang Kim†, and Byung Hee Hong*, Nanoscale Advances 3, 1404 

(2021). Copyright 2021 The Royal Society of Chemistry][188]

3. 1. Abstract

Since its discovery, graphene has attracted much attention due to its unique 

electrical transport properties that can be applied to high-performance FET devices. 

However, mounting chemical functionalities onto graphene inevitably involves the 

breaking of covalent bonds by ��� hybridized orbitals or 2�� orbitals of carbon atoms 

that construct graphene, resulting in the degradation of the mechanical and electrical 

properties compared to pristine graphene. Here, we report a new strategy to chemically 

functionalize graphene for use in FET devices without affecting the electrical performance. 

The key idea is to control the �� of the graphene using the consecutive treatment of gold 

nanoparticles and 4-MBA molecules forming SAM, inducing p-type and n-type doping 

effects, respectively, by flipping the electric dipoles between gold nanoparticles and SAM

by 4-MBA molecules. Based on this method, we demonstrate a ����  switcher on a 

graphene FET device using heavy metal ions on functionalized graphene, where the 

carboxyl functional groups of the mediating SAM efficiently form complexes with the 

metal ions and, as a result, the ���� can be positively shifted by different charge doping 

on graphene films. We believe that the nanoparticle-mediated SAM functionalization of 

graphene can pave the way to developing high-performance chemical, environmental, and 

biological sensors that fully utilize the pristine properties of graphene.

                                           
† D. S. and H. R. K. contributed equally to this work.
* To whom correspondence may be addressed.
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3. 2. Introduction

Graphene was the first of the recently realized ideal 2D materials.[3] Its 

extraordinary mechanical,[239] electrical[240–242] and optical properties[243–245] have 

led to a variety of novel new devices, such as flexible transistors,[246] ultrafast lasers,[247]

photodetectors[248,249] and optical modulators.[250,251] Among these, the ultrahigh 

carrier mobility (both electron and hole) of graphene makes it a promising material for 

nanoelectronic devices.[240,252,253] The upper limit of the outstanding electrical 

properties of a graphene-based FET device is already well-known.[254,255] Much effort 

has been done to develop new graphene FET devices for suitable purposes. Chemical 

functionalization can allow graphene FET devices to be realized as various 

chemical[148,256,265–267,257–264] and biological sensing platforms.[268–277] The 

most frequent way to implement such functions has been accomplished by the direct 

covalent bonding of molecules to graphene,[120,122,125,265,266,278,279] such as 

through an azide group.[68,280]

This method, however, converts the ��� hybridized orbital, which is the intrinsic 

characteristic of graphene, to a broken ���  hybridized orbital, and thus inevitably 

degrades the pristine electrical property of graphene.[278] In addition, if not that severe, 

adopting the heterogeneous species including functional molecules, in general, cannot 

avoid a significant doping effect, which substantially shifts the ����  from the pristine 

value and limits the detection range in real applications. Thus, our interest is to determine 

how to introduce functional groups on graphene FET devices without impairing the pristine 

��� hybridized orbitals.

In this work, we have proposed a novel method to modulate the electrical properties 

of graphene FET devices by adopting gold nanoparticles and 4-MBA molecules. 

Consecutive treatment of the nanoparticles and SAM by molecules induces the p-type and 

n-type doping effects, respectively. By analyzing the doped characteristics both electrically 

and optically, we realized a functionalized graphene FET device that preserves the close 

pristine electronic state of graphene.
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3. 3. Experimental

3. 3. 1. Synthesis of Graphene

Graphene films were synthesized on a copper foil which has thickness of 25 μm by 

low pressure CVD method. The carbon precursor is methane gas (50 sccm) and etchant is 

hydrogen gas (5 sccm). The vacuum level is kept at ∼10－4 Torr before injecting gases. 

Using this method, graphene is formed on both sides of the copper foil. To remove a 

relatively poor-quality graphene on one side, the RIE was applied on that side: power of 

100 W, etching time of 20 s, plasma etchant as oxygen gas (20 sccm) and working pressure 

of 100 mTorr.
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3. 3. 2. Transfer of Graphene

The graphene was transferred on substrate through the process of PMMA coating, 

copper etching, transfer on wafer and PMMA removal. First, PMMA layer was spin-coated 

on the face of copper foil where graphene exists. Then, the substrate was floated on the 

APS solution (20 mM with DI water) in order to etch out copper metal. As a substrate, 

highly p-type doped Si wafers covered with SiO2 (300 nm) or PET films were prepared.

The PMMA-supported graphene was rinsed with DI water repeatedly and transferred onto 

the substrates prepared. Then, the substrate was dipped into acetone to remove PMMA for 

30 min.
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3. 3. 3. Fabrication of graphene FET devices

Onto graphene on substrate, the electrodes of FET devices were fabricated by 

thermal deposition of chrome (3 nm) and gold (50 nm) layers, with using the pre-patterned 

stencil masks. The PMMA-supported graphene was rinsed with DI water repeatedly and 

transferred onto the patterned gold electrodes with care. Then, the substrate was dipped 

into acetone to remove PMMA for 30 min. Each graphene device was separated by EBL, 

with gate width of 100 μm and gate length of 40 μm. Finally, in order to remove impurities

and charge puddles, graphene devices were thermally annealed at 300 ℃ for 3 hours under 

the atmosphere of hydrogen and argon as etchant (50 sccm) and carrier gas (200 sccm), 

respectively.
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3. 3. 4. Doping of Graphene

Hydrogen tetrachloroaurate (Ⅲ) hydrate (≥ 99.9%), 4-mercaptobenzoic acid (99%), 

4-mercaptophenol (99%), 4-mercaptofluorobenzene (99%), 4-mercaptotoluene (99%), 

mercury (Ⅱ) chloride (99.5+%), lead (Ⅱ) chloride (99.999%), platinum (Ⅱ) chloride (≥

99.9%) and palladium chloride (Ⅱ) (99%) were purchased from Sigma Aldrich (no further 

purification). Gold nanoparticle was deposited on graphene surface by dipping the substrate 

into the aqueous HAuCl4 solution (0.1 mM or 1 mM, see Figure 3-2) for 30 min. Then, the 

substrates were dipped into ethanolic solution of thiol molecules (0.1 mM) for 10 min to 

make SAM on gold nanoparticle surface. The metal ions were captured by the substrate as 

dipping into the aqueous solutions (0.1 mM) for 10 min at each experiment.
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3. 3. 5. Characterization of graphene films

First of all, we proceeded with XPS (AXIS-His, Kratos Analytical, UK) to verify 

that the graphene made by CVD method was well synthesized, and that the doping was 

well done by each nanocomponent. The CASA XPS program (CasaXPS 2.3.16 PR 1.6, 

Casa Software Ltd, UK) was used for the evaluation and analysis of the XPS data using 

Shirley's method.

Electrical property of graphene FET was measured by the 3-terminal (source, drain, 

and gate) probe station (MS Tech 5500, MS Tech, Korea) at ambient condition. We changed 

the gate voltage in the range between −40 and +140 V, while keeping the source to drain 

voltage as 1 mV. (Agilent B2912A, Agilent Technologies, USA). We have tested FET 

measurements with more than 15 kinds of devices.

The Raman analysis were conducted by inVia Raman Microscope (Renishaw, UK) 

using Ar laser with less than 1 mW of power. The wavelength of laser and grating are 514.5 

nm, 2400 gr/mm and 632.8 nm, 1800 gr/mm, respectively. We integrated the signal for 10 

s in all measurements for each point. The Raman mapping (with a side of 14.5 μm) was 

completed for about 12 hours.

The deposited gold nanoparticles were characterized by a noncontact mode of AFM 

(XE-100, Park System, Korea).

The sheet resistance (mapping) of the SLG transferred on the PET, in a square with 

a side of 5 cm, using non-contact method of a sheet resistance measuring device (EddyCus 

TF map 2525SR, Suragus GmbH, German), and the sheet resistance values inside a center 

square with a side of 3 cm were extracted (as shown in Fig. 3-13b). In addition, a 4-point 

probe portable sheet resistance measuring device (FPP-40k, DASOL ENG, Korea) was 

used to measure the sheet resistance at a point.
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3. 4. Results and Discussion

3. 4. 1. Fabrication Process of Graphene-based FET devices

Figure 3-1 schematically shows the process of sequential treatment on a graphene 

surface. Firstly, we prepared patterned gold electrodes onto silicon oxide with 300 nm 

thickness on silicon (Si/SiO2) wafers which is doped as p-type, and then the as-prepared 

graphene synthesized by CVD method[4] was transferred onto gold electrodes (step 1). 

Next, we incorporated the gold nanoparticles onto the graphene surface, and this is the key 

step (step 2) in our experiments. As shown by the step 3 process in Figure 3-1, the gold 

nanoparticles were deposited onto the graphene surface by the spontaneous reduction of a 

solution-based metal precursor (AuCl4
−), induced by the redox potential difference (the 

galvanic exchange) between them.[281,282] This electroless method is cost-effective and 

straightforward since it does not require any extra linking molecules or reducing agents. 

Only the dipping time, along with precursor concentration (in stock solution), needed to be 

controlled. (Figure 3-2) For the same dipping time, it was found that the higher the 

concentration of HAuCl4, the higher the shift of ����, and the devices were destroyed by 

the high voltage near a concentration of 1 mM, making it impossible to measure ����. 

Thus, several attempts were made to determine the appropriate concentration of the 

precursor of the gold nanoparticles. More detailed studies on such spontaneous reductions 

of gold nanoparticles, such as substrate dependency, have been reported in previous 

papers.[281,282] AFM analysis confirmed that our deposited gold nanoparticles are 

uniformly distributed, at ~4 nm in height. (Figure 3-3)
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Figure 3-1. Schematics of experiments. (a) Schematic diagram to show the fabrication 
process of a graphene FET device and (b) enlarged views, denoting the configurations and 
charge transfer direction in each step. Deposited gold nanoparticles induce the partial p-
type doping on graphene (step 2), while the thiol molecules (4-MBA) induce n-type doping 
(step 3). Step 4 shows that the captured heavy metal ion induces p-type doping on graphene 
(step 4). Au NP, gold nanoparticles, and thiol-SAM, SAM by thiol molecules (including 4-
MBA).
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Figure 3-2. The more concentrated chloroauric acid (HAuCl4) (aq) induces more p-type 
doping effect on graphene FET device. (a) 0.1 mM (original conditions) and (b) 1 mM. 
(compare the shift ① in blue arrow)

Figure 3-3. AFM analysis shows that deposited gold nanoparticles are uniformly 
distributed with having ~4 nm height.
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3. 4. 2. XPS Analysis of Doped Graphene

XPS was used to verify that the desired treatment of each step was achieved through 

the dipping method. The spectra on the far left of each row in Figure 3-4 represent the wide 

scan range of XPS at each step. (Figure 3-4a, 3-4c, 3-4f and 3-4j) Covalent bond between 

graphitic carbon atoms in SLG represents an asymmetric curve in the XPS spectra due to 

intrinsic interactions between the inner core hole and the electrons in the valence 

band.[283–286] Figure 3-4b reflects this and indicates that the pristine graphene by the 

CVD method is well-formed without breaking its hexagonal symmetry. In addition, Figure 

3-4d, 4g and 4k show that the symmetry is not broken by the nanocomponent treated at 

each stage and remains intact.

The process of forming gold nanoparticles above graphene is extremely interesting, 

and the XPS spectra results of the Au 4� levels show that three chemical species of gold 

exist. From the results in Figure 3-4e, we can see that the Au ions that disassembled from 

HAuCl4 exist in the Au3+ state, and when they are reduced to gold nanoparticles, they exist 

in the Au0 state, or some in the Au+ state. Each binding energy corresponding to 4�� �⁄ of 

Au0, Au+, and Au3+ is about 84 to 84.5, 85 to 86, and 86 to 87 eV.[287–291] In Figure 3-

4e (as well as in Figure 3-4h and 3-4l), the energy difference, �, is separated in the Au 

4� region due to orbital energy splitting as a result of spin-orbit coupling in the 4� orbital 

of the heavy metal elements. The value of �  between Au 4�� �⁄   and 4�� �⁄   is 3.67 

eV,[290,291] and this can be found from XPS spectra for the gold nanoparticles. In this 

process, gold nanoparticles are reduced by the graphene and the surface of graphene is 

doped as p-type. (step 2 in Figure 3-1)

In addition, sulfur peaks of 4-MBA molecules forming SAM which were not found 

in the wide scan range of the XPS spectra in the previous process, were found as weak 

signals in Fig. 3-4f and 3-4i. Those values correspond exactly to the S 2� level between 

a binding energy of 161 and 164 eV.[292] In Figure 3-4h, it can be observed that the 

intensity of the Au3+ peak has decreased, while the intensities of the Au0 and Au+ peaks 

have increased, due to the negative charge of the carboxyl group in SAM (step 3 in Figure 

3-1).

In order to investigate the electrical properties at each step, we conducted FET 

measurements using a three-point probe station at ambient conditions. Figure 3-5a shows 

that the representative electrical transfer curve in pristine graphene (black curve, Gr) has 

shifted to the right, representing p-type doping (blue arrow, ①) of the gold nanoparticles-

adsorbed graphene (orange curve, Gr + Au).

For the next step, we carried out molecular functionalization onto this substrate.

(step 3 in Figure 3-1) Rather than using conventional azide group-containing molecules, 

we chose more convenient thiol molecules that can form a spontaneously SAM on the gold 

surface through gold-sulfur bonds. Due to its self-assembling character, the molecule 
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should have a vertical (slightly tilted) standing configuration, and without the gold surface 

this molecule should be deposited onto the graphene surface directly via � − �

interactions, favoring a horizontal laying-down configuration.

Next, we demonstrated the performance of our graphene FET devices: pendent 

carboxyl group of 4-MBA molecules as a mercury ion captor. Step 4 in Figure 3-1 shows 

the capture of a mercury ion by the carboxyl group in our FET platform. It is well-known 

that carboxyl groups make complexes (chelating bidentate forms) with various transition 

metal cations due to the high stability constant of the reactions.[293–295] Hg2+ ions act as 

bidentate ligands in this step. In addition, the XPS results show that the Hg 4� region is 

separated by 4.05 eV energy splitting, the same as the Au 4� region.[296] In addition, 

since the substrates used in the study were Si/SiO2 substrates, we must be careful about 

overlapping Si 2� peak positions in the XPS analysis of Hg 4�.[297,298]

Thus, after dipping the substrate (step 3 in Figure 3-1) into the mercury ion solution, 

the measured FET character showed a shift (blue arrow, ③) of the transfer curve to the p-

type doped state of Hg2+-captured 4-MBA SAM-combined gold nanoparticle-adsorbed

graphene (blue curve, Gr + Au + 4-MBA + Hg2+) in Figure 3-5a. This can be seen by the 

further decrease in the intensity of the Au0 peak in Figure 3-4l, and that the intensity of the 

Au+ peak increased significantly.
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3. 4. 3. Electronic Analysis of Doped Graphene

Figure 3-5b shows the change in charge neutrality point (�����) value at each step. 

Although some variation was observed (device to device variation) at each step, sequential 

treatments generally induced the change in doping state in graphene, from pristine to p-

type doped to n-type doped to p-type doped (����: 8.14 → 95.86 → 24.03 → 90.86 V). 

We calculated the hole mobility of the doped graphene using the standard model of the 

MOSFET. The corresponding band structures at the � point in the BZ of the pristine SLG

are shown in Figure 3-5d.

For Equation (2-18), substitute the following values: �  is the carrier mobility; 

��� is the capacitance of gate material, 300 nm SiO2 (= 1.08 × 10-8 F·cm-2); � is the gate 

width (= 100 μm); � is the gate length (= 40 μm); ��� is the applied gate voltage from 

−40 to 140 V; and ���  is the drain-source voltage difference (= 1 mV). Hole carrier 

mobility, �� of graphene can be measured indirectly from electrical transfer curves using 

Equation (2-18). Figure 3-5c shows the mobility of each step with corresponding ����

values: 10236 → 6563.1 → 6087.3 → 5401.2  cm2·V-1·S-1. Compared with some 

previous reports,[240,299,300] our system shows relatively high mobility that is 

advantageous in sensing capability. This is attributed to the low charge puddles or surface 

defect concentration (see the Figure 3-9d for low �� ��⁄ ratio) induced by unbroken the 

bond characteristics of graphene.

As a control experiment of step 3 in Figure 3-1, we tested the effect of treatment of 

4-MBA molecules on graphene without a gold nanoparticle deposition step, and this 

revealed that 4-MBA molecules induce an opposite p-type doping effect on graphene. (see 

Figure 3-7a) Interestingly, we can observe from Figure 3-5a that treatment of 4-MBA 

molecules has moved the transfer curve of the gold nanoparticle-adsorbed state (orange 

curve, Gr + Au) to the left, and this means the induction of the n-type doping effect (red 

arrow, ②) of 4-MBA SAM-combined gold nanoparticle-adsorbed graphene (green curve, 

Gr + Au + 4-MBA). According to previous reports,[301–304] noble metal nanoparticles 

are highly susceptible to interactions with external molecules, resulting in a surface 

potential (electronic state) change depending on the character of the adsorbed molecule. It 

has been known that thiol functionalization is likely to induce a n-type doping effect, which 

is electron donating, on the interface of gold nanoparticle.[305] Such SAM-induced 

electron donation on the gold nanoparticles then concurrently induces n-type doping on the 

graphene. Therefore, such succeeding p-type (gold nanoparticles) and n-type (SAM by 4-

MBA molecules) doping effects finally result in the restoration of the electronic state of 

graphene that is close to its pristine state, and this can be used as a metal ion captor in the 

next step through the functionalized pendent chemical group.

In order to confirm its generality, we also compared the FET responses using other 

kinds of thiol molecules, showing that all of the thiol molecules induce a similar n-type 
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doping effect on graphene, while exhibiting different doping levels depending on the 

molecular type. Such differences might be associated with molecular dipole moments.[305]

(Figure 3-6)

In addition, as a control experiment of step 4 in Figure 3-1, we confirmed that 

without treatment of 4-MBA molecules, a mercury ion solely induces an opposite n-type 

doping effect on gold nanoparticle-deposited graphene FET devices. (see Figure 3-7b) In 

addition, we also observed that (4-mercaptotoluene (4-MT))-based FET devices show a 

negligible response to mercury ion treatment, verifying the strong interaction between the 

carboxyl group of 4-MBA molecules and the mercury ion. (Figure 3-8)
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Figure 3-5. Electronic analyses of graphene FETs. (a) Representative electrical transfer 
curves of graphene FET devices measured at each doping step. (b) ���� variation at each 
step. (c) Hole carrier mobility (��) plot with respect to ����. (d) Schematic illustration of 
the band structures and the variation in the �� of graphene.
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Figure 3-6. The electrical transfer characteristics of graphene samples which doped by 
various thiol-SAM. The curves show that the various thiol-SAM molecules induce 
universal n-type doping effect on graphene through the pre-deposited gold nanoparticle. (a) 
4-MBA, (b) 4-mercaptophenol (4-MP), (c) 4-mercaptofluoro-benzene (4-MFB) and (d) 4-
mercaptotoluene (4-MT). All other experimental conditions are the same.
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Figure 3-7. The electrical transfer characteristics of graphene FET devices, (a) treated by 
only 4-MBA molecule directly on graphene and (b) treated by mercury ion on gold 
nanoparticle without 4-MBA SAM. (c) and (d) schematically show the corresponding 
situation of (a) and (b), respectively. These are conducted for the control experiments.
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Figure 3-8. ���� measured at each step. The plots show that (a) (4-MBA)-based FET 
responds dramatically to the mercury ion treatment (blue shaded circle), while (b) (4-MT)-
based one responds negligibly. This verifies the strong interaction between carboxyl group 
and mercury ion.
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3. 4. 4. Raman Spectroscopic Analysis of Doped Graphene

Raman spectroscopy is one of the valuable optical technique when analyzing the 

electrical property of graphene.[50] Figure 3-9 shows the Raman analyses of graphene 

FET devices at each step, measured at ambient conditions. For all measurements, we used 

514.5 nm laser light (< 1 mW) with a spot size of 2 mm to reduce the damage on the 

samples. First of all, it should be noted that the original (not in ours) pristine graphene that 

is strain-free and charge-neutral shows the �  and 2�  bands at 1581.6 ± 0.2  and 

2676.9 ± 0.7  cm-1, respectively, and such �  and 2�  peaks signify the frequencies of 

the phonon interactions at the � and � points in the BZ, respectively. In our case shown 

in Figure 3-9a and 3-9b, the pristine graphene shows �  and 2�  peak positions at 

1584.21 ± 1.98  and 2682.75 ± 3.47  cm-1, respectively. After the gold nanoparticles 

were deposited, the peaks shifted to the higher positions at 1594.36 ± 2.98  and 

2692.59 ± 4.59  cm-1 and, after 4-MBA treatment, returned to 1585.95 ± 1.22  and 

2684.96 ± 2.98 cm-1, respectively. Finally, mercury ion treatment induces a shift of the 

� and 2� peak positions to 1590.64 ± 1.50 and 2687.72 ± 0.34 cm-1, respectively.

According to Lee et al.,[209] Raman spectroscopic analysis can interpret the strain 

effect and the charge doping effect in graphene samples separately shown in Figure 2-19.

A detailed description is given in the Paragraph 2. 5. 3. Figure 3-9c shows the � versus

2�  peak position of our samples, indicating that the point of ����
� , ���

� �  semi-

empirically corresponds to the strain-free and charge-neutral state, where the values of ��
�

and ���
� are given by Equation (2-1). Even though our pristine graphene state (black 

square) is slightly far away from the point of origin, ����
� , ���

� �, it is still positioned 

along the blue dashed line, which means that only compressive strain has been applied to 

our pristine sample. Since graphene has an intrinsically negative thermal expansion 

coefficient in the range of 200 to 400 ℃,[306–309] annealing at 300 ℃ and cooling to 

room temperature unavoidably results in compressive strain on graphene, and this is the 

situation in our case. Next, our experiments showed that, in the consecutive treatment of 

the gold nanoparticles, 4-MBA molecules and mercury ions, the graphene states in the plot 

(Fig. 3-9c) change from black to orange, green, and finally to blue squares. It should be 

noted that all these states are still along the red dashed line, indicating that all the treatments 

only result in a charge-induced doping effect on graphene, and not a mechanical strain 

effect. These results correlate well with the shifts of ���� in graphene FET devices.

On the other hand, the intensity ratio between the 2� and � peaks (��� ��⁄ ) is 

also a good parameter to evaluate the doping strength in a graphene sample. Figure 3-9d

shows that it decreased from 3.004 ± 0.193  for the pristine state (step 1) to 1.769 ±

0.132 for the mercury ion-treated state (step 4). Furthermore, it is well-known that the �

band in Raman spectra is related to the defect density of graphene films. In all of our 
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treatments, the intensity ratio of the � to � peak has remained relatively small in the 

range of 0.152 ± 0.004  to 0.311 ± 0.029 , indicating that only small defects are 

generated on graphene.

In the Raman analyses of Figure 3-9, we only used a laser with a wavelength of 

514 nm. However, in order to observe the surface-enhanced Raman scattering (SERS) 

signal by gold nanoparticles,[310] we should use a 633 nm laser instead of a 514 nm laser. 

In Figure 3-10, the Raman spectra with a full range (100 to 3200 cm-1) of pristine graphene 

is compared with those with the 514 nm and 633 nm lasers. In the upper figure (514 nm), 

we can clearly observe the � and 2� peak characteristics of graphene, but in the lower 

figure (633 nm), the intensities of the two peaks are relatively low. Therefore, we used the 

514 nm laser in this research. To observe the SERS effect by the gold nanoparticles, the 

Raman spectrum for each step (in Figure 3-1) with a 633 nm laser is shown in Figure 3-

11.[281,282,304,311,312] At a Raman shift between 1000 and 1700 cm-1, we can observe 

the Raman peak of the gold nanoparticles, which was invisible in the case of pristine 

graphene. When a 4-MBA molecule acts as ligand[301,302,313,314] to a Hg2+ ion,[315–

319] a much stronger peak intensity was observed by the surface-enhanced effect of the 

gold nanoparticles. Furthermore, the SERS effects by physisorption of 4-MBA SAM on 

gold nanoparticles were observed at Raman shift between 175 and 525 cm-1, as shown in 

Figure 3-11c and 3-11d.[302] In Figure 3-10a (514 nm), the positions of the red arrows 

are the intrinsic peaks of the silicon nanostructure (substrate).[320] It is necessary to pay 

attention to Figure 3-11c and 3-11d. When adding Hg2+ ions, they are chelated by carboxyl 

groups of 4-MBA molecules forming SAM bound to the gold nanoparticles. The symmetric 

stretching mode of COO− is blue shifted, which results in the formation of a chelating 

(bidentate) structure rather than a unidentate or bridging structure.[313] Moreover, in the 

same process, the peak near 1630 cm-1 was removed because the stretching mode of C=O 

in the carboxyl acid form disappeared as it formed the bidentate form.[313,317]
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Figure 3-9. Raman spectroscopic analyses of graphene films. (a) Measured Raman signals 
for graphene FET devices at each doping step. Only the � and 2� peaks are shown for 
comparison. (b) Peak positional changes of the � and 2� peaks at each step. (c) The 2�
and � peak position plot, revealing that our treatment induces charge doping rather than 
a strain effect (from ref. [276]). (d) The variation in the ��� ��⁄ and �� ��⁄ ratios at each 
step.
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Figure 3-11. Raman Spectra of each step by 633 nm laser. Step (a) 1, (b) 2, (c) 3 and (d) 4 
of Figure 3-1. The range of Raman shift in these spectra is full range (from 100 to 3200 
cm-1). The positions of the (b) orange, (c) green, and (d) blue arrow are the peaks by the 
SERS effect of gold nanoparticles, the gold-sulfur bond or the vibration of carboxyl group 
of 4-MBA molecules, and SERS effect of Hg2+ ions or chelation of Hg2+ ions by carboxyl 
group of 4-MBA molecules, respectively.
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3. 4. 5. Comparison between Raman Spectroscopic and Electronic 

Analyses

Table 3-1 compares the charge carrier concentration of the graphene sample, which 

is estimated from the shifts of the ����  and �  peak positions.[233,321,322] In the 

standard carrier density model,[322,323] the hole concentration of the graphene film is 

quantitatively calculated by Equation (2-19), where ��  is the vacuum permittivity (= 

8.854 × 10��� F·m-1); � is the elementary charge (1.602 × 10��� C); ���, ��� or ���

is the electric capacity, the relative permittivity (= 3.9) or the thickness(= 300 nm) of the 

gate material, SiO2, respectively. As is well known, ��� depends on ���. Generally, in 

Raman spectra of graphene, the �  peak can be used to measure the charge 

concentration,[233] indicating that 1 × 10�� cm-2 of the hole concentration corresponds 

to the range from 1 to 3 cm-1 of the � peak positional measurements (1 cm-1). Therefore, 

we can demonstrate that the carrier concentrations, �, derived by Raman measurements, 

are comparable to the value for FET measurements, showing the reliability of our FET 

measurements in each step.

Table 3-1. Estimated hole concentrations, � at each step, derived from the shift values of 
���� and the � peak positions.
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3. 4. 6. Electrical Analysis of Doped Graphene: Sheet Resistance, 

Compared with Raman Spectroscopic Analysis

We performed Raman mapping, using a 514 nm laser, on graphene films throughout 

each step in Figure 3-1. Raman mapping images in Figure 3-12a show a summary of the 

whole results of Figure 3-9. From this, we have optically confirmed that the graphene films 

have clearly been doped by each nanocomponent.

Figure 3-12b represents the sheet resistance, ��  of graphene films, as another 

form of mapping image. A square graphene film with one side of 5 cm was transferred onto 

the PET substrate, and after doping by each step process (as shown in Figure 3-1), the sheet 

resistance of the center area (see the yellow square in Figure 3-13) with one side of 3 cm 

was measured using a non-destructive method that applies magnetic fields to generate eddy 

current. In the case of pristine graphene, �� is 849.50 ± 13.25 Ω·□-1 The other cases, 

however, are 372.85 ± 5.09, 445.53 ± 6.31, and 400.68 ± 16.93 Ω·□-1, in sequence.

These results, from 30 different positions of the graphene films in Figure 3-13 of 

measurements using the 4-point probe method, depict the same patterns as the mapping. 

Figure 3-12c and d show the ��  values of each step: 849.50 ± 13.43 → 372.01 ±

4.19 → 445.44 ± 5.97 → 399.11 ± 10.79 Ω·□-1. These can be said to have the same 

values within a margin of error.

From Figure 3-12d, in particular, it can be observed that change patterns of the 

sheet resistance values are similar to the change patterns of the hole carrier mobility in 

Figure 3-5c, and the ��� ��⁄ values of the Raman spectra in Figure 3-9d. This suggests 

that each property of the graphene surface that is affected by doping for each 

nanocomponent is correlated with each other.
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Figure 3-12. The relation between Raman spectroscopic analyses and sheet resistance 
measurement of graphene samples. (a) Raman mapping images (scale bar is 5 mm) of the 
��� ��⁄ values of graphene film on Si/SiO2 substrates for each step in Figure 3-1. (b) Sheet 
resistance mapping images (scale bar is 1 cm), (c) a histogram of the sheet resistance, and 
(d) the plots for the averages and distributions of the sheet resistance of graphene film on 
PET substrates for each step in Figure 3-1.
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3. 4. 7. Analyses of Effects of Heavy Metal Ions

As already mentioned above (see Figure 3-8), in our FET device, exchanging the 

metal specific-carboxyl group with a nonspecific methyl group substantially decreases the 

response of ���� to the mercury ion, verifying the strong interaction between the carboxyl 

group with the mercury ion. Then, as a next step, we conducted experiments to compare 

the effects of different types of heavy metal ions on the carboxyl functional group. Figure 

3-14 shows the different doping degrees depending on the metal type, whilst all still 

showing the substantial p-type doping effect and highly correlated behavior between ����

and the Raman peak position.
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Figure 3-13. The pristine graphene transferred on the PET substrate for the measuring sheet 
resistance. Subsequently, the conditions required by each step of Figure 3-1 were dealt 
with. The sheet resistance of the dashed yellow square area was measured.

Figure 3-14. The four kinds of heavy metal ions (mercury, lead, platinum, and palladium),
showing a substantial p-type doping effect on graphene (through the 4-MBA molecules and 
gold nanoparticles) and exhibiting the highly correlated behavior of ����� and Raman �
peak positions with respect to the metal types.
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3. 5. Conclusion

In summary, we have developed a novel strategy to implement chemical 

functionality on graphene FET devices with the fine tuning of doping effects on graphene. 

Compared to the conventional destructive direct covalent bond formation (through azide 

groups) on the basal plane of graphene, gold nanoparticle-mediated functionalization by 4-

MBA SAM maintains the mechanical and electrical properties of pristine graphene without 

affecting the characteristics of hexagonal carbon lattices in SLG, allowing for its 

application as a high-performance ���� switcher for FET devices. The analyses of Raman 

spectra confirm that the gold nanoparticle-SAM functionalization induces a clear charge 

doping effect on graphene without the formation of defects, and the estimated charge carrier 

concentration matches well with the one from electrical transport measurements in the FET 

devices. These results were also consistent with changes in the values of the sheet resistance. 

Considering the variety of chemical functional groups in thiol SAM that can be combined 

to gold nanoparticles, our strategy is expected to provide a new route to develop highly 

potent graphene FET devices in the near future.
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Chapter 4.

Enhanced Thermopower of Saturated Molecules by 

Noncovalent Anchor-Induced Electron Doping of Single-

Layer Graphene Electrode

[* The contents of this chapter are reproduced and modified from:

Sohyun Park†, Hwa Rang Kim†, Juhee Kim, Byung Hee Hong*, and Hyo Jae Yoon*

Advanced Materials 33, 2103177 (2021). Copyright 2021 Wiley-VCH][189]

4. 1. Abstract

Enhancing thermopower is a key goal in organic and molecular thermoelectrics. 

This paper shows that introducing the noncovalent contact with SLG electrode improves 

thermopower of saturated molecules as compared to the traditional gold-thiolate covalent 

contact. Thermoelectric junction measurements with a liquid metal technique reveal that 

the value of Seebeck coefficient, � in large-area junctions based on n-alkylamine (H2NCn) 

SAM on SLG is increased up to five-fold compared to the analogous junction based on n-

alkanethiolate (SCn) SAM on gold. Experiments with Raman spectroscopy and FET 

analysis indicate that such enhancements benefit from the creation of new in-gap states and 

electron doping through noncovalent interaction between amine anchor and SLG electrode, 

which leads to reduced energy offset between ��  and transport channel. Our work 

demonstrates that control of interfacial bonding nature in molecular junctions improves 

Seebeck effect in saturated molecules.

                                           
† S. P. and H. R. K. contributed equally to this work.
* To whom correspondence may be addressed.
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4. 2. Introduction

Achieving the Seebeck effect which is a conversion of heat energy into electricity 

through organic matter can solve problems that existing inorganic thermoelectric 

generators encounter. While the majority of organic thermoelectrics research has 

extensively focused on bulk materials of �-extended molecules and polymers, the Seebeck 

effect of saturated hydrocarbon systems at the molecular level remains incompletely 

understood. Thermoelectric molecular junctions containing single molecules or 

monolayers offer the opportunity to interrogate the fundamental mechanism of charge 

movements and draw inferences about atomic detailed structure-thermopower 

relationships.[324–332] Among others, significant efforts have gone into understanding 

how changes in molecular and non-molecular junction components including the length of 

the active molecule,[325,333–336] the chemical structure of molecular backbone,[336,337]

structural flexibility[325,338] anchoring moiety,[329,333,335,339] radical,[340] and 

electrode’s material[341] affect the Seebeck effect across molecular junctions. 

Thermoelectric molecular junctions have also shown the potential for developing tiny 

thermoelectric devices. For example, the Peltier device has been recently demonstrated 

with SAM of organic molecules;[342] the power factor of single molecule and SAM has 

been recently demonstrated.[343,344]

We herein report that the introduction of noncovalent contact SLG for a bottom 

electrode enhances � of SAM-based large-area junctions (Figure 4-1a). Particularly, we 

observed that SLG-based junctions formed with n-alkylamine (H2NCn, where n =

4, 6, 8, … , 18 as shown in Figure 4-1b) molecules led to increases in � values up to by 

five times compared to the analogous junctions based on n-alkanethiolate (SCn, where n =

2, 4, 6, … , 18 used in this study) molecules on gold. Further experiments with Raman 

spectroscopy, UPS, and FET characteristics indicate that the enhanced � values stemmed 

from the new gap states around －0.1 eV and n-type doping arising from the junction of 

SLG//H2NCn that is noncovalent contact, which resulted in smaller energy offset between 

�� and accessible energy state than the covalent sulfur/gold (S/Au) contact.

Our modeling of Seebeck coefficient was conducted based on the previously 

reported methods.[333,341] The simple toy model based on a traditional transmission 

function accounts for the correlation between the energy topography across a molecular 

junction and � [mV/K]:[330]

�(�) =
�� ∙ ��

�
�� + ��

2
�

�

+ (� − ���)�
(4-1)
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� ≡ −
����

��

3�

� ln��(�)�

��
�

����

(4-2)

Here, �(�) is the transmission coefficient; ��� is the energy level of accessible 

molecular orbital; and Γ� and Γ� are the broadenings due to left (bottom) and right (top) 

contacts, respectively; � is the charge of an electron; �� is the Boltzmann constant; ��

is the Fermi level of electrode; and � is the average absolute temperature of the junction. 

According to this model,[341,345] the slope of lorentzian-shaped ���  which is the 

energy level of HOMO or LUMO at �� corresponds to �. As the slope is steeper, the 

value of � becomes larger (Figure 4-1c and 4-1d).

The following structural modifications of active molecules or change in the work 

function (WF) of electrode have been demonstrated to make a significant influence on 

thermopower of junction: (ⅰ) unsaturated hydrocarbons yield higher �  values than 

saturated ones in the backbone of molecules,[324,343,346] (ⅱ) the � value increases with 

increasing �-conjugation length of the backbone, (ⅲ) the electronic structural tuning in 

aryl molecules via substitution affects � ,[341] (ⅳ) the �  value can be enhanced by a 

rational design of binding moiety over a metal lead,[341] and (ⅴ) different electrodes (Pt, 

Au, and Ag) allow access to control of thermopower.[347] All these approaches boil down 

to the conclusion that reducing the energy offset (��) between ��� and �� induces an 

increase in thermopower of junction (Figure 4-1c and 4-1d), which concurs with the model 

of Equation (4-2).

The model fits properly with unsaturated or conjugated molecules, such as 

oligophenylenes and oligothiophenes where the shape and location of frontier orbital energies 

are well defined and straightforwardly predictable. The remaining question is the mechanism 

of thermopower generation in saturated molecules. Unlike for unsaturated molecules wherein 

frontier orbitals are dominated by the molecular backbone, the frontier orbitals in saturated 

molecules are localized on the anchor group (e.g., sulfur atom in a traditional thiol anchor). 

Hence, thermopower in saturated molecules would be, in principle, sensitive to the molecule-

electrode contact. [328,348]
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Figure 4-1. Schematics of experiments and Raman data. (a) Schematic describing the 
structure of large-area thermoelectric junction we used. (b) Molecules we used. (c, d) 
Correlation of energy barrier shape of molecular junction with � (the slope of transmission 
peak at ��). (e, f) Exemplary high resolution XPS spectra of C 1s and N 1s regions for 
H2NC4 or H2NC16 SAM on SLG. (Produced from S. P.) (g) Raman spectra for bare SLG and 
H2NCn (n = 4, 6 

 , 8 
 , … 

 , 18 
 ) SAM on SLG. (h) The G peak shift [cm-1] in Raman spectra for 

H2NCn (n = 4, 6 
 , 8 

 , … 
 , 18 

 ) SAM on SLG. Each data point is averaged from measurements 
on separate junctions (the data summarized in Figure 4-6), of which the number is from 16 
to 25. The ‘p’, ‘I’, and ‘n’ indicate p-type doped, intrinsic, and n-type doped SLGs, 
respectively. (Produced from J. K.)
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4. 3. Experimental

4. 3. 1. Materials and Characterization

All reagents including n-alkylamines were purchased from Sigma-Aldrich, Alfa 

Aesar, and TCI and used as supplied unless otherwise specified. All organic solvents 

including methanol and tetrahydrofuran were purchased from Sigma-Aldrich and Daejung. 

High purity eutectic gallium-indium (EGaIn; 99.99%) was obtained from Sigma-Aldrich 

and used as supplied. PMMA; average Mw ~996,000 by GPC) and ammonium persulfate 

aqueous solution (≥ 98%) were obtained from Sigma-Aldrich. Copper foils (BHZ-Z-T) 

were purchased from JX Nippon Mining & Metals Corporation.
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4. 3. 2. Synthesis of graphene

Graphene films were synthesized on copper foil, which has a thickness of 25 μm, 

by roll-to-roll (R2R) low pressure chemical vapor deposition (LPCVD) method.[157] The 

carbon precursor was methane gas (300 sccm) and the etchant was hydrogen gas (6 sccm). 

The vacuum level was kept at ~10-4 Torr (low vacuum condition) before injecting gases in 

a quartz tube. In a typical experiment, hydrogen gas was injected during the calcination 

process before crystal growth, in which the temperature roses from room temperature (RT) 

to 1000 ℃ within an hour. Next, methane gas with hydrogen gas was injected while 

maintaining the temperature for 30 minutes. Roll speed was 100 mm/min. After that, it was 

cooled down to RT for about 3 hours. At the same time, hydrogen gas was left as it was, 

while the injection of methane gas was stopped. Using this method, graphene was formed 

on both sides of the copper foil. To remove a relatively poor-quality graphene on one side, 

the RIE was applied on that side (power: 100 W, etching time: 20 seconds, plasma etchant: 

oxygen gas (20 sccm), and working pressure: 90 to 100 mTorr).
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4. 3. 3. Transfer of graphene

We followed the graphene transfer process following previously reported 

procedures.[157] After complete synthesis of graphene on copper foil, the foil contained 

graphene layers at both sides. It was cut into 1 × 1 cm2 and immediately used for 

thermoelectric analysis. For Raman spectroscopy analysis, the graphene layer was needed 

to be transferred on Si/SiO2 substrate. One side of the graphene-synthesized copper foil 

was spin-coated with PMMA dissolved in chlorobenzene (Sigma-Aldrich) to protect the 

graphene from oxidation, and the other side was removed by RIE. For graphene transfer, 

copper was dissolved by 80 mM ammonium persulfate aqueous solution, and after rinsing 

with DI water, it was transferred on Si/SiO2 wafer.
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4. 3. 4. Fabrication of Graphene FET Devices

The source and drain electrodes of field effect transistor (FET) devices were 

fabricated by thermal deposition in order of chrome (3 nm) and gold (60 nm) metal layers 

on the Si/SiO2 wafer with the patterned stencil masks. The graphene film on PMMA 

substrate was transferred onto the gold-patterned Si/SiO2 wafer. Then, the substrate was 

dipped into acetone to remove PMMA for 1 hour. Each graphene device was isolated by 

EBL, with gate width and length of 100 and 40 μm, respectively. Finally, in order to remove

impurities, charge puddles, and mechanical wrinkles, graphene device was thermally 

annealed at 200 ℃ for 5 hours under the atmosphere of argon as a carrier gas (100 sccm) 

in low vacuum condition. The structure of the FET formed with SLG//H2NCn SAMs is 

shown in Figure 4-2.

Figure 4-2. The structure of the FET formed with SLG//H2NCn SAM.
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4. 3. 5. Formation of SAM on Graphene Surface

SAM was prepared following previously reported procedures.[349] Graphene 

grown on copper was used as the substrate to form SAMs of n-alkylamine. Typically, as a 

solvent we used 10 mL of a mixture of methanol (HPLC grade) and tetrahydrofuran (THF, 

HPLC grade) with a volume ratio of 1:9 to dissolve n-alkylamine with a concentration of 

18 mM. The solution was purged with N2 for 15 minutes prior to the immersion of freshly 

SLG on Cu (for thermoelectric measurements and UPS characterizations) or SLG 

transferred on Si/SiO2 wafer (for Raman spectra and FET analyses). The substrate was 

rinsed with the mixed solvent (three times, ~3 mL each time) and dried under steam of dry 

N2.
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4. 3. 6. Characterization of graphene films

For analysis of SLG using scanning tunneling microscopy (STM), high-resolution 

STM revealed that the adsorption of SLG onto Cu foil. STM measurements were performed 

using a Nanoscope V (Bruker, Santa Barbara, CA) with a commercial Pt/Ir (80/20) tip. All 

STM images were obtained using a constant height and current mode under ambient 

conditions at room temperature. Imaging conditions were in the range of +900 to −900 mV 

for the bias voltages and in the range of 0.30 to 0.50 nA for tunneling currents between tip 

and sample.

For Raman spectroscopy, the characteristic peaks of bare SLG and SLG/SAM on 

Si/SiO2 wafer were analyzed by Raman Spectrometer (inVia-basis Raman Microscope, 

Renishaw, UK) using Ar laser with less than 1 mW of power. The wavelength of laser and 

grating are 514.5 nm, 2400 gr/mm.

For electrical transfer analysis of FET devices, the electrical property of graphene 

FET devices was measured by the 3-terminal (source, drain, and gate) probe station (MS 

Tech 5500, MS Tech, Korea) at ambient condition. We raised the gate voltage from −50 to 

+30 V, while keeping the source to drain voltage as 0.2 mV. (Agilent B2912A, Agilent 

Technologies, USA). We measured more than 30 FET devices. In FET measurements, we 

simultaneously measured channel current (���) and resistance (���) as function of gate 

voltage (���) using a probe station. The measured ��� values were calculated with the 

equation, ��� = ��� ���⁄ (Ohm’s law), and thus the trend of ��� was correlated with 

��� . The largest ��� was recorded to be 2.2 kΩ, roughly consistent with the literature 

value,[349] validating our FET measurements.

For XPS analysis, the measurements were carried out on a Thermo Scientific K-

Alpha photoelectron spectrometer with a monochromated Al �� (1486.6 eV) source. The 

peak shapes of the core level photoelectron spectra were analyzed with a XPS Peak Fit 

program. With a linear-type background correction, we analyzed the XPS Cu 2�, C 1�, 

and N 1� lines. The binding energies of Cu 2� were observed at 952.7 eV (2�� �⁄ ) and 

932.8 eV (2�� �⁄ ). The C 1� signal was presented by combination of two peaks at 284.6 

eV (��� carbon) and 285.7 eV (��� carbon). We calculated the peak intensity ratio of C

1� (���) and C 1� (���) and found that the ratio increased with increasing chain length, 

which confirms the formation of a n-alkylamine SAM on graphene and the ordered 

structure in monolayers.[350,351] The binding energies of N 1� was observed at 400 eV.

For UPS analysis, the measurements were carried out on Thetaprobe (Thermo) to 

determine the WF level of Cu//SLG//H2NCn SAM. ℎ� is incident photon energy (21.2 eV) 

of He Ⅰ source, the WF level shown in Figure 4-3.
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Figure 4-3. UPS spectra and WF for Cu//SLG and Cu//SLG//H2NCn SAM. (Produced from 
S. P.)
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4. 3. 7. Preparation of the EGaIn Tip

An EGaIn conical tip of EGaIn was formed following a method reported in the 

literature.[352] Briefly, a 10 μL gas-tight syringe was filled with EGaIn (≥ 99.99%, Sigma 

Aldrich) and a drop of EGaIn was pushed to the tip of the syringe needle, where the hanging 

drop was brought into contact with a surface on which the EGaIn could stick (e.g., bare Au 

or Ag surfaces), and the needle was gently pulled away from the drop using a 

micromanipulator. Upon breaking from the bulk EGaIn on the surface, a conical tip was 

obtained. An EGaIn conical tip for tunneling junctions was newly formed for every junction 

in order to eliminate any complexities that may arise from contamination of the EGaIn 

surface by volatile organics in air. In the cases that visible whiskers formed during tip 

fabrication, the tip was discarded, and a new tip was formed.
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4. 3. 8. Junction Formation and Thermoelectric Measurements

Our junction measurements relied on the EGaIn technique.[326] A SAM-bound 

SLG//Cu chip was placed on a hot chuck, and the rest of the area was covered with glass 

to block or minimize heat transfer to the EGaIn tip. The SAM was then gently brought into 

contact with a tungsten ground electrode. To measure the temperature of the bottom 

electrode, a thermocouple was placed and secured onto the electrode. Once the temperature 

of the substrate was monitored by the thermocouple, we found the heat transfer from the 

hot chuck to the SAM on gold was sufficient enough to carry out the desired experiments. 

To create a temperature difference, the temperature of the hot chuck was varied from 290 

to 305 K. At each temperature, a few seconds were allowed to pass before the temperature 

measured at the bottom-electrode thermocouple was stabilized. Then using a 

micromanipulator, an EGaIn conical tip was gently brought into contact with the surface 

of the SAM, and the output voltage was measured. Thermoelectric voltages at 39 or 40 

junctions at each �� were measured at least 2964 times and at most 3040 times. A freshly 

prepared EGaIn conical tip was used for measuring from 3 to 5 junctions. Usually, the 

measurement for a sample took a few hours: ~100 data points were collected in 0.5 minutes 

and thus, in principle, 6000 data points could be collected in ~5 hours. The yields of the 

working junctions were calculated using the ratio of non-shorting junctions to all measured 

junctions.
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4. 3. 9. First-principle Calculation on SLG//H2NCn System

For examining the electronic structure of SLG//H2NCn SAM, we used quantum 

espresso (QE) for the calculation code.[353] This code meets a periodic boundary condition 

(PBC).[353,354] For DFT calculations, projector-augmented-wave (PAW) – Perdew-

Burke-Ernzerhof (PBE) + vdW DFT-D3 was used. The PAW is a pseudopotential method 

that describes both organic/inorganic systems well,[355,356] and PBE is a method that 

describes the exchange-correlation function in the Consham equation for DFT.[355,356]

In addition, one of the methods to describe vdW interactions in atom-molecular, molecular-

molecular, and layered structures is Grime-D3.[355,357] The application of the "PAW–

PBE + vdW DFT-D3" method is widely used for band structure of graphene.[355,357]

The force criterion (force convergence threshold) is the minimum force for ionic 

minimization. By setting this value, the electron-electron interaction can be well described; 

it was set to 0.002 Ry/Bohr.[355,357] The � point (6 × 6 × 1, 4 × 4 × 1) of cells were 

set for optimization of the structure. However, when calculating the electronic structure, 

the � point value was set larger (36 × 36 × 1, 24 × 24 × 1) for higher accuracy.[358]
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4. 4. Results and Discussion

4. 4. 1. Preparation and Characterization of SLG and SAM formed by 

n-alkylamine

We prepared SLG on copper foil following the previously reported procedure based 

on CVD method[4] and confirmed the quality and single layer structure with Raman 

spectroscopy and STM. Noncovalent interaction of amine anchor with SLG allows 

reversible adsorption and desorption for self-repair, leading to well packed monolayers 

without alteration of the chemical structure of SLG.[349,359,360] To form SAMs, SLG on 

copper foil (Cu//SLG) was incubated in a 18 mM solution of H2NCn with methanol and 

THF mixed solvent.[349]

The formation of SAMs was confirmed by STM and XPS. In STM analysis, the 

hexagonal pattern of SLG disappeared upon adsorption of H2NCn (Figure 4-4). In high 

resolution XPS spectra, the C 1� signal was presented by a combination of two peaks at 

284.7 and 285.8 eV, corresponding to ��� and ��� carbons, respectively. The peak 

integration ratio of ��� to ��� increased with increasing the alkane chain length (n in 

H2NCn; Figure 4-1e and 4-1f). The binding energies of N 1� were observed at 400 eV 

(Figure 4-1e and 4-1f). The integration ratio of N 1� to ��� C 1� peaks decreased as 

the alkane chain length increased (shown in Table 4-1). These observations confirmed the 

formation of desired SAM on SLG.[350,351]

The formation of SAM on SLG was further confirmed by Raman spectroscopy. The 

Raman spectra exhibited � and 2� bands at around 1580 cm-1 and 2680 cm-1, 

respectively (Figure 4-1g). The � band is the main spectral feature of carbon-based 

materials including graphene, and 2� band means the perfect symmetry of graphene 

hexagonal lattice.[42,225,229] These bands represent the phonon interactions at the � and 

� points in the BZ, respectively, and the positions and intensities of the points verify 

doping level and the number of graphene layers. We also observed � band at 1340 cm-1. 

The � band signifies disorder band due to lattice motion away from the middle of the BZ. 

The intensity of the � band of our SLG remained unchanged upon SAM formation 

regardless of the alkyl chain length (Figure 4-1g), confirming the no significant changes 

in the hexagonal symmetry structure by the noncovalent contact between SLG and 

H2NCn.[188,323,361] The crystallinity of SLG can be determined by the ratio ��� ��⁄

where �� is the intensity of � band in Raman spectra of SLG (� = 2� or �): ��� in 

single-crystalline SLG is large compared to that of � band.[42,187,229] The ratio ��� ��⁄

of our SLG was above 2, indicating its good quality in terms of crystallinity.
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For Raman spectroscopic analysis, we transferred SLG from Cu foil onto SiO2/Si 

substrate. The transfer was especially intended to eliminate the dominant Raman signal of 

Cu. The transfer process inevitably involved water treatment and handling of sample in 

ambient conditions, which caused bare SLG to be p-type doped (Figure 4-1h). In general, 

large-area graphene synthesized by the CVD method tends to be p-type doped compared 

to exfoliated graphene.[362] Upon SAM formation, the � band position was blue-shifted 

with respect to the position of intact SLG (Figure 4-1g and 4-1h). This was attributed to 

n-type doping of SLG by the amine anchor.[205,363] Interestingly, as the alkyl chain length 

increased, the degree of blue shift of the � band gradually increased, which confirmed the 

formation of desired SAMs. The n-type doping of SLG upon SAM formation was further 

validated by the FET analysis.

Figure 4-4. STM images of (a) bare SLG on SiO2 and (b) H2NCn SAM//SLG on SiO2

acquired at height and current modes in −800 mV. The hexagonal pattern of SLG 
disappeared upon adsorption of H2NCn. (Produced from S. P.)
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Table 4-1. Integration of XPS peaks for C 1� (���) and N 1� in Cu//SLG//H2NCn SAMs.
(Produced from S. P.)

Table 4-2. The position of averaged � peak (cm-1) in Raman spectra for bare SLG and 
SLG//H2NCn SAMs. (Produced from S. P.)
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4. 4. 2. Thermovoltage Measurements

We formed EGaIn conical tips, constructed junctions, and measured thermovoltage, 

�� [μV] following the methods reported in the literature.[364–366] Figure 4-5a shows 

exemplary histograms of �� obtained at different temperature differentials ( �� =

4, 8, 12 K) . The yield of working thermoelectric junctions ranged from 64 to 93%. 

Through fitting of the histograms with single gaussian curves, we derived mean values of 

�� (������) and standard deviation (σ��).

Figure 4-5b shows the �� trends as a function of �� for different H2NCn

compounds. All the measured �� values were negative. All the SAMs exhibited increased 

�� as �� increased, which yielded positive � values. The value of σ�� increased with 

increasing �� and with shortening the alkane chain length. The dependence of σ�� on 

�� and the length could be explained by the difference in packing structure of monolayers. 

Strong lateral interaction between n-alkane backbone in long n-alkyl amines would yield 

solid-like monolayers whereas short n-alkylamine molecules generate relatively disordered 

monolayers, which is reminiscent of n-alkanethiolate SAMs.[328] Such a difference in the 

degree of structural disorder is likely responsible for the observed trend of σ�� . Through 

linear square fitting in the plot of  ������ as a function of ��, we estimated S values of 

entire junctions, which were converted into � values of SAMs after considering 

thermopower of materials used to form circuits (shown in Figure 4-6 and 4-7 for more 

details).
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Figure 4-5. (a) Thermovoltage histograms for H2NCn (n = 4, 6, 8, … , 18 ) SAMs. (b) 
Trends of �� as a function of various �� for the SAMs. (Produced from S. P.)
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Figure 4-6. Schematic describing the structure of large-area thermoelectric junction we 
used in this work when the temperature difference (��) between bare SLG (�������) and 
EGaIn conical tip (����) is 8.0 ℃. (Produced from S. P.)

Figure 4-7. Thermopower analysis of the Cu//SLG//SAM//Ga2O3/EGaIn junction.
(Produced from S. P.)
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4. 4. 3. Enhanced � and Its Length Dependence

To examine the effect of noncovalent contact on thermopower, we compared �

values for SLG//H2NCn//Ga2O3/EGaIn and Au/SCn//Ga2O3/EGaIn junctions. Note that 

these two junctions have identical EGaIn top-electrode and alkane backbone, which made 

it possible to single out reliably the effect of different contact nature. Figure 4-8a compares 

the length dependence of �  values for Au/SCn and SLG//H2NCn SAMs. Both systems 

exhibited the same crossover point, n = 10 (see below for detailed discussion on length 

dependence).

Notably, there were overall enhancements of � values in the noncovalent junction 

as compared to the analogous covalent junction (Figure 4-8b). The value of S in 

SLG//H2NC4 (30.6 μV/K) was higher by a factor of five than that in Au/SC4 (6.4 μV/K); 

there was a three-fold difference in the value of � between SLG//H2NC18 (7.8 μV/K) and 

Au/SC18 (2.5 μV/K). These enhancements can be explained in two aspects: thermal 

boundary resistance and electronic structure at the interface. Loss of �� at the interface 

can be translated into reduced �. There is a noticeable difference in �� between covalent 

and noncovalent molecule-electrode contacts.[367–374] For example, the temperature drop 

at S/Au covalent contact is ~10 K, which is lower by two-fold than the temperature drops 

at −CH3//Au vdW contact (~20 K). Q. Li et al. reported[375] that noncovalent � − � stack 

between SLG and aromatic (benzene, anthracene) anchor can efficiently suppress phonon 

transport, leading to smaller phononic thermal conductance by an order of magnitude than 

that in the analogous junction with C−C covalent contact at 300 K. The amine-SLG 

interaction (0.22 eV) is five-fold weaker than the � − �  stack (1.01 eV), making our 

reasoning plausible.[360,376] Such a difference in the temperature drop between the 

covalent and noncovalent contacts is not trivial but cannot fully account for our 

observations. Our experiments (discussed below) indicate that the electronic structural 

effect contributes significantly to the observed difference in �  values between 

SLG//H2NCn and Au/SCn.

Length dependence of �  can be explained by the following semiempirical 

parametric equation:[324,377]

� = �� + �� × � (4-3)

where �� is the Seebeck coefficient at the hypothetical non-shorting junction that 

does not possess an insulating organic component; �� is the rate of Seebeck coefficient 

change as a function of molecular length (� in Å or the number of repeating units such as 

the number of carbon atoms). We observed a linear regression of �  value against 

molecular length for the short molecules from H2NC4 to H2NC10 (Figure 4-8a) The values 

of ��  and ��  for the regression was −3.1 ± 0.4  mV·(K·nC)−1 and 41.7 ± 3.5  mV/K.



134

Interestingly, there was a transition in �� from −3.1 ± 0.4 to −0.47 ± 0.07 mV·(K·nC)−1 at 

H2NC10. Such a transition in the slope was consistent with the trend of Au/SCn.[328]

Figure 4-8. (a) Comparison of length dependence of Seebeck coefficient, � [mV/K] for 
noncovalent (SLG//H2NCn) and covalent (Au/SCn) junctions. (b) Enhanced � values in 
the noncovalent interface as compared to the covalent one. (Produced from S. P.)
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4. 4. 4. Electronic Structure-Thermopower Relationship

We conducted UPS measurements for Cu/SLG//H2NCn to determine WF (Figure 

4-3). Our bare SLG on Cu foil exhibited WF of 4.5 eV, and, upon SAM formation, it 

decreased to 3.8 eV, which was consistent with previously reported WF of organic-doped 

graphene.[378,379] The reduction of WF in combination with the Raman spectroscopic 

analysis clearly indicates the n-type doping by the amine anchor.

We further characterized the electronic structure of SLG//H2NCn with the FET 

method. The FET method allows one to determine ���� (also called Dirac point voltage), 

which is intimately related to doping level, � (also called charge carrier concentration) 

and �� , according to the Equation (2-19) and (2-28), respectively, where �� is the 

vacuum permittivity (= 8.854×10-12 F·m-1); ��� is the relative permittivity of gate 

dielectric material, SiO2 (= 3.9) with its thickness ��� (= 300 nm); Δ���� is the change 

of the applied gate voltage and � is the elementary charge (= 1.602×10-19 C); ℏ is the 

reduced Planck constant as known as Dirac constant (= 1.055×10-34 J·s); �� is the Fermi 

velocity (selected as the value of 2.5×106 m·s-1).[241] For n-type doping, ���� is expected 

to decrease.[380] We assumed that the intrinsic carrier concentration of SLG remained 

constant regardless of the presence of SAM with a different alkyl chain length as the 

noncovalent interaction between SLG and amine molecules of SAMs did not damage the 

hexagonal lattice structure of SLG. The Raman spectra showed no significant difference in 

��� ��⁄ ratio between SLG with and without SAM (Figure 4-1g), proving our assumption.

We fabricated FET devices with our SAMs and measured ���� and derived ��. 

The bare graphene exhibited ���� > 0, which was indicative of p-type doping (Figure 4-

9a). This is due to the long exposure time in the air,[134,140,143,205] doping by water 

molecules during copper etch and wet transfer processes,[146,147,381,382] and back-gate 

in FET measurements.[233,383] The observed p-doping was consistent with the result of 

Raman spectroscopic analysis. The electrical transfer curve was measured on 30 different 

junctions with ��� = 0.2 mV. As shown in Figure 4-9b, upon the formation of SAM, 

���� decreased relative to that of bare SLG, and the values of ���� gradually decreased 

as the alkyl chain length increased, indicating n-type doping (Figure 4-9c), consistent with 

the result of Raman spectroscopic analysis (Figure 4-1g). The results of the other SAMs 

are shown in Figure 4-10. The EF value was correlated with the length of alkyl amine.
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Figure 4-9. (a, b) Representative ���-��� curves obtained by FET analysis for bare SLG 
(Si/SiO2//SLG) and SLG with H2NC8 SAM (Si/SiO2//SLG//H2NC8). (c) Plots of ���� and 
degree of �� shift as a function of alkyl chain length (n in H2NCn). Each data point is the 
average value of measurements on 30 separate devices.
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Figure 4-11. (a) Scheme of band structures with �� shift and change of DOS for 
SLG//H2NCn SAM. (b) Plot of simulated Seebeck coefficient, � [μV/K]. (c) Comparison 
in length dependence between experimental and theoretical � values as a function of the 
molecular length.
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4. 4. 5. Noncovalent Contact Induced Gap States

According to a TB approximation model, a perfect-crystalline, pure, and undoped 

SLG shows a band structure with zero gap, as known as Dirac cone (blue line in Figure 4-

12a).[384,385] Mechanical behavior resulting in the change/fracture of hexagonal lattice 

system of graphene causes a small gap. Examples of such cases include the formation of 

crystal defects,[21,25,26] increase in strain,[108,109,386] doping induced by 

chemisorption or physisorption.[384,387–390]

In this physisorption, the nitrogen atom of the amine group (−NH2) in H2NCn

interacts with the carbon atoms that form the SLG to generate new in-gap states. We 

conducted ab initio calculations to examine the creation of such energy states upon 

physisorption of the amine molecules on SLG, and what factors do and do not influence 

the states. Upon the physisorption, new in-gap states near −0.1 eV appeared (Figure 4-12). 

Interestingly, the newly generated in-gap states did not vary according to the length of alkyl 

chain, tilt angle of molecules with respect to the surface normal, and distance between SLG 

surface and nitrogen atom (Figure 4-13, 4-14 and 4-15). 

A noticeable feature in our calculations was that the binding energy of H2NCn

molecules over SLG became more negative with increasing the alkyl chain length (Figure 

4-16). This indicates that, as the length of alkyl chain increases, the molecules are packed 

more densely. The higher packing density of molecules leads to more nitrogen atoms per 

unit area, better n-type doping, and more shift of �� , which is consistent with the 

dependence of �� shift on the alkyl chain length in Figure 4-9c. The literature explains 

that the surface coverage on graphene and the packing stabilization energy in H2NCn SAMs 

vary noticeably at n = 10,[349,359,360] which accounts for the transition in the slope of 

plots shown in Figure 4-9c. From the FET measurements, we also determined charge 

carrier concentration, n [1012 cm-2]. It increased from 0.588 for H2NC4 to 3.231 for 

H2NC18 (Table 4-3). The increasing trend of n as the alkyl chain lengthens further confirms 

better packing density for longer molecules and the greater extent of n-type doping based 

on Equation (2-19).[205,323]

Figure 4-12a shows the band structures schematically drawn based on our 

calculations and FET analysis and summarizes the change of electronic structure before and 

after physisorption of the amine molecules. Physisorption of H2NCn SAM on SLG surface 

leads to creation of noncovalent contact induced gap states, and the increase of density of 

states (DOS) near the gap (black-filled peaks in Figure 4-12a).[384,385] As the alkyl chain 

increases, �� is shifted to a more positive value, while the gap state is fixed at −0.1 eV 

(Figure 4-12a). As a result, the energy offset increases. This is consistent with the FET 

analysis as shown in Figure 4-9c. Our experiments and calculation indicate that the 

noncovalent contact-induced gap-states and shift of �� govern the thermopower of our 

junction.
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Figure 4-12. The system used for calculations. (a) The side view for the structure of H2NC16

SAM on SLG with (3 × 3) unit cell. Here, � [°] is the tilt angle of molecule with respect 
to the surface normal, and � [Å] is the distance between SLG and nitrogen atom of amine 
group. The distance between molecules was set to be 7.38 Å (3 × 3). (b) The DOS spectra 
of bare SLG and SLG(3 × 3)//H2NC16 SAM. (c) The plot for difference in DOS between 
SLG(3 × 3)//H2NC16 and bare SLG. The new in-gap states appeared near −0.1 eV upon the 
physisorption.

Figure 4-13. No response of energy level of in-gap state to the change in alkyl chain length 
(n  in H2NCn). (a) The DOS spectra of bare SLG and SLG(3 × 3 )//H2NCn SAM for 
different alkyl chain length (n = 4 or 16). (b) The corresponding plot of difference in 
DOS between SLG(3 × 3)//H2NCn and bare SLG. The in-gap states near −0.1 eV did not 
vary according to the change in the alkyl chain length. The α and � values were fixed to 
30° and 3.2 Å, respectively.



141

Figure 4-14. No response of energy level of in-gap state to the change in tilt angle of 
molecules. (a) The DOS spectra of bare SLG and SLG(3 × 3)//H2NC16 for different tilt 
angles ( � = 17 or 30° ) of molecules with respect to the surface normal. (b) The 
corresponding plot of difference in DOS between SLG(3 × 3)//H2NC16 (� = 17 or 30°) 
and bare SLG. The in-gap states near −0.1 eV did not vary according to the change in the 
tilt angle. The � value was fixed to 3.2 Å.

Figure 4-15. No response of energy level of in-gap state to the change in distance between 
SLG and nitrogen atom of amine group. (a) The DOS spectra of bare SLG and 
SLG(3 × 3)//H2NC16 SAM for different distance between SLG surface and nitrogen atom 

( � = 2.8 or 3.2 Å ). (b) The corresponding plot of difference in DOS between 
SLG(3 × 3)//H2NC16 and bare SLG. The in-gap states near −0.1 eV did not vary according 
to the change in the distance between SLG and nitrogen atom. The � value was fixed to 
30°.
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Figure 4-16. The binding energy, ��  [eV] with variations of the chain length (n  in 
H2NCn).

Table 4-3. Carrier concentration, n of the FET devices with H2NCn SAMs. The data were 
averaged from 30 separate measurements.
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4. 4. 6. Simulation of Seebeck Coefficient

Using Equation (4-1) and (4-2), we simulated � values. For the sake of simplicity, 

we assumed that both top and bottom noncovalent contacts are identical. This allowed us 

to use G = 0.050 eV , which has been used for vdW contacts in EGaIn junctions.[329]

Figure 4-11b shows the plot of transmission function simulated with �� values obtained 

from FET measurements. The calculated � values surprisingly well concurred with the 

experimental ones. The value of �� varied from −3.1 ± 0.1 to −0.35 ± 0.03 mV/(K·n) 

at n = 10 in calculated data, which accounted for the experimentally observed transition 

of slope ( −3.1 ± 0.4  to −0.43 ± 0.03  mV/(K·n) at n = 10 ). The change

in �� appearing around n = 10 would be due to the different packing structures of SAM 

of the chain length longer or shorter than H2NC10. It has been established that liquid-like 

SAMs transition into solid-like SAMs at SC10. Similarly, in SLG//H2NCn SAMs, packing 

and surface coverage change gradually after H2NC10. One may argue that the change in ��

may be due to the transition in transport mechanism from direct tunneling to hopping. We 

eliminated this possibility given that no temperature dependence of current density has been 

reported in the analogous SAMs.[349]

While the overall trends of length dependence of simulated �  values were 

consistent with those of experimentally determined ones, there were marginal deviations in 

absolute values of �  between them (Figure 4-11c). This could be explained by the 

following reasons. First, the deviations could be attributed to the complexity arising from 

the supramolecular packing structure in monolayers. In the model of Equation (4-2), � is 

determined based on an ideal lorentzian-shaped transmission peak (as shown in Figure 4-

1c), which can fit single-molecule systems well.[325,331,333,341] In a large-area junction, 

molecules within monolayers are disordered to some extent, and the defects can cause a 

change in the shape of transmission function from lorentzian to gaussian.[364] This may 

reduce the slope at EF and be responsible for the decreased �  values in experiments. 

Second, the effect of G on � would not be negligible. When G = 0. 050 eV, values of S

for n ≤ 10 in H2NCn SAMs were 43.9, 37.7 and 30.6 μV/K, respectively. When G was 

increased by a factor of four (to 0.20 eV), the values of � were decreased to 39.0, 34.5 

and 28.9 μV/K, respectively. In contrast, for the long molecular length regime (n ≥ 10), 

the S value did not significantly depend on the variation of G. This result indicates that the 

� value becomes more sensitive to the change of G as D� is smaller and the alkane chain 

length of H2NCn is shorter. Therefore, the deviations between experimental and theoretical 

� values in the short molecules may reflect the uncertainty of G. Third, there may be a 

noticeable difference in D�  between the SAMs with and without the EGaIn top-

contact.[391] The top electrode-induced renormalization[392,393] may be nontrivial in our 

junctions and responsible for the observed deviations.
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4. 4. 7. Comparison with Au/S Covalent Contact

Thermopower of both noncovalent (SLG//H2NCn) and covalent (Au/SCn) junction 

relies on the orbital mixing between anchor and electrode at the contact, yet our work 

suggests that the underlying mechanism differs in detail. The thermopower of Au/SCn

system is governed by the chemisorption induced gap states (CIGS), which stems from 

orbital mixing of S-Au moiety with a small number of adjacent hydrocarbons of n-alkane 

chain.[328,346,394,395] In short n-alkyl chains (n ≤ 10), the CIGS depends on the length 

of alkyl chain and dominates transmission coefficient, whereas it becomes insignificant in 

the regime of long alkanes (n ≥ 10).[346,394] In contrast, our experiments revealed that 

the thermopower of SLG//H2NCn system is dominated by the new gap states and n-type 

doping caused by the amine-SLG noncovalent contact. One may argue that a higher 

Seebeck coefficient of bare SLG than gold could be the reason for our observations. 

However, the S value for SLG//Ga2O3/EGaIn (4.5 μV/K; see Figure 4-17) was similar to 

that for Au/Ga2O3/EGaIn (3.4 μV/K),[326] disproving the possibility.



145

Figure 4-17. Histograms of thermoelectric voltage measured at the 
Cu//SLG//Ga2O3/EGaIn junctions. (i.e., SLG junctions without SAM), and estimated mean 
and standard deviation, �  values of thermoelectric voltage, ��  from gaussian fitting 
curves. (Produced from S. P.)
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4. 5. Conclusion

In summary, we have demonstrated that thermopower in saturated molecules can be 

enhanced by SLG electrode. Our experiments show � values in the noncovalent junction are 

larger (by up to five-fold) than those of the covalent junction. The underlying mechanism for 

the enhancement of � is revealed to be the generation of in-gap states and n-type doping 

induced by electronic interaction at the noncovalent contact between amine anchor and 

graphene. The chain length of the alkylamine molecules significantly affects the degree of 

doping (the position of ��) but not the in-gap states, which account for the length dependence 

of thermopower. The simulation of �  with the Mott formula proves our proposed 

mechanism. Our work demonstrates that control over molecule-electrode contact in 

molecular-scale devices can improve Seebeck coefficient of saturated molecules and may 

augur well for developing efficient organic thermoelectric generators.
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요 약 (국문초록)

비공유 화학적 도핑을 이용한

단일층 그래핀 소자의 전자특성 최적화

2004년 그래핀은 테이프를 이용한 (고배향 열분해성) 흑연(highly oriented 

pyrolytic graphite; HOPG)으로부터의 박리를 통해 최초 발견되었다. 이후 수많은

연구들에 의해 그래핀이 우수한 열적, 기계적, 전기적, 광학적 특성을 지녔음이

알려졌다. 2009년에 이르러 화학기상증착(chemical vapor deposition; CVD) 방식을

이용한 다결정 그래핀의 대면적 합성이 실험적으로 가능해졌고, 이로써 그래핀이 다양한

분야에 응용될 수 있는 발판이 마련되었다. 특히 그래핀의 응용분야 중 전기전자특성을

이용한 분야가 각광을 받고 있다. 그래핀은 높은 전자이동도, 전기전도도 및 열전도도를

지닌 재료이며, 밀접결합(tight-binding; TB) 근사 모형을 이용하여 계산한, 결함이 없는

단결정 단층 그래핀의 밴드갭(band gap)은 0임이 밝혀졌다.

재료의 전자특성 조절은 전자소자로의 응용에 필수적 공정이고, 도핑은 전자특성

조절에 주로 쓰이는 방법 중 하나이다. 그래핀에 도핑 처리를 함으로써 밴드갭, 

전기전도도 및 일함수와 같은 전기전자특성을 조절할 수 있다. 그래핀에 대한 도핑

방법으로는 원자 치환, 전계 인가, 분자나 금속 나노입자 등의 물리적 흡착 등이 있다. 

이 중 물리적 흡착 방식은 결함 없이 간단하고 우수한 도핑 효과를 얻을 수 있어

그래핀 도핑 방법으로 널리 사용되고 있다. 본 논문에서는 화학기상증착 방식으로

합성한 그래핀의 전자특성 최적화 방법 및 전자소자로의 응용에 관한 연구를 다루었다. 

그래핀의 전자특성 최적화 방식으로 물리적 흡착을 통한 비공유 화학적 도핑을

택하였으며, 도핑된 그래핀의 전자소자로의 응용 가능성에 대하여 확인하였다.

제1장에서는 그래핀의 물리적 특성 중 전기전자특성에 초점을 맞춰 설명하였다. 

또한, 연구에 사용한 도핑 방법과 도핑된 그래핀의 전하 이동현상에 관하여 소개하였다.

제2장에서는 그래핀의 합성, 전사 및 도핑 방법에 관하여 서술하였다. 연구에

사용된 그래핀은 화학기상증착 방식으로 합성되었으며, 합성된 그래핀은 구리 식각 및

전사 공정을 통해 소자 연구를 위한 시편으로 제작되었다. 그래핀은 자기조립단층(self-

assembled monolayer; SAM)을 형성하는 분자 외 다양한 나노물질을 이용한 물리적

흡착 방식에 의해 화학적 도핑된다. 라만 분광분석을 통해 합성 및 도핑 직후의 그래핀

시편의 품질을 평가하였고, 3 전극 시스템을 이용한 전계효과 트랜지스터를 제작하여

그래핀의 전자특성을 분석하였다.
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제3장에서는 화학기상증착 방식으로 합성한 그래핀에 다양한 나노물질을 차례로

제공함으로써 화학적 도핑 효과의 변화를 나타낸 전자소자 연구를 기술하였다. 그래핀

표면에 금 나노입자를 물리적 흡착 방식으로 도핑하여 비공유 기능화하고, 이를 이용한

그래핀을 전계효과 트랜지스터 소자로 제작하였다. 제작된 소자에 존재하는 금

나노입자에 4-머캅토벤조산(4-mercaptobenzoic acid; 4-MBA) 분자를 흡착시킴으로써

자기조립단층을 형성케 한다. 이때 수은 이온을 주입하면 자기조립단층을 형성한 4-

MBA 분자의 카복시기(carboxyl group)가 리간드로 작용하여 수은 이온을 포획하면서

킬레이트(chelate) 복합체를 구성한다. 각 단계의 그래핀 전계효과 트랜지스터 소자의

전자특성 분석을 통해, 각 나노물질 요소에 의해 그래핀 표면의 도핑 효과가 미세

조정됨을 알 수 있다. 본 연구를 통해 그래핀 전계효과 트랜지스터의 화학적 기능화에

대한 가능성을 확인하였다.

제4장에서는 화학기상증착 방식으로 합성한 그래핀에 n-알킬아민(n-alkylamine; 

H2NCn) 분자를 도입함으로써, n형 도핑된 그래핀을 이용한 열전소자 성능의 향상에

관하여 기술하였다. n-알킬아민 분자는 그래핀 표면에서 자기조립단층을 형성하고

비공유 기능화를 통해 전자를 그래핀에 제공한다. 탄소사슬 길이가 각기 다른 n-

알킬아민 분자를 이용하여 도핑한 그래핀을 3 전극 시스템을 통해 분석함으로써, 서로

다른 길이의 분자를 통해 그래핀 시편의 전하운반자 농도의 조절이 가능함을

확인하였다. n-알킬아민 분자의 자기조립단층이 형성된 각 그래핀 시편 위로

산화갈륨(Ga2O3) 박막층 및 갈륨-인듐 공융합금(eutectic Ga-In alloy; EGaIn) 벌크층을

차례로 적층하여 열전소자를 제작하였다. n-알킬아민 분자의 비공유 접합에 의해 유도

갭 상태(induced-gap state)가 그래핀 열전소자(SLG//H2NCn//Ga2O3/EGaIn)에

도입되었다. 금 박막층과 n-알케인싸이올레이트(n-alkanethiolates; SCn) 분자의

접합으로 구성된 종래의 열전소자(Au/SCn//Ga2O3/EGaIn)와의 비교를 통해, 상기한

방식으로 제작된 그래핀 열전소자가 우수한 열전특성을 지니고 있음을 증명하였다.

주요어: 그래핀, 화학적 도핑, 자기조립단층, 비공유 기능화, 전계효과 트랜지스터, 
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