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Abstract 

 

Since graphene has outstanding properties such as high mobility, mechanical 

robustness, flexibility and so on. It has been believed to be next-generation material 

in various applications. Because of the absence of band gap, it is difficult to replace 

Si-based electronics. However, high mobility or high current capacity lead to 

feasibility of graphene-based electronics such as high speed transistor or 

interconnects, respectively. Moreover, graphene can be used for sensor device due 

to its high sensitivity to environment. Therefore, it is required to modify the 

electrical properties and investigate the performance. In this dissertation, we will 

discuss the electrical properties of modified graphene via doping and stacking in 

terms of electrical conductivity, thermoelectric power (TEP), and Raman 

spectroscopy. 

  

 First, we will introduce the electron doping of large area graphene by high 

temperature and high pressure hydrogenation. The n-type doping of hydrogenated 

CVD-grown single layer graphene (SLG) is confirmed by measuring TEP. 

Likewise in mechanically exfoliated SLG, the gate dependent electrical 

conductivity and TEP show n-type doping in CVD-grown SLG. The TEPs of 

pristine and hydrogenated SLG obey the Mott relation, indicating the diffusive 

charge carriers. The Raman spectroscopy exhibits the red-shift of G and 2D peak as 

hydrogen adsorption, which is consistent with the n-type doping observed from 

electrical conductivity and TEP. 

 Bernal stacked bilayer graphene (BLG) can be utilized for electronic 

devices due to band gap opening as applying perpendicular electric field. 

Modulation of carrier density as well as band gap control is essential for electronics. 

We will discuss the n-type doping of Bernal stacked BLG on hexagonal boron 
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nitride (h-BN) by high temperature and high pressure hydrogenation. Since the h-

BN has little dangling bonds and similar lattice structure with graphene, the effect 

of SiO2 substrate is removed, accessing the intrinsic property of graphene. As 

hydrogenation procedure, the n-type doping appears and the temporal evolution 

follows first-order adsorption model. The mobility of electron and hole carrier is 

inversely proportional to impurity density. In addition to the mobility behavior, the 

appearance of D peak in Raman spectroscopy after hydrogenation indicates that the 

charge carriers satisfy short-range scattering. The minimum conductivity shows 

constant value during hydrogenation process, which can be understood by the 

competition between the reduced mobility and the increased carrier density. The 

increase of FWHM (full with half maximum) of G peak requires not only doping 

but also compressive strain. The compressive strain is in good agreement with 

reduced d-spacing in electron diffraction experiment as previously reported.  

 

 Secondly, we will discuss the electrical properties of twisted bilayer 

graphene (tBLG). We fabricated tBLG by transferring CVD-grown SLG twice on 

electron transparent substrate, SiNx, and measured magnetoresistance (MR). We 

obtained two kinds of tBLG sample, which have 2° and 18° of twist angle extracted 

from electron diffraction experiment. The Shubnikov de Haas oscillations in both 

case exhibit two superposed carriers and we obtained Berry's phase by Landau fan 

diagram analysis. The 18° case shows that two carriers have  Berry's phase, 

respectively. In 2° case, low carrier density has , high carrier density has 2 

Berry's phase. The difference can be understood by introducing the interlayer 

potential and interlayer coupling effect in electronic band plot. The Berry's phase of 

carrier pocket is determined by the number of Dirac point, where a Dirac point 

contributes  Berry’s phase. In 18° case, since each carrier pocket has a Dirac point, 

we obtain  Berry's phase for each carrier density. In 2° case, small carrier pocket 

(low carrier density) includes a Dirac cone, which yields  Berry's phase. While, 

large carrier pocket (high carrier density) includes two Dirac cones, which yields 
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2 Berry's phase. As above description, the electrical property of tBLG is modified 

by twist angle.  

 Electron diffraction experiment or Raman spectroscopy can be used to 

extract twist angle. We will introduce an optical method to obtain twist angle by 

hexagonal tBLG. We synthesized hexagonal tBLG by CVD method and the twist 

angle is measured by optical microscope. Analyzing the correlation between angles 

obtained from electron diffraction experiment and optical microscope, the optical 

angle exactly matches atomic twist angle. Moreover, angle dependence of Raman 

spectroscopy obtained from optical microscope is consistent with atomic twist 

angle dependent Raman spectra from electron diffraction experiment. From the 

investigation, we discussed the easy way to acquire twist angle. 

 

 

Keywords : Graphene, Hydrogenation, Electron doping, Twisted bilayer 

graphene, Magnetoresistance, Berry’s phase 
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Chapter 1  

 

Introduction 

 

1.1 Graphene 
 

Graphene is two-dimensional carbon atomic layer, that is, a monolayer of graphite. 

The Carbon atom has six electrons corresponding to the orbital, 1s
2
2s

2
2p

2
. The two 

core-electrons, 1s
2
, are tightly bound to the nuclei and the four valence-electrons, 

2s
2
2p

2
 covalently bond through orbital hybridization. The carbon atoms are 

constructed with honeycomb lattice where each carbon atom is connected to other 

three carbon atoms with one -bond (pz orbital) and three -bond (sp
2
 

hybridization). While the electrons with -bonds are localized, the electron with -

bond is delocalized and results in a linear dispersion relation in the low energy 

regime in electronic band structure [1].  

 

 

Figure 1.1 (a) Two-dimensional honeycomb lattice of carbon atoms. (b) Electronic 

band structure and linear dispersion relation in the low energy regime at K (K’) 

point, adopted from Ref [1]. 
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Figure 1.2 (a) Linear dispersion relation at K (or K’) point. (b) Density of state of 

graphene. 

From the tight-binding approximation, the linear dispersion relation can be 

obtained [1]. 

qvqE F )(                          (1.1) 

qKk                             (1.2) 

Here, E+ (E-), ħ, vF (~10
6
 m/s), k and K are conduction (valence) band, Planck’s 

constant (h) divided by 2, Fermi velocity, wave vector and K symmetry point in 

reciprocal space, respectively. The edges of conduction and valence bands touch at 

the Dirac point (in other word, charge neutrality point), which leads to zero gap. 

The linear dispersion relation results in unique electrical properties such as a linear 

density of state (DOS). 

E
v

ED

F
22

2
~)(


                         (1.3) 

and anomalous half-integer quantum Hall effect [2,3] and Klein tunneling [4,5]. 

 Applicable study as well as fundamental research has been performed for 

example, transparent conductor [6], chemical sensor [7], next generation 

interconnect [8], supercapacitor [9] and so on. As chemical vapor deposition 

method is developed, large-area graphene sheet can be synthesized [10-12].  



 

 3 

 

Figure 1.3 Application of graphene (a) Transparent conductor [6]. (b) Chemical 

sensor [7]. (c) Next generation interconnect [8]. (d) Supercapacitor [9]. 

 

 Since the monolayer graphene shows 97.7 % transmittance in visible light 

region [13] and high electrical conductivity, the large-area graphene film is 

expected to be alternative material of conventional ITO (Indium tin oxide) based 

transparent conducting film (TCF). Due to the ideal two dimensional structures, 

graphene has extremely high surface area to volume ratio leading to be sensitive to 

surroundings. As a result, graphene-based sensor application is suggested [7]. 

Moreover, since graphene has excellent electrical current capacity in low 

dimensional scale and is compatible with conventional silicon-based technology, it 

is expected for next generation interconnects application [8]. Also, it is predicted 

for graphene to improve the electrical performance of cathode in lithium-ion 

batteries [9]. As the graphene is representative two-dimensional material, various 

researches regarding fundamental properties and application have been carried out. 

With the extensive contributions, it opens up novel two-dimensional material 

researches such as hexagonal boron nitride (insulator) [14], molybdenum disulfide 

(semiconductor) [15] and so on. 
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1.2 Electrical conductivity and thermoelectric power 

(TEP) 

 

The carrier density in graphene can be modulated by electric field effect such as 

back gate voltage (Vg) [2,3]. In graphene/SiO2/highly doped-Si device 

configuration, graphene and Si act as parallel-plate capacitor.  

CVQ                             (1.4) 

where Q, C and V are induced charge quantity, capacitance of SiO2 and gate 

voltage. Divided by area, A, the carrier density as a function of Vg can be obtained 

as 

)()( DiracgDiracg
g

VVVV
e

c
n                  (1.5) 

where n, cg, e and VDirac are the carrier density, capacitance per area, the charge 

element and Dirac point. The cg and  are 120 aF/m
2
 and 7.5 × 10

10
 cm

-2
/V, 

respectively, for 285 nm thick SiO2. In the Drude model, the electrical conductivity 

is expressed as 

 ne                           (1.6) 

where ,  are the electrical conductivity and mobility, respectively.  

 

Figure 1.4 Electrical conductivity () as a function of gate voltage (Vg), which is 

adopted from (a) Ref [2] and (b) our data, respectively. 
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 Thermoelectric power (TEP) is supplementary probing tool of electrical 

conductivity to investigate electronic transport properties. Owing to its insensitivity 

of defects in samples, the TEP provides the intrinsic properties of the sample. Let 

us suppose temperature gradient occurs between two ends of sample as shown in 

Fig. 1.5. Since charge carriers in hot region are moving faster than those in cold 

region, the charge carriers re-distribute due to thermal gradient. From the re-

distribution, the imbalance of charge carriers induce electric field E and finally 

reach steady state which means zero net current flow in the sample. The TEP, 

equivalent to the Seebeck coefficient S, is defined by ratio between the temperature 

gradient T and electric field E. 

TSE                           (1.7) 

The sign of TEP directly indicate the type of charge carrier (S > 0 for holes and S < 

0 for electrons) and the unit of TEP is the entropy per charge carrier. Fig. 1.5 is the 

simple illustration of the TEP in the view of classical gas model. 

 

 

Figure 1.5 The classical gas model of TEP. The black solids represent electron 

carriers which are redistributed in response to the temperature gradient. The 

electric field is generated due to charge carrier imbalance and steady state (zero net 

current) is finally formed. 
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According to the Boltzmann transport equation, the Mott relation can be derived as 

F

e

Tk
S B

Mott
















1

3

22

                    (1.8) 

where kB, e, T, , and F are the Boltzmann constant, the charge element, 

temperature, electrical conductivity and Fermi energy. The Mott relation usually 

occurs by diffusive carriers. It is reported that graphene shows the TEP results 

which follow the Mott relation [16]. The charge neutrality point (CNP) corresponds 

to zero and electron (hole) carriers have negative (positive) value in the TEP as 

shown in Fig. 1.6 (b).  

 

Figure 1.6 Electrical conductivity (a) and thermoelectric power (TEP) (b) of 

graphene. The inset shows linear temperature dependence of TEP with respect to 

different gate voltage (carrier density), indicating the Mott relation. Adopted from 

Ref [16]. 
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1.3 Raman spectroscopy 

 

As incident light interacts with matter, phonon can be generated (Stokes Raman 

process) or absorbed (Anti-Stokes Raman process) [17]. Namely, the Raman 

process results from interaction among incident photon, electron and phonon in the 

matter. As a result, Raman spectroscopy is used to investigate carrier density or 

lattice dependent information. In addition, because of its a non-destructive property, 

it is widely utilized in carbon-based materials. In particular, Raman spectra in 

graphene provide information of the number of layers, doping, strain, defect and so 

on. The G, D, 2D peak in Fig. 1.7 are representative Raman spectra of graphene, 

which means specific lattice vibration due to each phonon state. 

 The G peak (~1580 cm
-1

) stems from phonon scattering in -point in 

phonon dispersion relation [19]. The lattice vibration represents E2g mode which 

indicates the asymmetric atomic vibration of hexagonal lattice. The D peak (~1350 

cm
-1

) is contributed from K-point phonon scattering, corresponding to a breathing 

mode of lattice vibration due to A1’ symmetry [20].  

 

 

Figure 1.7 Representative Raman peaks of graphene (G, D, 2D peak) using 532 nm 

wavelength laser, which is adopted from Ref [18]. The Raman data was measured 

with CVD-grown sample.  
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The 2D peak is overtone of D peak and has been used to identify monolayer since 

the peak is fitted by single Lorentzian with ~30 cm
-1

 of FWHM (full width half 

maximum) [21]. Dissimilar with SLG, the 2D peak of bilayer graphene (BLG), few 

layer or graphite consists of multi-components of Lorentzian peaks as shown in Fig. 

1.8. 

 The Raman spectra of graphene can be tuned by carrier density and lattice 

strain. The peak position () and FWHM () change as doping [22,23] and strain 

[24-26], respectively. For example, the G peak position (G) shows minimum peak 

position at Dirac point and increases as electron or hole carriers are induced, i.e. 

doping. While, the 2D peak position shows monotonic shift, which is red (blue) 

shift for electron (hole) carrier. FWHM and intensity ratio, I(2D)/I(G), as well as 

peak position depend on carrier density as shown in Fig. 1.9. The strain also affects 

Raman spectra of graphene, which depends on the type (tensile or compressive). 

For example, the direction of the peak position-shift are negative (positive) for 

tensile (compressive) strain. The peak become broadening and is finally separated 

as two peaks, G
+
 and G

-
. 

 

Figure 1.8 The 2D peak as the number of layers, which is adopted from Ref [21]. 

The peak consists of single (multi-) Lorentzian peak for mono (bi, few or graphite)-

layer. 
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Figure 1.9 Carrier density dependent Raman spectra of graphene, adopted from Ref 

[22] (a) Full spectra of G and 2D peak as a function of gate voltage (with polymer 

electrolyte). (b) G peak position (c) G peak FWHM (d) 2D peak position (e) 

Intensity ratio, I(2D)/I(G). 
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Figure 1.10 G peak spectra of graphene under uniaxial strain, tensile (positive 

values) and compressive (negative values), adopted from Ref [26]. 

 

 

 

1.4 Hydrogenation and twisted structure of graphene 

 

Since graphene is easily p-doped (hole carrier) due to oxygen or water molecule 

adsorption in ambient environment [27]. It is essential to manipulate the type of 

carrier, especially n-doping, for graphene-based electronics [28]. In order to adjust 

carrier density in graphene, several approaches have been performed such as metal 

decoration [29-31], gas [32], and molecule [33] adsorption. The doping type (p or 

n-type) and mobility are affected depending on the dopants. Hydrogenation is a 
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method, resulting in various phenomena such as hydrogen storage [34], doping 

[35-38], metal-insulator transition [35], and enhancement of spin-orbit coupling 

[39]. Depending on hydrogen treatment, both p and n-type doping were reported 

[35-38]. For example, graphane obtained from hydrogen plasma treatment shows 

p-doping [35] and dissociative induced hydrogen adsorption leads to n-type doping 

[38]. 

 

Figure 1.11 Various phenomena of hydrogenated graphene. (a) Graphane, metal-

insulator transition and p-type doping, adopted from Ref [35]. (b) Enhancement of 

spin-orbit coupling, adopted from Ref [39]. (c,d) n-type doping, adopted from Ref 

[36,37]. 
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Figure 1.12 Bilayer graphene with Bernal and twisted stacking. (a) Scheme for 

electronic band structure of BLG with (or without) perpendicular electric field, 

adopted from Ref [41]. (b) Resistance of Bernal stacked BLG with respect to 

perpendicular electric field, adopted from Ref [41]. (c) Schemes of tBLG in real (R) 

and momentum (K) space. (d) Electronic band structure of tBLG with interlayer 

potential, adopted from Ref [45]. 

  

 Another manipulating the electrical properties of graphene is stacking. As 

the manner to stack graphene layers, the electronic band structure dramatically 

changes as shown in Fig. 1.12 (a) and (c). For example, in contrast to SLG, the 

band gap can be opened in Bernal (AB) stacked bilayer graphene (BLG) by 

applying perpendicular electric field [40,41] as shown in Fig. 1.12 (a) and (b). For 

trilayer graphene, the stacking order (ABA or ABC) have different electronic band 

modulation [42-44]. Besides the AB-stacking, there is another degree of freedom, 
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twist angle, where two SLG sheets are rotated each other and called by twisted 

bilayer graphene (tBLG). Since the band structure of the tBLG is such that two 

Dirac cones are superimposed as shown in Fig. 1.12 (c), different electronic 

property is anticipated compared with AB stacked BLG [45,46]. For example, 

hybridization of band structure [47,48], superlattice structure [48,49], coexistence 

of massless and massive carrier [50] and multicarrier transport [51-54] phenomena 

were observed in various tBLG systems. 

 The Raman spectra as well as electrical transport properties change as 

relying on stacking. Bernal stacked BLG shows distinctive 2D peak which consists 

of 4-Lorentzian components as shown in Fig. 1.13 [21]. In tBLG, the Raman 

spectra show much more various features as shown in Fig. 1.14. The peak position 

and FWHM of G and 2D peak change as a function of twist angle [55,56] and 

novel peaks such as R and R’ appear at specific twist angle due to superlattice 

potential [57]. 

 
Figure 1.13 The 2D peak of Bernal stacked BLG with respect to incident laser 

wave length, adopted from Ref [21].   



 

 14 

 

Figure 1.14 Representative Raman spectra of tBLG, adopted from Ref [56]. (a) 

Representative Raman spectra of tBLG with respect to twist angles. (b) Analysis of 

the 2D peak as a function of twist angle.  
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1.5 Outline of Thesis 

 

In this thesis, the electrical properties of graphene are investigated as doping and 

stacking. We focus on the structural and electronic studies of hydrogenated 

graphene and twisted bilayer graphene. The research background such as electrical 

conductivity, TEP, Raman spectroscopy, hydrogenation and stacking of graphene is 

introduced in this Chapter. The experimental details are described in Chapter 2. 

The verification using TEP of hydrogenated graphene is presented in Chapter 3. In 

Chapter 4, the electrical properties of hydrogenated bilayer graphene on hexagonal 

boron nitride will be discussed. The magnetoresistance study of tBLG, which is 

correlated with twist angle is discussed in Chapter 5. As a platform for exploration 

of tBLG, synthesis of hexagonal tBLG will be presented in Chapter 6. Finally, we 

summarize our results and make conclusions in Chapter 7.     
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Chapter 2  

 

Experimental methods 

 

2.1 Graphene preparation and device fabrication 

 

Graphene layers were obtained by mechanical exfoliation [1,2] from highly 

oriented pyrolytic graphite (HOPG) and grown by chemical vapor deposition 

(CVD) method. For CVD growth, we used copper foil (Alfa aesar, 25 m thick) as 

a catalytic substrate leading to large-area SLG due to low carbon solubility [3]. 

Prior to growth, the foil was treated in acetic acid to get rid of natural oxide or 

polished using chemical mechanical method with FeCl3 solution. The CVD 

graphene were grown with mixed gases of methane (1 % concentration in Ar), H2 

(99.999 %), and Ar at high temperature (1070 °C) under atmospheric pressure. The 

graphene layers were spin-coated by a poly(methyl methacrylate) (PMMA 950K 

A4 from Microchem.) and transferred onto SiO2 (285 nm)/Si by bubbling transfer 

method [4].  

 

Figure 2.1 Optical images of graphene on SiO2 (285 nm)/Si substrate. (a) 

Mechanically exfoliated SLG (b) Fully covered CVD-grown SLG (c) Hexagonal 

CVD-grown SLG/BLG.  
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 Graphene devices were fabricated on (i) SiO2 (285 nm thick) / highly p-

doped silicon (100) substrate (for chapter 3 and 4) and (ii) SiNx substrate (for 

chapter 5). The substrates were pre-patterned by photolithography in order to form 

align marker for electron beam lithography. The standard electron beam 

lithography was employed to etch graphene by O2 plasma with PMMA mask. To 

make electrode, we did electron beam lithography with double layer of copolymer 

ethyl lactate (EL6) and PMMA and deposited metal layer of Cr/Au (3/50 nm).  

 

 

2.2 Electrical conductivity and thermoelectric power 

measurement 

 

The electrical conductivity was measured by DC (in chapter 3 and 4) or AC (in 

chapter 5) method. The three-terminal DC electrical conductivity ( vs Vg) was 

obtained using semiconductor characterization system, Keithley SCS-4200. The 

two-terminal AC electrical conductivity was measured using 6221A current-source 

and SR 830 lock-in amplifier with excitation current of 1 nA (RMS), and frequency 

of 73.33 Hz. The magnetic field was applied up to 35 T in NHMFL (National High 

Magnetic Field Laboratory, USA). 

 

Figure 2.2 (a) Optical image of TEP device. (b) The confirmation of TEP. (c) 

Calibration of temperature difference. 
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 The thermoelectric power (TEP) was obtained by DC measurement 

configuration. The micro-scale TEP device consists on micro-heater, thermometers, 

and voltage probes as shown in Fig. 2.2(a) [5]. We measured the voltage difference 

between hot and cold electrode during applying current through the heater. The 

occurrence of the temperature gradient was confirmed by checking the relation, 

2
heaterth IV   as shown in Fig. 2.2(b), where Vth and Iheater are thermoelectric 

voltage and heater current [6]. We calibrated the temperature difference between 

two metal electrodes by measuring the temperature dependence of four-probe 

resistance as shown in Fig. 2.2(c).  

 

 

 

2.3 High temperature and high pressure 

hydrogenation procedure 

 

We set up home-made high temperature and high pressure chamber for hydrogen-

exposure [7]. The maximum temperature and pressure were designed to be 400 K 

and 24 bar. Before injecting H2 gas (99.9999 %), we annealed the devices above 

373 K for 10 hours with evacuating the system. 

 

Figure 2.3 Home-made high temperature and high pressure H2 chamber, adopted 

from Ref [7]. 
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2.4 Raman spectroscopy 

 

Raman spectroscopy of graphene layers was obtained using a 532 nm laser-

wavelength with a power of 0.2 mW (LabRam 300 by JY-Horiba). The Raman 

measurements were carried out at room temperature in air.  
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Chapter 3  

 

Verification of electron doping in 

hydrogenated graphene by 

thermoelectric power 

 

 

3.1 Introduction 

 

Given that graphene, a two-dimensional honeycomb lattice of carbon, is an ideal 

monolayer, it has a large surface-area-to-volume ratio. Hence, charge transfer 

phenomena such as molecular sensing and doping have been extensively 

investigated [1-8]. We also recently reported n-type doping on graphene by 

dissociative hydrogen (H2) adsorption [9]. The additional delocalized electron due 

to H2 adsorption results in n-type doping, which allows the realization of lateral 

graphene p-n junctions [10]. 

In order to utilize the n-type doping feature in applications, it is necessary 

to investigate the electrical properties of large-scale graphene such as single-layer 

graphene (SLG) grown by chemical vapor deposition (CVD). Furthermore, 

additional systematic and varied approaches are required to understand the 

electrical properties of CVD-grown SLG after exposure to H2. (We denote this 

sample as SLG/H2.) Revealing the electrical properties, the electrical resistance 
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was mainly discussed in a previous report [9]. In addition to the resistance, 

thermoelectric power (TEP) and Raman spectroscopy can be used to explore 

electronic structures. The TEP, equivalent to the Seebeck coefficient S, is defined 

as 
T

V
S




 , where V and T are the voltage and temperature difference through 

the sample, respectively. Because the TEP indicates the majority charge carrier in 

the system, this quantity is often adopted to probe charge transfer phenomena [11-

13]. Raman spectroscopy is also a useful tool with which to probe the chemical 

potential and charge carrier interaction at the molecular scale [14-18]. Therefore, 

these two tools have been widely used to study charge-related phenomena in low-

dimensional systems. 

In this chapter, we report the electrical properties, resistance, TEP, and 

Raman spectroscopy of CVD-grown SLG/H2, which probe electron doping in a 

sample due to H2 molecules. The Dirac point in the transfer curve, the resistance (R) 

vs the gate voltage (Vg), and the charge neutrality point (CNP) in the TEP shift to 

the negative Vg region. All of these findings are consistent with each other. From 

the simultaneous measurements of R and TEP, we found that the dissociated H2-

adsorbed graphene follows a semi-classical Mott relation and maintains an intrinsic 

electronic structure. Raman spectroscopy also provided the signature of electron 

doping in the carbon system. We proved that H2 exposure contributes to electron 

doping manipulation. 

 

 

3.2 Experimental 

 

Large-area SLG was grown on a copper foil (Alfa aesar 13382) [19] and 

transferred onto a 285 nm thick SiO2 substrate [20]. Rectangular-shaped SLG (15 

m x 5 m) was obtained by conventional electron beam lithography, followed by 

O2 plasma etching. Finally, electrodes were fabricated by electron beam 
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lithography and metal evaporation (Cr/Au=5/50 nm). We designed a typical TEP 

measurement configuration which consists of a micro-heater, thermometers and a 

voltage probe, as shown in the inset of Fig. 3.1(a) [21]. The two-probe resistance 

and TEP were simultaneously measured on the same device at 300 K in a vacuum 

and in a high-pressure H2 atmosphere. The steady state TEP measurement was 

performed in the linear regime (T<<T). We annealed the device at 390 K under a 

high vacuum (~5×10
-6

 Torr) for 10 hours for pristine SLG to remove residues in the 

high-vacuum/high-pressure chamber. The prepared SLG was exposed to a pressure 

of 11 bar of H2 (99.9999 %) at 350 K. Raman spectroscopy was carried out using a 

532 nm laser with a power of 0.2 mW with a LabRam 300 by JY-Horiba. 

 

 

 

3.3 Results and Discussion 

 

3.3.1 The gate dependence of electrical conductivity 

 

Figure 3.1(a) shows the representative transfer curve of the CVD-grown SLG 

device. The black and blue curves correspond to SLG and SLG/H2, respectively. 

We observed that the Dirac point shifted from 3.8 V to -0.6 V during the H2 

exposure process. n-type doping was previously reported and analyzed as a result 

of dissociative H2 adsorption [9]. In order to analyze this more quantitatively, we 

fitted the result to the transfer curve model of SLG, 
2
0

2

1
)(

1

nnW

L

e
RR c





, 

where Rc, e, , L (W), n, and n0 are the contact resistance, charge element, mobility, 

length (width), carrier density and residual carrier density, respectively [22].  
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Figure 3.1 (a) Transfer curves of pristine SLG (black) and SLG/H2 (blue). The red 

lines are the fitting curves with the transfer curve model for SLG. The inset is an 

optical image of a typical configuration for the TEP measurement. The scale bar is 

10 m. (b) The fitting parameters (VD; Dirac point, n0; residual carrier density, ; 

mobility, Rc; contact resistance) of pristine SLG (P) and SLG/H2 (H) for three 

devices. 
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 The carrier density was obtained from a two-parallel-capacitor model, 

)( Dg VVn  , where VD is Dirac point and 1210
)285( 105.7

2

 VcmnmSiO . The 

fitting parameters   are presented in Fig. 3.1(b), showing a consistent tendency in 

the three devices. We found that the three devices are of a high quality with a 

mobility range of 1500 to 3500 cm
2
V

-1
s

-1
. The Rc and  values are constant during 

the H2 exposure process, while the n0 value increases and the Dirac point shifts to 

the negative Vg region (3.8 V to -0.6 V). According to Kim et al. [9] dissociative 

H2-chemisorption affects the increase in the residual carrier density rather than the 

impurity density in SLG. This is in good agreement with our interpretation, which 

means that the residual carrier density increases but the mobility does not change 

after the H2 exposure step. Because the residual carrier density is directly related to 

the resistance at the Dirac point, we can confirm that the experimental observation, 

R(SLG/H2) < R(SLG) at each Dirac point, is also valid. 

 

 

3.3.2 The gate dependence of thermoelectric power 

 

With complement of the electrical resistance, the TEP can be used to study the 

intrinsic electrical properties. The TEP is sensitive to the electronic band structure 

and represents the entropy per unit charge [21]. Specifically, the TEP directly 

reveals the sign of the majority charge carrier of the system. We measured the TEP 

of both SLG and SLG/H2 (Fig. 3.2(a)). We observed a change in the CNP of the 

TEP from 4.1 V (SLG) to -0.7 V (SLG/H2), which coincides with those of the Dirac 

points. As typical behavior of the TEP, the sign of the TEP changes from positive 

(hole) to negative (electron) as Vg varies across the CNP. The TEP far from the 

CNP becomes zero, which can be understood by considering that the entropy per 

carrier decreases in a degenerate state, such as a highly doped regime.  
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Figure 3.2 (a) Measured TEPs of pristine SLG and SLG/H2 as a function of Vg. (b) 

Comparison of the measured and simulated (the Mott relation) TEPs of pristine 

SLG and SLG/H2. 

 

Quantitatively, it is known that SLG follows the semi-classical Mott relation, 

which is described by 

FEE

g

g

B

dE

dV

dV

dG

Ge

Tk
S




1

3

22
, where kB, T, G and EF are 

respectively the Boltzmann constant, the temperature, the conductance and the 

Fermi energy. We also checked the Mott relation for the TEP of SLG and SLG/H2, 
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as shown in the upper and lower insets of Fig. 3.2(b), respectively. The measured 

TEPs are expressed with the black and blue curves, and the calculated TEP with the 

Mott relation are presented using red curves for both cases. Given the consistency 

between the experimental and the calculated data, we observed that H2-

chemisorbed graphene as well as pristine graphene follow the semi-classical Mott 

relation. The TEP after H2 exposure showed a simple position shift without 

distinctive shape deformation. In this light, we can conclude that the exposure of 

SLG to H2 results in n-type doped graphene without a prominent change of the 

electronic structure. 

 

 

3.3.3 Raman spectroscopy 

 

n-type doping was also observed by Raman spectroscopy. The G and 2D peaks 

around 1580 cm
-1

 and 2700 cm
-1

, respectively, are sensitive to the charge carrier 

density. For example, the position, the full width half maximum (FWHM) and the 

intensity ratio (I(2D)/I(G)) change depending on the doping [14]. In Fig. 3.3, we 

show the Raman spectra of SLG and SLG/H2 in black and red lines, respectively. It 

was reported that a D peak around 1350 cm
-1

 appears and that C-H stretching mode 

at 2930 cm
-1

 develops in multilayer graphene after exposure to H2 [9]. In the CVD-

grown SLG, there were no distinctive features for the D peak or the C-H mode, 

which is identical to results with mechanically exfoliated graphene. In contrast, it 

was clearly observed the change of the position, the FWHM and the I(2D)/I(G) as 

shown in the inset of Fig. 3.3. The positions of the G and 2D peaks are 

correspondingly 1591 cm
-1

 (1582 cm
-1

) and 2680 cm
-1

 (2674 cm
-1

) for the pristine 

SLG (SLG/H2). Both the G and the 2D peaks were red-shifted due to H2 exposure. 

This can be understood by assuming that SLG is initially hole-doped.  



 

 36 

 

Figure 3.3 Raman spectra of pristine SLG and SLG/H2. The inset indicates the 

enlarged G and 2D peaks. 

 

The G peak position non-monotonically depends on the carrier density; that is, the 

G peak position has a minimum at the Dirac point and increases with a higher 

carrier density regardless of the sign of the charge carrier [14]. On the other hand, 

the 2D peak is monotonically red-shifted when the majority carrier changes with an 

increase in the electron density. In addition, it was reported that the FWHM of the 

G peak is about 8 cm
-1

 and 16 cm
-1

 in a highly-doped regime (holes and electrons) 

and at the Dirac point, respectively. The results in this study show that the FWHMs 

are 8 cm
-1

 for SLG and 15 cm
-1

 for SLG/H2, which are in good agreement with 

earlier results [14]. This indicates that the pristine SLG is initially hole-doped and 

that the chemical potential of SLG/H2 is closer to the Dirac point. Note that the 

FWHMs of the 2D peak are 25 cm
-1

 and 29 cm
-1

 for SLG and SLG/H2, respectively. 

Moreover, I(2D)/I(G) changes from 1.3 to 2.5 after the H2 treatment, which is also 

consistent with the findings in a previous report [14]. We noted that exfoliated SLG 
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showed a Raman G peak blue-shift even in the hole carrier which was probed by 

transfer curve measurements [9]. A d-spacing study with transmission electron 

microscopy (TEM) revealed that the carbon lattice was compressed after H2 

exposure. Because the lattice strain as well as the charge carrier density affect the 

Raman spectrum, it is clear that the Raman spectrum results from the competition 

between these two factors [23,24]. Interestingly, two different strains, compressive 

and tensile strains, induce an opposite change in the Raman spectrum. For example, 

the G peak positions show a blue and red shift for compressive and tensile strain, 

respectively. Therefore, it is possible for exfoliated SLG to show a net blue shift, 

where the blue shift from the compressive lattice strains dominates the red shift 

from the electron doping. 

 

 

3.4 Summary 

 

In summary, we fabricated CVD-grown SLG device and proved the electron 

doping by assessing the transfer characteristic and through TEP measurements and 

Raman spectroscopy. As an exfoliated sample, the CVD-grown SLG showed n-

type doping after exposure to H2. In particular, the TEP results show that H2 

exposure step induces n-type doping without any degradation in the quality. This 

study provides the easy means of electron doping manipulation in research fields 

associated with large-scale graphene. 
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Chapter 4  

 

Electron doping and short range 

scattering in hydrogenated bilayer 

graphene on hexagonal boron 

nitride 

 

 

4.1 Introduction 

 

In contrast to the linear dispersion of single-layer graphene (SLG), bilayer 

graphene (BLG), which consists of two graphene sheets with Bernal stacking, has a 

parabolic electronic band structure [1,2]. Given that the electronic band gap of 

BLG can be opened by applying a perpendicular electric field which breaks the 

inversion symmetry, extensive research has been carried out via dual-gated 

configurations [3,4] and asymmetric chemical doping [5-8]. With band gap 

engineering, the realization of n-type BLG transistors is essential for graphene-

based electronics such as complementary logic devices [6]. Various methods have 

been applied to achieve n-type graphene [6-9]. Hydrogenation is one of the 

approaches which can be used to functionalize graphene [10-15] and reportedly 

provides an n-type dopant in graphene layers [12-14]. Using the electron doping 
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properties due to dissociative H2 adsorption [14], a p-n junction has also been 

realized in SLG devices [16]. In contrast, few investigations of hydrogenated BLG 

have been done in spite of its considerable applicability. 

It is known that adsorption on a graphene-based system can be related in 

an extrinsic environment and through intrinsic chemical interaction. Thus, as 

adsorption with I2 [17,18] and O2 [19,20] is carried out, the interface between 

graphene and the underlying SiO2 is a crucial for the variation of the electrical 

properties. Chu et al. noted that intercalated halogen molecules screen charge 

impurities which are embedded in SiO2 [18]. Silvestre et al. also reported that 

interfacial O2 decreases the scattering due to defects and corrugations in the 

substrate and increases the average distance between charge carriers and substrate 

impurities [20]. Meanwhile, hexagonal boron nitride (h-BN) has attracted attention 

as a building block for two-dimensional devices because h-BN substrates play an 

important role in eliminating the substrate effect, thus enabling intrinsic electronic 

properties [21-29]. Furthermore, the interface between graphene and h-BN, i.e., the 

van der Waals interface, is tight enough to provide a seal against adsorbate 

intercalation [29,30]. Therefore, the BLG/h-BN device structure has become a 

platform on which to access intrinsic chemical-reacted phenomena.  

In this chapter, we report dissociative H2 adsorption on BLG supported by 

an h-BN substrate. As with SLG, electron doping was observed in BLG/h-BN, 

which was probed by the gate voltage-dependent electrical conductivity (Vg) and 

Raman spectroscopy. The variation of the mobility () and the minimum 

conductivity (min) upon H2 exposure provide information about the scattering 

mechanism. The Raman spectroscopy results show that the compressive lattice 

strain and the charge transfer both contribute significantly to the electronic 

transport properties of hydrogen adsorbed BLG. We expect that the hydrogenation 

of BLG is a key step in the realization of n-type transistors for graphene-based 

electronics. 
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4.2 Experimental 

 

The BLG/h-BN device was fabricated by a conventional exfoliation and transfer 

process [21]. High-quality h-BN (HQ-Graphene) was exfoliated on a SiO2 (285 

nm)/Si substrate. A thickness of 10 nm was measured by an atomic force 

microscope (AFM). The BLG was exfoliated from HOPG (SPI supplies) and 

transferred by means of micro-alignment. The BLG was then identified by Raman 

spectroscopy with a 532 nm laser (LabRam 300, JY-Horiba). A standard electron 

beam lithography process and metal evaporation (Cr/Au=5/50 nm) were also used. 

A pristine device was obtained by annealing at 380 K under a high vacuum (~5×10
-

6
 Torr) for 10 hours using home-made high temperature and high pressure chamber. 

The (Vg) with a three-terminal configuration was measured using 4200-SCS 

Keithley semiconductor analyzer under H2 exposure at a pressure of 11 bar 

(99.9999 %) at 350 K. The DC bias voltage (Vds) was fixed to 1 mV and the 

electrical current (Ids) was measured as a function of back gate voltage (Vg). With 

fixed H2 pressure and temperature, the (Vg) measurements were performed as 

exposed time. 

 

 

 

4.3 Results and Discussion 

 

4.3.1 The electronic transport properties 

 

Figure 4.1 shows (Vg) of BLG/h-BN as a function of the H2 exposure time. The 

black curve corresponding to (Vg) of the pristine BLG/h-BN shifted to the 

negative Vg region and was finally saturated to the yellow curve in the Fig. 4.1.  
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Figure 4.1 The conductivity () versus gate voltage (Vg) curves of BLG/h-BN as H2 

exposure time. Insets show optical (top) and AFM (bottom) image of BLG/h-BN 

device. P and H denote pristine and H2 treated case, respectively. 

 

The electron doping due to H2 adsorption was consistent with a previous 

experiment on BLG on SiO2 substrates [14]. The inset indicates optical (top) and 

AFM (bottom) images of the BLG/h-BN device, respectively. 

 The electronic transport properties were investigated by the temporal 

evolution of the charge neutrality point (VCNP) and the electron/hole mobility (e 

and h, respectively) (Fig. 4.2). Fig. 4.2(a) shows the variation of VCNP (black 

squares) due to H2 exposure and the fitting curve (red line). The negative shift of 

VCNP is direct evidence of electron doping in BLG/h-BN, which can be understood 

as a charge transfer due to dissociative H2 adsorption [14]. The adsorption is 

saturated to a certain degree because the number of pre-existing interaction sites 

determines the saturation coverage [12].  
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Figure 4.2 Temporal evolution of (a) the charge neutrality point, VCNP, (b) 

electron/hole mobility, e and h, and (c) -VCNP versus 1/. The black and red 

lines are guide for eye. (d) The minimum conductivity, min versus -VCNP. 

The temporal dependence of VCNP can be described by a first-order Langmuir-type 

adsorption model, )1( ktSat
CNPCNP eVV  , where Sat

CNPV  and k are the 

magnitude of the saturated VCNP and the kinetic coefficient, respectively. This type 

of first-order adsorption has been widely observed in SLG and BLG regardless of 

the adsorbate type used, such as H2, O2, or NH3 [12,20,31]. We obtained values of 

18 V and 0.05 h
-1

 for each fitting parameter and a value of 0.994 for the adj. R
2
. 

 We observed reductions of e and h, of which the carrier densities 

correspond to VCNP ±10 V, respectively with H2 adsorption as shown in Fig. 4.2(b). 
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The field effect mobility was determined via
gg dV

d

c




1
 , where cg is the back gate 

capacitance per unit area. It was found that O2 adsorption on BLG/SiO2 enhances 

the mobility asymmetry between e and h. Silvestre et al. [20] reported that 

interfacial O2 between BLG and SiO2 contributes to an increase of e and h due to 

the screening of embedded impurities in the substrate, while the e decreases due to 

short-range scattering, as anticipated by the resonant states above CNP through 

density functional theory calculations [20]. Likewise, we reported mobility 

asymmetry (increased e and decreased h) in SLG and BLG on SiO2 substrates 

during H2 adsorption [14]. Considering that the BLG device in this study was 

fabricated on a h-BN substrate, which is known to mitigate the effects of embedded 

impurities in SiO2 substrate, the extrinsic factor for increasing mobility can be 

excluded. Therefore, the mobility reduction is in good agreement with earlier 

research on hydrogenated single-layer graphene (SLG) [12]. 

 The impurity density, nimp is proportional to CNPV , CNP
g

imp V
e

c
n  , 

where e is the charge element [20]. It has been theoretically reported that the short-

range scattering in BLG yields mobility which is inversely proportional to nimp [32]. 

In Fig. 4.2(c), 


1
 for electron and hole corresponding to VCNP ±10 V, has a linear 

relationship with CNPV , that is 
impn

1
 . It should be noted that the 

impn

1
  

behavior in BLG is not a sufficient but a necessary condition to confirm short-

range scattering, as the same behavior is expected during long-range scattering [9]. 

However, chemisorbed H atoms on graphene are generally known to be short-range 

scatterers [12,31,32]. Furthermore, the results of a Raman study, which will be 

discussed below, show definite C-H bonding which promotes short-range scattering 

[32]. Therefore, the condition of 
impn

1
  in BLG due to H2 dissociative 
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adsorption reveals that the hydrogenation results in the short-range scattering in 

BLG as well as SLG [12,33].  

The minimum conductivity in SLG, min depending on nimp, shows various 

behaviors depending on the type of adsorbate. K, Ti, and Pt doping induce a 

reduced min, while min remains constant after Au and Fe doping [34-36]. Chu et al. 

noted that various min behaviors can be explained by the competition between the 

mobility and induced carrier density, n0 (i.e., min~n0) [18]. This type of 

competitive behavior was also observed during H2 adsorption, during which min 

decreases [12] or increases [37]. Fig. 4.2(d) shows a nearly constant min with H2 

adsorption, which can be understood by balancing  and n0. 

 

 

4.3.2 Raman spectroscopy 

 

Figure 4.3(a) shows the Raman spectra acquired before (black) and after (red) H2 

exposure, showing typical G and 2D peaks for BLG as well as h-BN (1366 cm
-1

) 

peak. After H2 exposure, the D+G mode (2935 cm
-1

) in Fig. 4.3(a), the D (1350 cm
-

1
) and D’ (1620 cm

-1
) peaks in Fig. 4.3(b) were developed. These D and D’ peaks 

indicate successful hydrogenation on BLG/h-BN [10-15,33]. The D+G mode is 

also evidence of hydrogenation, which results in C-H bonds [11,14,15]. The typical 

Raman spectra in BLG also provide significant information related to the atomic 

structure and charge transfer properties. Similar to SLG, the peak position and full 

width half maximum (FWHM) of the Raman spectra in BLG are sensitive to the 

charge carrier density [38] and the lattice strain [39,40]. The G peak position (G) 

and the FWHM (G), for pristine BLG/h-BN are 1582.7 cm
-1

 and 13.8 cm
-1

, 

respectively, as shown by the black curve in Fig. 4.3(c). The values of G and G 

indicate that the Fermi energy of BLG/h-BN is initially close to the CNP [38]. 
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Figure 4.3 (a-d) The black/red curves correspond to the Raman spectra acquired 

before/after H2 exposure, respectively. (a) Full spectra, Enlarged regions of (b) h-

BN, D and D’ peaks, (c) G peak, and (d) 2D peak. All blue curves in (c-d) are 

single Lorentzians formulated to fit a multi-component spectrum. 

 

The Raman G peak results are in good agreement with (Vg), as shown in Fig. 4.1, 

where VCNP is close to zero for the pristine case. The G peak after the H2 treatment 

was blue-shifted and broadened; that is, G and G are 1584.2 cm
-1

 and 21.1 cm
-1

, 

respectively, as denoted by the blue curves in Fig. 4.3(c). In contrast, the 2D peak 

position (2D) is red-shifted, as shown in Fig. 4.3(d). The upper plot in Fig. 4.3(d) 

shows the 2D peak of pristine BLG, which consists of multi-components, 2D1A, 

2D1B, 2D2A and 2D2B. We observed that all components became red-shifted after H2 

adsorption, as shown in the lower plot of Fig. 4.3(d). Specifically, the 2D1A and 
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2D2A peak positions changed from 2689 cm
-1

 and 2708 cm
-1

 to 2679 cm
-1

 and 2698 

cm
-1

, respectively. In a previous study, these two components were at 2690 cm
-1

 

and 2710 cm
-1

 at the CNP [38]. Upon electron doping, these positions are both 

monotonically red-shifted. These G and 2D peak shifts collectively indicate 

electron doping, consistent with the results of (Vg). On the one hand, the FWHM 

of the G peak increased from 13.8 cm
-1

 to 21.1 cm
-1

 after H2 exposure. In the 

unstrained case, the FWHM of BLG is limited below ~14 cm
-1

 at a wide charge 

carrier density range, eV 2.0FE  [38]. On the other hand, the G peak broadens 

and is finally separated by the G
+
 and G

-
 modes under tensile or compressive strain 

[40]. Furthermore, we observed that dissociative H2 adsorption results in 

compressive strain in SLG [14]. Thus, the increase in the FWHM can be explained 

by the introduction of compressive lattice strain. Finally, we note that the Raman 

2D peak maintained a multi-component structure after the H2 treatment, which 

means that decoupling due to intercalation between the graphene layers was not 

detected during H2 adsorption on BLG. 

 

 

4.4 Summary 

 

In summary, we investigated the intrinsic electron doping and short-range 

scattering phenomena in BLG upon dissociative H2 adsorption. The results were 

achieved using the van der Waals interface with the BLG/h-BN structure. We 

observed (i) a negative shift of VCNP, (ii) saturating behavior of electron doping, (iii) 

inverse nimp-dependent mobility, and (iv) min with competition between the 

mobility and the induced carrier density. The results are consistent with the Raman 

spectra which show hydrogenation of the carbon structure. These fundamental 

studies are expected to contribute to carbon electronics. 
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Chapter 5  

 

Magnetoresistance of twisted 

bilayer graphene on electron 

transparent substrate 

 

 

5.1 Introduction 

  

The low energy electronic properties of SLG are described by a model for massless 

Dirac fermions and contain unusual physics including an anomalous quantization 

of the Hall conductance, Klein tunneling [1-4] and other electronic phenomena that 

have been studied in transport [1-6] and optics [7] and may be useful for 

applications [8-10]. In multilayer graphene this low energy physics is changed by 

the development of electronic coherence between the layers. This turns out to be 

exquisitely sensitive to the atomic registry between the neighboring layers and their 

stacking order, and introduces a new degree of freedom for controlling the low 

energy physics. The possibility of exploiting these effects in various multilayer 

structures is being vigorously pursued. tBLG are systems where the 

crystallographic axes are rotationally misaligned and provide a particularly 

interesting family of materials because the interaction between its layers is 

determined by the relative twist angle and leading low energy physics that is 

unexpectedly rich [11-14]. 
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 The rotational misorientation of graphene layers in tBLG induces a 

mismatch of the momenta of the Dirac points of the two layers. Band calculations 

suggest that this produces a rotation angle-dependent renormalization of the Fermi 

velocity at low energies and a new van Hove singularity (vHs) in the density of 

states due to the hybridization of the Dirac cones at an energy scale where they 

merge. These features are observed in STM experiments [15-18]. Raman 

spectroscopy and electron diffraction are also sensitive to twist angle in tBLG [19-

25]. In particular, two recent studies [21,22] of Raman spectroscopy dependence on 

twist angle (confirmed by electron diffraction) show the correlation between 

Raman scattering and electronic band structure for different angles of rotation. The 

gate dependent resistance of tBLG was reported [26-32], although the twist angles 

between the two graphene layers were not determined, assuming that the two 

independent graphene layers are stacked together. They analyzed the data with two 

carrier densities of bottom and top layer in tBLG. On the other hand, there are 

theoretical predictions [12,14] suggesting the existence of Moiré butterfly pattern 

when the twist angle, , becomes small (less than 4°). It is explained as due to the 

strong coupling between the two layers at small twist angle. Moreover, 

experimental observations for Hofstadter butterfly are recently reported in SLG or 

bilayer graphene (BLG) on h-BN substrate where graphene and h-BN layers are 

slightly mismatched less than 2° [33-35]. 

 In this chapter, we report the MR of tBLG samples in which the twist 

angle was directly measured with electron diffraction. We used an electron 

transparent SiNx membranes (<100 nm thick) as the substrate to acquire electron 

diffraction patterns and measure the transport properties of the same sample [36]. 

We observed superposition of two oscillations in both measured angles. We 

constructed Landau level fan diagrams for each to identify the Berry’s phase for the 

two samples and find that they are different, depending on twist angle. While two 

anomalous  Berry’s phases are observed for the large twist angle (18°) sample, 

conventional 2 and anomalous  Berry’s phase are obtained for the small twist 
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angle (2°) sample. 

 

5.2 Experimental 

  

tBLG samples were made by transferring SLG twice. SLG was grown on a Cu foil 

(Sigma Aldrich, 25 m thick and 99.98 % purity) at 1050 °C at atmospheric 

pressure, with a mixture of Ar, H2 and CH4 gases [37]. We used a standard wet 

etching method to transfer SLG (0.1 M ammonium persulfate solution) [38]. To 

check the mobility, we did separate experiment for another SLG sample on SiO2 

(300 nm) with back gate. And we obtained the mobility of 1625 cm
2
/Vs near Dirac 

point (VDirac = 40 V) at 77 K. 

 The tBLG device fabrication in Fig. 5.1(a) is described as follows. (i) 

SiNx (100 nm)/Si (500 m)/SiNx (100 nm) wafer is prepared. (ii) One side of the 

wafer was first patterned with photolithography and later etched with a SF6 plasma 

treatment. (iii) Afterwards, anisotropic wet etching of Si (100) in a KOH solution 

was performed to obtain the SiNx membrane. After transferring SLG twice, (iv), we 

isolated tBLG channels by using a negative tone resist (HSQ) and O2 plasma 

etching. (v) Large contact pads were fabricated by combining photo and electron 

beam lithography, followed by thermal evaporation of Cr/Au (5/100 nm) and small 

contact pads of Cr/Au (5/150 nm) were made to connect the tBLG channels. 

Finally, we obtained 1 m x 0.5 m size of tBLG channel and measured MR, 

electron diffraction and Raman spectroscopy on the same sample.  

 Figure 5.1(b) shows an optical (left) and TEM (right) images of a 

fabricated tBLG device on a SiNx membrane. In the optical image, the light blue 

square region is the free-standing SiNx membrane and the dark region surrounding 

the square is the SiNx/Si substrate. The TEM image is obtained from red dashed 

box in optical image. We describe two-probe measurement scheme and guide the 

tBLG channel by blue rectangle.  
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Figure 5.1 (a) Fabrication process of tBLG device on SiNx substrate. (b) Optical 

(left) and TEM (right) image of the device. Scale bar in optical image is 20 m. 

TEM image indicates red dashed line in optical image and shows two-probe 

measurement scheme. The tBLG channel is guided by blue rectangle. 

 We measured the MR with two probes using a standard lock-in technique 

at low temperature, and high magnetic fields (the standard 35 T DC resistive 

magnet in the NHMFL in Tallahassee, Florida, U.S.A.). Raman spectroscopy and 

electron diffraction were performed after the electrical transport measurement. The 

Raman signal (532 nm wavelength) was enhanced by adding a layer of 40 nm Pd 

underneath the SiNx membrane after finishing electron diffraction experiment. 

TEM analysis and electron diffraction were performed in a JEOL 2010 microscope, 

with an acceleration voltage of 200 kV. We acquired electron diffraction patterns 

from areas of 630 nm in diameter by using a selected area diffraction pattern 

(SAED) aperture. 
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5.3 Results and Discussion 

 

5.3.1 Raman spectroscopy and electron diffraction 

experiment 

  

Raman spectroscopy strongly depends on the interlayer coupling in BLG. For 

decoupled (or weakly coupled) tBLG, the 2D peak shows high intensity, a narrow 

width and a blue shift [19,21]. A strong G peak enhancement is also observed near 

rotation angles where the energy scale of vHs becomes similar with that of the 

excitation laser [20-22]. First, we show raw Raman spectroscopy result in Fig. 

5.2(a). We observed representative Raman peaks, for instance, D, G, 2D peaks. In 

order to analyze G and 2D peaks in detail, we subtracted base signal which comes 

from substrate background. Fig. 5.2(b) shows G and 2D peaks of the two tBLGs 

after subtracting background. The 2D peak positions for 2° and 18° are blue shifted 

to 2695 cm
-1

 and 2694 cm
-1

, respectively.
 
This blue shift is comparable with 

previous Raman results [21]. The full width half maximum (FWHM) for the 2D 

peak of 2°, 42 cm
-1

, is narrower than the expected value of 60~70 cm
-1

.
 
The 2D 

FWHM of 18°, 38 cm
-1

, however, agrees with previous reported values. Since it is 

difficult to consider the 2D signal as definite evidence of the rotation angle 

dependence, we also analyzed the G peak. The integrated intensity of the G peak 

for 18° is twice as large as the one for 2°. This difference can be interpreted by a 

singularity of joint density of state (JDOS) which is reported near 12.5° in a 

previous study with same excitation energy of laser (2.33 eV) [22]. The D’ peak 

known to be accompanied with large D peak is observed around 1620 cm
-1

 for both 

2° and 18°, which are in agreement with edge effects in our narrow channel widths 

(500 nm). 
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Figure 5.2 (a) Raw data of Raman spectrum of tBLG with twist angle, 2°. (b) 

Raman spectroscopy of two different twist angle of tBLG after subtracting 

background substrate signal. (c,d) Electron diffraction patterns of tBLG with twist 

angle, 2° and 18°, respectively. 

Electron diffraction patterns easily indicate the twist angle. For example, Fig. 5.2(c) 

and (d) show the diffraction patterns for tBLG with twist angles of 2° and 18°, 

respectively. In Fig. 5.2(c), white dashed circle is enlarged to inset of Fig. 5.2(c). 

Two arrows indicate twist angle of 2° between two dots. We also obtain twist angle 

of 18° between red and yellow dashed lines in Fig. 5.2(d). The patterns show two 

sets of spots with hexagonal symmetry rotated by the proper amount, as expected. 

The existence of only two sets means that the tBLG channels consisted of two 

single-grain SLGs; otherwise more sets of patterns would have been observed [39]. 

The background ring patterns result from the amorphous SiNx membrane. 
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5.3.2 Magnetoresistance (MR) 

 

We present MR of 2° and 18° tBLG at several low temperatures in Fig. 5.3 and 5.4, 

respectively. Fig. 5.3(a) and 5.4(a) are raw data of R vs B of 2° and 18° tBLG, 

respectively. Even though our data does not show quantum Hall state like in the 

reported sample of moderate mobility [40], we observed that there is an oscillation 

behavior superimposed in the increasing background signal (Rbackground). We 

presume that the increasing background is contributed by two possibilities which 

are the Hall signal proportional to B in two-terminal device configuration and the 

B
2
 behavior observed in ordinary metal or semiconductor. Indeed, similar behaviors 

were previously reported in various papers [26,27,41-43]. In addition, we found 

that two different oscillations are superposed in the MR plot. We called the two 

different frequencies as the slow and the fast oscillation, respectively. The 

characterization details will be discussed in the Landau fan diagram below. The 

two oscillations have different aspect of temperature dependent MR. While the 

slow oscillation did not show distinctive temperature dependence in the range from 

2.8 K to 10.7 K, the fast oscillation of 2° and 18° tBLG show temperature 

dependence as shown in the insets of Fig. 5.3(a) and 5.4(a) enlarged in 10 < B < 18 

T and 27 < B < 35 T regions, respectively. That is, the amplitude of oscillation 

decreases as temperature increases, which is a representative behavior in 

Shubnikov de Haas (SdH) oscillation. Our observation of rapid reduction of 

amplitude for the fast oscillation is consistent with the previous study, that is, 

amplitude of our SdH oscillations is more rapidly reduced in high carrier density 

[1]. The R (= R – Rbackground) shown in Fig. 5.3(b) and 5.4(b) were obtained by 

subtracting background signal which is fitted by a polynomial function up to the 

second order in B. We observed that the R data follow the normal SdH oscillation 

behavior, that is, the amplitude of SdH oscillation increases as magnetic field 

increases. Likewise the MR plots, we found that two different oscillations are 

superposed in a Landau fan diagram plotting the index of the highest occupied 
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Landau level (LL) as a function of 1/B. Slow SdH oscillations correspond to the 

right axis, R, which are shown in the Fig. 5.3(c) and 5.4(c) for each twist angle. 

To distinguish the fast oscillation, we performed smoothing process and subtracted 

the background which is the slow oscillation part in the upper inset of Fig. 5.3(c) 

and 5.4(c), respectively. As a result, the Landau fan diagrams for fast oscillations 

are obtained as shown in Fig. 5.3(d) and 5.4(d). The local resistance minimum 

(maximum) corresponds to the n(n+1/2)-th LL which is presented in the left axis of 

panels (c) and (d) of Fig. 5.3 and 5.4. The slope in the Landau fan diagram is the 

frequency of oscillation, fSdH, which is related to the carrier density as nSdH = 

g(e/h)fSdH, where g = 4 means spin and valley degeneracy, e is the unit charge 

quantity and h is Planck constant [1,2]. The intercept in the Landau fan diagram is 

known to be related with Berry’s phase of carrier, for example, SLG and Bernal 

stacked BLG have intercept values of 0.5 and 0 in the Landau fan diagram, 

respectively, which means Berry’s phases of  and 2 [44]. In two-terminal device, 

the quantum oscillatory phase is affected by device aspect ratio, L/W, where L is 

length and W is width of sample [45,46]. According to the references, the 

conductance, G, has maxima (minima) for L>W (L<W) at incompressible densities, 

filling factors ±2, ±6, ±10, etc. With L/W > 1 aspect ratio of our device, our Landau 

fan diagram analysis is valid, where the local resistance, R=1/G, shows local 

minimum at LLs (i.e. local maxima in G). It is difficult to identify the geometric 

factor of graphene on SiNx from Fig. 1(b). However, the electron beam mask of 1 

m x 0.5 m size covers the graphene to prevent it from being etched in the 

process of fabrication. Thus, after successful fabrication the graphene has the 

geometry of the mask, which is L = 1 m and W = 0.5 m. Therefore, the graphene 

in our device has aspect ratio of L/W = 2 and the phase of a SLG is determined as  

following the analysis in the ref. 45 and 46. It should be noted that the LL indexing 

is carried out by adopting local minimum and maximum point. Dissimilar with 

analysis by gate dependent MR or quantum Hall plateau, our electron transparent 

device configuration cause a difficulty indexing the LL.  
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Figure 5.3 (a) Raw data of R vs B of tBLG with twist angle, 2° at several low 

temperatures. (b) R vs B. (c) Landau fan diagram of 2° angle at lowest 

temperature, 2.8 K. Lower inset indicates Fourier transform of R (=R-Rbackground) 

vs 1/B plot. Upper inset shows superimposed oscillation enlarged in the red dashed 

box. Blue circles indicate n(n+1/2)-th LL corresponding to left axis and orange 

lines mean linear fitting of the Landau fan diagram. (d) Landau fan diagram of 

superimposed oscillation after subtracting the slow oscillation part in the upper 

inset of Fig. 5.3(c). 

The LL indexing was based on two constrains which are (i) the adjacent local 

minimum and maximum have difference of 0.5 and (ii) the intercept value has to be 

either 0 or 0.5 in two-dimensional carbon system, respectively. From the 

consistency between the slopes of Landau fan diagram and the resonance peaks of 

Fourier transform, the LL indexing turns out to be valid. 

 Figure 5.3(c) shows the Landau fan diagram for the small twist angle 2°. 

The R vs 1/B plot in Fig. 5.3(c) shows two different oscillations. Upper inset of 
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Fig. 5.3(c) shows the fast oscillation enlarged in the region of red dashed box, 

which is superimposed with the slow oscillation. This superposition of the two 

oscillations is shown with the two resonance peaks in the lower inset of Fig. 5.3(c) 

which is the Fourier transform of R vs 1/B plot. We found that two resonance 

frequencies of 22.8 and 100 T corresponding to carrier densities of 2.2×10
12

 cm
-2

 

and 9.7×10
12

 cm
-2

, respectively. Compared with low frequency, high frequency 

peak is small but distinguishable enough. Furthermore, the high frequency peak is 

in good agreement with the value from the slope of Landau fan diagram in Fig. 

5.3(d). With the consistency, we conclude that the fast oscillation is not universal 

conductance fluctuation (UCF) which requires aperiodic fluctuation. To distinguish 

the fast oscillation clearly, we subtracted the slow oscillation part in the upper inset 

of Fig. 5.3(c) and plotted in Fig. 5.3(d). The frequencies can be also extracted from 

the slopes which are obtained by linear fitting in the Landau fan diagram. The 

linear fittings in Fig. 5.3(c) and (d) yield oscillation frequencies of 22.9 and 99.1 T, 

respectively. These values are close to the frequencies which are directly obtained 

from the Fourier transform of the magneto-oscillation shown in the lower inset of 

Fig. 5.3(c). Likewise, intercept values are extracted from the linear fitting in the 

Landau fan diagram are 0.74±0.07 and -0.17±0.25 presented with red color in Fig. 

5.5. The intercept values are similar with that of SLG in the low carrier density 

regime and that of BLG in the high carrier density regime, respectively. According 

to theoretical calculations [47,48], the field dependence of the LLs is similar with 

that of SLG, BELL  , which includes layer degeneracy below vHs energy. 

Above vHs, the layer degeneracy is lifted and the LL spacing is similar to that of 

Bernal stacked BLG where there is a quadratic dispersion relation, BELL  . The 

theoretical calculations estimate the energy scale for vHs, 0.1 eV, for 3.27° twist 

angle. Using the Fermi level and carrier density relation of SLG, nvE FF  , 

where ħ is the Planck constant over 2, vF is the Fermi velocity, and n is carrier 

density, the observed two different frequencies (i. e. carrier densities) correspond to 
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placing the Fermi levels at 0.17 and 0.36 eV above the Dirac points of the two 

layers in our 2° sample. Although the estimated 0.17 eV is actually larger than 

theoretically predicted value of the vHs scale (0.1 eV), we see from the field 

dependence that the lower carrier density shows  Berry’s phase and the higher 

carrier density (0.36 eV) has 2 Berry’s phase. 

 The R vs 1/B plot of the 18° twisted case also shows superposition of 

two different oscillations as in Fig. 5.4(c). Similarly, upper inset of Fig. 5.4(c) 

indicates the fast oscillation which is superimposed with the slow oscillation.  

 

Figure 5.4 (a) Raw data of R vs B of tBLG with twist angle, 18° at several low 

temperatures. (b) R vs B. (c) Landau fan diagram of 18° angle at lowest 

temperature, 2.8 K. Lower inset indicates Fourier transform of R (=R-Rbackground) 

vs 1/B plot. Upper inset shows superimposed oscillation enlarged in the red dashed 

box. (d) Landau fan diagram of superimposed oscillation after subtracting the slow 

oscillation part in the upper inset of Fig. 5.4(c). Data analysis process is same with 

2° angle case as shown in Fig. 5.3. 
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As the Fourier transform in lower inset of Fig. 5.4(c), we extracted resonance 

frequencies of 18.5 and 330 T corresponding to carrier densities (Fermi level) of 

1.8×10
12

 cm
-2

 (0.16 eV) and 3.2×10
13

 cm
-2

 (0.66 eV), respectively. To distinguish 

the fast oscillation clearly, we subtracted the slow oscillation part in the upper inset 

of Fig. 5.4(c) and plotted in Fig. 5.4(d). From the slopes in the Landau fan diagram 

shown in Fig. 5.4(c) and (d), the frequencies are 18.6 and 324 T, which are 

consistent with the values obtained from the Fourier transform. The intercept 

values are 0.33±0.08 and 0.41±0.36, respectively, and are shown in black color in 

Fig. 5.5. Both values are near 0.5 for the large twist angle, which means that both 

carriers show SLG characteristic. This can be interpreted as resulting from two 

graphene sheets that are electronically decoupled (nearly independent) at large 

twist angle. Note that we also observe a deviation from the linear fitting in the 

Landau fan diagram in the high carrier density region as shown in Fig. 5.4(d). In 

ref. 5, the authors related to the confinement effect with the narrow channel 

geometry in SLG. The deviation occurs in low magnetic fields, when 2Rc > W, 

where 2Rc = 4n/kF, and n is the LL index for graphene. In Fig. 5.4(d), the deviation 

starts from n = 20 and yields an effective width of W 
*
≈ 260 nm, which is in the 

same order of our sample width, 500 nm. In terms of mean free path (l
*
), we 

obtained 2.3 nm of l
*
 in our sample. Since the confinement effect is valid for l

*
 > W 

*
, the deviation in our case is not explained by confinement effect. This could be 

due to the disorderness of our sample. However, we focus on the linear part in the 

Landau fan diagram in Fig. 5.4(d) which yields the fast carrier density and the 

value is consistent with that from the Fourier transform. 

 A striking observation in our data is the presence of two carrier pockets 

for both large and small angle tBLG, which indicates that a vertical potential 

difference ≈ 0.3 eV exists between the layers. Furthermore for the sample with a 

small twist angle the data suggest the coexistence at the same energy of 

conventional (multiple of 2) and anomalous () Berry’s phases for the high 

density and low density pockets, respectively. This result is distinguished from the 



 

 67 

situation inferred from measurement of the quantum Hall plateaus which indicate 

that a crossover from anomalous to conventional LL ordering occurs at a crossover 

energy scale separating the decoupled layer regime (low energy) from the vertically 

coupled layer regime (high energy). The data can be understood in terms of a 

model that describes a competition between two important energy scales in this 

problem. The first is the interlayer crossover scale avF 3/
2

sin4 










  , where ħ is 

the Planck constant over 2, vF is the Fermi velocity,  is twist angle, and a is 

lattice parameter (0.246 nm) in graphene where the two Dirac cones of the two 

layers first merge. The second is the layer asymmetry potential z that is 

responsible for a charge disproportionation between the layers. For large twist 

angle ( >>z), the tBLG has the MR signature of two decoupled graphene sheets 

at low energy regime. This is the situation envisioned by the published theories for 

the quantum Hall effect in tBLG. However, for small twist angle (z >), this has 

a different signature in the MR as we show below. 

 

Figure 5.5 Summary of intercept values of 2° and 18° angles. While intercept 

values are close to 0.5 regardless of carrier density in 18° angle, the values depend 

on carrier density in 2° angle. High carrier density yields nearly 0 intercept value 

similar with that of Bernal stacked BLG. 
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Figure 5.6 (a) Energy band plot of large twist angle case. (b) Band plot with 

interlayer potential z (dashed red curve) and the interlayer coupling with strength 

 (solid black curve). (c) Contour plot of Fermi surface of large twist case. Black 

circles indicate the Fermi level with chemical potential represented by blue dashed 

line in (b). (d)-(e) Same approaches with (a)-(b) for small twist case. (f) Contour 

plot of small twist case with chemical potential comparable to (c). 

 The basic ideas can be understood by analyzing the band plots shown in 

Fig. 5.6. In panels (a)-(c) of Fig. 5.6, the band plot shows >>z and the 

intercepts along the qy axis at ±5 are the rotationally offset Dirac cones. While 

panel (a) considers just momentum offset, panel (b) shows the effect of turning on, 

in succession, the interlayer potential z (dashed red curve) and the interlayer 

coupling with strength  (solid black curve). The interlayer potential shifts the two 

Dirac points upwards and downward in energy. And the interlayer coupling 
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produces an avoided crossing at the energy where the two Dirac cones merge. The 

interlayer scale in this problem is very large (≈ 1.5 eV for ≈ 20°) and so over a 

wide range of chemical potential the Fermi surfaces (lines) are loops that separately 

encircle the two Dirac points. For example, Fermi level depicted by blue dashed 

line in Fig. 5.6(b) correspond black circles in Fig. 5.6(c). This produces two carrier 

pockets with an anomalous intercept (0.5) in the Landau level fan diagrams. If the 

rotation angle  is small and the chemical potential places in the interlayer 

coupling gap, the system reverts to a single carrier pocket with conventional 

magneto-oscillations in the transport. Qualitatively this occurs because the  

Berry’s phases from the two singularities add to give a total Berry’s phase 2 and 

conventional Landau quantization. This has been examined in two previous 

theoretical studies. In this regime the interlayer potential z is negligible. 

 Now consider the situation for very small twist angle where z > , as 

shown in panels (d)-(f) in Fig. 5.6. Panel (d) considers just the effect of the 

momentum offset with small . When the interlayer potential is turned on (e), it 

becomes the dominant scale of the problem. The intersections at positive and 

negative energy are the electrostatically displaced Dirac points of the two layers. 

Turning on gives an avoided crossing near E = 0 (this is the direct interlayer 

mixing) and opens up a gap for these displaced points due to second order mixing 

through  (For the conventional model of the interlayer potential that we are 

considering, one of the Dirac states does not couple to the other layer and remains 

at the electrostatically displaced Dirac energy, the other one is split away from this 

energy). For chemical potential  comparable to (a)-(c) in Fig. 5.6, the Fermi lines 

consist of two closed contours, one of which resides in the “third” band the other in 

the “fourth”. The latter case resides entirely in a band that encircles a single Dirac 

point and has an anomalous Berry’s phase . The other lies in the third band and 

has a Berry’s phase 2 just as in the high energy regime for large twist angles (The 

band has exactly the same topological structure). 
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5.4 Summary 

  

In summary, we measured the MR of tBLG samples with twist angles directly 

measured from the electron diffraction. This was possible because electron 

transparent SiNx membranes were used as substrates. The MR showed 

superposition of two SdH oscillations in both cases, but Landau fan diagram 

analysis showed that the carrier types are different for small and large twist angles. 

For the 18°, the tBLG showed two anomalous  Berry’s phases, as in SLG. In 

contrast, the 2° tBLG sample showed both anomalous  and conventional 

2 Berry’s phase, depending on carrier density.  
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Chapter 6  

 

Synthesis of hexagonal twisted 

bilayer graphen (tBLG) by 

chemical vapor deposition (CVD) 

 

 

6.1 Introduction 

  

Bilayer graphene (BLG) is composed of two graphene layers with Bernal stacking. 

The BLG is expected for graphene-based nano-electronics because of its possibility 

for the bandgap engineering [1-3]. Chemical vapor deposition (CVD) technique is 

the most proper way for mass production in which the band gap opening was 

realized [4-7]. However, it is difficult to synthesize uniform Bernal stacking 

structure and turns out that twisted structures are formed during growth process [8-

12]. The twisted bilayer graphene (tBLG) consists of two single layer graphene 

(SLG) which are rotated each other [13]. Since the band structure of tBLG is such 

that two Dirac cones are superimposed, different electronic property is anticipated 

compared with Bernal stacked BLG [13, 14]. For example, hybridization of band 

structure [15, 16], moiré pattern [16], coexistence of massless and massive carrier 

[17] and multicarrier transport [8, 18-21] phenomena were observed in various 

tBLG systems.  
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 The tBLG system is usually obtained through layer folding [18, 19], layer-

by-layer transfer technique of SLG [21, 22] and epitaxially grown graphene on C-

face of SiC [20, 23, 24]. Especially, it is well known that synthesis of hexagonal 

graphene flake on copper frequently contains adlayer during CVD process [8-12], 

which is one of the most conventional ways to construct tBLG.  

 In this chapter, we synthesized hexagonal-shape tBLG by CVD method 

and characterized the physical properties using Raman spectroscopy and 

transmission electron microscopy. We found that the macroscopic optical angle 

exactly matches the atomic twist angle. The correspondence between optical 

approach and atomic twisted structure provide platform to explore the electronic 

properties in tBLG, depending on twist angles.  

 

 

6.2 Experimental 

  

Hexagonal tBLG was synthesized by atmospheric pressure chemical vapor 

deposition (APCVD) [25]. High purity copper foil (Alfa aesar 10950, 99.999 %) 

was polished chemically and mechanically in prior to the growth of tBLG. The 

growth was performed at 1057 °C with 500 , 30-35, and 2 sccm of Ar, H2, and CH4 

(1 %, balanced by 99 % Ar), respectively, for 15 to 20 min. After growth, the 

sample cooled rapidly with 1000 and 7 sccm of Ar and H2, respectively. For Raman 

characterization, tBLG flakes were transferred onto a silicon wafer (285 nm oxide) 

by the bubbling method [26] with 0.1 M NaOH solution. After Raman 

measurement, Au marker was fabricated on/around tBLG to transfer again onto 

SiNx (40 nm) membrane using a micro stage [27]. 

 We characterized Raman spectroscopy of tBLG on SiO2 (285 nm) using 

NT-MDT instrument with 532 nm wavelength of laser, 0.5 ND filter, and 90 % 

transmittance. We acquired Raman signal for 5 s and analyzed the peaks with 

Lorentzian fitting. We performed transmission electron microscopy (TEM) and 



 

 77 

electron diffraction (ED) with a JEOL 2100 operating at 200 kV. All ED patterns 

were gathered from 1m diameter circle. 

  

 

6.3 Results and Discussion 

 

Macroscopic hexagonal edge direction can be used to get twist angle in tBLG since 

edge in hexagonal graphene has specific structure, usually zigzag edge [28, 29]. 

This approach which is used to gather angle information has succeeded in study of 

twist angle dependence of physical properties [30-32]. We have confirmed the 

angle correlation between optical image and ED with tracking same sample. Figure 

6.1(a) and (b) are optical image and ED, respectively. Note that the direction of ED 

in Fig. 6.1(b) was chosen for matching with optical image. The ED pattern is 

acquired on the hexagonal single layer region as grey dot shown in Fig. 6.1(a). We 

can observe that each colored dashed lines (red, blue, and green) in Fig. 6.1(a) 

optical image and (b) ED are parallel with each other. The feature is representative 

in zigzag edge case, that is, macroscopic edge in hexagonal graphene is parallel to 

line along two specific diffraction spots ((0-110) and (-1100)) as shown in Fig. 

6.1(c). For armchair case, the line along the spots is not parallel to macroscopic 

edge. Although both zigzag and armchair directions are possible in hexagonal 

graphene [28], zigzag direction is known to be kinetically more favorable in the 

growth process [29]. Edges of our graphene were also shown zigzag direction 

rather than armchair. And this result becomes basis to define the twist angle in 

tBLG using optical image. 

 Raman spectroscopy as well as ED study supports that hexagonal 

graphene has zigzag edge direction. Especially, it is known that the edges are 

sensitive to D peak of Raman spectroscopy [33, 34]. According to previous work, 

D peak intensity is weak (strong) for zigzag (armchair).  
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Figure 6.1 Atomic structure of hexagonal graphene. (a) optical image (b) ED 

pattern (c) conceptual diagram correlating macroscopic edge and ED for zigzag 

and armchair. (d) optical image (e, f) Raman G and D peak intensity mapping. 

We performed Raman mapping of hexagonal graphene and supported its zigzag 

edge structure. Figure 6.1(d) indicates optical image of hexagonal graphene we 

carried out Raman mapping. First of all, we show Raman mapping of G peak 

intensity as shown in Fig. 6.1(e). The intensity is entirely uniform and stronger 

(that is, brighter) in adlayer region. The stronger intensity in adlayer is consistent 

with previous work related to number of graphene layer dependent G peak [35]. In 

Fig. 6.1(f), we could not observe any distinguished intensity around hexagonal 

egdes, which verify that our hexagonal graphene is constructed by atomic structure 

with zigzag edge direction. 

 Verification of lattice orientation of tBLG has been carried out through 

ED pattern by TEM and optical microscopy analysis. First of all, we selected tBLG 

flake on SiO2 (285 nm)/Si substrate which has certain twist angle between layers. 

In Fig. 6.2(a), 20
o
 of twist angle was optically confirmed.  
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Figure 6.2 Angle correlation between optical image and electron diffraction pattern. 

(a) graphene on SiO2 with Au marker transferred onto (b) 40 nm of SiNx membrane. 

Electron diffraction (ED) pattern was taken from (c) single layer region (d) twisted 

bilayer region. Several samples are double-checked by optical microscope and ED 

and plotted in Fig. (e) to visualize the angle correlation. 

Note that, in the optical images in Fig. 6.2(a) and (b), white dashed line and black 

dashed line indicate mono- and bi-layer region, respectively. To check diffraction 

angle, we carefully transferred the graphene flake which was chosen under optical 

microscopy onto electron permeable SiNx membrane with Au frame as a marker as 

shown in Fig. 6.2(b). ED data in Fig. 6.2(c) and (d) correspond to the yellow and 

red spot, respectively, and it offers that our optical prediction is reliable for 

estimating the atomic orientation. We repeated several experiments for other twist 

angles and represented the data in Fig. 6.2(e). The x and y axis indicate measured 

twist angle from ED and optical image, respectively.  

 We also performed Raman spectroscopy in selected twist angles (3.4, 5.5, 

13, and 30°) obtained from optical image as shown in Fig. 6.3(a). The Raman 
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signals show similar twist angle dependence same as previous report where twist 

angles are measured by ED [9, 22]. We observed large full width half maximum 

(FWHM), 50 ~ 60 cm
-1

, for small twist angle (0 ~ 5°). Raman intensities as well as 

FWHM changed, for example, the G and 2D peaks were enhanced at 13° and 30°, 

respectively. In addition, we observed R and R’ peaks near 13° and 5.5° which are 

induced due to interlayer superlattice potential [36]. In Fig. 6.3(b)-(e), we plotted 

twist angle dependence of (b) peak position, (c) FWHM, (d) area intensity for 2D 

peak and (e) area intensity for G peak. Each plot is tracked by blue color and the 

data are consistent with the previous reports [9, 22]. All 2D peaks in Fig. 6.3(b) are 

blue shifted compared with the peak position of SLG. We also observed a sharp 

peak at intermediate twist angle regime, 10 ~ 15°. The monotonic increase of 

normalized area of 2D peak in Fig. 6.3(d) is the same with the previous result [9, 

22]. Lastly, the twist angle dependence also shows an enhanced G peak in Fig. 

6.3(e). So, the Raman results also support the optical image and ED data to assure 

angle difference between layers in tBLG. 

 

 

Figure 6.3 (a) Representative Raman signals from bilayer region. Blue (13
o
) and 

green (5.5
o
) arrows indicate R and R’ peak, respectively. (b) blue shift and (c) full 

width at half maximum (FWHM) of 2D peak. Area of (d) 2D and (e) G peak which 

are normalized with area of single layer region, respectively. Plots are guided by 

blue line in Fig. (b)-(e). 
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6.4 Summary 

 

In summary, we confirmed that twist angle can be obtained from optical image via 

the correlation between graphene layers which is carried out by ED measurement 

in TEM and optical analysis. Raman spectra also support the same result in terms 

of peak shift, FWHM, and area intensity integration. We expect that the acquisition 

of twist angle information by optical microscope contributes to investigate the twist 

angle dependence of electronic properties in tBLG. 
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Chapter 7  

 

Conclusion 

 

We report the modification of electronic properties of graphene as hydrogenation or 

twisting structure in terms of electrical conductivity, thermoelectric power (TEP), 

Raman spectroscopy, and magnetoresistance. 

 First, we discussed electron doping of CVD-grown SLG as hydrogen 

adsorption, which is revealed by transfer characteristic, TEP measurement, and 

Raman spectroscopy. As an exfoliated sample, the CVD-grown SLG showed n-

type doping after exposure to H2. The TEP results provided consistency with 

transfer characteristics, indicating the intrinsic modulation through hydrogenation. 

The electron doping was also probed by Raman spectroscopy. We expect that this 

study provides the easy means of electron doping manipulation in research fields 

associated with large-scale graphene.  

 Secondly, we studied the intrinsic electron doping and short-range 

scattering phenomena in BLG upon dissociative H2 adsorption. The intrinsic 

property can be achieved using the van der Waals interface with the BLG/h-BN 

structure. We observed electron doping saturating at certain amount and analyzed 

the phenomena using first-order adsorption model. The generation of D-peak in 

Raman spectroscopy and inverse impurity density dependence of mobility revealed 

that the charge carriers obey short-range scattering. The constant behavior of 

minimum conductivity as hydrogenation showed the competition between the 

mobility and the induced carrier density. These fundamental studies are expected to 

contribute to carbon electronics.  
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 Thirdly, we investigated the MR of tBLG samples with twist angles 

directly measured from the electron diffraction. With Landau fan diagram analysis, 

we found that the MR consists of superposition of two SdH oscillations in both 2° 

and 18° twisted cases but the charge carriers in both cases show different behavior. 

The two anomalous  Berry’s phases, as in SLG were observed in the 18° tBLG. In 

contrast, the 2° tBLG sample showed both anomalous  and conventional 

2 Berry’s phase, depending on carrier density.  

 Finally, we synthesized hexagonal twisted bilayer graphene (tBLG) using 

chemical vapor deposition (CVD) method. From hexagonal shape, we were able to 

extract macroscopic optical angle. The optical angle is exactly same with atomic 

twist angle, which is measured by electron diffraction experiment. The twist angle 

dependence of Raman spectra by optical angle showed the consistent results with 

previous report where the twist angle is extracted by electron diffraction 

experiment. This study provides simple manner to obtain the twist angle which is 

significant parameter in the tBLG system.   
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국문초록 
 

 그래핀은 높은 전하 이동도, 뛰어난 역학적 강도 및 유연성 등의 

특성을 가지므로 다양한 응용 분야의 차세대 소재로서 기대된다. 밴드갭

의 부재로 인해 실리콘 기반 전자 소자를 대체하는데 어려움이 따름에도 

불구하고, 높은 전하이동도 및 전류 용량은 초고속 트랜지스터 및 

interconnect로서의 부분적인 대안이 될 것으로 여겨진다. 뿐만 아니라 표

면적/부피 비가 크므로 외부 환경에 민감하게 반응하여 센서 등의 활용 

가능성이 크다. 따라서 그래핀의 전기적 특성을 변화시키고 그 성능 분

석 연구가 요구된다. 이 학위 논문에서는 도핑 혹은 적층에 따른 그래핀

의 전기적 특성변화를 전기전도도, 열기전력 및 라만 스펙트럼을 통해 

연구하였다.  

 첫 번째로, 우리는 고온, 고압의 수소화 과정을 통한 대면적 그

래핀의 전자 도핑 특성을 소개할 것이다. 화학 기상 증착법으로 성장시

킨 그래핀을 수소화하고, 열기전력 측정을 수행함으로써 n-타입 도핑 현

상을 확인한다. 선행 연구인 HOPG (Highly Oriented Pyrolytic Graphite)로부

터 박리한 그래핀의 수소 흡착에 따른 n-타입 도핑 특성은 대면적 그래

핀의 경우에 동일하게 나타나는데 이는 전기전도도의 게이트 (Gate) 의

존성 결과와 열기전력 측정 결과로부터 페르미 준위의 상승 (전자 도핑)

을 통해 확인할 수 있다. 수소 흡착 전, 후 모든 경우에 열기전력이 Mott 

관계식을 따름을 통해 전하의 확산에 의해 수송특성이 이루어지고 있음

을 확인하였다. Raman 스펙트럼 측정으로부터 수소 흡착에 따라 G 피크 

및 2D 피크 위치의 적색 편이(red-shift)를 확인하였고, 이는 전기전도도 

및 열기전력과 동일한 n-타입 도핑 특성을 보여준다.  

 Bernal 적층된 두 겹 그래핀은 시료에 수직한 외부 전기장에 의

해 밴드 갭 (Band gap)이 열려 전자 소자로의 활용이 기대된다. 전자 소
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자 활용을 위해서 밴드갭 조절 이외에도 전하 밀도의 조절 또한 요구된

다. 우리는 육각형 보론 나이트라이드 위에 놓인 Bernal 적층된 두 겹 그

래핀의 고온, 고압의 수소화 과정을 통한 n-타입 도핑 특성을 논의할 것

이다. 육각형 보론 나이트라이드는 dangling bonds가 적고, 그래핀과 유사

한 격자 구조를 가짐으로써 실리콘 옥사이드 기판의 영향을 배제한 그래

핀 고유의 특성 연구에 적합하다. 수소 흡착이 이루어짐에 따라 n-타입 

도핑이 일어나고, 흡착 과정은 시간에 따른 First-order 모형을 만족한다. 

전자와 홀 전하의 이동도는 흡착된 수소 불순물 농도의 역에 비례하고, 

Raman 스펙트럼으로 확인한 D 피크의 형성으로부터 short-range scattering 

특성을 따름을 이해할 수 있다. 또한 전기전도도의 최소값은 수소 흡착

에 따라 변화하지 않는데, 이는 감소한 이동도와 증가한 전하 농도 사이

의 경쟁에 기인한 것으로 이해된다. 또한 Raman 스펙트럼의 G 피크의 

폭 증가 량으로부터 도핑 이외에 격자의 압축 작용 (compressive strain)이 

일어남을 예상할 수 있고, 이는 기존의 전자 회절 실험을 통해 밝혀진 

d-spacing의 감소와 부합한다. 

 

 두 번째로 우리는 두 겹의 그래핀이 적층될 때 twist angle 만큼 

뒤틀린 경우의 전기적 특성에 대해 논의할 것이다. 화학 기상 증착법으

로 기른 단일 겹 그래핀을 전자 투과성을 지닌 실리콘 나이트라이드 기

판에 반복 전사하여 뒤 틀린 두 겹 그래핀을 형성하고 자기저항을 측정

하였다. 각 시료는 전자 회절 실험을 통해 2도 및 18도의 twist angle을 

갖는 것을 확인하였다. 두 종류의 시료 모두 Shubnikov de Haas 진동 상

에서 두 가지 종류의 carrier 가 중첩되어 있음을 확인할 수 있고, 이를 

Landau fan diagram으로 분석함으로써 베리 위상(Berry’s phase)의 정보를 

추출할 수 있다. 먼저 18도 뒤틀린 경우, 두 carrier 모두  베리 위상을 

보였다. 2도 뒤틀린 경우, carrier 밀도가 작은 경우 , carrier 밀도가 큰 경
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우, 2베리위상을보였다이러한차이는Interlayer potential과 Interlayer 

coupling 요소를 도입함으로써 이해할 수 있다. 더불어 Carrier pocket의 베

리 위상은 pocket이 포함하는 디락 점 (Dirac point)의 개수에 의해 결정되

는데, 한 개의 디락 점당 만큼의베리 위상 기여 분을 갖는다. 18도 뒤

틀린 경우 각 carrier pocket은 하나의 디락 점을 가지므로 각각  베리 

위상을 가진다. 2도 뒤틀린 경우 carrier pocket이 작은 경우에는 한 개의 

디락 점을 포함하므로  베리 위상을 가지는 반면 carrier pocket이 큰 경

우에는 두 개의 디락 점을 포함하므로 2베리 위상을 갖는다. 이처럼 

뒤틀린 구조를 갖는 두 겹 그래핀의 경우 twist angle에 따라 전기적 특성

이 변화함을 확인하였다. 

 Twist angle을 추출하기 위하여 전자 회절 혹은 Raman 스펙트럼

이 이용되는데, 육각형 뒤틀린 두 겹 그래핀을 이용하여 광학적으로 

twist angle 추출이 가능함을 논의할 것이다. 화학 기상 증착법을 통해 육

각형 모양의 두 겹 그래핀을 형성하고, 육각형 두 개의 뒤틀린 각도는 

광학 현미경을 통해 확인할 수 있다. 이 각도가 원자 수준의 twist angle

에 해당하는지 규명하기 위하여 동일 시료의 광학 현미경 상에서의 각도

와 전자 회절 실험으로 추출한 각도 사이의 상관 관계를 분석하여 정확

히 일치함을 확인하였다. 또한 Raman 스펙트럼 결과의, 광학적으로 추출

한 각도의존성은 기존에 보고된 전자 회절로부터 추출한 각도 의존성과 

부합함을 확인함으로써, 우리는 twist angle 정보를 얻을 수 있는 손쉬운 

접근법에 대하여 논의하였다. 

 

주요어: 그래핀, 수소화, 전자 도핑, 뒤틀린 두 겹 그래핀, 자기저항, 베

리 위상 
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