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Abstract 
 

 

Study of Chemical Reactions on Graphene Surface 

using Infrared Scattering-type Scanning Near-field 

Optical Microscopy 

 

Gyouil Jeong 

Department of chemistry, Physical chemistry 

Seoul National University 

 

 

This thesis focuses on chemical reaction on graphene surface using atomic 

force microscopy (AFM) based infrared-scattering type scanning near field optical 

microscopy (IR-sSNOM).  

Various studies have been conducted for the unique physical and chemical 

properties of graphene surface. Accompanied by such advancements, particularly, 

multi-layer graphene was spotlighted for its facile tunability of bandgap that can be 

controlled by stacking angles, external electric field, or chemical doping. However, 

the general technique used to analyze graphene surface, such as Infrared 

spectroscopy, has fatal limitation. It is impossible to study nanoscopic chemical 

reactions on graphene surface due to Abbe’s diffraction limit. Regretfully, Raman 

spectroscopy, which is most commonly used for graphene analysis, also has many 
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limitations. Moreover, this tool only perceives changes of the D, G and 2D band 

spectra hence fails to capture direct chemical reaction product information. 

From this point of view, I have two main reasons to pursue this study. First, 

as a technical point of view, IR-sSNOM is known for its high sensitive nano 

resolution. It is possible to get IR spectrum of graphene domain less than 10 μm. 

Additionally, there is no big limitation in sample condition unlike scanning tunneling 

microscope. In this respect, this technique is ideal tool to analyze graphene surface 

reaction. Secondly, graphene surface reaction study is worth to investigate as 

application of electronic graphene as well as prototypical model for organic 

chemistry. Form this model system study, it is possible to understand pi-pi interactive 

mechanisms but also catalytic mechanisms of graphene. I believe studying graphene 

surface reaction will bring new insight to chemistry field 
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Chapter 1:  

Introduction to scattering-type 

scanning near-field optical microscopy 
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1.1 Diffraction limit in classical optical microscopy 

 

 

Figure 1.1. Abbe diffraction limit on spatial (optical) resolution of general light 
microscopy. a, resolvable two light sources. b, Rayleigh's criteria. c, Sparrow's criteria 
resolution limit. 

 

Conventional optical microscopy uses propagating electromagnetic waves 

such as visible light to investigate samples. Usually, this image is visualized with the 

help of lenses or objectives. In general case, the image we get can be much larger 

than the original object actual size, revealing small specific characteristic feature that 

cannot be seen by human eye. At the end of the 19th century, to analyze this 

phenomenon, E. Abbe and Lord Rayleigh derived a criterion for the diffraction-

limited spatial resolution of an optical microscope1.  

 

  = 0.61  = 0.61  

 

Where, ∆x  is minimum distance between the two image point sources 

(object) at which they can still be unambiguously resolved.  is the wavelength of 
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the light used for imaging, and ξ is the half-angle if the light cone detected by the 

objective. =sin(2 ) is the numerical aperture and n is the refractive index 

of the medium surrounding. if we use largest NA objectives (oil n=1.51), maximum 

spatial resolution of conventional optical imaging systems is Δ  ≅   2⁄ , which 

for visible light is around Δ   ≅ 300~400   . If light of the mid-infrared 

spectral regime, such as quantum cascade laser, is used, spatial resolution is at least 

in the order of several micrometers. 

 

 

1.2 Nanoscale imaging 

 

To investigate samples that are smaller than the spatial resolution limit of 

optical microscopy, a variety of techniques have been developed. There are two 

approaches to overcome limit2,3. One is to use smaller wavelength such as electrons 

and ions for imaging. These light is much smaller than size of an atom, enabling 

atomic resolution imaging. However, these techniques still have diffraction limit, 

also have critical drawback, which is that these techniques require higher energy to 

achieve high resolution. Too large energy often leads to sample damaging4. Also 

these systems usually require high vacuum condition. For biochemistry field, 

fluorescence microscopy2,5,6 has been developed to overcome the diffraction limit. 

In general, dye molecules labelling7 such as fluorescent markers allow for selective 

mapping of different sample components. Conventionally, Fluorescent markers can 

be excited by certain wavelength and usually emit lower energy light. By combining 

complicated illumination and detection optics systems with confocal fluorescence 
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microscopy8, fluorescence imaging below diffraction limit can be achieved. 

However, these techniques require dye molecules and could possibly lead to sample 

contamination. Another kind of special microscopy techniques that enables to break 

the limitation are Scanning Probe Microscopy. The first SPM tool name is scanning 

Tunneling Microscopy (STM) and was invented in 19829,10. In STM, a sharp metallic 

tip is used with a potential and scanned across sample surface with typical distances 

of less than 1 nm. Commonly, they detect tunneling current between the tip and the 

sample when the tip is close to the sample surface. However, this technique requires 

conductive sample10. To overcome this limitation and to detect variety samples, 

Atomic Force Microscopy (AFM) was developed11,12. This AFM is also uses a sharp 

tip like STM. During scanning sample surface, this technique extract mechanical 

interaction forces between tip and sample by distance control system. (feedback 

system) For this reason, long flexible cantilever is suitable for AFM. Figure 1.1 

provides a schematic illustration of a typical AFM setup.  
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Figure 1.2. Illustration of a typical AFM setup. A light reaching at the cantilever edge is 
deflected to PSPD. This deflected signal is used in a feedback loop to control AFM tip 
distance from the sample surface. 

 

When an AFM tip approaches to a sample surface, there are two main 

important interaction forces13. One is attractive force and another is repulsive force. 

If the tip and the sample is not too close, attractive coulomb forces occurs, causing 

the cantilever to bend towards the sample, but if the tip and the sample are extremely 

close together, repulsive forces arise mainly from Pauli repulsion or ionic repulsion, 

causing the cantilever to bend in the opposite direction. Through detecting these 

subtle variations of AFM tip with position-sensitive photodiode, AFM can be 

controlled while scanning the tip across the sample. As most widely used AFM 

operation is tapping mode, the tip mounted on a cantilever oscillates at a mechanical 

resonance Ω (typically in the range of 10-300 kHz). When the AFM tip oscillates at 

its resonance frequency, the oscillating system is very sensitive to external influences. 
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Furthermore, when tip and sample come close, AFM tip’s oscillating amplitude 

diminishes. Via assistance of a feedback-system, tip oscillation amplitude can be 

controlled. However, regrettably, such microscopes allow only topographical 

knowledge of sample surface. 
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1.3 Scattering-type near-field optical microscopy 

 

 

Figure 1.3. Schematic of infrared-scattering-type scanning near-field optical 
microscopy (IR-sSNOM) measurement.  

 

To overcome these limitations and to get sub-wavelength resolution in 

optical fields, it is important to probe high spatial frequencies (more 600 kHZ) 

contained in evanescent (near-field) waves14,15. To obtain near-field, a AFM tip has 

to be brought close to the sample surface at least 100 nm. The crucial thing is that 

the probe need to be located smaller than a wavelength because evanescent waves 

only exist near the sample surface. Scanning probe microscopy technique16 is able 

to bring probe close enough to the surface to detect evanescent wave. As mentioned 

above, this microscope tools can control the nonmetric distance between the probe 

and the surface. From this adoption, scanning near-field optical microscopy17-19 

(SNOM) can be developed which can go beyond the diffraction limit barrier in 
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optical microscopy. 

 
1.4 Point-dipole modeling for IR s-SNOM 

 

Figure 1.4. Illustration of coupled with tip–sample dipole model system. This model is 
assumed that the AFM tip is supposed a small sphere with an infinitely small dipole and the 
tip dipole moment is p at height z above the sample surface. This tip dipole crates a mirror 
dipole of dipole moment. 

 

Figure 2. sketches the essence of our sSNOM model. The conical or 

pyramid-shaped tip is mostly polarized along its principal axis. Thus, we assume that 

only the out-of-plane tensor component (  ) is non-zero. The tip-end, which is 

modeled as a nanosphere has a polarizability (α)20 of 

 

α = 4π − / + 2 ⋯ (1) 
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where the  , and  are dielectric constants of tip-end and vacuum, respectively.  

A p-polarized LASER light (⃗ (⃗)) is incident on the tip sample junction system at 

an incident angle of    = 60° and with the photon momentum of ⃗  . The 

polarized light component of far-field scattering is gathered along the incident 

opposite direction (backward scattering). 

The tip-dipole excitation can take place either directly, or via the reflection 

from the sample surface. Therefore, the end of AFM tip affected the incident field as: 

 ⃗ = 1 − ( )   ⃗ ⃗  ⋯ (2) 

 

where the ( ) is the Fresnel reflection coefficient of the sample for an incident 

angle of    (p-polarized light). Furthermore, we can evaluate the Fresnel 

coefficient of graphene / SiO2 / Si sample: 

  =  ⋯ (3) 

 

Where C = cosφ −     , S = −sinφ +     and φ =  . The  =
 ∙  are the admittance of  = 1 (vacuum), 2 (SiO2) and 3 (Si) media, and the   are the out-of-plane wavevectors in i’th media:  () =( ⁄ ) −  ( [ ] > 0   [ ] > 0 )  where   and   are the in-

plane photon momentum vector and angular frequency of light, respectively. The  

is the in-plane optical conductivity of graphene, σ, normalized by unit 

conductivity,  =  /4. The α is the fine-structure constant. 
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If We can assume that graphene sample is placing upon a monolithic SiO2 

substrate with infinite thickness, the Fresnel coefficient () is can be simplified to: 

 

 = −    ⋯ (4) 

 

As we expand the in-plane photon momentum, q, we should pay attention 

that the Fresnel coefficients (eqns (3) and (4)) converges to -1. This arise from the 

dominant in-plane optical conductivity of graphene. 

Through the dipole-image dipole interaction, the tip-dipole can be interact 

with the sample. This degree of interaction between tip-dipole and sample dipole can 

be calculated using the Green’s dyadic operator, ⃡ and the resulting effective tip 

dipole moment is: 

 

⃗ = ⃡ ∙ ⃗  ⃗  ∙ 1 − ⃡ ∙ ⃡⃗ , ⃗  ⋯ (5) 

 

The ⃡ is consist of two terms. One is free-space (⃡) and the othwe is 

reflection (⃡) components. The self-interaction of the tip (⃡⃗ , ⃗ ) is included 

into its polarizability in free space (see Eq. (1)). Taking the smallness of the tip radius 

of curvature into account, I can neglect the radiation corrections. Thus, I can include 

only the reflection part of the Green’s function in Eq. (6), i. e., ⃡⃗ , ⃗  = ⃡⃗ , ⃗ . Recalling that the tip is polarizable only along the z-axis, the only 

nonzero dipole component is the z-component: 
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⃗ =  ∙  ,⃗  ∙ 1 −  ⃡⃗ , ⃗  ⋯ (6) 

 

The , ⃗ , ⃗  is calculated numerically: 

 

⃡, ⃗ , ⃗  = () =  4    
 ⋯ (7) 

 

The integral of eqn (8), referred to as a weight function, determines the 

bounds of q’s that is sampled by sSNOM probe through (q). Overall scattering 

except for near-field amplitude can be calculated  

  , = 1 − ( )   ∙ (1 −  ()) ⋯ (8) 

 

where A is a constant of the position of detector. In case of the s-SNOM measurement, 

the amplitude signal is processed by a lock-in amplifier to eliminate unwanted signal. 

The combinational signal between the   and the demodulated signal  is: 

  = ||  = 12   ( +  ) 
 ⋯ (9) 

 

Where z is average tip-sample distance, and δz is the amplitude of vertical tip-

oscillation, respectively. 
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1.5 Interferometric detection 

1.5.1 Homodyne interferometric detection  

 

Figure 1.5. Schematic of the homodyne interference detection technique. The LASER is 
passing through the beam splitter (BS) and is divided into two beams. The one is reflected by 
reference metal mirror which is accurately controlled with in nanometer scale by piezo 
actuator at the forward or backward positions. Another one is focused by objective at end of 
AFM tip. The detected signal which is interfered with each other is derived by the lock-in 
amplifier for amplitude and phase of near-field signal. 

 

Most of the scattered near-field signal (Enf) from an AFM tip sample 

junction is too small to detect because of large background signal (Ebg ). To suppress 

large background signal and to enhance the near-field signal intensity, the IR-

sSNOM is required for interferometric amplification techniques. In general IR-

sSNOM experiments, homodyne detection is powerful enough and mostly used. The 

major concept of homodyne detection is that the small near-field signal is interfered 

with reference beam (Eref ) that is split off from the sample beam path by a beam 

splitter. Figure 1.6 It is efficient to amplify when reference beam is larger than the 
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large background signal. There are three beams interfered at the detector: ,   

and   . Generally,    should be larger than    so that the modulated 

reference beam dominates the uncontrollable background signal. 

The interference equation reads as below: 

 

I ∝  ∗ =  +  +  (. . ) 

=  +  +  +  ∗ + ∗  + ∗ + ∗  + ∗
+ ∗   

 

The  term is too small to detect so that can be considered as negligible.  

The next four terms do not relate to near field so that also, can be neglected 

and are thus not modulated at harmonics of the tip oscillation frequency (~kHz). In 

addition, the following two terms are negligible because reference beam,   is 

tremendously larger than background signal,   . The remaining terms can be 

written as such.  

 

I ∝ 2 cos(∆∅) 

 

Where ∆∅ is the relative phase between the near field light and the reference beam. 

As the next step, measurement is taken at two different position of ∆∅ which is 
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available to pull out both a value proportional to   and the value of ∆∅ . 

Consider two measurements taken at some unknown ∆∅ and ∆∅ − . 

 

 ∝ 2  (∆∅) 

 ∝ 2  ∆∅ − 2 = 2  (∆∅) 

 +  ∝  ,   = ∆∅ 

 

Eventually, by measuring two certain point value and calculating the aforementioned 

calculations, it is possible to disassemble a value for the amplitude and phase of the 

near field. 
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1.5.2 Pseudo-heterodyne detection 

 

Figure 1.6. Schematic of the pseudo-heterodyne detection technique. the reference mirror 
is oscillated at frequency M for frequency modulation. Scattered near field (Enf) is modulated 
at frequencies Ω to suppress background signal. 

 

Pseudo-heterodyne detection is similar to homodyne detection in terms of 

utilizing a reference arm to amplify the weak near field signal. However, in pseudo-

heterodyne detection, reference mirror is sinusoidally modulated. This modulation is 

executed by voltage applied to piezo where reference mirror is mounted. The 

modulated reference field formula is as follows. 

 

 =     ( ) + . . 
 

γ  is the modulated oscillating amplitude of reference mirror and  

denote original phase of the reference field. M is usually hundreds hertz oscillating 

frequency of the reference mirror. 
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To utilize the Jacobi-Anger expansion, the signal can be expressed as 

 

 = ||  ()     
  

 

where, (γ) and m denote Bessel function of the first kind and an integer. The m 

must be a non-zero integer in order to pull out the near-field from the background 

noise. The detected total interference near field signal can be expressed as, 

 

I ∝  ∗ =  +  +  (. . ) 

=  +  +  +  + ∗  + ∗ + ∗  + ∗
+ ∗   

=  +  +  + ∗ + ∗ 
+ 2  ()      −  −  2 


+ 2  ()     −   −  2 

  

 

As mentioned above, the sSNOM only needs amplified near field signal. The 

amplified near field signal can expand into the follows form 
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I ∝ ||    ()[( )]
   +  −  −  2 

  

 

From this interference signal, it is simple to extract only near field signal 

using a lock-in detection technique at the frequency of nΩ + mM. 

 

 

Figure 1.7. Schematic representation of the modulated signal. The harmonic frequency 
signals are split into sidebands at intervals of reference mirror frequency M. 

 

Looking at the above equation, intensity signal is transformed to 

trigonometric sine and cosine at regular intervals of frequency m. Experientially, It 

must be recommended that m must be small enough to get a large (γ)Jm(g) with 

a certain value of γ. It is effective to amplify the output signal and it possible to pull 

out lock-in signal at the frequency of 2Ω + M (m = 1) and at 2Ω + 2M (m = 2). 

From this selection, signal at 2Ω + M and 2Ω + 2M can be expressed respectively 

as 
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 ∝ || ()  +  −   

 ∝ || ()  +  −   

 

Owing to  and  are two orthogonal terms, magnitude and phase can 

be easily extracted as   

 

 +  ∝  ,   = ∆∅ 

 

The main strength of pseudo-heterodyne is that it is possible to obtain the 

amplitude and phase of the near field in a single scan while homodyne detection not 

available. However, pseudo-heterodyne has critical disadvantage. Numerous actual 

near field signal can be neglected regrettably. Because, each side band of tip 

harmonic peak possess sample information about scattered near field signal while 

lock in amplifier processes only two of sidebands among a number of sidebands. 
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2.1 Graphene Raman spectroscopy 

 

 

Figure 2.1. Schematic illustration of Raman scattering from the oxygne molecules 
adsorbed onto bilayer graphene. 

 

Raman Spectroscopy uses relatively simple experimental equipment and 

can be analyzed non-destructively. In addition, Raman spectroscopy enables high-

resolution analysis that is not possible with general IR spectroscopy. Using this 

Raman spectroscopy, it is also possible to analyze the lattice structure1, electronic2, 

optical2, and phonon3 of carbon materials. Three-dimensional (3-d) diamond4 and 

graphite, graphene (2-d), carbon nanotubes5 (1-d), and fullerenes6 (0-d) can be 

measured. Numerous progress research has been made in graphene field using 

Raman spectroscopy over the past period. In addition to general graphene research, 

it has been used in application fields such as doping7, strain8 (stress), disorder9, 

chemical functionalization10, thermal conductivity11, magnetic field12 and interlayer 

coupling13. Compared to the Raman process of other molecules, intensity of 
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graphene Raman spectroscopy with the resonance process is tremendously larger 

than that of other molecules. Mainly, this graphene Raman spectroscope checks the 

R, D, G, 2D bands representatively. Changes of graphene are detected through 

variations of peak intensities, peak position and line shapes.  

More specifically, the R (R’) band14 is visible when two or more layers of 

graphene are overlapped at an abnormal angle. The position can be seen from several 

positions (about 1300cm-1 and 1680cm-1) depending on the overlapping angle. The 

D band is a Forbidden transition15, which is not visible in perfect graphene. However, 

when a defect occurs, it is visible from the 1360cm-1 position. The changes in 

graphene surface, such as doping, can be identified. The G band is a typical vibration 

motion of graphene and is seen from the 1625cm-1. In the case of this G band, two 

states are degenerated16,17. Consequently, it appears as one peak. When an influence 

such as doping, stain or oxidation is applied to graphene, it may appear as two peaks. 

The 2D band is the overtone mode18 of the D band and this band is measured at 

2450cm-1. The number of layers of graphene can be distinguished by the ratio of the 

G band and the 2D band19. Additionally, the order of graphene layers can be 

distinguished by the 2D band shape20. 
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2.2 Graphene surface chemistry 

 

 

Figure 2.2. Schematic of chemical reaction of graphene surface. Oxidation reaction of 
two kind of stacking structure bilayers graphene on SiO2 substrates. 

 

Graphene is a two-dimensional structure with carbon atoms arranged in a 

honeycomb lattice and is already known to be a unique properties including 

electronic21, optical22, thermal23, and mechanical24 properties. To be easily used these 

unusual properties in various fields, several synthetic methods25-27 of graphene-based 

carbon materials have been introduced. The most notable is the CVD synthesis25,28 

on metal substrates, an interdisciplinary technique expected to connect the academic 

field and industry. Besides these unique characteristics and synthesis method, there 

is an interesting point about graphene. it can have unique properties if the 2D 

structure of graphene is changed by other element such as metal29, liquids30, 

semiconductors31, polymers32, biomaterials33, and even ion34. In other words, 
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properties of graphene can be changed through physisorption35 and chemical 

reactions such as functionalization36. On the contrary, it is also possible to know a 

change of the graphene surface through the change of graphene characteristics. And 

there are a lot of advantages that most of all, it is possible to study pi-pi interactive 

mechanisms37 and catalytic mechanisms38 through these mutual relationships 

graphene and changes in the surface of graphene.  

However, the analytical tools used to study of chemical reaction on surface 

of graphene are very limited. The most commonly used technique when observing 

such a phenomenon is Raman spectroscopy, which detects changes in graphene itself. 

Alteration of graphene or graphene surface are generally detected via changes in the 

D, G and 2D band. Therefore, there is a large limit to the method of seeing changes 

in graphene itself in this way. In addition, the limit of this technique is also glaringly 

obvious. Since the spatial resolution is up to several hundred nanometers, there is a 

big limitation on graphene research. For these reasons, the need for other special 

spectroscopic techniques has emerged. 
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2.3 Moiré-pattern graphene 

 

 
Figure 2.3. Schematics of Moiré-pattern Graphene. Pattern that occurs when two 
graphenes are overlapped. The smallest unit cell of Moiré-pattern Graphene is triangular 
structures. 

 

When two relatively similar structures overlap, a new pattern is created. 

This pattern is called moiré-pattern39, also this word is derived from the mohair in 

French. When two sheets of graphene with repeating unit cells overlap, a moiré-

pattern is created. Interestingly, moiré-patterned graphene may exhibit unusual 

properties40-42 other than previously known. These distinctive properties in stacked 

graphene layers can be tuned by manipulating a twisted angle.  

Among these moiré-patterned graphene, moiré superlattices in van der 

Waals (vdW) stacks of graphene and hexagonal boron nitride (h-BN) layers are 

tremendous attractive materials as they show superior electronic properties43,44 like 

superconducting phase45. he main reason for this unique property is known to be the 
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interplay between atomic structure and electron correlations. The field of research 

related to this is called the twistronics46,47, and active research is ongoing. 

Remarkable result is that when two layers are overlapped at specific magic angles 

the moiré pattern shows unique properties such as superconductivity. Also, if 

graphene is overlapped with a magic angle, a sharp peak associated with band-

flattening near the charge-neutrality point is shown when the two van Hove 

singularities48,49 (VHS) in the density of states (DOS) of each monolayer are merged 

in the angle. Also, recent studies reported that moiré flat bands are made even two 

Bernal stacking bilayer graphene overlapped with a specific small angle, which is 

twisted double bilayer graphene50-53 (tDBG).  
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Chapter 3:  

Nanoscale visualization  
of multilayer graphene 
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3.1 Mapping of Bernal and non-Bernal stacking domains 
in bilayer graphene using infrared nanoscopy  
- It has been submitted as a paper. 

 

3.1.1 Introduction 

 

Figure 3.1.1 Schematic illustration of possible stacking structures of bilayer graphene 
and IR-sSNOM setup (a) Possible stacking structures of bilayer graphene (BLG): AB 
(Bernal), AA’ (twisted bilayer graphene), and AA. The angle θ is the crystallographic angle 
between the two graphene layers (θ = 0° ~ 30°). (b) Schematic of infrared-scattering-type 
scanning near-field optical microscopy (IR-sSNOM) measurement: the p and p’ are the tip-
dipole and its image on sample surface, respectively. The scattering amplitude is influenced 
by the local optical properties of the sample, including optical conductivity of graphene (σ) 
and dielectric constants of substrate materials ((SiO2) and (Si)). 

 

Stacking orders in multi-layer graphene control band-structures, resulting 

in potentially useful stacking-specific electrical and opto-electric properties1-7. 

Particularly, the bilayer graphene (BLG), the simplest multilayer graphene8, can 

assume (Figure 3.1.1a) stable AB-stacking (Bernal) structure, in which half of carbon 
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atoms of the second layer lie directly over the center of a hexagon in the first 

graphene layer and  the other half of carbon atoms lie above the carbon atoms of 

the first layer, or a meta-stable AA’-stacking structure (twisted bilayer graphene, 

tBLG), in which the crystallographic axes of the two layers have an arbitrary angle 

(θ = 0° ~ 30°). The chemical vapor deposition (CVD) method provides large-area 

BLG samples9 with AB and AA’ stacking domains, offering an excellent opportunity 

to explore how the stacking structures influence optical and opto-electronic 

properties. However, such CVD-BLG samples are usually made of co-existing 

domains with various stacking structures, necessitating microscopy techniques that 

can identify such domains. 

While electron microscopy9-12 and scanning tunneling microscopy13 reveal 

atomic resolution stacking structures of graphene, they are limited to the samples on 

conducting substrates or to the ones in free-standing conditions. Raman 

spectroscopy14-16 reveals the stacking domains of BLG through the characteristic 

spectral signatures of G and 2D peaks, yet its spatial resolution is limited to ~1 μm, 

and in some cases spectrum-structure correlation is not uniquely determined. The 

far-field infrared (IR) spectroscopy delivers information3, 5 on stacking orders 

through the stacking-specific IR-conductivity spectra.4, 5 Unfortunately, the spatial 

resolution (5 ~ 10 μ m) of conventional IR spectro-microscopy is insufficient to 

spatially resolve the co-existing stacking domains. 

Here we show that infrared scattering-type scanning near-field optical 

microscopy (IR-sSNOM)17-30 can visualize and characterize the Bernal and non-

Bernal stacking domains in BLG. In IR-sSNOM (see Figure 1b and Method section), 

light excites an oscillating dipole (p) at the tip-end, and the tip-dipole interacts with 
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its own image (p') via dipole-dipole coupling. The amplitude of image-dipole is 

determined by the local optical properties (including the local conductivity of 

graphene, σ, and dielectric constants of substrate materials (in this case SiO2 and Si). 

As such, the scattering amplitude from the tip-sample junction (the IR-sSNOM 

amplitude) carries local optical properties of the sample. Because both the intra- and 

inter- band optical conductivities of BLG depends on local stacking structures, IR-

sSNOM images can reveal the local stacking structures of BLG. 
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3.1.2 Experiment  

Materials (CVD bilayer graphene) - Graphene films were synthesized on 25 μm 

thick copper foils through the CVD method31, using methane (50 s.c.c.m.) and 

hydrogen (5 s.c.c.m.) gas with vacuum pumping (~1.5 mtorr) at 1000 °C for ∼2 

hours. Methane was used only during the growth stages of graphene and was not 

used during the cooling process. Poly(methyl methacrylate) (PMMA) was spin- 

coated on top of graphene and  the copper foil was  etched  in an ammonium 

persulfate solution (20 mM with distilled water). The achieved monolayer graphene 

films were transferred onto SiO2 (thickness of 285 nm) / Si substrates. The 

monolayer covers nearly all area of the SiO2/Si substrate, and bilayer domains appear 

as islands with an average radius of ~ 10 μm. 

Measurement - We use the side-illuminated IR-sSNOM17-30 (Figure 1b), consisting 

of a tapping-mode atomic force microscope (AFM), infrared lasers (an infrared 

HeNe at λ  = 3.39 and a quantum cascade laser at λ  = 10.0 μ m), a Michelson 

interferometer, and infrared detectors (an InSb detector for λ  = 3.39 μ m, and a 

mercury cadmium telluride (MCT) detector for λ = 10.0 μm) cooled with liquid-

nitrogen. A PtIr coated AFM tip (Nanosensors, PPP-NCHPt) is dithered near the 

resonance frequency of an AFM- cantilever (Ω ~ 300 kHz) with a full amplitude of 

20 ~ 100 nm above the sample surface. Linearly polarized (p-polarized with respect 

to the sample surface) light from the laser is focused on the tip-sample junction with 

an angle of 30° with respect to the sample surface via a Schwarzschild objective lens. 

Scattered light from the tip-sample junction is collected by the same objective lens. 

The collected light is homodyne-amplified and detected by the IR-detector, and the 

detected signal is lock-in filtered at the 2nd harmonic (2Ω  ~ 600 kHz) of the tip 
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oscillation to give the intensity (||) and phase () of the demodulated complex 

amplitude. Micro-Raman spectroscopy measurements (an excitation wavelength of 

514.5 nm) are carried out on the sample to determine the number of layers (n) and to 

cross-confirm the stacking domain assignment in BLG.  
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3.1.3 Results and discussion  

 

Figure 3.1.2 Stacking dependent IR-sSNOM images of BLGs. (a) Far-field white-light 
reflection image (OR). Entire sample surface is covered by mono-layer graphene (MLG) and 
bilayer graphene (BLG) islands are formed on top of the MLG. At the centers of BLG islands 
are thicker (n > 2) graphene layers (X). (b) AFM Topography. (c) & (d) IR-sSNOM intensity 
(||) images of BLG obtained with IR light at λ = 3.39 μm (c) and at λ = 10.00μm (d), 
revealing two domains (D1 and D2). The wire-like features in Figures 2c and d outside of 
BLG-regions originate from the wrinkle structures (compare IR-sSNOM and the topography 
images). For images (a) ~ (d) scale bars represent 2 μm length scale. The gradation of color 
in D1 (blue to red) is an experimental error caused by the slow drift of laser focus onto the 
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tip, giving intensity gradient along the slow scanning-axis (vertical direction in image). (e) 
Zoom-in scan of square-marked region of BLG in (c). Inset shows the line-profile sampled 
along the line (light blue) in image (e), and the fit to a sigmoidal function, providing full 
transitional width of 38 nm. The (f) Domain- specific IR-sSNOM contrasts at two different 
photon energies. The error bars represent both the intensity variation within individual images 
and also sample-to-sample variation. Red crosses (x) represent IR-sSNOM model contrasts 
for AB-BLG and AA-BLG 

Figures 3.1.2a-d compare the optical reflection (OR), AFM topography 

(Topo), and IR-sSNOM intensity (||, wavelengths of 3.39 μm and 10.00 μm) 

images of a CVD-grown BLG island on a SiO2/Si substrate. In this sample, entire 

sample surface is covered with mono-layer graphene (MLG) and the BLG islands 

are grown as an additional layer on top of the MLG. At the centers of each island are 

thicker multilayer graphene domains (denoted as X). In this work, the IR-sSNOM 

intensity of BLG shown is normalized to that of MLG/SiO2/Si to facilitate the 

comparison with IR-sSNOM model intensities described below. While the OR and 

AFM images show homogeneous profiles of BLG, the IR-sSNOM intensity map at λ = 3.39 μm (with a photon energy = 0.366 eV) (Figure 3.1.2c) shows bright 

and dark domains (D1 and D2 in Figure 3.1.2c). With IR light at λ = 10.0 μm (with 

a photon energy  = 0.124 eV), IR-sSNOM image of BLG also reveal the same 

domain structures, but with intensity contrasts that are complementary to the ones 

obtained at  (compare Figures 3.1.2c and d).  
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Figure 3.1.3. Examples of IR-sSNOM intensity (||) and phase () images of BLG 
obtained with IR light at  = 0.366 eV and  = 0.124 eV. The scale bars correspond 
to 2 μm. Last column shows the stacking angles (θ) of AA’-BLG in each image, estimated 
from the Raman spectra. 

 

Such features are consistently observed in all of the BLG samples we have 

examined (see Figure 3.1.3) In particular, two types of domains are recognized: the 

domains with pronounced IR-sSNOM intensities (|| = 4 ~ 9) at  , and the 

ones with weak IR-sSNOM intensities (|| < 2) at . The IR-sSNOM contrasts 

for the two types of domains are found to be reversed at  (see Figure 3.1.2f). We 

assign that the former is the AB-stacked BLG (AB-BLG), and the latter is the AA’-

BLG with arbitrary stacking angles.  
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Figure 3.1.4. Comparison of Raman spectra of different stacking structures BLG (a) 
The Raman spectra of a BLG on SiO2/Si substrate (excitation wavelength of   = 514.5 
nm) obtained from the D1 (β) and D2 (α) regions of BLG shown in Figure 3.1.2c of main 
text. (b) Line-shape analysis of 2D peak of β (D1), showing characteristic line-shape for 
AB-BLG. 

 

From a separate Raman spectroscopic measurement (intensity ratios of G 

and 2D peaks, and the line-shape analysis on 2D peak32-37; see Figure 3.1.2g and 

Figure 3.1.4) on BLG domains, we confirm that the bright and dark domains at  

are AB-BLG (D1 in Figure 3.1.2c) and AA’-BLG with various stacking angles (D2 

in Figure 3.1.2c; for the domain D2 in Figure 3.1.2c, Raman spectrum indicates the 

stacking angle of θ  = 8 ± 1°), respectively. The IR-sSNOM images reveal the 

transitional width of ~40 nm (Figure 3.1.2e) at the domain boundaries, most likely 

representing the spatial resolution of IR-sSNOM, not the real domain-wall 

thicknesses. 
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Figure 3.1.5 Band structures and complex optical conductivity spectra of AB, 
AA’ and AA- BLG. (a) Schematic representation of band diagrams for AB, AA` and 
AA-BLG. Inter- and intra-band transitions are marked with grey and black arrows, 
respectively. (b) Real (Re(σ)) and imaginary (Im(σ)) parts of the theoretical optical 
conductivity spectra of AB- BLG, AA-BLG and MLG. See main text for the details 
of calculation. All of the conductivities (σ) are expressed in unit of = cα/4, where c and α are the speed of light and the fine-structure constant, respectively. 

 

Band structures of AB, AA’ and AA-BLG (Figure 3.1.5) qualitatively 

explain the observed IR-sSNOM contrasts at the two photon energies. For AB-BLG, 

strong interlayer coupling (with a coupling energy of  ~ 0.37 eV3, 4, 15 leads to 
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parabolic energy bands3, whereas for AA-BLG, near-zero inter-layer coupling leads 

to linear energy bands. The band structure of AA’-BLG is similar to AA-BLG, except 

that it has avoided crossings8, with the energy gaps varying with θ. The BLG on 

SiO2/Si substrate has a finite substrate-induced doping, placing the Fermi energy () 

around 0.1 ~ 0.2 eV38. Owing to the AB-BLG shows a strong inter-band resonance 

around 0.4 eV3, 4, 15, whereas AA-BLG or AA’-BLG do not show such resonances.  

On the other hand, at photon energy, ω  < 2   ~ 0.3 eV, inter-band 

transitions are Pauli-blocked and intra-band transition dominates the conductivities 

of BLG. As shown in the band diagrams, the AB-BLG has only one conduction 

channel around  , whereas AA-BLG has two accessible conduction channels, 

leading to significantly larger conductivity of AA-BLG than that of AB-BLG. Band 

structures of AA’-BLG and AA-BLG around Fermi energy are similar, and therefore 

we expect that conductivity of AA’-BLG is also larger than that of AB-BLG. As 

mentioned above, IR-sSNOM intensities scale with the magnitudes of optical 

conductivities. These explain why we observe brighter and darker IR-sSNOM 

contrasts for AB-BLG and AA’-BLG at  = 0.366 eV, respectively, whereas such 

intensity contrasts are reversed at  = 0.124 eV.  

To place the above arguments on a more quantitative ground, we have 

carried out point-dipole IR-sSNOM model calculations27, 39 for BLG/SiO2/Si. The 

complex conductivity spectra of AB-BLG and MLG (Figure 3.1.5b), which are the 

key input parameters of the simulation, are obtained theoretically, and calibrated 

against reported experimental spectra3, 4, 15, 40. Realistic modeling of conductivities of 

AA’-BLG41, 42 with arbitrary θ  are beyond the scope of this work. Instead, we 

calculated the conductivity of AA-BLG, and use this as the limiting conductivities 



 

 50

of AA’-BLG. We theoretically calculated the conductivity spectra based on the tight-

binding Hamiltonian6 with   (intra-layer interaction) = 3.16 eV and   (inter-

layer interaction) = 0.37 eV) and the Kubo formula43 (phenomenological disorder 

parameter η = 40 meV, and Fermi energy of  = 0.19 eV). At ω < 2, intra-

band transitions lead to Drude peaks in the spectra, whereas inter-band transitions 

are forbidden due to Pauli-blocking. For AA’-BLG with arbitrary θ (and also for 

AA-BLG), inter-layer coupling can be neglected and the system can be interpreted 

as two decoupled MLG. At ω >> , the real parts of the optical conductivities for 

AA, AB and AA’ approach 2.  

In Figure 3.1.2f, we compare the experimental IR-sSNOM intensities of 

AB-BLG and AA’-BLG, and model IR-sSNOM intensities of AB-BLG and AA-

BLG (used as the limiting case of AA’-BLG), at  = 0.366 eV and  = 0.124 

eV. The IR-sSNOM model correctly reproduces key features of the experimental IR-

sSNOM intensities of AB and AA’-BLG at two photon energies, fully validating our 

interpretation.  
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Figure 3.1.5. IR-sSNOM intensity (||) ((a) & (c)) and phase () ((b) & (d)) image 
of BLG at   = 0.366 eV and   = 0.124 eV, revealing two different AA’-BLG 
domains (D3 and D4). Region X is the domain with thicker multilayer graphene (n = 3 and 
higher). (e) 2- dimensional intensity – phase image histogram of IR-sSNOM image of (c) & 
(d). 

 

It must be noted, however, that the AA-BLG is a limiting case of AA’-BLG, 

and as such current IR-sSNOM modeling of AA’-BLG cannot fully explain all of the 

features of IR-sSNOM images. As shown in Supporting Information-figure S3.1.3, 

both the IR-sSNOM intensity and phase contrasts of AB-BLG in Figure 3.1.2 can be 

fully reproduced by the IR-sSNOM model. For AA’-BLG, however, IR-sSNOM 

phase contrasts at two different frequencies cannot be reproduced by the AA-BLG 

model. This not only shows missing structural information of AA’-BLG, but it also 

indicates that IR-sSNOM phase contrast is particularly sensitive to the stacking 

angles in AA’-BLG.  
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Figure 3.1.6. 2-dimensional intensity-phase (||  vs  ) histograms of IR-sSNOM 
images (Figure S3.1.1) at   and   frequencies, along with IR-sSNOM model of 
AB-BLG and AA-BLG (red dots). The intensity and phase contrasts of AB-BLG domain 
can be satisfactorily reproduced by the model, whereas the phase contrasts of AA’-BLG 
cannot be reproduced by the model that is based on the optical conductivity of AA-BLG. 

 

In particular, as shown in Figure 3.1.6, we find that the IR-sSNOM intensity 

and phase contrasts at 0.124 eV can differentiate two different AA’-BLG domains 

(D3 and D4 in Figure 3.1.5), with a phase difference of Δ = 10°, demonstrating 

that the IR-sSNOM phase as well as intensity contrasts may potentially yield 

stacking angles in AA’-BLG as well, provided that we have a priori knowledge on 

stacking-angle dependent optical conductivities of AA’-BLG. 
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3.1.4 Conclusions 

 

To sum up, we have shown that IR-sSNOM can visualize various stacking 

domains of BLG with a ~40 nm spatial resolution (see the inset of Figure 3.1.2e, 

showing a line-profile of IR-sSNOM intensity and a fit to a sigmoidal function. The 

fit provides a full transitional width of ~40 nm), based on stacking-specific inter- and 

intra-band conductivities. The IR-sSNOM stacking map offers ~10 times better 

spatial resolution than the one available from usual Raman spectroscopic methods. 

Because the IR-sSNOM can be applied to BLG on dielectric substrates, as well as 

on metallic substrates (possibly with increased IR-sSNOM sensitivity and image 

contrasts, due to the enhanced tip-sample coupling22), it offers a major practical 

advantage over scanning tunneling microscopy and electron microscopy. This is 

particularly relevant for in situ characterization of the BLG-devices, most of which 

are built on dielectric substrates. The method, in its current form, does not provide 

complete information to unambiguously determine the stacking angle between the 

two layers in AA’-BLG. We emphasize that this is by no means a fundamental 

limitation to the method: IR-sSNOM measurement with widely tunable IR sources 

(such as synchrotron source26 or IR optical parametric oscillators) may provide a 

fully spectroscopic IR-sSNOM contrasts, enabling us not just to differentiate AB 

versus AA’-BLG domains but also to obtain the crystallographic angle between the 

two graphene layers. 
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4.1 Narrow infrared resonance of commensurate-
incommensurate transition for tetramer-graphene on 
hexagonal boron nitride 
- This paper will be submitted. 

 

4.1.1 Introduction 

 

 
Figure 4.1.1. Reconstruction of tDBG moiré pattern. a, Schematics of twisted double 
bilayer graphene (tDBG) preparation. b, Schematics of twisted double bilayer graphene 
(tDBG) 

 

Graphene is well known for its two-dimensional honeycomb structure 

crystal, whose peculiar electronic properties have raised considerable interests in the 

past few years. When two 2D materials layers are physically stacked in series with 

an arbitrary angle1, a distinctive pattern is created due to lattice mismatch and relative 

rotation between the layers. This interference pattern is called the moiré-pattern2. 

The atomic-scale crystalline alignment between the layers plays a critical role 
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determining properties of the layers. Also, these electronic properties in stacked 

graphene layers can be tuned by manipulating a twisted angle. Twistronics3,4 are 

actively studied to control the electronics of these materials. And previous researches 

reported remarkable results when two layers are placed with specific magic angles2,4, 

the moiré patterns exhibit special properties such as superconducting phases5,6. In 

addition, a sharp peak associated with band-flattening near the charge-neutrality 

point is shown when the two van Hove singularities (VHS) in the density of states 

(DOS) of each monolayer are merged5 in the angle2,7. Furthermore, these are not 

unique cases of the merging mono layered graphene. Recent studies reported6,7 that 

moiré flat bands are made even with two Bernal stacking bilayer graphene 

overlapped with a specific small angle, which is twisted double bilayer graphene 

(tDBG). 

The commonly used imaging tools for moiré pattern is electron microscopy 

(EM)8 or scanning tunneling microscopy (STM)9,10. Because the size of the moiré 

pattern ranges from few nanometers to tens of nanometers, it is difficult to 

distinguish with common optical microscopy due to diffraction limit. Although, 

these imaging tools allow accurately to measure the size of the moiré pattern, there 

are several disadvantages. First, graphene sample can be damaged by electron beams 

during measurement11. In addition, it is difficult to satisfy the sample condition 

because the sample must be placed in an ultra-high vacuum (UHV) condition and 

substrate for STM is limited12. As these shortcomings stand out, the importance of 

infrared scattering scanning near-field microscopy (IR-sSNOM) has come into the 

spotlight8,13. AFM based IR-sSNOM is possible to measure a few nano-meter 

resolution without damaging the sample. The IR-sSNOM also has the advantage of 

having a huge range of choices for the sample substrates. For this reason, many 
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research papers8,14 have confirmed the moiré-pattern by mapping the conductivity of 

graphene using IR-sSNOM. However, there is something more to consider about 

moiré-pattern imaging using IR-sSNOM. The question arises as to whether the 

information obtained from IR-sSNOM shows only graphene stacking information. 

If we can obtain not only optical conductivity of stacking structure, but also the 

peculiar property originated form moiré-pattern via using IR-sSNOM, we need to 

examine it separately.  

In this study, we investigated the moiré structure of tDBG on h-BN using 

IR-sSNOM, revealing clearly separated domains of tDBG. However, features were 

significantly wavelength-dependent, which seemed to be highly affected by narrow 

plasmonic resonance of the graphene15. IR-sSNOM spectra shows moiré structure 

have a localized surface plasmon resonance (LSPR) at specific energy (~960 cm-1), 

which varies with stacking structure of graphene, the size of moiré pattern, 

arrangement of moiré pattern, the shape of the pattern, the edge around the pattern 

or something else. We also verified our experimental results with numerical finite 

difference time domain (FDTD) simulation. 
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4.1.2 Experiment  

Sample measurements (IR-sSNOM & FTIR) - We use the side-illuminated IR-

sSNOM, consisting of a tapping-mode atomic force microscope (AFM), Michelson 

interferometer, infrared lasers (a quantum cascade laser at ν = 952.3 ~ 1428.5 cm-1 

and an infrared HeNe at ν = 2949.9cm-1) infrared detectors (a mercury cadmium 

telluride (MCT) detector for ν = 952.3 ~ 1428.5 cm-1 and an InSb detector for ν = 

2949.9cm-1) cooled with liquid-nitrogen. The IR-sSNOM probe (Nanosensors, PPP-

NCHPt, Ω  ∼ 300 kHz) vertically vibrates with an amplitude of 20 ~ 100 nm. 

Linearly polarized (p-polarized with respect to the sample surface) light is focused 

on the tip-sample junction with an angle of 30° with respect to the sample surface 

via a Schwarzschild objective lens. The collected scattered light is amplified by a 

homodyne-amplified by a Michelson interferometer and the detected signal is lock-

in filtered at the 2nd harmonic (2 Ω ~ 600 kHz) of the tip oscillation to give the 

intensity (||) and phase () of the demodulated complex amplitude. 
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4.1.3 Results and discussion  

 

 
Figure 4.1.2. Reconstruction of tDBG moiré pattern. a, Schematics of twisted double 
bilayer graphene (tDBG). b, Schematic of IR-scattering-type scanning near-field optical 
microscopy (IR-sSNOM) measurement. the p and p’ are the tip-dipole and its image on 
graphene sample surface, respectively. c, AFM images of the tDBG sample. d, & e, IR-
sSNOM intensity (||) images of the tDBG obtained with IR light at ν = 2949.9 cm-1 (d) 
and at ν = 961.5 cm-1 (e). the tDBG is divided into two domains, tDBG A (bright triangles) 
and tDBG B (dark triangles). The IR-sSNOM intensity of moiré patterned tDBG shown is 
normalized to that of hBN. Twist angle (θ) of the tDBG can be estimated by period length 
(L) of near-field image. The estimated twist angle (θ) is 0.045°. All scale bars are 400 nm. 
 

IR -sSNOM imaging of reconstructed twisted double bilayer graphene 

The tDBG sample (Figure 4.1.2a; see methods for sample preparation 

procedure) is located on a h-BN flack. It is known that overlapped graphenes 

reconstruct their structures into new forms. In most cases, a newly constructed 
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graphene has a triangular pattern. This triangular pattern is called a moiré pattern. 

We measured this moiré patterned graphene using IR-sSNOM (see Figure 1b and 

Method section). LASER excites an oscillating dipole (p) at the end of tip, and the 

tip-dipole interacts with its own image dipole (p') via dipole dipole interaction16,17. 

The amplitude of image-dipole is determined by the local optical properties 

including the local conductivity of moiré patterned graphene (σ ) and dielectric 

constants of the substrate (e) which is h-BN. The scattering amplitude from the 

junction carries the local optical properties of the sample in case of the moiré 

patterned tDBLG. These patterns are not shown in the atomic force microscopy 

(AFM, Figure 4.1.2c). However, the IR-sSNOM intensity image at ν = 2949.9 cm-

1 (Figure 4.1.2d) shows bright (tDBLG A) and dark (tDBLG B) domains. The IR-

sSNOM intensity of moiré patterned tDBG is normalized to that of h-BN. The 

tDBLGs are divided into two different domains as their local stacking structure 

differences make different intra-band optical conductivities. In the case of tDBLG A, 

experiment results show there are strong interlayer couplings. On the other hand, 

there are near-zero inter-layer couplings in the case of tDBLG B. These are mainly 

caused as tDBLG A and B have different band structures. IR-sSNOM intensity image 

measured at ν = 961.5 cm-1 (Figure 4.1.2e) are also divided into two domains for 

similar reasons (in this case difference of intra-band optical conductivities). The size 

of the moiré pattern is about 300 nm and the twisted angle between two BLGs is 

estimated about 0.045 degrees18. Also, looking closely at Figure 1d or e, the size of 

the surrounding moiré patterns is different. We assume that the size of the patterns 

can vary for various reasons. When the two BLGs are overlapped, for example, 

strains might act differently on the graphene layers19,20. Also, this phenomenon could 

be caused by lattice mismatch between h-BN and graphene21. 
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Figure 4.1.3. Wavenumber dependence of near-field optical intensity contrast changes 
of tDBG. a-f, IR-sSNOM intensity (||) image of the moiré patterned tDBG obtained with 
IR light at ν = 926.0 (a), 943.5 (b), 952.5 (c), 961.5 (d), 970.0 (e), 980.5 (f), 990.0 (g) and 
1014.5 (h) cm-1. c-f, DA means the domain surrounded by dotted lines. g, The red arrows 
indicates relatively high (positive) contrast line, and the blue arrows indicates relatively low 
(negative) contrast line. All scale bars in IR-sSNOM images are 400 nm. g, Nano IR-sSNOM 
intensity spectra of tDBLG A (blue), tDBLG B (red), and BLG (green). h, Nano IR-sSNOM 
intensity spectrum (blue) of divide intensity of tDBLG A by intensity of tDBLG B. All of the 
IR-sSNOM intensity images of moiré patterned tDBG is normalized to that of h-BN. 
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Spectroscopic signatures of the moiré patterned tDBG 

We conducted IR-sSNOM on the moiré patterned tDBG at more IR 

wavelength between ν = 926.0 ~ 1041.5 cm-1. Unlike the case in the Figure 4.1.2f, 

the bright (tDBLG A) and dark (tDBLG B) domains are not clearly divided at ν = 

926.0 and 934.5 cm-1. There is a faint streak with very slightly high intensity contrast. 

This might have taken place due to the interaction of h-BN and tDBLG. Or this 

phenomenon could occur due to the structures of the moiré pattern. When the 

wavenumber is changed to a larger wavenumber, the contrast of IR-sSNOM 

intensities are increased at the specific moiré patterned graphene (tDBLG A and B) 

as shown in Figures 4.1.3b, c, d and e (at ν = 943.5 ~ 970.0 cm-1). Also, at ν = 

961.5 cm-1 (Figure 4.1.3d), the greatest IR-sSNOM intensity contrast difference was 

observed. Also interestingly, the specific domain DA is not well distinguished at ν 

= 952.5 and 961.5 cm-1 (Figure 4.1.3c and d), but at ν = 970.0 cm-1 (Figure 4.1.3d), 

another moiré pattern is distinctly distinguished. Through these results, we find out 

that the moiré pattern tDBLG has a wavelength. When the image is taken at 980.5 

cm-1, the intensity contrast difference between moiré pattern tDBLG A and B is 

decreased. Also, as shown in Figure 4.1.3f, high contrast lines (black arrow) begin 

to appear. At 990.0 cm-1, two other types of lines are observed (Figure 4.1.3g). One 

has relatively high contrast (red arrows) and the other has low contrast (blue arrows). 

Those lines are assumed to be a saddle point (SP) of the stacked graphene22. 

Although it is difficult to clearly explain this phenomenon, we attribute that these SP 

have an enormously narrow IR resonance. The reason why these two types of SPs 

can exist is that the graphene structure can be affected by strains (shear23,24 or 

tensile25). Furthermore, the recently reported theoretical paper22 supports this 

phenomenon. On the other hand, ironically, even though the SP's intensity has 
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changed, but there is no difference in IR-sSNOM intensity contrast between tDBLG 

A and B. When the image is taken at 1014.5 cm-1, these lines become invisible (in 

Figure 4.1.3h). Also, the IR-sSNOM intensity contrast is almost the same, so the 

moiré pattern is invisible.  

 
Figure 4.1.4. Wavenumber dependence of near-field optical phase contrast changes of 
tDBG. a-m, IR-sSNOM phase () images of the tDBG obtained with IR light at ν = 926.0 
(a), 934.5 (b), 943.5 (c), 952.5 (d), 961.5 (e), 970.0 (f), 980.5 (g), 990.0 (h), 1000.0 (i), 
1010.0 (j)1020.4 (k), 1030.9 (l) and 1041.5 (m) cm-1. All scale bars in IR-sSNOM images 
are 400 nm. All of the IR-sSNOM phase images of moiré patterned tDBG is normalized to 
that of h-BN. 
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However, when looking at the IR-sSNOM phase images, the moiré pattern 

is clearly visible without wavelength dependence (see the IR-sSNOM phase images 

in Figure 4.1.4). 

First of all, looking at all the IR-sSNOM intensity spectra (in Figure 4.1.3i), 

IR-sSNOM intensity spectra of tDBLG is quite similar to those of the Drude model. 

To comparing BLG with two tDBLG (A and B) of IR-sSNOM intensity spectra, it 

can be clearly seen that the optical conductivity of tDBLG B is similar to that of 

BLG, but that of tDBLG A is completely different from that of tDBLG B at specific 

regions (blue region in Figure 4.1.3i). To know how different optical property of 

these two tDBLGs is, we divide the intensity of tDBLG A by the intensity of tDBLG 

B (Figure 4.1.3j). Anomalously, tDBLG A has a very narrow infrared resonance, 

namely localized surface plasmon resonance (LSPR) in a specific region (ν = 943.5 

~ 980.5 cm-1). However, according to the previous study17,26, no LSPR has been 

reported in the corresponding region in graphene with a perfect Bernal and 

rhombohedral stacking structure.  
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Figure 4.1.5. Examples of IR-sSNOM intensity (|s2|2) images of moiré patterned tDBLG 
obtained with IR light. a-d, IR-sSNOM intensity (|s2|2) images of the another tDBG sample 
(case 1) obtained different wavenumber at ν = 2949.9 (a), 1428.6 (b), 1360.5 (c) and 952.4 
(d) cm-1. The scale bars in IR-sSNOM images a-d are 700 nm. e-h, IR-sSNOM intensity (|s2|2) 
images of the other tDBG sample (case 2) obtained different wavenumber at ν = 2949.9 (e), 
1428.6 (f) and 943.4 (g) cm-1. The scale bars in IR-sSNOM images e-g are 500 nm. 

 

It will be necessary to conduct additional experiments to see if this 

phenomenon such as LSPR is limited to this sample (see Figure 4.1.5 for more 

examples). Looking at case 1 of Figure 4.1.5, it was obviously confirmed the moiré 

pattern through IR-sSNOM imaging at ν = 2949.9 cm-1 (inter-band transition), but 

moiré pattern is invisible (see Figures 4.1.5b, c and d) in the particular wavenumber 

range (at ν = 952.3 ~ 1428.5 cm-1), even if moiré patterned tDBLG have the similar 

size. Next, looking at Case 2 of Figure 4.1.5, the moiré pattern was well distinguished 

even at ν = 1428.5 and 2949.9 cm-1, even if moiré patterned tDBLG have the similar 

size. From these experimental results, it can be concluded that the all moiré pattern 

tDBLG does not necessarily have remarkable optical properties in intra-band 

transition region, and it seems to be too sensitive to sample conditions.  
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Figure 4.1.6. Electromagnetic simulation of triangle structure. a-b, Calculated scattering 
spectra of the ABAB / ABCB graphene triangle on h-BN / SiO2 substrate with length = 300 
(a) and 200 (b) nm. Peak appears at ν = 912.4 cm-1 (black arrow) in a. c and d, Intensity 
field map of ABAB / ABCB graphene triangle on h-BN / SiO2 substrate at ν = 912.4 cm-1, 
e, f, g and h, analogous results for graphene triangle on SiO2 substrate without h-BN layer. 
Peak appears at ν = 914.0 cm-1 (black arrow) in e. 
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Numerical simulation depending on stacking structures, size and substrates 

Next, we carried out numerical electromagnetic simulation (finite-

difference time-domain (FDTD) method, Lumerical Inc.), to find out where these 

abnormal resonance features stem from. Such resonance could be affected by 

stacking structures of graphene, the size of moiré structure, and also substrate. In 

particular, we calculated the local electric field and scattering spectra of modeled 

structure, various sizes of tetrlayer graphene triangles stacked above the different 

substrates.   

To investigate the effect of the stacking structure, we considered two 

fundamental stacking structure of tetralayer graphene, which are Bernal (ABAB) and 

rhombohedral (ABCB), where these conductivities were calculated by the method 

available in our previous report17. Figure 4.1.6a shows that ABAB and ABCB 

graphene triangle with 300 nm length sides have clearly different intensity at ν = 

912.4 cm-1.  
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Figure 4.1.7. Electromagnetic simulation of tDBLG structures. a-d, Intensity field map 
of ABCB (a, c) / ABAB (b, d) centered tDBLG graphene structures on h-BN substrate at ν 
= 1179.2 cm-1.(a-b) and ν = 912.4 cm-1.(c-d). 

 

In common with ABAB and ABCB, the intensity field maps (seeFigure 

4.1.7) show the electric field was confined on the edges. However, in case of ABAB, 

we can find that the field was also localized across the interior of the graphene 

triangle, and that is where the LSPR comes from. These spectral features disappeared 

when the length of the triangle was reduced to 200 nm (Figure 4.1.6b), clearly 

showing the size-dependence of LSPR. Furthermore, the calculation using simple 

Drude model27 without consideration of inter-band transition and stacking structure 

shows more significant size-dependence. It can also be seen that such LSPR spectral 

features were almost preserved when substrate condition was changed. (Figures 
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4.1.6a and e) With or without 30 nm h-BN layer below the graphene, the localized 

electric field was similar (Figures 4.1.6d and h) and peak appears near at ν = 914 

cm-1 (Figures 4.1.6a and e) in both cases. 
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4.1.4 Conclusions 

 

From all spectroscopic measurement and calculation above, we can 

interpret these results that it should be considered that each moiré patterned tDBLG 

sample has different and unique characteristics, even if they have the same size. 

Although, it cannot be interpreted accurately these differences, we carefully 

speculate that there will be differences in the arrangement of moiré patterns, the 

shape of the pattern, the edge around the pattern, or something else we didn't 

recognize. If we make good use of tDBLG, which has such numerous capabilities, it 

is expected to emerge as an advanced sensor material. In addition, we think such 

research will be of great help in the development of the twistronics field. 
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Chapter 5:  

Studies of selective chemical reaction on 
graphene surface 
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5.1 Stacking-specific reversible oxidation of bilayer 
graphene 
- This paper will be published. 

 

5.1.1 Introduction 

 

 
Figure 5.1.1 Schematic illustration of redox reaction of bilayer graphene (a) Possible 
stacking structures of bilayer graphene 

 

Since its first discovery, numerous studies on graphene have been made to 

utilize its unique physical and chemical properties. As a part of the endeavor to 

exploit the outstanding features of graphene, modification of electronic properties of 

graphene through chemical, physical and contact-mediated doping method was 

proposed1,2. Accompanied by such advancements, bilayer graphene (BLG) was 

spotlighted for its facile tunability of bandgap that can be controlled by stacking 

angles, external electric field, or chemical doping3,4. It was also reported that BLG 

can change from a superconductor to an insulator by simply changing its stacking 

angle5,6. However, with exfoliated BLG, exploring such stacking-specific properties 

of BLG is difficult due to its complicated fabrication processes7,8, and thus is hard to 
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be fully implemented in practical devices. On the other hand, the graphene layers 

synthesized by chemical vapor deposition (CVD) methods are reported to form 

BLGs in situ, which is relevant for practical applications, including chemical 

sensors9, barrier films10,11, fuel cells12, batteries13, etc. The exfoliated BLGs 

dominantly show the AB-stacked structures with carbons on the upper layer is 

positioned in the middle of the hexagonal lattice on the lower layer, while the CVD-

grown BLGs show various stacking orders, which provides a better system to study 

various stacking-dependent phenomena. While some studies have been carried out 

to characterize the structures of oxidized monolayer graphene (MLG)14,15, there has 

been no study on the stacking-specific chemical reactivities of BLGs. 

In this study, we, for the first time, show that O2 and H2 flow at elevated 

temperature can induce fully reversible redox reactions of CVD-grown BLG without 

introducing additional defects, which is different from the redox reactions of 

epitaxially grown16 or exfoliated17 samples. More importantly, we observe that the 

oxidized Bernal (AB) and non-Bernal (AA’) stacked BLG show drastically different 

Raman spectral features (peak-shifts and line-shapes), strongly suggesting that the 

two structures produce two different oxide products. The ab initio molecular 

dynamics (AIMD) simulation of the oxidation of BLG further corroborates the 

stacking-specific chemical reactivates of BLG. 
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5.1.2 Experiment 

Reversible redox reaction - The sample (Fig. 5.1.2; see methods for sample 

preparation procedure) is comprised of a SiO2 / Si substrate uniformly covered with 

mono-layer graphene (MLG) and an additional graphene layer island (diameters of 

~10 mm) formed on top of the MLG. The islands provide BLG with a various 

stacking domains. The sample was placed in a vacuum furnace and heated to 873 K 

with the O2 (g) flow of 100 ml / min or H2 (g) flow of 150 ml / min to induce 

oxidation and reduction of BLG (see Fig 5.1.2). 

 
Figure 5.1.2. Schematic illustration of oxidation / reduction processes of BLG. The BLG 
on SiO2 / Si wafer is placed in a quartz tube at the temperature of 873 K, and O2 (g) and H2 
(g) are flowed through the vacuum furnace at the flow rates of 100 ml / min and 150 ml / min 
respectively. 
 

Sample preparation (CVD bilayer graphene) - Graphene films were synthesized 

on 25 µm thick copper foil through the CVD method using methane (50 s.c.c.m.) 

and hydrogen (5 s.c.c.m.) gas with vacuum pumping (∼1.5 mtorr) at 1000 °C for 

∼2 hours. Methane was used only during the growth stages of graphene and was not 

used during the cooling process. Poly (methyl methacrylate) (PMMA) was spin-

coated on top of graphene, and the copper foil was etched in an ammonium persulfate 
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solution (20 mM with distilled water). The achieved monolayer graphene films were 

transferred onto SiO2 (thickness of 285 nm) / Si substrates. The monolayer covers 

nearly all areas of the SiO2 / Si substrate, and bilayer domains appear as islands with 

an average radius of ∼10 μm. 

 

Sample measurements (FTIR, Raman & IR-sSNOM) - FTIR measurements were 

carried out on the graphene sample with Perkin Elmer Spotlight 400. Micro-Raman 

spectroscopy measurements (an excitation wavelength of 514.5 nm) are carried out 

on the sample to determine the redox states of BLG. We employ side-illuminated IR-

sSNOM (home-built) equipped with an infrared laser (an infrared HeNe laser at λ = 

3.39 μm), and liquid-nitrogen cooled InSb detectors. The IR-sSNOM probe 

(Nanosensors, PPP-NCHPt, Ω ∼ 300 kHz) vertically vibrates with an amplitude of 

20 – 100 nm. A Linearly polarized IR-light is focused on the tip–sample junction 

with an angle of 30° via a Schwarzschild objective lens. The collected scattered light 

is amplified by a homodyne-amplified by a Michelson interferometer and a lock-in 

amplifier to obtain the intensity (|s2|2) and phase (ϕ2) IR-sSNOM signals. The IR-

sSNOM data shown in main text refers to the intensity signals. 

 

Computational methods - All ab initio molecular dynamics (AIMD) simulations 

were carried out with Vienna ab initio simulation package (VASP, version 5.3.5)18. 

Simulation results were visualized with Visualization for Electronic and STructural 

Analysis (VESTA) and Visual Molecular Dynamics (VMD) programs19,20. The 

electron-ion interaction was described by projector augmented wave (PAW) 

method21,22 with 520.0 eV kinetic energy cutoff for plane waves. Perdew-Burke-
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Ernzerhof (PBE) exchange-correlation functional23 is used for density functional 

theory (DFT) calculations and zero damping DFT-D3 method of Grimme24 is 

employed to consider van der Waals interactions. Both spin-polarized and spin-

unpolarized calculations were performed to apply triplet and singlet spin state of O2 

respectively. In all AIMD simulations, Brillouin zone was sampled at only Γ point, 

time-step was set to 1 fs, and the temperature was controlled by Nosé thermostat of 

873 K in the canonical ensemble. 

To construct the model system of AB-BLG and AA`-BLG, rectangular shaped two 

dimensional primary unit-cell with C–C bond length of 1.42 Å was generated at first 

(a = 2.46 Å; b= 4.26 Å). Then, the square shaped layer A (a = 12.54 Å) consisted of 

60 carbon atoms was created by extending rectangular primary unit-cell (5-fold to a-

axis and 3-fold to b-axis) and modifying axis lengths (lengthening a-axis two percent 

and shortening b-axis two percent). The second layer for Bernal stacking (B) was 

made by translating layer A, and the second layer for non-Bernal stacking (A’) was 

made by rotating 90 degrees and translating layer A (A and A’ have crystallographic 

angle of 30 degrees or 90 degrees since graphene has 6-fold symmetry). Finally, three 

dimensional AB-BLG or AA`-BLG was created by locating the layer B or layer A’ 

3.35 Å below the layer A, respectively. Afterward, four oxygen molecules with the 

O–O bond length of 1.21 Å were located parallel to the graphene 1.3 Å above the 

carbon of layer (B and A`) to make an initial geometry for simulations. Hence, in all 

respective simulations, upper graphene layer (B and A`) and oxygen molecules have 

exactly same atomic coordinates initially. Also, bottom graphene layers (A) were 

fixed not to move while upper graphene layer (B and A`) and oxygen molecules 

were allowed to move throughout the simulations. Vacuum layer larger than 15 Å 

was inserted above the oxygen molecules to prevent the interaction between unit-
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cells, and oxygen molecules that flew away over 5 Å were deleted during the 

simulation to avoid the collision with the upper unit-cell. 
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5.1.3 Results and Discussion 
 
Spectroscopic Signatures of the Reversible Oxidation 
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Figure 5.1.3. Changes in the IR-sSNOM contrasts and the IR spectra of BLG upon O2 / 
H2 exposure. a, Schematic diagram of IR-sSNOM. b, AFM image of BLG grown on top of 
monolayer graphene (MLG). c, Optical reflectance (OR) microscopy image of b. d, IR-
sSNOM intensity images of the BLG / MLG sample obtained with IR laser at λ = 3.39 mm, 
and the contrast change upon exposure to O2 and H2. The color scale is normalized to the IR-
sSNOM intensity of MLG sampled from each image. The bar graphs in the bottom panel 
represent the average IR-sSNOM intensities (normalized to MLG contrast) for AB (red), AA’ 
(blue), and MLG (black) graphene. The error bars are the fwhm of the image pixel histogram 
(see Supporting Information S5.1.1) corresponding to domain. The dashed lines in the bar 
graph represent the model contrasts for AB and AA-stacked BLG, derived from dipolar tip-
sample coupling model and the theoretical conductivities (see Supporting Information figure 
S5.1.1 and S5.1.2). e, Enlarged FT-IR spectra of pristine (black), oxidized(red) and 
reduced(blue) graphene. the differential spectrum (green) shows peaks at 800 ~ 900cm-1, 
1160 cm-1, and 1260 cm-1, which, could be assigned as the stretching of endoperoxide (-C-
O-O-C-), stretching of C-O stretching, and stretching of epoxide (C-O-C). 
 

The structural changes in BLG upon O2 and H2 exposure were investigated 

with the micro Fourier-transform infrared (FT-IR) absorption spectroscopy, infrared 

scattering scanning near-field microscopy (IR-sSNOM, or simply IR-nanoscopy) 

and Raman spectroscopy. The IR-sSNOM measurement was performed to observe 

the changes in the local IR-conductivity of graphene. The IR-sSNOM records light 

scattering from atomic force microscopy (AFM) tip and the sample junction (see 

Figure 5.1.3a). The IR-sSNOM image contrast is determined by the local dielectric 

properties of the samples and the near-field tip-sample coupling. In the particular 

case of graphene on SiO2 / Si substrate, the IR-sSNOM contrast reflects the local IR-

conductivity (σ) of monolayer and few-layer graphene25. The IR-conductivity of 

graphene is influenced by many factors, including the number of graphene layers, 

stacking structures25, electronic transition resonances, and doping levels. In this 

experiment, the IR laser is tuned at λ = 3.39 mm, which is on and off-resonant with 

inter-band transitions of AB-BLG and AA’-BLG, respectively25,26. This makes 

contrast ordering of AB-BLG > AA’-BLG > MLG26.  
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In the particular sample shown in Figures 5.1.3b-c, atomic force 

microscopy (AFM) and optical reflection microscopy (OR) images show two islands 

of BLG with the same topographic height and optical reflection, whereas the 

corresponding IR-sSNOM intensity images (Figure 5.1.3d, upper panels; The images 

represent the |s2|2-map, the square modulus of the 2nd harmonic component of IR-

sSNOM signal) show distinctly different intensity contrasts for the two. The images 

and the associated contrast plots (Figure 5.1.3d, lower panel) are normalized to the 

signals of MLG domains sampled from the corresponding images. Based on the 

contrast analysis and the modeling of IR-sSNOM contrast26 (dashed lines in the 

lower panel of Figure 5.1.3d; see also chapter1 1.4 Point-dipole Modeling for IR s-

SNOM), we assign that the one with stronger IR-sSNOM contrast is AB-BLG and 

the other one is AA’-BLG. The AB-BLG shows large intensity contrast compared 

with those of MLG or AA’, because the inter-band transition of pristine AB-BLG 

(0.37 eV) is resonant with the frequency of the IR-laser used (0.366 eV). Also, note 

that the IR-sSNOM contrast model reliably predicts the contrasts of AB-BLG and 

MLG, whereas it provides only a rough estimate for the contrast of AA’-BLG. For 

this reason, the domain-assignment is further cross-checked by a separate the Raman 

spectroscopy. Figure 5.1.3d also shows a series of IR-sSNOM images (upper panel) 

and the associated intensity contrasts (lower panel) of AB-BLG and AA’-BLG, 

which drastically change upon exposure to O2 and H2. When the pristine sample is 

exposed to O2, we observe decrease in the IR-sSNOM contrasts of AB-BLG and 

AA’-BLG. Furthermore, the AA’ / MLG contrast ratio is reduced below unity. Upon 

exposure to H2, the image contrast is fully recovered to initial values. These show 

that O2 and H2 exposure reversibly modulate the local optical conductivities of AB-

BLG and AA’-BLGs, while maintaining the shapes of AB and AA’ domains. The 



 

 86

modulation in optical conductivities most likely arise from the reversible oxidation 

and reduction, altering band-structures and doping levels of BLG. The contrast 

modulation is the most pronounced for AB-BLG, because the inter-band transition 

of pristine AB-BLG (0.37 eV) is resonant with the frequency of the IR-laser used 

(0.366 eV).  

 
Figure 5.1.4. Raman spectral changes of MLG following the O2 and H2 exposure. a-c, G, 
2D, and combination-mode peaks of Raman spectra of MLG before (blue) and after (red) the 
exposure to O2. d-f, Comparison of the Evolutions of G-peak center position (d), 2D peak 
position (e), and ratio of D and G peak intensities ((f), ID / IG) of AB-BLG (green), AA’-BLG 
(violet) and MLG(black) under the H2 and O2 exposure.  
 

The possible modulation of the optical conductivity of MLG is not evident 

from the IR-sSNOM images because the normalized IR-sSNOM contrasts can probe 

only the relative changes. However, through the Raman spectroscopy measurement, 

we indirectly confirm that similar reversible changes also occur for MLG as well. 

(see Figure 5.1.4) 

To directly probe the oxides on the BLG, we have carried out a micro-

infrared (IR) absorption measurement on the sample, using the micro-Fourier 
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transform IR (FT-IR) spectrometer. Due to the limitation of the spatial resolution, the 

sampled area (6 µm × 6 µm) includes regions of MLG as well as the BLG. The FT-

IR spectrometer resolution was set at 2 cm−1, and the scan number at 120 s. The 

measurement was performed over the same area wider than 6.25 µm by 6.25 µm, but 

MLG was also measured with BLG due to the diffraction limit. The FT-IR and 

Raman spectra were obtained for five times, and the average was taken for the result. 

In addition, every spectrum was normalized with respect to those of blank SiO2 wafer 

without graphene. Figure 5.1.3e shows how the FT-IR spectrum of the pristine BLG 

sample (black) changes upon O2-exposure (red) and the subsequent exposure to H2-

gas(blue). We find that two new peaks at 1160 cm-1 and 1250 cm-1, which can be 

assigned as the stretching modes of C-O21, and epoxide (C-O-C)22, 23 on graphene, 

appear and disappear upon O2 and H2 exposure. In the bottom of the Figure 5.1.3a, 

we have also shown the differential spectrum, the spectrum of the O2-exposed 

sample minus that of the pristine sample, better showing the two vibrational peaks. 

The difference spectrum also shows a broad (positive) feature at 800-1000 cm-1. The 

assignment of the feature is rather inconclusive: it may indicate highly 

heterogeneously broadened O-O stretching of endoperoxide (-C-O-O-C-)27, or the 

change in intra-band conductivity of graphene upon oxidation. Additionally, the 

change accompanies a reversible change in the line-shapes of SiO2 phonon peak 

(1000-1200 cm-1), which may arise from the change in the surface phonon states of 

SiO2 caused by the oxidized graphene. 
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Figure 5.1.5. Wide-range Raman spectrum of AB- and AA’-BLG before and after 
oxidation. a, Wide range Raman spectra of Bernal- stacked BLG before and after oxidation. 
b, Changes in the G band shape through reduction and oxidation. c, Changes in In-plane 
phonon mode. d, Changes in the 2D band shape through reduction and oxidation. e, Wide 
range Raman spectra of non-Bernal-stacked BLG before and after oxidation. f, Changes in G 
band shape through reduction and oxidation. g, Changes in the In-plane phonon mode. h, 
Changes in the 2D band shape through reduction and oxidation. 
 

As in the case of FT-IR and IR-sSNOM results, the Raman scattering 

spectra of AB-BLG and AA’-BLG reversibly change upon O2 and H2 exposure 

(Figure 5.1.5; Raman spectra of BLG, covering wider range of spectral window), 

which may arise from the mechanical strain28 and / or the chemical-doping16 caused 

by the oxides on BLG. For the particular data shown, the stacking angle of AA’-BLG 

is estimated to be29 θ ~ 26°.  
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Figure 5.1.6. Raman spectral changes of AB and AA’-BLG following the O2 and H2 
exposure. a-f, G, 2D, and combination-mode peaks of Raman spectra of AB-BLG (a, c, e) 
and AA’-BLG (b, d, f) before (blue) and after (red) the exposure to O2. After the exposure to 
O2, G-peak is split into two components (G+ and G-), which are fitted to two Lorentzian 
functions (dashed curves). The peak at 2331 cm-1 (marked in * in e) appearing in e and f is 
the Raman peak of the ambient N2 gas present. g-i Evolutions of G-peak center position (g), 
2D peak position (h), and ratio of D and G peak intensities ((i), ID / IG) of AB-BLG (green) 
and AA’-BLG (violet) under the H2 and O2 exposure. Shaded regions in (g) and (h) refer to 
the ranges of center frequency changes of G and 2D peaks of AB-BLG (green) and AA’-BLG 
(purple). 

 

The most pronounced changes are the peak-center shifts of G and 2D peaks 

(Figures 5.1.6a-d, g, h), indicating the doping level changes induced by the redox 

reaction. The line-shapes of G peaks of pristine and reduced AB-BLG (blue trace in 

Figure 5.1.6a) and AA’-BLG (blue trace in Figure 5.1.6b) are nearly identical to each 

other, and they appear as a single peak (with a fwhm of 20 cm-1), corresponding to 

the doubly degenerate E2g phonon vibration of BLG8,30,31. Upon oxidation (red traces 

in Figures 5.1.6a and b), the single G-peak is split into two components (denoted as 

G+ and G-). The G-peak splitting can arise from uniaxial mechanical strain32 induced 

by oxides, lifting the degeneracy of E2g -mode frequency, or from the asymmetric 

doping induced by oxides, leading to the mixing of E2g (Raman-active) and Eu 

(Raman-inactive) phonon modes33. The D versus G peak intensity ratio (ID / IG), 
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which is a widely accepted measure of the defect-density on graphene, remain nearly 

unchanged (see Figure 5.1.6i) during these reversible processes. This clearly shows 

that the redox cycles do not generate additional defects on BLG. 

We also note that above-mentioned spectral changes are different for AB 

and AA’-BLG, strongly suggesting that the AB and AA’-BLG may have different 

redox reactivities and / or generate different kinds of oxide products. Specifically, 

when exposed to the same dosage of H2 and O2, the magnitudes of peak-center shifts 

in G and 2D peaks (Figures 5.1.6g and h; see the shaded regions), the magnitude of 

G-peak splitting (DnG = nG+ - nG-), and the intensity ratios of the nG+ and nG- 

components (IG+ / IG-) are different for AB and AA’-BLG. Additionally, we find that 

reduced AB and AA’-BLG both show combination-mode peaks at 1860 cm-1 , 1983 

cm-1, and 2220 cm-1 34,35. Upon oxidation, these peaks of AB-BLG completely 

disappear, whereas those of AA’-BLG remain nearly unchanged (see Figures 5.1.6e 

and f). As previously shown34, the peak positions and intensities of the combination 

peaks of graphite and few-layer graphene critically depend on the number of layers, 

doping, and stacking36. Overall, the observed differences suggest different 

reactivities and / or different oxide structures of AB and AA’-BLG. 

Overall, FT-IR spectra, IR-sSNOM images, and Raman spectra show that 

exposure to O2 and H2 under elevated temperature lead to reversible oxidation and 

reduction processes without apparent increase defect densities (Figures 5.1.6g-i). 

More importantly, the result suggests that the oxide structure and / or reactivities are 

different for differently stacked BLGF. We find that such reversible change occur 

only for the mild reaction condition described above: Prolonged exposure to O2 ( > 

3 hrs) at an elevated temperature generates irreversible formation of etch pits17 in AB 

and AA’-BLG, which is accompanied by the drastic increase in D peak in the Raman 
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spectra. To better characterize the oxidized sample, we have attempted to carry out 

the high-resolution electron microscopy measurement (CS-corrected STEM), but 

without success: the grids for the TEM could not withstand harsh oxidation condition 

employed, and the PMMA (poly(methyl methacrylate)) and ammonium persulfate 

residues further impeded the measurement.  
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Ab initio molecular dynamics (AIMD) simulation  
 

 

 
Figure 5.1.7. Temporal top view (top) and side view (bottom) snapshots from the AIMD 
simulation of Bernal stacked bilayer graphene (AB) with (a) four triplet oxygen 
molecules or (b) four singlet oxygen molecules and non-Bernal stacked bilayer graphene 
(AA’) with (c) four triplet oxygen molecules or (d) four singlet molecules. Atomic 
coordinates of the upper graphene layer (A) and oxygen molecules are exactly same initially 
in all simulations. Oxygen, carbon of the upper graphene layer (A), and carbon of the bottom 
graphene layer (B or A’) are colored with red, brown, and sky-blue, respectively. 
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To explore possible reactivity and oxide-structure differences between AB-

BLG and AA`-BLG, we have carried out an ab initio molecular dynamics (AIMD) 

simulation (see Figure 5.1.7, based on density functional theory (DFT) calculation 

with periodic boundary condition (see Methods for detail). Four ground-state triplet 

oxygen (3O2, 
3Sg

- Figures 5.1.8b-c) and four excited-state singlet O2 (1O2, 1Dg, Figures 

5.1.8b and d) are initially positioned (physi-sorbed) on AB and AA’-BLG, and the 

time-evolution of the atoms are calculated at 873 K (See computational methods for 

details). The 1O2 is included in the simulation because the Si-O network at the top 

surface of SiO2 / Si substrate facilitates the 3O2 à 1O2 transition at temperature > 600 

K37-39, hence it can participate in the reaction. For AA’-BLG, stacking angle of θ = 

90o was chosen. Identical atomic coordinates of O- and the C-atoms of the top-layer 

of BLG were set as the initial configurations of 1,3O2…AB-BLG and 1,3O2…AA’-

BLG complexes (Figures 5.1.8b-d). Hence, the differences among the results solely 

stemmed from the stacking-order difference and spin state of O2. Figures 5.1.7b-d 

display snapshots of initial (t = 0 s) and final (t = 3 ps) atomic configurations of 

O2…BLG complex. 
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Figure 5.1.8. AIMD simulation revealing the different chemical reactivities of AB and 
AA’-BLG. a. A representative image of oxidized AB and AA’-BLG. b. AB-BLG reacting 
with singlet and triplet oxygen to form 4-membered endoperoxides c. AA’-BLG reacting 
with triplet oxygen to form endoperoxides. d. AA’-BLG reacting with singlet oxygen to form 
epoxides. 
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We find that 1O2…AB-BLG, 3O2…AB-BLG, and 3O2…AA’-BLG2 

complexes exclusively lead to the formation of endoperoxides (see the image capture 

at t = 3 ps of Figures 5.1.8b and c). The 1O2…AA`-BLG complex, on the other hand, 

leads to the epoxides (3-membered ring structure, Figure 5.1.8d). For the latter 

complex, both the epoxides and endoperoxides are formed in the early stage (t = 

0~250 fs) of the reaction, but most of the endoperoxides are decomposed in the later 

stage (t > 2 ps);  

 

 
Figure 5.1.9. Analysis (AIMD simulation results) of C-C bond lengths of the different 
chemical bonding between AB and AA’-BLG resulting oxidation. The average C-C bond 
lengths of endoperoxide is 1.55 A (a-c) and epoxides is 1.49 A (d).  

 

The analysis of the calculated C-C bond lengths (see Figure 5.1.9) in 
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endoperoxide (1.55 Å), in epoxides (1.49 Å) and in normal BLG (1.42 Å) further 

suggest that endoperoxides in BLG may have substantially larger mechanical strain 

than in the cases of epoxides in BLG. These results, when combined with the fact 

that heated SiO2 surface causes 3O2 → 1O2 conversion, support our claim that AB 

and AA’ BLG may have significantly different reactivity toward the O2 and can lead 

to different oxide forms. The AIMD cannot directly simulate the changes in Raman 

spectra40 or the IR-sSNOM contrasts, however. 
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5.1.4 Conclusion 

 

Formation of stacking domains and their crystallographic characterization 

have been extensively studied thus far25,30,35. However, the stacking-dependent 

chemical reactivity of BLGs has not yet been explored. We have shown, based on 

the FTIR, IR-sSNOM and Raman spectroscopy measurements, that CVD-grown 

BLG allows reversible redox reaction with O2 without inducing additional defects. 

The Raman spectral shapes of the oxidized BLG also indicate that different oxide 

structures are formed on the AB-BLG and the AA`-BLG. The simulation suggests 

that the singlet and triplet O2 molecules behave differently on AA’- and AB-stacked 

BLGs, resulting in epoxides and endoperoxides, respectively. The CVD-grown 

bilayer graphene is useful for many applications. For example, it was reported that 

the bilayer graphene electrodes outperform monolayer graphene in hydrogen 

evolution reactions41, possibly because the electronic bands of the BLGs is better 

aligned with frontier molecular orbitals of chemisorbed hydrogen molecules than in 

the case of monolayer graphene. In this regard, we believe that the current study 

provides a new strategy to design high-performance graphene-based catalysts useful 

for various electrochemical, biological, and environmental applications. 
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6.1 Infrared Nano-spectroscopy Study on Oxidized 
Graphene Surface 
- This paper is currently being produced. 

 

 

6.1.1 Introduction 

Many studies have been conducted for various physical and chemical 

properties of graphene. In particular, the change of electronic properties through the 

chemical and physical doping method is emerging as the most important research 

topic. The most commonly used graphene in accordance with this subject are mono- 

and bi-layer graphene. Interestingly in the case of BLG, it has been reported that 

superconducting phases can appear when two graphenes are engaged at a specific 

angle. In this respect, a non-Bernal stacking structure overlapped at a specific angle 

can be seen as having something unique properties. This distinctive characteristic 

stems from the different band structure. Also, there are fairly meaningful reports that 

charge transfer (CT) effect of graphene originates from unusual band structure. 

Among these CT effects, various interesting research results have been reported in 

the spectroscopy field. For example, giant IR absorption at the edge of the GO as a 

result of CT was reported. Also, it was reported that fluorescence can be affected by 

charge transfer effect at graphene. However, these researches are left much to be 

desired. First, there are fatal limitations to the aforementioned spectroscopic studies. 

Generally used optical equipment such as conventional FTIR cannot obtain 

spectroscopic information of individual domains of graphene on account of spatial 

resolution limitations. Second, most of the graphene related studies focus on 

monolayer graphene, not on bi or multilayer graphene. We think that interesting 
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research results can be drawn by studying the non-Bernal stacking structure of BLG. 

We studied stacking dependent charge transfer effect at bilayer graphene 

using IR-sSNOM with CVD-grown BLG beyond diffraction limitation. As the most 

fundamental study, the CT effect of oxidized Bernal and non-Bernal BLG (AB-BLG 

and AA’-BLG) was examined. Interestingly, after oxidation, optical conductivity of 

AA’-BLG is increased more than 2 times. Additionally, intensity of certain vibration 

mode of a particular functional group (1325 cm-1) is enhanced nearly sextuple. We 

attribute these unusual spectroscopic phenomena to graphene CT effect. We believe 

that the abundant free electrons present in graphene have such an effect.  
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6.1.2 Experiment 

Sample measurements (FTIR, Raman & topography) - Micro-Raman 

spectroscopy measurements (an excitation wavelength of 514.5 nm) are carried out 

on the BLG sample to determine the stacking structure of BLG and to confirm 

oxidation. We utilize side-illuminated IR-sSNOM (home-built) equipped with an 

infrared laser (an infrared HeNe laser at λ = 3.39 μm and a quantum cascade laser 

at λ = 7.46 ~ 8 μ m), and liquid-nitrogen cooled InSb detectors and a mercury 

cadmium telluride (MCT) detector. The IR-sSNOM probe (Nanosensors, PPP-

NCHPt, Ω ∼ 300 kHz) vertically vibrates with an amplitude of 20 ~ 100 nm. A 

Linearly polarized IR-light (parallel to the tip) is focused on the tip–sample junction 

with an angle of 30° via a Schwarzschild objective lens. The collected scattered light 

form the junction light is homodyne-amplified at Michelson interferometer and 

filtered unwanted background signal by lock-in amplifier to obtain the 2nd harmonic 

(2 Ω ~ 600 kHz) intensity (|s2|2) and phase (ϕ2) IR-sSNOM signals. The IR-sSNOM 

data shown in main text normalize to the SiO2 intensity and phase signals. FTIR 

measurements were carried out on the graphene sample with Perkin Elmer Spotlight 

400. 

 

Sample preparation (CVD bilayer graphene) - Graphene films were synthesized 

on 25 μm thick copper foil through the CVD method using methane (50 s.c.c.m.) 

and hydrogen (5 s.c.c.m.) gas with vacuum pumping (∼1.5 mtorr) at 1000 °C for 

∼2 hours. Methane was used only during the growth stages of graphene and was not 

used during the cooling process. Poly (methyl methacrylate) (PMMA) was spin-

coated on top of graphene, and the copper foil was etched in an ammonium persulfate 
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solution (20 mM with distilled water). The achieved monolayer graphene films were 

transferred onto SiO2 (thickness of 285 nm) / Si substrates. The monolayer covers 

nearly all areas of the SiO2 / Si substrate, and bilayer domains appear as islands with 

an average radius of ∼10 μm. 

 

Oxidation processes of CVD bilayer graphene - Graphene films were 

oxidized under atmospheric pressure, with 100 ml / min of oxygen and 300 ml/min 

of argon gas flow, in a 1-inch quartz tube vacuum furnace. When the temperature of 

the furnace reached 773 K, the furnace was slid to cover the sample to heat the 

sample for 30 min. After the reaction, the sample was rapidly cooled by sliding the 

furnace away. 
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6.1.3 Results and Discussion 

Changes in the IR-sSNOM contrasts of BLG upon O2 exposure 

 

 
Figure 6.1.1. Changes in the IR-sSNOM contrasts of BLG and MLG upon O2 exposure. 
a, Schematic image of infrared-scattering-type scanning near-field optical microscopy (IR-
sSNOM) measurement. The p and p’ represent the tip-dipole and tip image-dipole on bilayer 
graphene (BLG) sample surface, respectively. The scattering amplitude of IR-sSNOM is 
affected by optical conductivity of graphene (σ). b, Optical reflectance microscopy (OM) 
image of BLG samples grown on top of monolayer graphene and made by overlapping 
monolayer. c, AFM image of b. d & e, IR-sSNOM intensity images of the pristine BLG 
sample obtained with IR laser at ν = 2949.9 cm-1 pristine (d) and after reaction (e). f & g, 
Histograms of the IR-sSNOM intensity (at ν = 2949.9 cm-1) of AA’ (red), AB (bule) and 
MLG (gray) before pristine (upper panel) and after oxidized (lower panel). h & i, IR-sSNOM 
intensity images of the pristine BLG sample obtained with IR laser at ν = 1325 cm-1 before 
pristine (h) and after oxidized (i). j & k, Histograms of the IR-sSNOM intensity of AA (red), 
AB (bule) and MLG (gray) before pristine (upper panel) and after oxidized (lower panel) 
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at ν = 1325 cm-1. The color scale of IR-sSNOM intensity image is normalized to the IR-
sSNOM intensity of SiO2 from each image. Also, curves shown in images (f, g, j and k) are 
the Gaussian fits. All scale bars in AFM topography and IR-sSNOM images correspond to 
0.4 mm.  

 

As shown in Figure 6.1.1a, we excite an oscillating dipole (p) at the tip-end 

with light. This tip-dipole interacts with its own image (p') via dipole-dipole 

coupling1. The amplitude of image-dipole is affected by the local optical properties 

(such as the local conductivity of graphene, σ, and dielectric constants of substrate 

wafer (in this case SiO2 and Si). The scattering amplitude at the tip-sample junction 

(the IR-sSNOM amplitude) correlates with local optical conductivities of the sample. 

For this reason, the IR-sSNOM images not only display the local stacking structures 

of BLG but also distinguish between AB-BLG and AA’-BLG. As is well known, far-

field white-light reflection microscopy (OM) and atomic force microscopy (AFM) 

only reveal the number of layers of graphene (Figures 6.1.1b and c). However, 

looking at Figure 1d, AB-BLG and AA’-BLG can be distinguished through the IR-

sSNOM imaging at ν  = 2949.9 cm-1 (ω  = 0.366 eV). Owing to the parabolic 

dispersion of band structures2, the inter-band transition of pristine AB-BLG (0.37 eV) 

is resonant with the frequency of the IR-laser whereas AA-BLG or AA’-BLG do not 

show such resonances. The pristine AB-BLG shows large contrast in IR intensity 

compared with those of pristine MLG or pristine AA’-BLG. Contrast was large in 

order of AB-BLG > AA’-BLG > MLG > SiO2. However, after reaction, the optical 

conductivities of graphene are changed. In this case, contrast was large in order of 

AB-BLG > MLG> AA’-BLG > SiO2 (Figure 6.1.1e). sequences of MLG and AA’-

BLG have been changed. Also, intensity of AB-BLG was decreased by oxidation. In 

the histogram Figures 6.1.1f and g, except the such an intensity change, the variation 

of the deviation is hardly changed.  
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However, looking at the IR-sSNOM imaging in the intra-band transition 

region at ν = 1325 cm-1 (Figure 6.1.1h), the contrast order of pristine graphene is 

different from that of the inter-band transition region. Contrast was large in order of 

AA’-BLG > MLG > AB-BLG > SiO2. The difference of intensity in intensity is also 

stemmed from the difference in band structures. Looking at the band diagrams of AB 

and AA`-BLG2, AA’-BLG has two accessible conduction channels. On the contrary, 

the pristine AB-BLG has one conduction channel around Ef
2. This difference in the 

number of channels shows a huge difference in conductivity. However, when 

graphene is oxidized, the tendency of intensity is greatly changed. The intensity of 

oxidized AB-BLG was much stronger than that of oxidized MLG, resulting in a 

change in the order of contrast (AA’-BLG > AB-BLG > MLG > SiO2). In addition, 

the intensity of oxidized MLG dropped sharply, and the intensity of oxidized AB-

BLG and oxidized AA’-BLG drastically increased.  

Apart from change in the order of intensity, there is something we need to 

focus on. Looking at the inter-band transition region IR-sSNOM image (Figure 

6.1.1i), high intensity spots are distributed throughout the all graphene but no spots 

were seen on SiO2. Comparing the topography image of before and after oxidation, 

there was no significant change. Looking at the histogram (Figures 6.1.1 j and k), 

distribution of intensity is broadened for all three types of graphene. The Gaussian 

fit curve was seen to be widened after oxidation. Furthermore, this histogram can be 

divided into two elements: one is a histogram with a general distribution and the 

other is a tail with a relatively high intensity (black arrows in Figures 6.1.1j and k). 

And then, it will be necessary to check whether this phenomenon of dividing into 

two elements occurs in all intra band transition areas except for inter-band transitions. 

In other words, it must be distinguished whether the high intensity component is 
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caused by other influences. 

 

Wavenumber dependent of intensity changes upon O2 exposure 

 
Figure 6.1.2. The IR-sSNOM contrasts Changes of BLG and MLG upon O2 exposure. 
a-h, IR-sSNOM intensity images of the pristine BLG sample obtained with IR laser (at ν = 
1260, 1285, 1315 and 1325 cm-1) pristine (a, c, e and g) and after oxidized (b, d, f and h) 
graphene. All scale bars in IR-sSNOM images correspond to 4 μm. i, j and k, Nano IR-
sSNOM spectra (ν = 1250 ~ 1340 cm-1) of AA’-BLG (i), AB-BLG (j) and MLG (k) pristine 
(blue) and oxidized (red). The red area means the area of the average of the two components 
in the histogram, and the square points (red and blue) mean the average value of IR-sSNOM 
intensity. 

 

We conduct IR-sSNOM imaging in the intra-band transition region (at ν = 

1250 ~ 1340 μm) to confirm that this is happening at different wavenumber. When 

looking at the pristine graphene IR-sSNOM image (Figures 6.1.2a, c, e and g) in the 

intra-band transition region (at λ = 1260, 1285, 1315 and 1325 cm-1), there was no 

particular change. However, when the oxidation reaction occurs, unusually high 

intensity spots are visible (Figures 6.1.2b, d, f and h). In addition, the intensity of 

spots varies with wavelength and stacking structure. In the case of MLG, spots were 
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visible at all wavenumber, but in the case of AB-BLG, spots were visible only at a 

specific wavelength. On the other hand, AA-BLG showed spots with very strong 

intensity at a specific wavenumber. The intensity of the spots of oxidized AA-BLG 

is larger than those of oxidized AB-BLG and MLG.  

We obtained the Nano IR-sSNOM spectra of AA'-BLG , AB-BLG and 

MLG (Figures 2i, j and k) from ν = 1250 to ν = 1340 cm-1. The Nano IR-sSNOM 

Spectra were obtained by taking the maximum and minimum average values from 

the two histograms in each IR-sSNOM images. The square points in each histogram 

(red and blue) are average value of IR-sSNOM intensity. First of all, looking at the 

Nano IR spectrum of AA'-BLG, the conductivity increased more than twice after 

oxidation. In addition, the average intensity increased more than 6 times at a specific 

wavenumber (ν = 1325 cm-1). After the reaction, the optical conductivity of the AB-

BLG nano IR-sSNOM spectrum also increased. However, IR enhancement was 

weak at a specific wavenumber (ν = 1325 cm-1). In the case of MLG, unlike BLG, 

there was no change in optical conductivity. However, it showed relatively strong 

enhancement at ν = 1325 cm-1.  

We have found what we see in common feature at these three nano IR-

sSNOM spectra. Two new peaks occur at a specific wavenumber (at ν = 1285 and 

1325 cm-1). In particular, the peak intensity was different depending on the type of 

graphene, and AA-BLG showed the strongly enhanced intensity. In addition, it could 

be seen that only AB and AA'-BLG had a peak at 1250 cm-1. 
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6.1.4 Conclusion 

In this experiment, we show a strong IR enhancement phenomenon of graphene. In 

particular, a strong IR enhancement phenomenon occurred in non-Bernal stacking 

structure graphene. We think that the reason why such a peculiar phenomenon occurs 

is due to the graphene possessed by the abundant free electrons. Furthermore, the 

influence of the unique band structure of only the non-Bernal stacking structure is 

large. We believe that our results (graphene CT effect) can be applied to designing a 

new strategy for high-performance graphene-based catalysts, which can be used in 

electrochemical, biological, and environment. 
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7.1 Reversible Multilayer CO2 Loading in Bilayer 
Graphene 
- This paper will be submitted 

 

7.1.1 Introduction 

 

 

Figure 7.1.1 Schematic illustration of intercalated CO2 molecules between two 
graphenes. MD simulation results of intercalated CO2 molecules between two graphenes 

 

Besides many unique properties relevant to micro-electronics1,2, chemical 

sensors3, optics4, and catalysis5,6, graphene shows unique property of capturing 

molecules and ions (such as H2
7, CO2

8,9, ammonia10, nitrogen dioxide11, sulfur 

dioxide12, water13,14, sodium15, sulfur16 and Lithium17) between the layers and 

between the graphene -substrate18. The van der Waals pressure applied in the 

graphene pocket is reported to be ~1 GPa19. This capturing capability can be also 

utilized as nano-reactors for chemical reactions20,21. Particularly, multilayers of 

graphene oxides9,22 can capture ~ 4 mmol per grams of graphene, which may be 
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useful for the sequestration of environmental CO2. The capture includes the 

capturing of gas-phase CO2 in the pocket defined by the graphene and graphite 

surfaces, the adsorption onto the graphene surface, and the intercalation of CO2 into 

the gap of graphene layers. In analogy to CO2 capturing by rocks23-25 and other 

materials26, it has been interpreted that the capturing or intercalation of CO2 occurs 

via the adsorption at the defect sites or functional groups3, creating mono- or sub-

molecular layer of CO2 on graphene9,27. Because the results are largely based on the 

isotherm measurements on graphite powder of graphite and graphite oxide9,28, the 

structure of the captured CO2 and the driving force are largely unverified, although 

there exists a theory suggesting that CO2 adsorbs on graphene via the charge-transfer 

as well as via the van der Waals interaction29. 

Here we report an experimental evidence that CO2 is loaded in between the 

layers of graphene as a form of multilayer condensate, not as a monolayer adsorbate. 

When exposed to CO2(g) at T ~ 770 K, topographic thickness of bilayer and trilayer 

graphene is found to be increased to ~ 3 nm, which is 5 times thicker than what is 

expected from the adsorption of CO2 on either surface of graphene. Furthermore, 

most of the captured CO2 could be reversibly unloaded by heating under inert gas. 

The molecular dynamics (MD) simulation further indicates that the captured CO2 

has crystal-like clusters of CO2 formed under the internal pressure of graphene. 
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7.1.2 Experiment 

The sample and CO2 loading - The sample is formed on SiO2 (285 nm) / Si wafer 

and is consisted of a uniform monolayer graphene (MLG) and additional graphene 

layer island (diameters of ~10 mm) forming BLG islands with various stacking 

degree. The sample was located in a furnace at 773 K and exposed to the constant 

flow of CO2 (g) flow at 100 ml / min or H2 (g) at 150 ml / min. For the SERS 

measurement, Au-nanoparticles (NPs, diameters of 80 nm) were dispersed on BLG 

/ MLG sample on a Cu-film. Such Au-NP-BLG-Cu metallic junctions serve as 

electromagnetic hotspots for the SERS measurement. 

 

Sample measurements (FTIR, Raman & topography) - FTIR measurements were 

carried out on the TLG and MLG sample with Perkin Elmer Spotlight 400. Micro-

Raman spectroscopy measurements (an excitation wavelength of 514.5 nm) are 

carried out on the sample to determine graphene layer stacking. The SERS spectra 

were obtained by placing the laser focus onto AuNP-BLG-Cu junctions. The AFM 

(home-built), operating under the tapping-mode condition, was carried out with 

silicon probes (Nanosensors, PPP-NCHR, Ω ∼ 300 kHz)  
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7.1.3 Results and Discussion 

 

 
Figure 7.1.2. Topographic height changes in CVD-BLG upon CO2-exposure. a, 
Schematic of the CO2-loading into graphene. b, Optical reflectance microscopy (OM) image 
showing two BLG islands (B1 & B2) grown on top of monolayer graphene (MLG). c & d, 
AFM images of the sample before (c) and after (d) the CO2-exposure. The height color scale 
of the two images are the same. The scale bar in (d) represents 4 µm. e, Topographic line-
profiles (black = pristine; blue = CO2-exposed) of B1 and B2 sampled from c & d (dashed 
lines). f, Histograms of the topographic height of BLG (blue) and MLG (red) before (upper 
panel) and after (lower panel) the CO2-exposure. The zero of height (grey dashed line) refers 
to the mean topographic height of MLG. Also shown in curves are the Gaussian fits. Average 
heights (in reference to MLG) of B1 and B2 are also shown.  

 

The sample employed is BLG on SiO2 (thickness of 285 nm) / Si substrate 

grown by chemical vapor deposition (CVD) on Cu-foil followed by the substrate-

transfer. The sample has BLG islands grown on top of a uniform monolayer of 
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graphene (MLG). For the loading of CO2 (see Figure 7.1.2a), the sample is placed in 

the furnace maintained at the temperature of T = 770 K, and CO2 gas was flowed at 

a rate of 100 ml / min. After the CO2-loading, the sample was rapidly cooled down 

to room temperature in the presence of CO2 in the furnace. 

The atomic force microscopy (AFM, operating under tapping-mode) 

images are obtained for the same set of BLG islands before (Figure 7.1.2c) and after 

(Figure 7.1.2d) the CO2-exposure. The topography (z) scale of AFM was calibrated 

against calibration grating and mechanically exfoliated few-layer graphene. The 

AFM image measured before the CO2-exposure (pristine, Figures 7.1.2c and e) 

shows average topographic height of BLG (B1 and B2) of ~0.39 nm in reference to 

the underlaying MLG, which is a typical topographic thickness of a single layer 

graphene30,31. Upon CO2-exposure (Figures 7.1.2d and e), the BLG islands show 

clear height increase, indicating the loading of CO2 preferentially to BLG.  

 

 
Figure 7.1.3. a, b & c, Illustration of estimated minimum height of intercalated bilayer 
graphene (BLG). a & b, Estimation of minimum BLG height in case of (a) CO2 monolayer 
intercalating and (b) CO2 bilayer intercalating. c, Estimation of number of CO2 layers in B2 
BLG (Figure 6.1.2f). 

 

Quite remarkably, the thickness of CO2-loaded BLG is much larger than 
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what is expected from two graphene layers and a monolayer of CO2. Rather, the 

thickness corresponds to ≥ 8 layers of CO2 sandwiched between the two graphene 

layers (see Supporting Information-figure 7.1.3). Figure 7.1.2f show the histograms 

of topographic height sampled from the AFM images before and after the CO2-

loading, better showing the thickness changes beyond the roughness of the substrate 

(width of the peaks of the histograms). The CO2-loaded B1 and B2 islands, which 

initially had nearly the same height of 0.4 nm, exhibit ~ 0.4 nm height difference, 

which may indicate the stacking-structure specific CO2-loading (see below for more 

data). The roughness in CO2-loaded BLG island (i. e., the width in the histogram) is 

nearly the same (to within a few percent) as those of the MLG and pristine BLG, 

showing that CO2-loading conformally increases the thickness of BLG.  

 

 
Figure 7.1.4. a, Contact-mode AFM image of CVD-grown multilayer graphene. b, Line-
profiles sampled from a (dashed lines in b). c, Clearly visualized BLG at the same position 
with a after CO2-loading due to volume expansion. d, Line-profiles sampled from c (dashed 
lines in d). By CO2-exposure, the thickness of BLG (measured from the top surface of SiO2 
as standard) is increased. All scale bars in AFM images are 4 µm. 

 

We have carried out the similar measurement with contact-mode AFM, 
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which leads to the essentially the same result (see Figure 7.1.4). This rules out the 

possibility that the topographic changes may arise from chemical-specific tip-sample 

interaction32,33, not from genuine topographic height change. 

 
 

 
Figure 7.1.5. Thickness changes in MLG, BLG and TLG upon CO2-exposure. a & b, 
AFM images containing MLG, BLG, and SiO2 regions, obtained before (a) and after (b) the 
CO2-exposure. c, line-profiles sampled from a & b (dashed lines in a & b). The dZ refers to 
the change in height of MLG and BLG upon CO2-exposure, as measured from the surface of 
SiO2 substrate. d, Associated topographic histograms of MLG (red) and BLG (blue). In c and 
d, Z = 0 nm refers to the height to the surface of SiO2. e & f, AFM images containing MLG, 
BLG, TLG regions, obtained before (e) and after (f) the CO2-exposure (for 40 min). g, Time-
evolution of the height histograms of BLG (blue) and TLG (magenta) shown in e & f. The 
histogram of MLG (red), which serves as Z = 0 nm reference, is also shown. dZ for BLG and 
TLG indicate the thickness increase during the 40 mins of CO2-exposure. All scale bars in 
AFM topography images correspond to 4 mm. 
 

 

We find that such thickness change does not occur for MLG on SiO2 / Si. 

Figures 7.1.5a and b show the AFM images of a part of sample containing the regions 

of MLG, BLG, and SiO2 / Si, obtained before and after the CO2-loading. Here, the 

bare SiO2 region serves as the topographic reference (Z = 0 nm). As can be seen in 

the line-profiles (Figure 7.1.5c) and the histograms (Figure 7.1.5d), the thickness of 

BLG (as measured from top surface of SiO2) is increased by dZ > 0.5 nm, thickness 
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of the MLG is essentially unchanged (dZ < 0.011 nm). Figure 7.1.3e and f show the 

AFM images of a part of sample containing the regions of BLG and trilayer graphene 

(TLG), obtained before and after the CO2-loading (40 min). Figure 7.1.5g show the 

time-evolution of the thickness of BLG and TLG during the 40 minutes of CO2-

exposure. 

 

 
Figure 7.1.6. a, Optical reflectance microscopy (OM) image of CVD-grown multilayer 
graphene. b, AFM image of BLG and TLG grown on the top of MLG. Raman spectra of BLG 
(blue) and TLG (magenta) were measured at position X. b-f, Time-evolution of the AFM 
images. The scale bars in 3. b-f represent 4 µm length scale. g, Wide range Raman spectra of 
pristine BLG and TLG. h, G, R and R’ (rotation)-peaks of magnified Raman spectra of BLG 
and TLG. From the R and R' peaks, it is considered that the synthesized CVD-grown 
graphene is not Bernal stacking structure form.2,3 Through IG/I2D ratio observed from BLG 
and TLG, we estimate that both BLG and TLG are non-Bernal or rhombohedral stacking 
structure.4-6 i, Combination-mode peaks of Raman spectra of BLG and TLG. The peak at 
2331 cm-1 (marked as * in i) is assigned to symmetric mode of the ambient N2 gas. All scale 
bars in AFM images are 4 µm. 

 

 time-evolution of the AFM images and Raman spectra of BLG and TLG 

are shown in Figure 7.1.6. We find that the thickness change (dZ) for TLG is 

approximately twice that of BLG. This, together with the BLG / MLG comparison 

shown in Figures 7.1.5a-d, proves that the loaded CO2 intercalates between the 

graphene layers, not between the graphene and substrate, or adorbs on top surface of 

graphene.  
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Figure 7.1.7. a, c, and e, AFM images of various volume-expended BLG and TLG samples 
after CO2-loading. b, d, and f, AFM images of stably retained CO2 in the graphene even after 
16 months kept at room temperature and atmospheric pressure, despite some damaged island 
TLGs observed in d. All scale bars are 4 µm. 

 

Once loaded, the thickness of the CO2-loaded BLG and TLG is maintained 

for > 16 months at room temperature (see Figure 7.1.7). Upon heating at T = 770 K 

under atmospheric or H2 environment, most of the captured CO2 are unloaded from 

the graphene.  
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Figure 7.1.8. Unloading of CO2, temperature dependence of CO2-loading, and 
spectroscopy of CO2-loaded BLG. a & b, AFM images of CO2-loaded BLG before and after 
the heating (T = 770 K) under atmosphere. c & d, Associated changes in line-profiles (c) and 
height histogram (d), showing the reduction in thickness upon heating. e, Thickness change 
(AFM images and height histograms) in two BLG islands (B3 and B4) upon alternating CO2 
and H2 exposure, showing near-reversible CO2-loading and unloading. f & g, Changes in 
Raman G and D peaks measured from the B3 and MLG shown in the inset AFM image 
(marked as x) of e, upon alternating CO2 and H2 exposure. h, The surface-enhanced Raman 
scattering (SERS) spectra measured from AuNP-BLG-Cu junction structure (see inset figure) 
before and after the CO2-loading. Red arrows point to newly emerging peaks, which are 
assigned to the stretching vibrational modes of the intercalated CO2. Black and grey arrows 
point to the reported75,76 spectral positions and relative intensities (lengths of the arrows) of 
the vibrational peaks of solid CO2 deposited on Cu at T = 40K. i, Temperature-dependence 
of CO2-loading of BLG (blue) and TLG (magenta). Error bars correspond to standard 
deviations of height of TLG and BLG islands. j, Change in the infrared spectra (IR) reflection 
spectra of TLG upon alternating CO2 and H2 exposure. The scale bars in a, b, and e represents 
4 µm length scale.  

 

Figures 7.1.8a-d shows one such example. In fact, we could carry out 

multiple cycles of loading and unloading of CO2 without the apparent damage to the 

sample (see Figure 7.1.8e). Similar unloading can be introduced by the prolonged 

laser illumination of the sample. We find that the thermal annealing for a limited time 

(< 10 min) does not completely recovers the original thickness of the graphene: as 

can be seen in Figures 7.1.2c and d, the annealed BLG show a height of 0.6 nm, 

which is thicker than that of pristine BLG by 0.2~0.3 nm. This thickness difference, 

which is close to a single-atom thickness, suggests the existence of strongly bound 

monolayer CO2 as well as the weakly bound CO2. 

We find that the amount (or the rates) of CO2 - loading / unloading on 

graphene islands with the same number of layers show notable island-to-island 

variation. As shown in Figure 7.1.8e, two BLG islands (B3 and B4 in inset 

topography) with the same initial thicknesses, after undergoing a loading / unloading 

cycle (each with 10 min CO2 and H2 exposure), exhibit notable thickness differences 

(dZ > 0.6 nm) 
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Figure 7.1.9. a, Optical reflectance microscopy (OM) image of CVD-grown multilayer 
graphene. b, AFM image of CVD-grown multilayer graphene. BLG (B3 and B4) and MLG 
are undistinguishable due to small topographic contrasts. c, AFM image of clearly visualized 
BLG after first CO2-loading due to volume expansion. d, AFM image of disappeared BLG 
under first H2 exposure after c. e, AFM image of re-visualized BLG with higher expansion 
of B3 than B4 under second CO2-loading after d. f, AFM image of re-disappeared BLG under 
second H2 exposure after e. All scale bars in AFM images are 4 µm.  

 

In Figure 7.1.9, associated optical reflectance (OM) AFM images and more 

detailed images are presented to the sequential reaction time. The exact physical 

origin of such variation is unclear at the moment. Given that the major variation 

among the CVD-BLG islands in the same sample is the stacking angle between the 

two layers36,37, we hypothesize that the CO2-loading / unloading characteristics may 

be influenced by the stacking orders in few-layer graphene.  

 

  



 

 125

 
Figure 7.1.10. a, OM image of mechanically exfoliated 6th layer graphene on 4th layer 
graphene. b, AFM image of a. Raman spectrum of 6th layer graphene was measured at 
position X (magenta). c, AFM image of a, after CO2-loading showing no contrast change 
with b. All scale bars in AFM images are 4 µm. d, Line-profiles sampled from b & c (dashed 
lines in b & c). Thickness of the 6th layer graphene is indisputably unchanged. e, Wide range 
Raman spectrum of pristine 6th layer graphene. Inset shows combination-mode peaks of 
Raman spectrum of 6th layer graphene. The graphene sample is mechanically exfoliated from 
Kish graphite. 
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Figure 7.1.11. a, OM image of mechanically exfoliated 4th layer graphene. b, AFM image of 
a. Raman spectra of 4th layer graphene was measured at position X (magenta and blue). c, 
AFM image of a, after CO2-loading showing no contrast change with b. There was no 
topographic contrast change on 4th layer graphene, regardless of the stacking structure 
(Bernal or rhombohedral). All scale bars in AFM images are 4 µm. d, line-profiles sampled 
from b & c (dashed lines in b & c). Also, Thickness of the 4th layer graphene is essentially 
unchanged. e & h, Wide range Raman spectrum of pristine rhombohedral (ABCA) and 
Bernal (ABAB) stacking structure 4th layer graphene. f & i, 2D-peak of Raman spectrum of 
rhombohedral (ABCA) and Bernal (ABAB) stacking structure 4th layer graphene. g & j, 
Combination-mode peaks of Raman spectrum of rhombohedral (ABCA) and Bernal (ABAB) 
stacking structure 4th layer graphene. j, Although the 4th layer graphene have the same height, 
the Raman spectra of the two structures are different.  

 

We have carried out the same experiment with mechanically exfoliated 

multilayer graphene that is mostly Bernal (ABAB) or rhombohedral (ABCA)-

stacked (see Figure 7.1.10 and 11). We did not observe any sign of CO2-loading, 

corroborating our hypothesis.  

Raman spectroscopy on CO2-loaded sample (B3 and MLG) reveal several 

features worth noting. First, the CO2-loading and unloading does not change the ratio 
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of intensities of D versus G-peaks (ID / IG) or the intensity of D-peak (ID) (see Figures 

6.1.8g), showing that the loading and unloading processes do not create additional 

defects.  

 
Figure 7.1.12. a, The intensity ratio of D versus G-peak (ID / IG) obtained from the Raman 
spectra of CVD-BLG under CO2 and H2 exposure. The subtle change of ID/IG is considered 
as no generation of additional defect on CVD-BLG regardless of repetitive CO2 and H2 
exposure. b & c, Raman spectra of CVD-BLG under CO2 and H2 exposure. Comparing to 
the continuously changed line-shape of the G-peak, no spectral change is observed at the 
combination-mode and 2D-peak. The peak at 2331 cm-1 (marked as * in b) is assigned to 
symmetric mode of the ambient N2 gas. 

 

Secondly, we have carried out CO2-loading experiment on defective BLG 

islands showing pronounced ID and ID / IG of Raman spectra (see Figure 7.1.12). We 

find that the amount of CO2-loading is uncorrelated to the ID or ID / IG, suggesting 

that the CO2 adsorption on defect (oxides, alcoholic functional groups, or structural 

defect) is not the main driving force of the CO2-loading.  
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Figure 7.1.13. a & b, The G-peaks of Raman spectra obtained from Figure 7.1.8e (BLG and 
MLG).  

 

Thirdly, the G-peak line-shape of the CO2-loaded BLG is unimodal Figure 

7.1.8f), which is distinctly different from the familiar bimodal line-shape of pristine 

and unloaded BLG. The center frequency of the G-peak is nearly unchanged (< 5 

cm-1). The change may arise from the chemical doping by CO2, or from the 

transformation of the electronic band structure of BLG into that of MLG upon 

increase in interlayer distance. Chemical doping always accompanies large peak-

center shift (≥ 10 cm-1) as well as the line-shape change in G-peak38, which 

contradicts what we observe. We thus hypothesize that it is the inter-layer distance 

change that is causing the line-shape change (Raman spectral changes of G-peak of 

MLG obtained from the position at the inset of Figure 7.1.8e (marked as X) in Figure 

7.1.13). 
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Figure 7.1.14 a, The degree of height expansion (Z) of BLG (blue) and TLG (magenta) 
at14ifferent temperature. b-d, OM images and e-g, corresponding AFM images of CVD-
grown multilayer graphene at b, e (570 K), c, f (670 K), and d, g (870 K). h-j, Line-profiles 
sampled from e-g, (dashed lines in (a)-(d)). All scale bars in AFM images are 4 µm. 
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We believe that the CO2-loading / unloading is determined by the thermal 

activation of graphene layers, not by the adsorption of CO2 onto the graphene surface: 

We have carried out the CO2-loading experiment under various temperature (see 

Figure 7.1.8i and temperature-dependent AFM images in Figure 7.1.14), and found 

that the amount of loading (i. e., the thickness of the BLG) increases with 

temperature, with a well-defined threshold temperature of 700 K for BLG and TLG. 

Note that the probability (or sticking coefficient) for the chemi- or physi-sorption of 

gas (the sticking coefficient) onto surface generally decreases with increasing 

temperature39,40, which is opposite to what is observed. Figure 7.1.16 show a model 

of CO2-capture by thermally activated graphene, in which thermal fluctuation in 

interlayer distance at the edges of the BLG allows the CO2 to enter between the layers. 

Increase in sample temperature lowers the activation barrier, facilitating the CO2-

insertion. The amount of inter-layer fluctuation and thus the activation energy for the 

insertion will correlate to how strongly the two layers are bound together31. For 

example, the layers of AA-BLG may fluctuate more than AB-BLG. This may explain 

the island-to-island variation in CO2-loading. 

We were unable to directly quantify the amount of the captured CO2 

because the number of the captured CO2 molecules is not nearly enough to be 

recorded by standard analytical tools. Nevertheless, we were able to obtain a 

preliminary surface-enhanced Raman scattering (SERS) spectra of the sample, 

showing features that could be assigned to the C-O stretching modes of the captured 

CO2
34,35,41. When exposed to CO2(g), the SERS spectrum of BLG sandwiched 

between a Cu-substrate and a Au-nanoparticle (Figure 7.1.4h inset) show new peaks 

at 1135 cm-1 and 1370 cm-1 (red arrows in Figure 7.1.8i), which are similar (both in 



 

 131

position and relative intensity) to the Fermi resonance doublet of C-O stretching 

peaks of solid CO2 on Cu recorded at T = 40 K32, 33 (black and grey arrow).  

Infrared (IR) reflection spectra of the sample before and after the CO2-

loading do not clearly reveal the vibrational feature of the captured CO2 (see Figure 

7.1.8j for the TLG spectra). Instead, the spectra show reversible change in low-

frequency side (< 900 cm-1).  

 

 
Figure 7.1.15. a, Infrared (IR) spectra of MLG upon alternating CO2 and H2 exposure.  

 

No such spectral change is observed for MLG similarly exposed to CO2 

(see Figure 7.1.15). The low-frequency tail of the IR spectra of mono- and multi-

layer graphene reflects the intra-band optical conductivity42,43, which can be 

modulated by adsorbed or intercalated molecules on graphene through the changes 

in doping level and electronic band structure. In this regard, the data not only 

corroborates our claim that the CO2-loading requires at least two layers of graphene, 

but it also shows a new possibility that the CO2-loading can tune the electronic and 

optical properties of graphene. 
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Figure 7.1.16. Possible mechanism of CO2 loading in BLG and MD simulation of CO2 
condensed form between graphenes depending on the number of CO2 molecules. a, 
Possible mechanism of CO2 loading in BLG. b-c, MD simulation of CO2 condensed form 
between graphenes depending on the number of CO2 molecules. The CO2 molecules used in 
the experiment are 300 (a), 500 (b) and 1000 (c). The size of graphene used in the simulation 
is 10.156 nm by 10.156 nm. 
 

The amount of thickness change, and its temperature dependence cannot be 

explained by the CO2 adsorption on graphene surface. Rather, all of our data 

consistently indicates the formation of multilayer (up to ~10 layer, assuming flat-on 

stacking geometry) CO2, which is mediated by the thermal activation of graphene. 

Given 1 GPa’s of internal pressure between graphene layers, and known phase 

diagram of CO2, it is not unreasonable to assume that the captured CO2 may be in 

the form of solid condensates. We have carried out a molecular dynamics (MD) 

simulation on CO2 molecules embedded between the two layers of graphene. The 

primary aim of the simulation is to find out the structure of the captured CO2 at room 

temperature. The simulation starts out with 100, 200, …, 2000 number of CO2 

molecules with inter-molecular distance larger than 0.5, 1.0, …, 2.0 nm, placed in 

between the graphene layers (see the right panel of Figure 7.1.16). As shown by the 

snapshot of the simulation, the captured CO2 spontaneously form crystal-like clusters 

of CO2 under the internal pressure of graphene. Note that the simulation employs 

generic force-field parameters of C and O atoms, and as such the simulation severely 

underestimates p-p attraction between the layers. Therefore, we expect that MD 
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simulation with a more realistic force field will predict even more facile CO2 

condensation. The simulation, however, fails to model the introduction of CO2 

between the graphene layers through the edges of BLG.  
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7.1.4 Conclusion 

 

To conclude, we have shown that multilayers of CO2 can be reversibly 

captured by CVD-grown BLG and TLG. The amount of CO2-loading increases with 

temperature. It has been previously assumed that CO2 intercalation in graphene is an 

adsorption occurring on defects or functional groups, forming a monolayer or sub-

monolayer of CO2. Our result shows that it is not the case. Rather, CO2-loading is 

mediated by the thermal fluctuation of graphene layers and also by the high-pressure 

induced condensation. Although we did not carry out the experiment on graphene 

oxides or functionalized graphene oxide, we do not see any reason why the 

intercalation mechanisms for graphene oxide and CVD-graphene should be different. 

It is unclear at the moment if the method can be scaled up such that it can sequester 

practical amount of CO2 in atmosphere. The CO2-loading can modulate the inter-

layer distance in BLG (up to 3 nm), thereby continuously tune its electronic band 

structure all the way from the BLG to two MLG. Currently, no existing technique 

can continuously tune the gap-distance in multilayer graphene. Our method may 

provide a new way of manipulating band structure of graphene for the graphene-

based nanoelectronics devices and sensors. 
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국문 초론 
 

 

적외선 산란형 근접장 주사 광학 현미경을 이용한 

그래핀 표면위 화학 반응 연구 

 

서울대학교 대학원 

화학부 물리화학전공 

정규일 

 
본 논문은 주사탐침현미경 기반의 적외선 산란형 근접장 주사 

광학 현미경 (IR-sSNOM)을 사용하여 그래핀 표면 위 화학반응에 중점

을 둔다. 

그래핀 표면의 물리적 및 화학적 고유한 특성에 대해 다양한 연

구가 수행되어 왔다. 이러한 발전과 함께, 특히 손쉽게 다층 그래핀의 

겹쳐진 각도나 외부에서 인가되는 전기장 또는 화학적 불순물 추가를 통

해 띠 간격 조절이 가능해 각광을 받아왔다. 그러나 이런 그래핀의 특성

을 분석하는데 사용되는 일반적인 적외선 분광 기법에는 치명적인 한계

가 있다. 아베 회절 한계로 인해 그래핀 표면의 나노 화학 반응을 연구
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하는 것이 불가능하다. 유감스럽게도 그래핀분석에 가장 많이 활용되는 

라만 분광 기법에도 동일한 문제가 있다. 또한 이 라만 분광 기법은 D, 

G 및 2D 대역 스펙트럼의 변화만 감지하므로 직접적인 화학 분자의 정

보를 알지 못한다. 

이러한 관점에서 저는 두가지의 목표로 이 연구를 진행하고자 

한다. 첫째, 분광학적 시각에서 적외선 산란형 근접장 주사 광학 현미경

은 고감도의 나노 해상도를 가지는 것으로 잘 알려져 있다. 이 분광 기

기를 이용하면 그래핀 10um 미만의 영역의 IR 스펙트럼을 얻을 수 있

다. 또한 주사 터널 현미경과 달리 시료 조건에 큰 제한이 없다. 이러한 

점에서 이 적외선 산란형 근접장 주사 광학 현미경은 그래핀 표면 위 반

응을 분석하는데 이상적인 도구이다. 둘째, 이러한 그래핀 표면 반응 연

구는 유기 화학의 원형 모델이 될 뿐만 아니라 그래핀의 전자 응용으로 

연구 할 가치가 있다. 이 유기 화학의 원형 모델 시스템 연구를 통해 

pi-pi 상호 작용의 메커니즘뿐만 아니라 그래핀 촉매 메커니즘에 대해 

이해할 수 있을 것이다. 이러한 그래핀 표면 반응을 연구를 통해 화학 

분야에 새로운 통찰력을 가져올 것이라고 확신한다 
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