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Abstract 

Twisted graphene with randomly stacked layers has garnered significant attention due to its 
exceptional electrical and optical properties, which stemmed from its linear band dispersion near the 
Fermi level and its screening effect that minimized the influence of substrate impurities. Traditionally, 
twisted graphene was fabricated by transferring monolayer graphene prepared via mechanical 
exfoliation or chemical vapor deposition (CVD) on copper substrates. However, contaminants 
introduced during the transfer process can severely impact the resulting device performance. As a 
result, developing a clean crystal growth technology for large-area synthesis becomes a critical 
challenge. 

The catalyst-free CVD process on a graphene template presented a promising solution for 
synthesizing high-performance twisted few-layer graphene (tFLG). In this vapor-solid growth process, 
the formation of graphene layers with random stacking is preferred, as it is challenging for 
spontaneously formed graphene nanoflakes to rotate on a solid surface during nucleation. However, 
when using template monolayer graphene obtained through mechanical exfoliation or CVD on copper, 
macrostructural defects such as wrinkles and transfer-induced impurities adversely affected the vapor-
solid growth process. These defects degraded the uniformity and crystallinity of the resulting few-
layer graphene. To overcome these challenges, this dissertation explored innovative strategies for 
synthesizing high-quality twisted graphene on graphene/ silicon carbide (SiC) templates using ethanol 
chemical vapor deposition (CVD). The study was divided into three parts, each addressing critical 
challenges in the growth and control of twisted graphene structures. 

In the first part of this dissertation, the overlayer growth of graphene on epitaxial graphene/SiC 
was investigated using ethanol across a wide temperature range from 900 ºC to 1450 ºC. Structural 
analysis through atomic force microscopy (AFM) and scanning tunneling microscopy (STM) revealed 
that graphene islands grown at 1300 ºC formed hexagonal twisted bilayer graphene with a high 
crystallinity and random stacking twist angles. By combining microscopic nucleation behavior and 
classical nucleation theory, the growth mechanism for the randomly twisted structures was also 
discussed. These findings demonstrated that graphene overlayer growth on an epitaxial graphene/SiC 
solid template at 1300 ºC was an effective method for synthesizing high-quality twisted graphene. 

To obtain larger graphene islands, the growth temperature was increased to above 1400 ºC, 
resulting in graphene islands adopting a circular morphology. However, moiré patterns with varying 
periodicities were observed within individual islands, indicating that they were composed of multiple 
graphene domains with different twist angles. Investigation of the initial nucleation stage suggested 
that this phenomenon was caused by high and localized nucleation density. By analyzing multiple 
factors, the underlying mechanism that ran counter to conventional thermodynamic trends was 
elucidated. 

In the second part of this dissertation, a sequential thermal (ST) process was explored as an 
effective approach to address the challenges of growing twisted graphene with reduced nucleation 
density. This method involved limiting the exposure of the graphene/SiC template to ambient air 
before CVD growth. AFM analysis revealed that the ST process significantly suppressed the 



 
 

nucleation density of CVD graphene under identical growth conditions. Furthermore, a wide 
temperature range study showed that nucleation behavior changed drastically beyond a threshold 
temperature of 1300 °C, likely due to the onset of etching effects. Combined with the mechanism of 
growing graphene overlayers using ethanol as a carbon source, a specific mechanism was proposed to 
explain this behavior. Raman spectroscopy confirmed the successful synthesis of twisted graphene, 
with the G' band analysis indicating a high ratio of twisted structures in the grown graphene. 

However, the nucleation behavior on ST-treated graphene/SiC surfaces proved highly sensitive 
to carbon source concentration and process temperature. On the clean graphene/SiC surface prepared 
via the ST process, higher carbon source partial pressure was required compared to air-exposed (AirE) 
surfaces. Despite improvements, multilayer island structures persisted, with relatively few monolayer 
regions, which hindered achieving large-area, layer-by-layer growth of tFLG. 

In the third part of this dissertation, a carbon dioxide (CO2)-assisted etching process was 
employed to create active sites on the graphene/SiC template surface, facilitating nucleation and 
growth directly on the terraces of the graphene/SiC structure. By optimizing temperature, pressure, 
and etching time during the etching stage, CO2 etching of graphene/SiC was performed under the 
optimized conditions of 1150°C, 80 kPa, and 1 minute. This process successfully facilitated the 
nucleation and growth of twisted monolayer graphene from the active sites on the etched graphene/SiC 
in the subsequent CVD stage. Remarkably, a regrowth of the graphene/SiC template during the 
subsequent CVD growth stage was observed by comparing untreated graphene/SiC, CO₂-etched 
graphene/SiC, and CVD-grown graphene. Structural analyses using Raman spectroscopy, AFM, and 
SEM confirmed the regrowth of the template graphene and the successful synthesis of monolayer 
graphene under optimal conditions. Therefore, controlling the extent of CO2 etching was crucial to 
balance the regrowth of the graphene/SiC template with the growth of an additional graphene layer 
during CVD. Additionally, to enhance the comprehensiveness of the research framework, this study 
investigated the effects of etchants during the CVD growth process and presented findings from the 
two-stage growth of twisted graphene, providing an effective method for the uniform synthesis of 
large-area tFLG. The CO2-assisted etching approach effectively activated the clean surface, creating 
a reliable pathway for the nucleation and layer-by-layer growth of twisted graphene on graphene/SiC 
templates. 

This dissertation presented a series of innovative methods for synthesizing high-quality twisted 
graphene on graphene/SiC templates. First, through analysis of twisted structures and investigation of 
their growth behavior, a catalyst-free CVD-based method was developed to produce high-crystallinity, 
randomly stacked twisted graphene. Second, an effective strategy for suppressing local nucleation 
during graphene growth was established using the ST process, with a mechanism that elucidated 
nucleation behavior at a threshold temperature of 1300 °C. Lastly, a novel approach for growing 
twisted monolayer graphene on clean surfaces was introduced, employing CO2 as an etchant to induce 
nucleation on graphene/SiC terraces and thus advanced layer-by-layer growth. This work established 
a solid foundation for the large-scale production of high-quality tFLG and offered extensive 
opportunities for studying its physical properties and exploring its applications.  
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Chapter 1. Introduction  

1.1 Introduction of twisted graphene  

 Since 2004, when Geim and Novoselov first exfoliated graphene sheets from graphite 

using adhesive tape, the unparalleled electronic properties of graphene were discovered 

[1]. Shortly afterward, they discovered an entirely new quantum Hall effect and proposed 

that graphene’s charge carriers behave like massless high-energy particles traveling at 

relativistic speeds [2]. These groundbreaking findings earned them the Nobel Prize in 

Physics in 2010. This single-layer graphene (SLG), just one carbon atom thick, is poised 

to spark an unprecedented technological revolution in industry.  

 As graphene research continues to deepen, the stacked multilayer structure of 

graphene has attracted more and more scientific interest. When two single-layer graphene 

(SLG) are stacked and form bilayer graphene (BLG), the deformation of the Dirac cone 

degrades the above excellent properties. As the number of layers increases, the three-

dimensional properties become stronger, and graphene eventually transforms into 

graphite [3]. Fortunately, it has been reported that rotational stacking can significantly 

improve the physical properties of graphene to approach the original SLG behavior [4,5]. 

More interestingly, recent studies have achieved breakthrough results from enhanced 

optical absorption [6,7] to superconductivity [8–10] of graphene with specific twist angle, 

which are completely beyond the scope of original SLG. Therefore, the twisted structure 

of graphene has aroused great enthusiasm and even inspired the formation of a new field 

of twisted two-dimensional (2D) materials. 

 

1.1.1 Structure and properties of twisted graphene 

 Graphene is a single layer of carbon atoms arranged in a hexagonal lattice, derived 

from graphite. This 2D crystal features a honeycomb structure formed by sp²-hybridized 
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carbon atoms (Figure 1.1(a)). The nearest-neighbor carbon bond length is 1.42 Å, with a 

lattice unit constant of 2.46 Å (Figure 1.1(b)). Of particular importance to the physics of 

graphene is its semi-metallic behavior, arising from the linear dispersion near the Dirac 

point (the K point at the corners of the graphene Brillouin zone) (Figure 1.1(c)) [11–13]. 

 

Figure 1.1 (a) σ and π bonds in graphene. (b) Honeycomb lattice and its Brillouin zone. 

(a1 and a1 are the lattice unit vectors, and 𝛿𝑖, 𝑖	= 1, 2, 3 are the nearest-neighbor vectors. 

(c) Electronic dispersion and Dirac point (zoom in) in the honeycomb lattice.  

 

 Graphene exhibits a wide array of extraordinary properties, primarily arising from 

the unique characteristics of Dirac fermions. One remarkable characteristic is its 

unexpectedly high opacity for an atomic monolayer, with a white light absorption rate of 

2.3% [14,15]. The electrical characteristics show that the electron mobility at room 

temperature is very high, and the experimentally reported value 10,000 ~ 15,000 cm2 V-

1s-1 for exfoliated graphene on SiO2-covered silicon wafers [1,16]. Its exceptional 

intrinsic carrier mobility facilitates low power consumption and rapid response, making 

it highly advantageous for high-speed electronic devices, efficient ambipolar gating, and 

superior chemical sensitivity [17–19]. Moreover, graphene retains its electronic 

properties even at the nanometer scale, providing a critical advantage for miniaturizing 

(a)

(b)

(c)
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devices and achieving advanced integration [20–23].  

 

 Twisted graphene is a new type of graphene system involving angular twists between 

highly crystalline two-dimensional layers. The rotation between two graphene layers 

generates periodic moiré patterns with an enlarged unit cell (Figure 1.2(a)). When two 

graphene layers are superposed with a relative twist angle, their corresponding Brillouin 

zones also rotate relative to each other. This results in a separation of the Dirac cones 

from the two layers by a distance that increases with the twist angle, given by 

𝛥𝐾 =2𝐾sin(𝜃/2), where 𝐾 =4𝜋/3𝑎	 (Figure 1.2(b)). More than 30 years ago, scanning 

tunneling microscope (STM) observations revealed periodic superlattices on the graphite 

surface [24], which were accurately interpreted as moiré patterns arising from a 

misalignment of graphite. For twisted bilayer graphene (tBLG), the moiré patterns form 

strictly periodic superlattices only at discrete commensurate angles. However, at infinite 

wavelengths outside the moiré period, scanning probe microscopy is visually dominant, 

enabling the identification of an infinite number of tBLG structures over the entire range 

of twist angles. In the following sections, this property is exploited to calculate the angles 

of tBLG.  

 

Figure 1.2 (a) Schematic of twisted bilayer graphene [25]. (b) Brillouin zone (BZ) of 

tBLG with the separation between Dirac cones, ΔK [26].  

 

!
!

(a) (b)
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 Graphene layers are typically arranged in an AB stacking configuration in graphite, 

where interlayer interactions disrupt the relativistic behavior of charge carriers inherent 

to single-layer graphene (SLG) [27–29]. However, this changes dramatically when 

graphene layers are stacked with a rotational misalignment or twist angle θ [26,30,31]. 

Theoretically, in twisted graphene, the relative rotation alters the band structure of the 

electrons, distinguishing it from the band structure of AB stacked graphene (Figure 1.3(a)). 

The electronic structure is modified, with the dispersion near the Fermi surface becoming 

linear (Figure 1.3(b)) [5], which is similar to the structure observed in SLG, even for 

epitaxial graphene films tens of layers thick [30]. However, the exact band structure is 

highly sensitive to variations in the rotation angle, with angular electron velocities 

undergoing renormalization [32]. For large angles (15° ≤ θ ≤ 30°), the Fermi velocity 

closely matches that of graphene. For intermediate angles (3° ≤ θ ≤ 15°), perturbation 

theory [33] accurately predicts the velocity renormalization. In contrast, for small rotation 

angles (θ < 3°), a distinct regime emerges with are very flat bands (Figure 1.3(c) and (d)), 

where the velocity approaches zero.  

 

(a) (b) (c)

(e)

(d)
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Figure 1.3 The 2D electronic band structures of Bernal AB (a) and twist (turbostratic) 

bilayer graphene with misorientation at (b) 38.21° [5], (c) 1.70°, (d) 0.99°. (e) Velocity 

ratio Vbi /Vmono for bilayer cell versus rotation angle θ [32].  

 

 In twisted bilayer graphene with a small twist angle, the formation of flat bands in 

the electronic energy structure has attracted widespread attention due to the Van Hove 

singularities [34,35] and superconductivity [8–10,36] near the magic angle (1.1°). For 

few-layer graphene (FLG) (<10 layers) with large twist angles and thicker twisted 

multilayer graphene (>10 layers) like turbostratic graphene, its electronic structure not 

only resembles that of single-layer graphene (SLG) due to the twisted configuration and 

weak interaction between graphene layers [37,38], but the multilayer structure also 

effectively suppresses substrate scattering from carrier impurities and enhances the 

uniformity of carrier transport pathways [39–41]. This leads to higher carrier mobility 

and conductivity compared to monolayer graphene, making them promising for 

applications in high-performance devices [42–44].  

 

Figure 1.4 (a) two saddle points (VHSs) from a separation of ΔK in a graphene bilayer 

(a)

(b)

(c)

(d)

InSb
SiO2
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with the twisted angle ~1.1° [35]. (b) comparing magic-angle tBLG in the context of 

other superconductors [8]. (c) conductivity and field-effect mobility for turbostratic 

stacked graphene [42]. (d) High-responsivity turbostratic stacked graphene mid-

wavelength infrared detector [44]. 

 

1.1.2 Synthesis of twisted graphene 

 Chemical vapor deposition (CVD) allows precise control over the thickness and 

morphology of graphene crystal growth, making it a powerful method for large-scale 

industrial production [45]. By utilizing various carbon-containing precursors, such as 

methane, ethylene, or acetylene, the process decomposes these carbon sources at high 

temperatures in the presence of a metal catalyst, typically copper or nickel, facilitating 

the deposition of carbon atoms that assemble into high-quality graphene crystals with 

controlled thickness and morphology. In recent years, CVD has achieved significant 

success in synthesizing SLG [46–49] and AB-stacked multilayer graphene [50,51]. For 

the synthesis of twisted graphene, adjusting the CVD growth conditions on low-carbon-

solubility transition metal substrates, such as Cu-foils (Cu-CVD), results in the random 

formation of AB-stacked regions and twisted structures. The tBLG produced typically 

exhibits lateral sizes ranging from 1 μm to 10 μm, with the twist angle distribution 

favoring regions of small and large rotational mismatch [52–54]. Moreover, taking 

advantage of the high solubility of carbon in the Ni layer, Ni-Cu alloy was used to achieve 

large-area tBLG growth by controlling the atomic ratio of Ni [55,56] or the Ni-Cu 

gradient structure [57].  



7 
 

 

Figure 1.5 (a,b) morphology and stacking order preference of tBLG grown on a Cu 

substrate [53]. (c) Structural schematic of the tBLG on a Cu substrate [54]. (d-f) 

morphology and stacking order preference of graphene grown on a Ni−Cu gradient alloy 

[57]. 

 

 Silicon carbide (SiC) epitaxy, which involves the evaporation of silicon atoms and 

the subsequent reconstruction of carbon atoms on the SiC surface, enables the growth of 

graphene films at extremely high temperatures, offering a reliable method for producing 

uniform and defect-free graphene layers [58]. SiC has two polar faces: the Si-terminated 

face of SiC(0001) and the C-terminated face of SiC(000-1). The graphene grown on these 

two faces exhibits different layer number and stacking orders [59]. Graphene grown on 

the Si-terminated face tends to expand layer by layer from the surface, typically used for 

the fabrication of high-quality SLG, AB stacking BLG and AB or ABC stacking FLG 

[60–65]. By purposefully treating the SiC substrate to create an appropriate crystalline 

surface, the morphology and layer number of graphene can be effectively controlled [66]. 

In contrast, on the C-terminated face, graphene may grow in a multilayer form, with 

varying interlayer rotational angles, potentially resulting in partially twisted layers. It has 

(d) (e) (f)

(a) (b) (c)
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been demonstrated that regions of multilayer graphene with Bernal stacking coexist with 

layers composed of twisted bilayer graphene [30,67,68]. 

 

Figure 1.6 (a) Schematic of two graphene layers rotated at 32.204°. (b) STM image and 

(c) stacking order preference of graphene grown on a C-face SiC [30]. 

 

 The folding method originated from the accidental folding of graphene when the 

graphite was mechanically peeled off. To improve the control accuracy of the folding 

process, researchers have approached the challenge from different aspects. 1) Ultrasound 

was used to excite several layers of graphene in suspension, and washing the flakes 

bonded to the substrate with water resulted in transversely folded twisted regions [69,70]. 

2) In nanofabrication using atomic force microscopy (AFM), a particularly effective and 

controllable folding method was proposed [71]. By applying a strong interaction force 

between the tip and the sample, folded graphene structures can be mechanically fabricated 

by repeatedly tracing a programmed path within a microscale range [72]. 3) Using a 

customized SiO2/Si substrate with hydrophobic and hydrophilic regions, the single-layer 

graphene obtained by Cu-CVD forms tBLG with a twist angle during the transfer process 

[73]. 

(a)

(c)

(b)
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Figure 1.7 (a) TEM image of a multilayer graphene sheet and schematic of folding a 

graphene sheet with 22.5° [70]. (b) AFM image of one graphene sheet with a self-folded 

stripe [72]. (c) Schematic of the folding process of a monolayer graphene film [73]. 

 

 Multiple transfer of SLG is one of the most common methods to obtain twisted 

graphene. This method involves transferring one SLG onto another to create a stacked 

structure. Since the discovery of graphene [1], mechanical exfoliation of bulk graphite 

onto polymers, followed by stacking onto substrates, has been a reliable method for 

obtaining two-dimensional graphene [74]. The exfoliation method offers the dual benefits 

of high quality and low cost, as well as the advantage of controllable twist angles, making 

it particularly appealing. Angular control in twisted graphene systems was initially 

achieved by using the vertical edge or femtosecond-laser-cut line of the sample as a 

reference for crystal orientation, providing a rotational misalignment accuracy of 

approximately 1° [75,76]. With advancements in techniques, the precision of twist angle 

control has significantly improved, achieving accuracies within 0.1° to 0.2°. To facilitate 

(a)

(b)

(c)
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the process, a hemispherical handle was employed to cut the monolayer graphene, 

allowing a portion to be separated and redeposited onto the remaining SLG following the 

transfer process [26,77].  

 

Figure 1.8 Optical micrograph and schematic illustration of the tBLG fabricated by a (a) 

femtosecond laser cutting technique [76] and (b) a hemispherical handle transfer 

technique [78]. 

 

 To break through the size limitation of graphite, the starting SLG was commonly 

obtained by CVD methods. By wet transfer of SLG obtained from Cu-CVD is an effective 

way to obtain random stacked or angle aligned twisted graphene [79–82]. During the 

stacking process, the organic polymer that assists the transfer of graphene remains at the 

interface, resulting in a decrease in the quality of graphene. Therefore, researchers have 

made many efforts[83] to advance the quality by treatments of transferred graphene, 

including annealing [84],CO2 etching [85], acetic acid method [86], VU/ozone [87] and 

macro-cleaning operations [88,89].  

 

(a)

(b)
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1.1.3 Structure characterization of twisted graphene 

 For twisted graphene, the evaluation of the rotation angle is a key step in its structural 

analysis. For twisted graphene, evaluating the rotation angle is an important item for its 

structural analysis. There are three common methods: 1) Directly measure the rotation 

angle of two layers of graphene with a goniometer. In some cases, graphene has smooth 

straight edges, and the atoms are evenly arranged without grain boundaries, so the rotation 

angle of the two layers of graphene is projected on the relative position of the edge, which 

can be called the twist angle of the lattice structure (Figure 1.9(a)). Generally, CVD 

technology can achieve the growth of tBLG consisting of two layers of hexagonal single-

crystalline graphene with straight edges [54,90]. 2) Calculated by the period of the moiré 

superlattice. The close contact and interlayer interaction of two periodically arranged 

graphene layers produce a moiré superlattice. The period (D) of the moiré pattern is 

related to the twist angle (θ) and lattice constant (a) of graphene as follows: 

𝐷 = !
"#$%('/")

	 …(1.1)	

Technically, the moiré pattern of tBLG can be directly observed in real space by obtaining 

atomic-level images through scanning electron microscopy (STM) [91]. 3) Diffraction 

pattern of the twist angle. For SLG and AB stacking graphene, there is only one set of 

diffraction spots with a hexagonal shape. The diffraction pattern of tBLG has 12 spots, 

which can be regarded as a combination of two sets of hexagonal diffraction patterns with 

rotation angles. The twist angle is reflected in the rotation of the two sets of diffraction 

spots (Figure 1.9(b)). For randomly stacked twisted graphene, the number of hexagonal 

diffraction points increases with the increase in the number of layers until a diffraction 

ring is formed. Based on this, the selected area electron diffraction (SAED) (Figure 1.9c) 

and low-energy electron diffraction (LEED) (Figure 1.9d) patterns can be used to 

characterize the twist angle [92–94]. 
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Figure 1.9 (a) optical microscope (OM) images of as grown tBLGs with twist angles. The 

twist angle is measured relative to the straight side of the hexagon [54]. (b) (3 × 3 nm2) 

STM image  showing the moiré superlattice (black unit cell), the graphene lattice (white 

unit cell) and the graphene honeycomb structure (blue), and scheme of the moiré pattern 

[91]. (c) 30°-tBLG SAED pattern. (d) Sketch of LEED equipment, experimental and 

simulated diffraction pattern of tBLG [93].  

 

 In addition, since the twist angle shows a strong correlation in some graphene 

observation methods, it can also be used as a basis for determining twisted graphene. It 

mainly involves the color variation of optical imaging with transferred tBLG (2° < θ < 

15°) on SiO2/Si substrates [95] and rotation-dependent trends in the position, width and 

intensity in Raman spectrum. The rotation-dependent G' and G bands are experimentally 

established and accounted for theoretically in terms of  the changes in electronic band 

structure [96–98]. Moreover, the frequencies of the R band and G' band based on 

superlattice and double resonance effect [99–101] provides important information of the 

(a)

(b) (c)

(d)
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identification of twisted structure.  

 

Figure 1.10 (a) optical imaging of tBLG and the calculated optical contrast spectra for 

tBLG/SiO2/Si systems with different twist angles. (b) R′ and R bands frequencies as a 

function of the twist angle θ, Raman spectra of tBLG with R band and D band with 

EL=2.41eV [99].  

 

1.2 Introduction of crystal growth 

1.2.1 Classical nucleation theory 

 In general, the surface of the crystal features structures such as flat terraces, steps 

with varying edges, and bent kinks along the steps (Figure 1.11(a)). In vapor-solid growth 

system, when atoms from the vapor phase are deposited onto a crystal surface, they are 

first adsorbed onto the flat terraces. While moving around the surface driven by thermal 

fluctuations, these atoms eventually incorporate at the kinks. This is primarily because 

kinks possess more dangling bonds than terraces or exhibit the lowest surface potential 

energy (Ukink < Ustep <Usurface < Uvapor, U is potential energy). The movement of atoms 

across the surface is known as surface diffusion, and the subsequent process where atoms 

(a)

(b)
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become strongly bound at kink positions (Figure 1.11(b)) can be considered a 

crystallization process. In contrast, when the crystal surface is nearly atomically flat with 

few kinks or defects, atoms deposited from the gas phase diffuse across the surface of the 

crystal substrate. These atoms cluster into groups of two, three, or more, forming covalent 

bonds as precursors for two-dimensional nucleation. Subsequently, steps are created to 

facilitate the expanding growth of the crystal. 

 

Figure 1.11 (a) Topography of crystal surface. (b) Atom adsorption, surface diffusion and 

crystallization. [102] 

 

1.2.2 Microscopic nucleation behavior of graphene 

 The initial nucleation process on graphene templates can be described as follows: 

carbon monomers or dimers adsorb and diffuse across the surface, acting as carbon 

sources that form carbon chains. Once the chain length exceeds 6–12 carbon atoms, a 

more stable sp²-hybridized carbon network begins to emerge, commonly referred to as a 

graphene nanoflake (CN, where N > 6) [103]. 

 Compared to adsorption on metal surfaces (e.g., ~0.6–0.8 eV/atom for CN=16 on 

Ru(111), Ni(111), and Cu(111) [104], average result considering edge-to-metal bonding), 

the weak van der Waals interactions (~0.02 eV/atom [105]) binding these nanoflakes to 

the graphene template are far less robust. As a result, small nanoflakes are prone to 

desorption. As shown in Figure 1.12, carbon atoms (carbon precursors) depositing on the 

graphene template, driven by thermally activated collisions, have a certain probability of 

(b)(a)
2D nucleation

step

kink

adsorption atom defect

terrace
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bonding with surrounding precursors to form carbon chains or nanoflakes. When the 

nanoflake is small, it tends to desorb from the surface, returning to the gas phase and 

participating in subsequent adsorption and diffusion. However, once it grows beyond a 

critical size, it remains anchored to the template, acting as a nucleation center that 

continues to expand by incorporating activated carbon precursors at its edges. 

 This behavior aligns with classical nucleation theory of two-dimensional nucleation 

[106], which states that a stable and larger graphene nanoflake can only form once it 

reaches higher thermodynamic stability. 

 According to classical nucleation theory, when a two-dimensional nucleus of radius 

r forms on the crystal surface, the change in Gibbs free energy (ΔG) is described by [107]: 

ΔG = −π𝑟2𝑎Δ𝜇 + 	2π𝑟𝑎𝜎… (1.2) 

 Here, σ represents the surface energy of the nucleus, a is the step height, which is 

also the interplanar spacing and Δμ is the change in potential energy for an atom 

transitioning from the gas phase to the solid phase, serving as the driving force for crystal 

growth. For the crystalline growth of graphene, nucleation typically occurs in the form of 

hexagons. Therefore, the Gibbs free energy of a graphene nucleus with a side length of 

rH is given by the following expression: 

ΔG! = −
3√3
2 𝑟!2𝑎Δ𝜇 + 	6𝑟!𝑎𝜎… (1.3) 

 The variation of Gibbs free energy with the nucleus side length rH exhibits an initial 

increase followed by a decrease, reaching a maximum before diminishing as the nucleus 

grows. The critical side length rH* and the corresponding maximum Gibbs free energy 

ΔGH* increment are expressed as: 

𝑟!∗ =
√3𝜎
∆𝜇 … (1.4) 
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ΔG!∗ =
3√3𝜎#𝑎
2∆𝜇 … (1.5) 

 In the early stages of nucleation, nanoflakes are unstable. Only a small fraction of 

nanoflakes manages to reach the critical size rH*, where the Gibbs free energy increment 

reaches its maximum, marking a critical equilibrium state between growth and desorption. 

This critical size is referred to as the nucleation size. The corresponding maximum Gibbs 

free energy increment, ΔGH*, is known as the nucleation barrier. This barrier represents 

the energy threshold that must be surpassed for crystal growth to proceed. Before the 

nucleation barrier is reached, nanoflakes undergo repeated aggregation and disintegration, 

with growth being an endothermic process that occurs very slowly and can be considered 

a quasi-thermodynamic equilibrium process. Once the nanoflake surpasses the critical 

size, the Gibbs free energy increment decreases further as the nanoflake grows, and the 

nanoflake begins to grow rapidly in a continuous manner, driven by kinetic processes. 

 

 

Figure 1.12 Classical nucleation theory of graphene growth from a hexagonal shape 

nucleation and the explanation of microscopic nucleation behavior as the nucleus size 

→ nucleation size
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increases. 

 

1.2.3 Nucleation and growth dynamics of graphene 

 The typical growth of graphene is divided into three steps (Figure 1.13): 1) carbon-

containing gas dehydrogenates and cracks on the substrate surface; 2) when the carbon 

atoms on the substrate surface reach a certain concentration, the nucleation process is 

triggered; 3) the nuclei grow further, and multiple nuclei fuse into continuous graphene 

layers. However, the orientation of the nuclei is originally derived from the arrangement 

of carbon clusters on the substrate surface in the early stage of graphene nucleation. More 

importantly, the nucleation barrier in process 2 determines the density of critical nuclei. 

In addition, the critical nucleus size and the nucleation barrier determine the reaction 

conditions and time required for nucleation. It is very important to have a deep 

understanding of the details of graphene nucleation on the substrate surface. Based on 

this, we can try to adjust the nucleation conditions and control the density of graphene 

grains to improve the quality of graphene synthesis in this dissertation.  

 

Figure 1.13 Schematic of the initial growth of graphene [48]. 

 

1.2.4 Mechanisms of graphene growth by chemical vapor deposition 

 In typical CVD processes, transition metal films are used as catalysts to facilitate the 

reaction of carbon precursors (such as methane) at approximately 1000°C, resulting in 

(1) decomposition; (2) nucleation; (3) expansion. 
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graphene growth on the metal surface. Transition metal catalyst substrates play crucial 

roles in graphene growth, including acting as a flat template to support the growing 

graphene, decomposing raw materials, controlling the number of graphene layers, and 

aiding in defect repair [108–111]. Extensive studies have been conducted on graphene 

growth using various transition metal surfaces (such as Ni, Cu, Ru, Pd, Pt, Ir, Co, Au, Rh, 

and their alloys), revealing diverse growth behaviors. These differences arise from 

variations in the carbon solubility, carbon affinity, bulk diffusion, and surface diffusion 

characteristics of different metals [112]. During the thermal catalytic CVD process, 

graphene growth relies on the adsorption, dehydrogenation, and diffusion of carbon 

source molecules (such as methane) from the gas phase onto the metal surface (Figure 

1.14). However, as the graphene film progressively covers the metal surface, the catalytic 

activity decreases significantly. This reduction occurs because the metal surface, once 

covered by graphene, can no longer effectively adsorb and decompose carbon source 

molecules. This phenomenon, known as catalyst poisoning, is a "self-limiting" effect [113]  

commonly mentioned during CVD on Cu substrates (Figure 1.14(a)). In contrast [114], 

on Ni and other transition metals, CVD growth of graphene occurs via bulk diffusion of 

carbon due to the high solubility of carbon and segregation during the cooling step (Figure 

1.14(b)). 
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Figure 1.14 Growth kinetics of graphene produced by CVD on different catalysts: The 

case of CH4 on Ni and Cu [115]. 

 

 The mechanism of multilayer graphene growth on metal substrates involves the 

second layer nucleating and growing beneath the first layer, which is either adsorbed onto 

the metal surface or segregated within the bulk material. As discussed in Section 1.1.2, 

twisted graphene grown on Cu substrates exhibits a self-limiting behavior, leading to a 

structure where the first layer is consistently larger than the second layer (Figure 1.15(a)). 

To address the challenge of self-limitation and enable controlled top-down multilayer 

growth, researchers have developed various strategies and explored their underlying 

mechanisms. These include increasing the growth pressure, enhancing the supply of 

carbon precursors [116,117], and utilizing oxygen-containing carbon sources [118,119] 

to facilitate the growth of upper adhere graphene layers. One approach that has garnered 

significant attention is the use of ethanol as a growth precursor on Cu, which facilitates 

partial carbon substitution in the self-limiting graphene. This process aids in the 

nucleation of the second graphene layer, enabling the layer-by-layer growth of a large-
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area graphene.  

 

Figure 1.15 (a) Schematic of growth mechanism of the second graphene layer in the case 

of CH4 on Cu [120]. (b) Schematic the layer-by-layer epitaxy mechanism for equilibrium 

BLG growth using ethanol as CVD precursor [118]. 

 

 Recently, CVD technology has been applied to grow graphene directly on dielectric 

and semiconductor substrates without metal catalysts to avoid the presence of metal 

impurities during the manufacture of electronic devices. This also helps to avoid the 

transfer process of impurities and defects (introduced in 1.1.2). The direct CVD growth 

in oxygen-aided system is thought to involve a catalytic role played by the oxygen-rich 

substrate [121,122]. Researchers suggest that oxygen atoms present on the surface of the 

dielectric assist in facilitating the diffusion of hydrogen atoms away from the system, 

thereby enabling carbon atoms to remain on the surface and form graphene [122]. In the 

direct CVD process on catalyst-free surface [123], the growth of graphene on nonmetallic 

substrates relies on the formation and deposition of graphene nanoflakes (like cluster in 

classical nucleation theory) in the gas phase. The fate of these nanoflakes depends on 

their size: larger nanoflakes, with stronger adhesion, attach to the substrate and form 

stable structures, while smaller nanoflakes may leave due to thermal vibrations unless 

they bond with already stable nanoflakes. High temperatures, smooth substrates, and high 

precursor pressure facilitate the rapid formation and deposition of nanoflakes, promoting 

the preferential growth of SLG. Additionally, reorientation and alignment of the nm-sized 

flakes requires temperatures >2000 °C [124–126], resulting in disordered thin films. 

(a) (b)
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1.2.5 Mechanism of graphene nucleation on graphene templates via ethanol CVD 

 The CVD technique using ethanol as the carbon source is a widely employed, cost-

effective, and efficient method for graphene synthesis [127]. However, the mechanism by 

which ethanol promotes graphene nucleation remains unclear. Based on the nucleation 

mechanisms described in Section 1.2.2 and 1.2.4, a possible mechanism for metal-free 

CVD on a graphene template was proposed and its key steps were analyzed. 

 

Figure 1.16 Schematic of nucleation mechanism for metal-free CVD on a graphene/SiC 

template 

 

 As shown in Figure 1.16, the mechanism of graphene growth on graphene templates 

involves five key steps as described below: 

I. Ethanol decomposition 

 Under high-temperature conditions, ethanol (C₂H₅OH) undergoes thermal 

decomposition, yielding intermediates such as methyl (CH₃), ethylene (C₂H₄), acetylene 

(C₂H₂), and active carbon species (C*). Oxygen-rich byproducts, including water (H₂O), 

carbon monoxide (CO), and carbon dioxide (CO₂), are also formed [128]. These 

intermediates serve as abundant carbon sources for subsequent graphene growth. 

 In the low-temperature region (<800°C), CH₃ and C₂H₄ are the primary intermediates. 

Ethanol Carbon source
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I. Ethanol decomposition
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However, their low reactivity and limited decomposition kinetics result in an insufficient 

supply of active carbon, hindering graphene nucleation and growth. Conversely, in the 

high-temperature region (>1000°C), significant cleavage of C–C bonds occur, generating 

higher amounts of C₂H₂ and active carbon (C*), which promote efficient nucleation. 

Nevertheless, excessive byproduct formation at such temperatures may adversely affect 

the growth process. 

II. Adsorption and desorption of carbon sources 

 The unique π-π conjugated structure of graphene templates allow selective adsorption 

of carbon-based intermediates, such as CH₃ or C₂H₄, primarily through van der Waals 

interactions at pristine regions and stronger chemical bonding at defect sites and edges. 

Adsorbed intermediates serve as precursors for graphene growth, undergoing further 

decomposition or desorption to release hydrogen (H₂) or oxygen-containing species. This 

dynamic balance between adsorption and desorption plays a critical role in governing the 

effective utilization of carbon sources [103,129,130]. 

 Defects and regions under bending stress on the graphene template surface further 

influence this adsorption process. Defect sites, such as vacancies or grain boundaries, 

exhibit higher chemical reactivity due to unsaturated carbon bonds, which can strongly 

anchor carbon intermediates [131]. Similarly, areas under bending stress experience 

lattice distortion, resulting in altered electronic structures and localized high-energy sites 

that enhance the binding affinity for carbon precursors [132]. These stress-induced 

regions act as preferential adsorption zones, concentrating carbon sources and facilitating 

their activation. 

III. Diffusion and dehydrogenation of carbon sources 

 Carbon-based intermediates, such as CH₃, C₂H₄, or C₂H₂, diffuse across the graphene 

template surface, driven by thermal energy and surface energy gradients. On an 

atomically smooth graphene surface, diffusion occurs with minimal energy barriers, 
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allowing intermediates to move freely and uniformly distribute. However, surface defects, 

such as vacancies, dislocations, or grain boundaries, disrupt the diffusion pathway by 

acting as energy wells. These defects trap intermediates, creating localized high-

concentration zones that may lead to uneven growth. Similarly, areas under bending stress 

can create distorted lattice configurations, altering the diffusion dynamics and enhancing 

the likelihood of intermediate accumulation. 

 At elevated temperatures, dehydrogenation of carbon-based intermediates takes place, 

releasing hydrogen (H₂) and generating highly reactive carbon atoms (C*). These reactive 

carbon atoms possess high mobility and tend to aggregate at high-energy sites, such as 

defect regions or surface irregularities, where they are more likely to overcome the energy 

barriers associated with nucleation. 

 The balance between diffusion and dehydrogenation is critical for forming initial 

carbon clusters. Excessive dehydrogenation without sufficient diffusion can result in 

localized overgrowth or multilayer regions, while insufficient dehydrogenation limits the 

availability of active carbon for nucleation. 

IV. Nucleation 

 The nucleation process on graphene templates is governed by a combination of 

thermodynamic and kinetic factors. The stability of nuclei is determined by the Gibbs free 

energy change (ΔG) of the system, which depends on the template surface energy, carbon 

cluster surface energy, and the binding energy between the clusters and the template. 

While graphene templates typically have low surface energy, defects or edge sites exhibit 

locally higher energy, facilitating carbon atom adsorption. Small carbon clusters with high 

surface energy are unstable and prone to desorption, whereas clusters reaching the critical 

size become stable as their surface energy decreases, allowing them to grow into nuclei 

by incorporating diffusing carbon atoms . The binding energy between the template and 

the clusters plays a pivotal role in overcoming the nucleation energy barrier. By 
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optimizing the template surface properties, such as introducing defects or doping, and 

adjusting growth conditions, it is possible to control nucleation density and grain size, 

thereby influencing the growth kinetics and crystal quality of graphene. 

 The randomness of nucleation orientation is mainly influenced by the distribution of 

defects, surface energy gradients, and growth conditions. Disordered or high-density 

defects disrupt the periodic symmetry of the template, creating complex local energy 

gradients that weaken the ordering of carbon cluster stacking, leading to randomly twisted 

structures. Specific defects, such as dopant atoms with strong adsorption capability or 

edge defects, can guide the arrangement of carbon clusters, reducing randomness and 

stabilizing low energy stacking configurations. Moreover, rapid deposition rates and low 

temperatures limit the time available for carbon clusters to diffuse and adjust their 

positions, further enhancing the randomness of orientation. These factors collectively 

determine the degree of order or randomness in nucleation orientation.  

V. Impact of byproducts 

 Oxygen-containing byproducts from ethanol decomposition exhibit dual effects on 

graphene growth, primarily due to their interactions with carbon sources and the graphene 

surface [103]. 

 On the one hand, oxygen groups alter the electronic environment of the graphene 

surface, increasing its chemical reactivity and creating localized high-energy sites. These 

sites facilitate the aggregation of carbon species, promoting the formation of initial carbon 

clusters. However, the orientation of these clusters during nucleation may exhibit 

randomness due to the absence of a dominant guiding mechanism. The distribution of 

nuclei and their twist angles is influenced by the substrate’s energy landscape, where 

subtle variations in surface stress or defects can shift the balance toward specific 

orientations. While this randomness may reduce long-range crystalline order, it can also 

introduce diversity in the twist-angle-dependent electronic properties of the resulting 
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graphene layers. 

 Moreover, moderate amounts of oxygen groups can act as surface activators, playing 

a pivotal role in facilitating graphene growth. These groups interact with carbon-based 

intermediates (e.g., CH₃, C₂H₄, or C₂H₂) via chemical bonding or weak van der Waals 

forces, effectively lowering the energy barrier for carbon adsorption and nucleation. For 

example, hydroxyl groups may temporarily bond with carbon intermediates, stabilizing 

reactive species that decompose into active carbon (C*). This mechanism enhances the 

incorporation of carbon atoms into the growing graphene lattice, promoting efficient 

nucleation and growth [129]. 

 On the other hand, oxygen species such as hydroxyl (–OH), carbonyl (C=O) groups 

and carbon dioxide (CO2) can chemically react with the carbon lattice at the template 

graphene, particularly at pre-existing defect sites and regions under bending stress. These 

interactions are more pronounced where the lattice structure is distorted, as such areas 

exhibit higher chemical reactivity. This leads to edge etching, where oxygen breaks the 

C–C bonds and gradually removes carbon atoms from the lattice. Consequently, the 

structural continuity of the graphene film is compromised, and excessive etching disrupts 

the uniform growth of graphene layers. This selective interaction underscores the 

sensitivity of graphene growth to both surface conditions and the concentration of oxygen 

species, highlighting the importance of optimizing synthesis parameters. 

 By carefully controlling ethanol flow rates and reaction temperatures, the competing 

effects of oxygen species can be effectively balanced. Optimized conditions minimize the 

detrimental impacts of over-etching and defect formation while leveraging the activation 

properties of oxygen groups. This approach ensures efficient nucleation and controlled 

growth, leading to high-quality, uniform graphene films with tailored properties. 
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1.3 Motivation and challenges 

 In this study, we focus on randomly stacked twisted few-layer graphene (tFLG) 

because it has great advantages in the next generation of graphene-based devices. First, it 

is theoretically predicted to display a linear dispersion of electronic bands near the Fermi 

level due to weak interlayer coupling, which behaves similarly to massless fermions 

observed in monolayer graphene [5,133,134]. This unique band structure allows tFLG to 

exhibit electronic and optical properties comparable to those of monolayer graphene 

[135]. Second, the few-layer stacked structure effectively reduces the influence of charge 

impurities [136] and surface roughness [137,138] through a screening effect, offering a 

promising approach to mitigating the extreme sensitivity of the electronic band structure 

in monolayer graphene to environmental factors.  

 As introduced in Section 1.1.2, whether using the transfer SLG method or the CVD 

method for synthesizing twisted graphene on metal, the transfer process remains crucial 

for fabricating next-generation electronic devices incorporating large-area graphene. 

However, this process is costly, time-consuming, and susceptible to defects, which can 

degrade device performance. Therefore, this doctoral thesis focuses on introducing a 

method for directly growing twisted graphene using graphene templates via CVD, 

offering a novel approach to achieving transfer-free processes. 

 According to our previous research [139], twisted graphene has been successfully 

grown directly on fused quartz substrates with graphene templates via CVD, enabling the 

measurement of its electrical properties. In electrical transport analysis, tFLG 

demonstrates higher conductivity and carrier mobility compared to single-layer template 

graphene. However, in our earlier studies [140], the monolayer graphene templates were 

derived from Cu-CVD transfers, which introduced defect sites from annealing of polymer 

and unexpected wrinkles. These defects and transferred wrinkles cause carbon binding 

for 3D nucleation, increasing the local growth rate and forming island graphene, leading 

to non-uniformity in tFLG as the number of layers increases.  
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 In this study, we proposed a novel growth method that eliminates the need for the 

conventional transfer process to achieve twisted graphene with high crystallinity and large 

domain sizes. Specifically, we utilized graphene/SiC templates for the direct growth of 

twisted graphene and focused on investigating its growth mechanism, including uniform 

nucleation and lateral growth. One of the key challenges in using graphene/SiC as a 

substrate lies in its inherently low surface energy, which makes it particularly difficult to 

grow graphene directly on non-metallic substrates or graphene templates. Unlike growth 

on metallic substrates, controlling the growth rate and nucleation density of graphene on 

monolayer graphene templates presents significant complexities [141]. Therefore, these 

challenges underscore the necessity for further research to deepen our understanding of 

the conditions and mechanisms that enable the direct CVD growth of twisted graphene 

on graphene templates. 

 

1.4 Organization of the thesis 

 This thesis consists of seven chapters.  

 Chapter 1 begins by discussing the electronic structure of single-layer graphene, AB-

stacked graphene, and twisted graphene, highlighting their properties directly tied to these 

structural variations. It then introduces the common synthesis methods and structural 

characterization techniques used for twisted graphene. To provide a foundation for 

understanding the growth behavior of twisted graphene on various graphene templates, 

the chapter delves into classical nucleation theory and growth kinetics as they relate to 

graphene nucleation and growth. Finally, it explores the nucleation mechanisms of 

graphene on different substrates, offering a comprehensive background for subsequent 

discussions. 

 Chapter 2 outlines the experimental setup and characterization methods used in this 

study. It begins by describing the sample preparation setup, including the design of the 
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infrared radiation furnace and gas flow system, which are key to synthesizing template 

graphene/SiC and twisted graphene. The chapter then introduces the characterization 

techniques employed, such as atomic force microscopy (AFM), scanning tunneling 

microscopy (STM), scanning electron microscopy (SEM), and Raman spectroscopy. The 

principles behind these methods are briefly explained, along with their specific 

applications in the experiments. 

 Chapter 3 begins by demonstrating the feasibility of synthesizing twisted graphene 

on graphene/SiC templates. The twisted structure and angle distribution of the resulting 

graphene are characterized using STM and AFM. Following this, the chapter investigates 

the temperature dependence of the growth process and examines the time dependence 

under optimized conditions across a wide temperature range of 900–1450°C. Based on 

these studies, a growth model for graphene on graphene/SiC templates is proposed, 

providing insights into the underlying mechanisms. 

 Chapter 4 builds on the findings of Chapter 3 and introduces a new approach to tackle 

the issue of high local nucleation density. In this method, both the synthesis of 

graphene/SiC templates and the subsequent CVD growth process are conducted within 

the same reaction chamber. This combined setup aims to enhance surface cleanliness and 

minimize nucleation density by eliminating the exposure of the intermediate product to 

air. By comparing the number and morphology of nuclei from AFM observation under 

the air-exposure (AirE) method and the continuous sequential thermal (ST) method, the 

superior ability of the ST process to suppress nucleation is demonstrated. Additionally, 

the chapter proposes a detailed nucleation mechanism for graphene growth on graphene 

templates using ethanol as the carbon source in the CVD process, offering deeper insights 

into the growth dynamics. 

 Chapter 5 presents a method for growing monolayer graphene on graphene/SiC using 

the ST process introduced in Chapter 4. This approach involves introducing CO2 as an 

etchant to create controlled defects on the graphene/SiC surface, which act as nucleation 
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sites for subsequent CVD growth with a lower energy barrier. The samples are 

characterized before and after etching, as well as after CVD growth, using Atomic Force 

Microscopy (AFM), Scanning Electron Microscopy (SEM), and Raman spectroscopy. 

The impact of etching intensity is systematically investigated by varying parameters such 

as temperature, pressure, and etching duration. Finally, the specific mechanism of CO2-

assisted nucleation is elucidated, building on the growth model proposed in Chapter 4 to 

provide a deeper understanding of the process. 

 Chapter 6 serves as a supplement to the main dissertation, providing additional 

insights into the synthesis and properties of twisted graphene. First, it highlights the 

advantages of twisted graphene synthesized on graphene templates for electrical 

measurements, while showing the challenges of structural inhomogeneity associated with 

using Cu-CVD as a template. Then, comparative experiments demonstrate the superiority 

of layer-by-layer growth on graphene/SiC templates. Furthermore, this chapter presents 

experimental results showcasing the large-area lateral growth of twisted graphene 

achieved under the ST process, reinforcing its potential for scalable applications. 

 In the final chapter, a summary was provided of the previous six chapters, and a future 

perspective was offered based on the high crystallinity and the scalable layer-by-layer 

growth model of twisted graphene on graphene/SiC template. 
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Chapter 2. Experiments  

2.1 Graphene synthesis: furnace, gas supply and exhaust system 

 An infrared radiation (IR) furnace equipped with a cold-wall heating system was 

utilized for ultra-high temperature treatments. Figure 2.1 presents both the external 

appearance and a schematic diagram of the furnace. The furnace used in this study is an 

SR1800G ultra-high temperature rapid thermal annealing device manufactured by 

Thermo Riko Co., Ltd. Infrared light emitted from the furnace's lamps is focused at the 

center of the sample by a transparent quartz spherical mirror, enabling the temperature to 

rise to a maximum of 1800 °C. A radiation thermometer (measurement range: 160–

2000 °C, emissivity: 0.78) is employed to monitor the temperature during operation.  

 This setup, combined with the specifically designed gas supply and exhaust system, 

allows for dual functionality in this experiment: the epitaxial growth of graphene on SiC 

substrates and the CVD synthesis of twisted graphene. This versatility is achieved by 

precisely controlling the gas flow, pressure, and temperature, enabling the realization of 

both growth methods in a single system. 

 

Figure 2.1 (a) Infrared radiation furnace. (b) Schematic diagram of internal structure in 

(a). 
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 Figure 2.2 illustrates the designed and modified gas supply and exhaust system 

connected to the IR furnace. This system is designed to precisely control the flow of 

carrier and reactive gases during the high-temperature process. Initially, only the carrier 

gas flows through the furnace while the temperature increases. Once the target 

temperature is reached, the system switches to a mixture of the carbon source gas and 

carrier gas. This approach minimizes pressure fluctuations and ensures stable process 

conditions. 

 In this study, argon (Ar) was used as the carrier gas with a maximum flow rate of 700 

standard cubic centimeters per minute (sccm). However, the mass flow controller (MFC) 

for Ar (MKS M-330H) has a maximum capacity of 100 sccm. To meet the requirements, 

additional Ar was supplied via an auxiliary electric furnace MFC, which can achieve a 

maximum flow rate of 1000 sccm (see Figure 2.2 for the gas supply system of the tubular 

electric furnace). Ethanol was used as the carbon source, with its MFC providing a 

maximum flow rate of 10 sccm. 

 The ethanol vaporizer, equipped with a mantle heater, was maintained at 40 °C to 

ensure stable vaporization. Ethanol vapor was delivered through piping sections heated 

to 50 °C to prevent condensation, with the temperature increasing further downstream. 

The MFC for ethanol was operated under a backpressure of approximately 18 kPa, 

corresponding to the saturated vapor pressure of ethanol at 40–50 °C, adjusted as needed 

based on the reaction pressure. 

 To support additional experimental designs, CO₂ and H₂O gas routes were integrated 

into the system. For the H₂O route, water vapor was generated using the gas supply system 

of a nearby electric furnace and mixed with the carrier gas before entering the IR furnace. 

To prevent condensation, the piping for the water vapor was heated to 80 °C, with the 

temperature increasing further downstream. This versatile setup allows for expanded 
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experimental capabilities tailored to the research requirements. 

 

Figure 2.2 The diagram of gas lines of the gas supply and exhaust system connected to 

the IR furnace and the tubular electric furnace. 
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2.2 Characterization techniques 

2.2.1 Atomic force microscopy 

 Atomic Force Microscopy (AFM) operates by scanning a sample surface with an 

ultra-fine cantilever, capturing detailed signals to construct a high-resolution image of the 

surface's topography. The key to AFM's functionality lies in the interaction between a 

sharp tip at the cantilever's end and the sample surface. When the tip approaches or 

touches the surface, forces such as van der Waals forces, electrostatic forces, and even 

chemical bonding forces come into play. These forces cause the cantilever to bend or 

deflect, an effect described by Hooke's law. The degree of deflection alters the path of a 

laser beam directed at the cantilever, changing the intensity of light reflected into a 

photodiode. This change in reflected light is measured with extreme precision, providing 

feedback to adjust the cantilever height dynamically (Figure 2.3(a)). By maintaining a 

constant interaction force or response signal, AFM maps the surface morphology with 

nanoscale accuracy. 

 The cantilever, typically tens to hundreds of microns in length and made from silicon 

or silicon nitride, is integral to this process. It carries a sharp probe tip (Figure 2.3(b)), 

often with a radius of curvature on the order of nanometers, allowing for precise 

interaction with the surface. The scanning process involves moving the cantilever in a 

raster pattern across the sample, enabling AFM to produce high-resolution three-

dimensional images that reveal fine details of the surface structure. 

 AFM is particularly valuable in graphene research due to its ability to detect 

individual graphene flakes and provide nanoscale and atomic-level insights. With a 

resolution reaching sub-angstrom levels, AFM can distinguish single atomic layers on 

substrates with ease. It is also highly effective for characterizing the quality of thin films, 

including their morphology, roughness, uniformity, and defects. These capabilities make 
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AFM indispensable for understanding the properties of graphene and other two-

dimensional materials. 

 In this experiment, AFM was utilized to analyze the lateral and vertical morphology, 

as well as the twist angle, of graphene samples. The HITACHI AFM5100N (Hitachi High-

Tech, Japan) was operated in dynamic mode at room temperature (Figure 2.3(c)). This 

mode allows for non-contact or intermittent-contact scanning, minimizing damage to 

delicate surfaces while providing high-quality data. Both phase and topographic images 

were recorded simultaneously, offering complementary insights into surface properties. 

For each image, resolutions of 512 × 512 or 1024 × 1024 pixels were selected, with scan 

sizes ranging from 1000 nm to 10000 nm per side. These settings ensured sufficient detail 

for morphological analysis while maintaining a manageable data size. For even finer 

structural characterization and higher-resolution observations, Scanning Tunneling 

Microscopy was employed, as detailed in the following subsection. 

 

Figure 2.3 (a) Principle of AFM operation. (b) SEM image of the cantilever. (c) Work 

platform of the HITACHI AFM5100N for AFM measurement. (d, e) Typical AFM phase 

morphology and height profile of monolayer graphene sample. 

(a) (b)

(d) (e)(c)
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2.2.2 Scanning tunneling microscopy 

 Scanning Tunneling Microscopy (STM) is a powerful technique within the family of 

scanning probe microscopies. It operates by detecting the quantum tunneling current 

between a sharp metallic probe tip and a sample surface (Figure 2.4(a)). This tunneling 

current, which occurs when the probe tip is brought within a few angstroms of the surface, 

is highly sensitive to the tip-to-sample distance. By measuring and controlling this current, 

STM can resolve surface features with atomic-scale precision, making it an indispensable 

tool for examining atomic-level surface fluctuations. 

 The probe tip is mounted on a piezoelectric ceramic tube, which precisely controls 

its position in three dimensions (x, y, and z). The scanning process is guided by two 

primary modes of operation: constant current mode and constant height mode, each 

offering unique insights into surface properties. 1) Constant current mode: In this mode, 

the tunneling current is maintained at a constant setpoint by a feedback circuit. To achieve 

this, the piezoelectric tube continuously adjusts the tip's height (z-direction) to 

compensate for surface height variations. The vertical movement of the tip reflects the 

topography of the surface. By mapping the z values across the x-y plane, a highly detailed 

three-dimensional height profile of the surface is generated. 2) Constant height mode: In 

this mode, the z-position of the probe tip remains fixed. Instead of adjusting the height, 

the variations in the tunneling current are recorded as the tip scans across the surface. 

These current fluctuations provide a two-dimensional map in the x-y plane, which can 

reveal electronic properties and local density of states. 

 For graphene, STM is particularly valuable due to its atomic resolution, which allows 

for detailed visualization of graphene's characteristic honeycomb lattice structure. In 

STM measurements, observing graphene's lattice and the moiré patterns in twisted bilayer 

graphene requires carefully optimized experimental conditions, including bias voltage 
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adjustments, tunneling current control, and ensuring a flat sample surface. STM detects 

the local density of electronic states (LDOS) on the surface by measuring the tunneling 

current between the probe and the sample. Since graphene exhibits low LDOS near the 

Fermi level, with electrons predominantly localized on carbon atoms, atomic spacing of 

0.246 nm and electronic features at the K-point can be resolved. To achieve clear imaging, 

bias voltage should be tuned near the Dirac point to minimize background noise and 

enhance atomic-scale structural resolution. For twisted bilayer graphene, the relative 

rotation between two graphene layers induces periodic interference effects in atomic 

arrangement, forming moiré patterns. The period of these patterns is determined by the 

twist angle: smaller twist angles result in longer periods and prominent superlattice 

structures, while larger angles result in shorter periods that may become indistinguishable. 

Under these conditions, STM imaging not only reveals the geometric characteristics of 

moiré patterns but also reflects their unique LDOS distributions. 

 In this experiment, STM was employed to investigate the moiré patterns and 

graphene structures at high resolution. The equipment used included the Nanoscope IIIa 

scanning probe microscope (Digital Instruments, Santa Barbara, CA) and HITACHI 

AFM5100N (Hitachi High-Tech, Japan) (Figure 2.4(b)). Measurements were conducted 

at room temperature, operating in constant current mode. This mode was chosen for its 

ability to maintain a constant tunneling current by dynamically adjusting the probe's 

height, which provides a precise three-dimensional representation of surface morphology. 

Such precision is particularly advantageous for studying moiré patterns in twisted 

graphene, as these patterns often involve periodic height variations that are best captured 

through constant current mode. Additionally, this mode effectively accommodates the 

larger-scale height fluctuations of moiré patterns, minimizing distortion and enabling 

clear visualization of the periodic features (Figure 2.4(c), using Nanoscope IIIa system). 

By providing detailed topographical data, constant current mode ensures an accurate 

characterization of the moiré structures and their dependence on twist angles. 
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Figure 2.4 (a) Principle of STM operation. (b) Work platform of the HITACHI 

AFM5100N for STM measurement. (c) Typical STM image of tBLG graphene sample  

(I = 10 pA, V = -0.5 V). 

 

2.2.3 Scanning electron microscopy 

 Scanning Electron Microscopy (SEM) is a versatile imaging technique that utilizes a 

focused beam of high-energy electrons to generate detailed surface information. As the 

electron beam interacts with the sample surface, it produces various signals, such as 

secondary electrons, backscattered electrons, and characteristic X-rays, which are 

collected to form an image (Figure 2.5(a)). The most commonly used signal for imaging 

is secondary electrons, which provide high-resolution details of the surface morphology. 

The ability of SEM to achieve nanoscale resolution makes it suitable for characterizing 

two-dimensional materials like graphene. 

 In the context of graphene, SEM leverages contrast differences in secondary electron 

yields, which arise from interactions between the graphene layer and the substrate, 

enabling the observation of features such as monolayers, defects, and surface uniformity. 

On metallic substrates (Figure 2.5(b)), the contrast arises primarily from differences in 
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secondary electron yields between graphene-covered and uncovered regions, often 

influenced by oxidation. On insulating substrates, graphene's conductive nature modifies 

the charging behavior of the substrate, resulting in a bright secondary electron image due 

to electron-beam-induced currents (EBIC) and charge redistribution. These mechanisms 

enable the clear visualization of graphene, even though graphene itself contributes 

relatively little to the secondary electron signal. 

 In this experiment, the S-4800 SEM (Hitachi) was employed to verify the presence 

and distribution of graphene on the substrate (Figure 2.5(c)). Imaging was conducted 

using low-energy primary electrons (typically around 0.5–1.5 keV) to optimize contrast 

while minimizing sample damage. Secondary electron imaging was used to differentiate 

graphene layers, taking advantage of the strong contrast generated by their interactions 

with the substrate. The choice of electron energy was critical for enhancing visibility, 

particularly for monolayer graphene, whose transparency to secondary electrons allows 

for accurate identification. This approach provided a rapid and reliable method for 

graphene characterization, serving as an essential precursor to further high-resolution 

analyses with techniques such as AFM and STM. 

 

(a) (b)

(c) (d)
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Figure 2.5 (a) Schematic representation of various signals for SEM imaging [142]. (b) 

Typical SEM patterns of monolayer graphene on Cu surface [143]. (c) Schematic 

instruments of S-4800 SEM. (d) Typical SEM image of graphene/SiC sample. 

 

2.2.4 Raman spectroscopy 

 Raman spectroscopy is an analytical technique that relies on the inelastic scattering 

of light, where a small portion of the scattered light experiences a shift in energy 

corresponding to molecular vibrations, rotations, or electronic transitions (Figure 2.6(a)). 

This energy shift, known as the Raman shift (cm⁻¹), provides a molecular fingerprint of 

the sample. A Raman spectrum, which plots the intensity of scattered light against the 

Raman shift, is used to interpret the material's structural and chemical properties (Figure 

2.6(b)). 

 For twisted graphene, Raman spectroscopy is an exceptionally sensitive tool for 

characterizing sp² nanocarbon materials. It provides critical insights into layer 

crystallinity, interlayer interactions, and strain effects. The technique is particularly 

effective for identifying graphene’s characteristic vibrational modes, such as the G-band 

(arising from in-plane stretching of sp² carbon atoms) and the 2D-band (a second-order 

overtone linked to double-resonance scattering processes). Additionally, Raman 

spectroscopy is sensitive to twist angle effects, which manifest as changes in the 2D-band 

shape and position due to electronic structure rearrangements caused by interlayer 

interactions in twisted graphene systems. 

 In this experiment, Raman spectroscopy was employed to evaluate the crystallinity 

and quality of grown graphene layers at room temperature, with the detector cooled to -

70°C for enhanced sensitivity. Measurements were conducted using a HORIBA LabRAM 

HR-800 micro-laser Raman spectrometer with a 532 nm laser excitation and a 100× 

objective lens (spot diameter: ~1 μm) (Figure 2.5(c)). For graphene suspended on a 
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graphene/Cu template, the laser power was carefully maintained at 0.2 mW to prevent 

damage to the fragile graphene layer. In contrast, for graphene on a SiC substrate, the 

laser power was increased to 48–60 mW due to the enhanced thermal conductivity 

provided by the substrate. The elevated power improved the detection of graphene against 

the stronger SiC substrate peaks, enabling precise characterization of graphene layers and 

their structural features.  

 Additionally, to characterize the graphene's feature spectra, normalization and 

substrate subtraction were performed on the SiC substrate during the analysis. The 

spectrum of monolayer graphene on SiC, after substrate subtraction, is shown in Figure 

2.6(d). Since a monolayer graphene template was obtained via thermal decomposition on 

a 6H-SiC (0001) substrate, buffer layer/graphene peak deconvolution was also carried out 

in the Raman spectroscopy analysis. The detailed analysis process can be found in the 

Appendix: Raman Spectroscopy of Graphene Synthesized on SiC (0001). 

 

Figure 2.6 (a) Rayleigh scattering and Raman scattering [144]. (b) Schematic presentation 

of typical Raman spectroscopy instrument [145]. (c) Image of Raman microscopy 

spectrum. (d) Typical Raman spectrum of graphene/SiC sample with D (~1350 cm⁻¹), G 
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(~1600 cm⁻¹), and G′ bands (~2700 cm⁻¹). The spectrum is the result after subtraction of 

SiC substrate peaks and normalization. The noise signal near the G-band originates from 

the presence of the SiC (0001) buffer layer between the epitaxial graphene and SiC [146]. 

The inset shows the original SiC spectrum (black line) and the graphene/SiC spectrum 

(red line). 
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Chapter 3. Scanning probe analysis of twisted graphene grown on a graphene/SiC 
template  

3.1 Background 

 Twisted few-layer graphene (tFLG) has gained significant attention for its 

unconventional electrical properties [38], including superconductivity and Mott-like 

insulating behavior at a small twist angle of 1.1° [8,147,148]. Common methods to 

fabricate tFLG include multiple transfer methods [77,79] of monolayer graphene 

prepared by a mechanical exfoliation method [1] and Cu-CVD [53]. Unfortunately, 

transfer methods are not suitable for the scalable synthesis of tFLG, and the Cu-CVD 

method has difficulty fabricating graphene with more than two layers [114]. 

 Epitaxial graphene growth on SiC substrates offers a promising route for wafer-scale 

FLG synthesis [60,61]. This process involves high-temperature annealing of the SiC 

substrate in an ultrahigh vacuum or argon atmosphere, during which silicon atoms are 

sublimed, leaving carbon atoms to form FLG. Therefore, the stacking structures and 

surface morphologies of the epitaxial graphene layers strongly depend on the Si- and C-

terminated faces of the SiC substrate [59]. For the Si-terminated face, uniform FLG with 

a stable order stacking (i.e., AB and ABC stacking) is preferentially formed [62,64,65]. 

On the other hand, for the C-terminated face, thicker multilayer graphene with a random 

stacking like a turbostratic structure is formed [30]. However, the surface morphology of 

multilayer graphene is very rough due to the high decomposition rate of the C-face [149]. 

Thus, the growth technique utilized for graphene formation from SiC is not suitable to 

synthesize highly crystalline tFLG.  

 To fabricate tFLG via the CVD process, growing additional graphene layers on 

template graphene is a promising strategy [150–152]. In this vapor-solid growth process, 

a graphene layer with random stacking should be formed preferentially because it is 

difficult to rotate the grown graphene layer in a solid environment [53]. Previously [140], 

we reported that FLG is synthesized by overlayer growth of graphene on a Cu-CVD 
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monolayer graphene template using the CVD method. We found that a moiré pattern 

appears in the lattice structure of a grown graphene 2D island by the scanning 

transmission electron microscopy (STEM) images, indicating that the twist angle between 

the grown graphene and template graphene differs from that of the order stacking [139]. 

However, when Cu-CVD monolayer graphene is used as the solid template, 

macrostructures such as wrinkles and defects produced in the transfer process have an 

adverse effect on the vapor-solid growth process [153], degrading the uniformity and 

crystallinity of the grown multilayer graphene.  

 In this study, we directly grow tFLG via the metal-free CVD method on an atomically 

flat epitaxial graphene/SiC substrate, serving as a solid template. The SiC substrate's Si-

terminated face is utilized for this purpose. After determining the local twist angle, we 

investigate the temperature dependence of the broader surface morphology and crystal 

structure of graphene islands grown on the epitaxial graphene template to elucidate the 

growth mechanism of tFLG. 

 

3.2 Experiment design 

 As shown in Figure 3.1, the epitaxial graphene/SiC (SiC-G) used as a solid template 

was prepared by the sublimation method in an argon atmosphere, as previously reported 

[154,155]. Typically, SiC substrates are annealed around 1600–1750 ºC in Ar at a pressure 

of 10–40 kPa. We confirmed the formation of continuous epitaxial monolayer graphene 

with a low density of defects on SiC substrates by Raman spectroscopy and STM at room 

temperature under atmospheric conditions. Graphene overlayer growth via CVD was 

carried out in infrared heating furnace at high temperature (900–1450 ºC) with ethanol as 

a carbon feedstock in an argon carrier gas (Figure 3.1). Graphene layers were deposited 

by flowing a mixture of ethanol/argon (1 sccm/700 sccm) for 10 minutes with a pressure 

below 10 kPa. In some experiments, shorter processing times of 1.5 and 3 minutes were 
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attempted to elucidate the initial growth mechanism at elevated temperature (1450 ºC). 

The CVD grown graphene (CVD-G) on SiC-G were characterized using AFM, Raman 

spectroscopy, and STM with the same condition as SiC-G. Generally, silicon in the SiC 

substrate should hardly sublimate through the grown graphene layer even at the ultrahigh 

temperatures in this experiment since the silicon atom diameter and the free space in the 

graphene lattice are extremely close [156]. Accordingly, epitaxial SiC-G was utilized as 

a stable template for CVD growth at ultrahigh temperatures. However, the reactive 

environment caused by the decomposition of the carbon feedstock for the graphene 

growth may influence the stability, as discussed in detail in the next section. 

 

Figure 3.1 Schematic diagram for epitaxial growth of SiC-G and CVD-G growth. 

 

 We confirmed the formation of continuous epitaxial monolayer graphene with a low 

density of defects on SiC substrates by Raman spectroscopy and STM at room 

temperature under atmospheric conditions. Raman spectroscopy was carried out at room 

temperature using laser excitation of 532 nm with a ×100 objective lens (typical spot 

diameter ∼1 μm). The laser power was kept at a constant value of 7 mW. The AFM and 

STM measurements were acquired by a HITACHI AFM5100N (Hitachi High-Tech, 

Japan) and a Nanoscope IIIa scanning probe microscope (Digital Instruments, Santa 
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Barbara, CA). The AFM observations were conducted in the dynamic force mode under 

atmospheric conditions at room temperature. Only the representative data of AFM images, 

which are important for the analysis and discussions, are selectively exhibited in this 

paper, although we observed AFM images from various samples grown under a variety 

of conditions. The STM observations were performed with a sample bias voltage of –500 

mV and a tunneling current of 10 pA under the constant current mode. In this study, 

monolayers graphene areas with a more stable electronic state are selectively observed in 

the STM measurements to achieve accurate analysis of periodic moiré patterns. 

 

3.3 Structure analysis of twisted graphene 

3.3.1 Structural characterization of twisted graphene 

 Figure 3.2 shows the morphology of the sample surface before (Figure 3.2(a)) and 

after (Figure 3.2(c)) CVD growth at 1400 ºC observed by STM with a high resolution and 

the Raman spectra from these samples. As shown in the enlarged image in the upper right 

corner of Figure 3.2(b), a hexagonal lattice is clearly observed from the sample before the 

CVD process. This honeycomb structure corresponds to the typical atom-scale image 

observed from monolayer graphene [157], where the green and red spots represent two 

kinds of carbon atoms in the unit cell. Therefore, the SiC samples used in this study are 

uniformly covered with high-quality monolayer graphene before CVD treatment, which 

is used as the growth template.  

 After the CVD treatment, the grown graphene islands are observed clearly by STM, 

as shown in Figure 3.2(c). The step height of the island in the cross section along line L-

L’ approximately corresponds to the monolayer height. The atomic-resolution image in 

the inset also exhibits a honeycomb lattice structure, causing the moiré pattern induced 

by the twisted structure between the grown graphene layer and the monolayer graphene 

template layer, as shown in Figure 3.2(d). The green dots indicate the periodicity of the 
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moiré pattern as a superlattice structure. According to the geometric calculation analysis 

of equation (1.1) in Section 1.1.3, the twist angle 𝜃 is related to the periodicity length D, 

where a is the lattice constant of graphene (~0.246 nm). From the periodicity of the moiré 

pattern (D = 1.72 nm) observed in the STM image (Figure 3.2(d)), the estimated twist 

angle of this sample is 𝜃 = 8.2º. Figure 3.2(e) is the Raman spectra obtained from the 

samples before and after CVD treatment. In these Raman spectra, the signals from the 

SiC substrate are subtracted as the background spectra. After the CVD treatment, the 

appearance of D-band and the G’-band shifts to a higher frequency, possibly caused by 

the additional graphene layer and/or island formation. Notably, the G-band intensity 

increases, as observed after distinguishing the buffer layer peak (Table A1) [146]. The 

relative increase in G-band intensity is considered supporting evidence for the lateral 

growth of CVD graphene.  

 

Figure 3.2 STM images observed from (a, b) the epitaxial monolayer graphene on the SiC 

substrate and (c) the graphene islands grown via the CVD process. Cross-sectional profile 

along L-L’ in the STM image (c) is also shown to evaluate the height difference. (d) 
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Magnified STM image (I = 10 pA, Vbias = -0.5 V) of (c) to observe the moiré patterns.  

(e) Raman spectra observed from the samples in (a) and (c) with 532 nm laser excitation. 

Several spectra obtained from different measurement spots with diameters about 1 µm 

are averaged. All these spectra are the results after the subtraction of the SiC substrate 

peaks and normalization. 

 

 Figure 3.3(a) shows the AFM images of the sample surface after CVD growth at 1300 

ºC . By measuring the straight edges of the grown monolayer graphene with a single-

crystal structure and if the epitaxial graphene template on the SiC substrate corresponds 

to the observed region, we directly identified the twist angle of the grown graphene. The 

hexagonal depressions formed by the sublimation of silicon atoms during buffer layer 

generation were used to determine the orientation of the template monolayer graphene 

(highlighted as the black hexagon in the upper-right corner of Figure 3.3(a). As shown in 

Figure 3.3(b), the twist angle between the template graphene and the SiC substrate, 

obtained through thermal decomposition, is 30°. Therefore, the twist angle θ between 

each CVD-grown hexagonal graphene domain and the template graphene is correctly 

calculated as the orientation angle between the SiC substrate and the CVD-grown 

graphene domain, minus 30°. Figures 3.3(c) and (d) provide examples illustrating the 

method of angle measurement, including cases for 0° and 30°. 
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Figure 3.3 (a) Morphology of CVD grown graphene on SiC/graphene substrate. (b) A 

schematic diagram illustrating the template graphene obtained through thermal 

decomposition, the SiC substrate, and the twist angle between them. c, d) Two zoomed-

in images of (a) highlight the hexagonal graphene islands and provide examples of 

twisted angle measurements. (e) Histogram showing the angular distribution, based on 

measurements from 75 randomly selected hexagonal islands. 

 

 The angle analysis performed using AFM enables the determination of the twist angle 

distribution in the grown graphene. Compared to the STM method, this approach 

significantly reduces the workload involved in measurement and analysis. Figure 3.3(e) 

presents a histogram of twist angles, which encompasses all hexagonal graphene islands 

shown in Figure 3.3(a). A total of 75 hexagonal islands were analyzed. A broad 

distribution of twist angles and a high random stacking ratio of 82% at 1300 °C were 

achieved.  

 This result aligns well with findings for bilayer Cu-CVD graphene [53,158]. 

Although bilayer Cu-CVD graphene is described as following a bottom-up growth 
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mechanism, in contrast to the overlayer growth model on a graphene template, Sun et al. 

[159] highlighted that the high ratio of twisted nucleation of second layer is influenced 

by local environmental variations and “gas-flow perturbation” near the nucleation sites. 

These two insights are attributed to the increased local nucleation rate, which is crucial 

for understanding the growth of twisted graphene structures. 

 

3.3.2 Causes of random stacking 

 During the rapid nucleation process of graphene, the high occurrence of random 

twisted stacking can be explained from both thermodynamic and kinetic perspectives. 

According to thermodynamic principles, nuclei in the metastable state have a certain 

probability of overcoming the energy barrier via thermal fluctuations to transition into the 

most stable AB-stacked structure [106] (Figure 3.4). A system naturally evolves toward 

the most stable equilibrium state over time. However, in practical rapid nucleation 

processes, the system often remains in a metastable state rather than reaching the absolute 

energy minimum. This metastable state occurs because the system does not have enough 

energy in a short time to overcome the energy barriers, trapping it in a local minimum 

[160].  

Figure 3.4 Gibbs free energy of random stacking in metastable state and AB stacking in 

stable state. 
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 Theoretical calculations on bilayer graphene indicate that the interlayer energy in the 

stacked structure is minimal (most stable) for AB (BA) stacking, and maximal for AA 

stacking. The  difference of interlayer energy between AB and AA stacking is typically 

in range of 10–30 meV/atom [161,162]. 

 For a twisted structure, lattice structure locally resembles the regular stacking such 

as AA, AB, BA, or saddle point (SP), depending on the position. The graphene lattice 

deforms to increase the AB (BA) stacking region and decrease the AA stacking region 

depending on the location. We assume that the initial graphene nanoflakes adsorb onto 

the template graphene, forming a random twisted stacking. Subsequently, a twist-to-AB 

transition occurs. This process is often accompanied by multiple intermediate states and 

corresponding energy barriers (Eb1, Eb2, …, Ebx), with the time required for each state 

gradually increasing [160]. Therefore, if the system does not have enough energy to 

overcome the energy barrier in a short period of time, it will be trapped in a metastable 

state. 

 Theoretically, the energy barrier for transition from a twisted state to an AB-stacked 

state increases with graphene size, leading to a higher temperature for phase transition. 

For example, in a rhombic graphene nanoflake with a side length of 1.9 nm and a twist 

angle of 7.34° (corresponding to one moiré period), the energy barrier is 0.052 eV, with 

an activation temperature of 150 K. In contrast, for a 7.6 nm nanoflake at the same twist 

angle (corresponding to four moiré periods), the energy barrier increases to 0.36–0.74 eV, 

requiring an activation temperature of 600 K [160]. 

 Therefore, in the scenario of CVD growth, the initial nuclei of graphene form rapidly 

and remain in a random metastable state. As a few nuclei overcome the energy barrier via 

thermal fluctuations, others that fail to do so face an increasing energy barrier as their size 

grows. Consequently, the probability of overcoming the barrier gradually decreases, 
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ultimately preventing the system from reaching the most stable AB-stacked configuration 

(Figure 3.5). 

Figure 3.5 Energy barrier of metastable-to-stable transition in the growth scenario. 

 

 The primary reasons for the high randomness in layer stacking can thus be 

summarized as follows: 

a) Kinetic constraints during rapid nucleation: The limited time available for carbon 

atom rearrangement inhibits the formation of a stable AB-stacked structure. 

b) Existence of energy barriers: Existence of energy barriers: The transition from a 

randomly twisted stacking to AB stacking requires overcoming a certain energy 

barrier. The energy barrier increases as the graphene size grows. However, due to the 

rapid growth process, neither sufficient time nor increasing energy input is available 

to complete this transition. 

c) Instability of the template morphology: Additionally, when ethanol is used as a 

carbon source for graphene growth on a graphene/SiC (SiC-G) template, the 

instability of the template morphology must also be considered as a factor affecting 

nucleation. As shown in Figure 3.6, graphene grown at SiC step edges experiences 

local strain, and reactions between ethanol byproducts and the SiC-G induce the 
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formation of defects and excessive dangling bonds. These regions exhibit higher 

adsorption energies, increasing the local density of carbon precursor (green-circle 

regions) and accelerating the growth rate. Therefore, the instability of the template 

morphology serves as an additional contributing factor to the high random stacking 

rate.  

Figure 3.6 The relationship between growth rate and random stacking ratio in the 

instable template morphology scenario. 

 

3.4 Effect of temperature on twisted graphene 

3.4.1 Characterization of twisted graphene in different temperatures 

 Figure 3.7 compares the AFM images of the graphene islands grown on an epitaxial 

graphene/SiC at 900 ºC, 1200 ºC and 1300 ºC. For a growth temperature of 900 ºC, 

protruding structures with a non-uniform shape are slightly deposited on the surface. As 

indicated by the height profile along the L-L’ line in Figure 3.7(a), the structure height is 

much higher than the step height (0.335 nm) of monolayer graphene. At 1200 ºC, 

additional protruding structures with non-uniform shape lower than the monolayer step 

height appeared. The relatively small coverage and irregular shape means that the 

structures may be the amorphous-like agglomerations of carbon. Although the primary 
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study did not further characterize the structure of the suspected amorphous carbon, a 

methodological approach involving multiple techniques can effectively reveal its 

structure and composition. STM and scanning tunneling spectroscopy (STS) are 

particularly useful for investigating its microstructure and electronic density of states. 

STM enables direct observation of surface morphology, allowing the evaluation of 

localized ordering or characteristic structures, such as graphene-like fragments. STS 

provides detailed electronic information, helping to assess properties such as bandgap and 

conductivity. Additionally, X-ray photoelectron spectroscopy (XPS) serves as a pivotal 

technique for analyzing the chemical composition and bonding states of amorphous 

carbon. Through XPS, the relative contributions of sp² and sp³ carbon-carbon bonds can 

be quantified, alongside the identification of possible oxidation states or impurities. These 

insights, when integrated with other techniques, not only verify the amorphous nature of 

the sample but also provide a comprehensive understanding of its structural complexity 

and intrinsic properties. 

 The growth behavior completely differs for a growth temperature of 1300 ºC. Many 

islands with a hexagonal shape are observed on the epitaxial SiC-G as the solid template. 

The height of the islands is equivalent to the step height of monolayer graphene, as 

indicated by the height profile along the M-M’ line in Figure 3.7(b). This means that the 

grown graphene islands are constructed by a monolayer graphene sheet. The hexagonal 

shape of the grown graphene islands implies that the island is composed of a single crystal 

terminated by the zigzag or armchair edges, reflecting the growth rate difference between 

these edge structures. The atomically flat terrace structure of the grown islands indicates 

that highly oriented 2D islands are expanded via lateral growth after nucleation. This 

means that highly crystalline bilayer graphene is successfully formed via the vapor-solid 

growth process. 
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Figure 3.7 AFM images observed from the samples after the CVD process on epitaxial 

SiC-G substrates at (a) 900 ºC, (b) 1200 ºC and (c) 1300 ºC. Cross-sectional profiles along 

the L-L’, M-M’ and N-N’ lines are also shown in the lower part of the AFM images. 

 

 The height distribution of the grown graphene islands significantly depends on the 

growth temperature. Figure 3.8(a) shows the analyzed result. The interval of the 

histogram is 0.35 nm, which is the step height of monolayer graphene. A height less than 

0.35 nm corresponds to the small amorphous-like carbon clusters. The broken lines in the 

histogram are drawn to guide the eye. At lower growth temperatures of 900 ºC and 1200 

ºC, the heights of the grown graphene islands show a broad distribution. The heights of 

the graphene islands grown in the lower temperature range cannot be specified as an 

integer multiple of the step height of the monolayer graphene, although the height 

indicated in Figure 3.8(a) is a multiple of 0.35 nm for convenience of the distribution 

comparison. The grown graphene islands form an amorphous-like carbon cluster without 

a flat terrace structure. On the other hand, for a growth temperature above 1300 ºC, few-

layer graphene islands with a flat terrace structure are observed, and their heights can be 

specified by an integer multiple of the step height of monolayer graphene. In particularly, 
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it is noteworthy that the proportion of monolayer graphene corresponding to ~0.35 nm is 

very high for a growth temperature of 1300 ºC. For a growth temperature of 1400 ºC or 

above, few-layer islands consisting of 2–3 graphene layers are formed predominantly. 

 Figure 3.8(b) shows the growth temperature dependence of the average value of the 

island radius. In this analysis, we evaluated the size of the island radius from the AFM 

images by assuming that the island has a circular shape. We used samples only in the 

initial growth stage, where the coverage of the growth layer is less than 0.53. Thus, the 

distance between the nucleation sites on the samples used in this analysis is sufficient to 

prevent lateral growth from conflicting and coalescing with adjacent islands. As shown 

in Figure 3.8(b), the size of the grown graphene islands expands as the growth 

temperature increases. Considering the results of both Figure 3.8(a) and (b), we can 

conclude that the process temperature at 1300 ℃ is an optimized growth condition for 

graphene islands with a monolayer structure and uniform size.  

 

Figure 3.8 (a) Height distribution of the grown graphene islands evaluated from the AFM 

images and its temperature dependence. (b) Temperature dependence of the average 

radius observed from the grown islands. 
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 Higher resolution STM images observed using HITACHI AFM5100N system were 

measured to examine the formation mechanism for the circular shape islands (Figure 3.9). 

STM images in Figure 3.9(a) indicated the graphene islands grown at 1300 ºC show a 

hexagonal shape composed of a single crystal. In this case, we determined the relative 

twist angle between the grown graphene and the epitaxial graphene from the edge 

direction in the hexagonal shape. As discussed in relation to Figure 3.3, the relative twist 

angle to the epitaxial graphene is random. This means that highly oriented 2D islands are 

randomly nucleated on the template graphene and expand to form highly crystalline 

twisted bilayer graphene via lateral growth.  

 For a higher growth temperature of 1400 °C or above, the shape of the grown 

graphene islands changes from hexagonal to circular with irregular shapes and sizes. In 

the circular graphene island grown at 1400 °C, intricate domain boundaries are observed, 

as indicated by the broken lines in Figure 3.9(b). Such domain boundaries are not 

observed in the epitaxial graphene template or hexagonal graphene islands grown at a 

lower temperature (Figure 3.9(a)). The moiré patterns with different periods are partly 

observed around the domain boundary, as shown in the enlarged images in Figure 3.9(b). 

Their periods are evaluated to be D = 16.6 nm and D = 19.6 nm. According to equation 

(1.1), the twist angles between the grown graphene and the epitaxial graphene in each 

image are estimated to be 0.85° and 0.72°, respectively [33, 34]. In some areas of the 

same island, moiré patterns are not observed. This may be due to a larger twist angle and 

much smaller moiré patterns that cannot be resolved in the STM images. These results 

indicate that the circular graphene islands grown at 1400 °C are composed of multiple 

domains with different crystal orientations. 



57 
 

 

Figure 3.9 STM images (I = 244 pA, V = 0.1 V) observed from the graphene islands 

grown at (a) 1300 °C and (b) 1400 °C. Enlarged images of the regions indicated by the 

squares in figure 4(b) are shown to observe the moiré patterns. 

 

3.4.2 Analysis of temperature dependence 

 The temperature dependence of graphene nucleation and growth rate is primarily 

influenced by three factors: growth driving force, carbon source decomposition, and 

template morphological instability. 

a) Growth driving force 

 According to thermodynamic relations and performing Gibbs free energy in a close 

simple system [163]: 

𝑑𝐺 = 	−𝑆𝑑𝑇 + 𝑉𝑑𝑃	…(3.1) 

The partial derivative relationship is given by: 

(!"
!#
)$ =	−𝑆,		  	(!"

!$
)#  = 	𝑉	…(2) 

The Gibbs free energy per particle is called the chemical potential µ [164]. 
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µ(𝑃, 𝑇) =
𝐺(𝑃, 𝑇, 𝑁)

𝑁 	… (3)	
Thus,  

(!%
!#
)$ =  − &

'
, 		  	(!%

!$
)# =  

	)
'

 …(4) 

 For gas-solid growth processes, the relationship between growth driving force and 

temperature can be discussed using the diagram shown in Figure 3.10 [164]. Since volume 

V > 0, the blue and red lines in the figure represent the change in pressure P with respect 

to volume V under constant temperature conditions. Given that entropy S > 0, under 

constant pressure, an increase in temperature (represented by deep-colored lines) leads to 

a decrease in chemical potential μ. The extent of this decrease depends on the state of 

matter: since the entropy of the gas phase is greater than that of the solid phase (S(g) > S(s)), 

the change in the gas phase is more pronounced (represented by thin-colored lines).  

 For nucleation to occur, the actual pressure must exceed the equilibrium vapor 

pressure Peq. As shown by the Pgrowth curve in Figure 3.10, as the processing temperature 

increases, the growth driving force decreases, making graphene nucleation less favorable.  

Figure 3.10 The relationship between temperature and driving force. 
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thermodynamically defined as [163]: 

Δµ(𝑇, 𝑃) = Δµ°(𝑇) + 	𝑅𝑇	lnQ… (5)	 

where Δμ°(T) is the standard Gibbs free energy change of the reaction at a temperature of 

T and standard pressure of P° (generally taken as 1 bar). Q is the reaction quotient. 

 Assuming that the "effective reaction" can be simplified as: 

C(g,	from	decomposition	of	ethanol)	⟶	 C(s,	graphene)	…(5)	

 Thus, 

Q =
𝑎$(&)
𝑎$(()

…(6)	 

where the activity of solid 𝑎$(&) is usually approximated as 1. The activity of the gas 

phase is PC(g)/P°. Therefore, the chemical driving force for the formation of solid carbon 

(graphene) can be characterized by: 

Δµ(𝑇, 𝑃) = Δµ°(𝑇) − 	𝑅𝑇	ln
𝑃$(()
𝑃° … (7)	 

 Therefore, for two different temperatures at a constant pressure, the change in the 

growth driving force can be expressed as follows: 

Δµ(𝑇)) − 	Δµ(𝑇#) = [Δµ°(𝑇)) − Δµ°(𝑇#)] − S𝑅𝑇)	ln
𝑃$(()
𝑃° − 𝑅𝑇#	ln

𝑃$(()
𝑃° T

= 	 [Δµ°(𝑇)) − Δµ°(𝑇#)] 	− (𝑇) − 𝑇#)(𝑅ln
𝑃$(()
𝑃° )…

(8)	 

 For graphene growth on a graphene template under a carbon precursor pressure of 28 

Pa (based on an experimental ethanol pressure of 14 Pa, assuming complete 

decomposition and neglecting other complex side reactions), the difference in driving 

force at 1300°C (T₁ = 1573 K) and 1400°C (T₂ = 1673 K) is estimated as follows: 

Δµ(𝑇)) − 	Δµ(𝑇#) = 	 [Δµ°(𝑇)) − Δµ°(𝑇#)] + 6.8	kJ/mol… (10) 

where R is the ideal gas constant, taken as 8.31 J/(mol·K). Referring to the JANAF 
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thermodynamic tables [165], the value of [Δµ°(𝑇)) − Δµ°(𝑇#)] is approximately 15.8 

kJ/mol. Thus,   

𝛥𝜇*) −	𝛥𝜇*# ≈ 	22.6	kJ/mol	 

 The above calculations further prove that the driving force decreases with increasing 

temperature. Obviously, the results of this study show the opposite trend to 

thermodynamic calculations. Therefore, other factors contributing to accelerated growth 

with increasing temperature need to be considered. 

b) Carbon source decomposition 

 As temperature rises, carbon sources decompose more completely. According to 

theoretical calculations in hot-wall system, complete decomposition occurs within a few 

seconds at temperatures exceeding 1000°C [128]. However, in this study, the CVD system 

is equipped with a cold-wall reactor, where only the substrate and its immediate 

surroundings are locally heated. This suggests that due to the short residence time (far 

less than the order of seconds), ethanol passing through the heated zone of the reactor 

does not fully decompose. Therefore, even at 1300°C, complete decomposition may not 

occur. 

As temperature increases, the production of reactive carbon species leads to a higher 

effective partial pressure, which promotes graphene nucleation. 

c) Instability of template morphology 

 As described in the previous section (Reasons for random stacking structure), 

strained and defective graphene are the primary factors contributing to the instability of 

template morphology. On one hand, increasing the temperature enhances the reactivity of 

these unstable surfaces. On the other hand, the etching effect of oxygen-containing 

byproducts from ethanol decomposition becomes more pronounced at higher 

temperatures, leading to the formation of additional defects on the graphene template 
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surface. 

 These defects provide more sites for active carbon atoms to bind via vacancy bonds, 

potentially serving as nucleation sites on the template graphene during the initial growth 

stage. Therefore, a moderate increase in temperature promotes the formation of active 

sites, facilitating graphene nucleation. Notably, excessive temperature elevation can 

exacerbate template instability, leading to undesirable nucleation behaviors or the 

formation of non-graphene structures. 

d) Conclusion 

 The nucleation of graphene is influenced by the interplay of three key factors, as 

discussed earlier. From the findings in this chapter, it appears that the promotions of 

carbon source decomposition and the changes in template structure become more 

significant than the growth restrictions imposed by thermodynamic forces as the 

temperature rises. 

 

3.5 Initial growth investigation of twisted graphene 

 Figure 3.11 compares representative AFM images observed from the grown samples 

with the process duration of 1.5 min, 3 min, and 15 min to examine the time evolution of 

graphene island formation at 1450 °C. For the initial growth stage (Figure 3.11(a)), the 

density of graphene islands is relatively high although the island size is small and 

accordingly, the surface coverage of the island area is relatively low. As the growth 

process proceeds, the island density becomes lower and after the growth for 3 min, it 

reaches about one-tenth of that for the initial stage (Figure 3.11(b)). The island size is 

observed to be significantly enlarged after the growth for 3 min The island area expands 

remarkably after the further growth process for 15 min to form huge graphene islands 

covering almost the entire surface (Figure 3.11(c)). This observed behavior indicates that 

large graphene islands with low density are not formed simply by lateral growth of 
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nucleated carbon clusters, but instead, are formed by fusion of the high-density graphene 

islands in addition to the lateral growth. Consequently, the large graphene islands may 

exhibit irregular shapes and inhomogeneous sizes. This may be a similar process to the 

coalescence observed on the surface of the copper foil [166]. Note that the domain 

boundaries are observed in the fused graphene islands, possibly due to the random 

crystalline orientation of graphene islands formed on the graphene template. The 

coalescence phenomena of graphene islands shown here coincide with the analyzed 

results on twist angle indicated in Figure 3.9(b). 

 

Figure 3.11 AFM images observed from the graphene islands after growth at 1450 °C for 

a process time of (a) 1.5 min, (b) 3 min and (c) 15 min. 

 

3.6 Mechanism of twisted graphene grown on graphene/SiC template 

 Based on structural analysis of graphene islands grown in a temperature range of  

900 - 1450 ºC, we propose a model for the growth behavior of tFLG on the epitaxial 

graphene template (Figure 3.12). At a lower growth temperature, the chemical potential 

of the carbon species in the gas phase is relatively high and the rate of crystallization from 

the adsorbed carbon species is too slow to form graphitic structures. Accordingly, the 

small amorphous-like nanocarbon aggregations tend to form at lower temperatures 

(Figure 3.12(c)). At a higher growth temperature (~1300 ºC), hexagonal graphene 2D 

islands composed of a single-crystalline domains are preferentially formed with random 

5
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twist angles (Figure 3.12(b)) since the crystallization rate becomes fast enough for the 

formation of graphitic structures. When the growth temperature increases above 1400 °C, 

the chemical potential of carbon atoms on a graphene surface should decrease according 

to the energetics based on thermodynamics.  

 The nucleation density at 1400 °C should decrease, but the observed phenomena is 

the opposite (Figure 3.12(a)). To explain this unexpected result, we should take the change 

of the surface layer structure and the reaction environment at higher temperatures into 

consideration on the growth mechanism. The most significant factor on the nucleation 

density should be the adsorption of oxygen or the carbon species formed in the gas phase 

on the growth sites as well as the incomplete decomposition of ethanol. The CVD system 

in this work is equipped with a cold-wall reactor, where only the sample substrate and its 

vicinity are heated locally. This situation suggests that ethanol may not be completely 

decomposed even at 1300 °C due to a short period, which is insufficient for ethanol to 

react while passing through the heating region of the reactor. In this case, the thermal 

process at 1400 °C should promote ethanol decomposition and the reactive carbon species 

generated at higher temperature increases the effective partial pressure. Namely, the 

chemical potential of the carbon species is greater than the compensation for the 

temperature increase. Consequently, the nucleation density possibly increases at 1400 °C, 

as observed in this experiment, but is contrary to expectations based on thermodynamics. 

 Oxygen-containing species formed by ethanol decomposition should be another 

factor on the nucleation density at 1400 °C. The etching effect by the oxygen-containing 

species should be enhanced at a higher temperature, producing defects on the surface of 

the graphene template such as the dark depressions in Figure 3.3(a). With the help of the 

defect sites on the continuous graphene template as a starter, Si species may sublimate 

from the SiC substrate. Activated carbon atoms remaining on the surface may act as active 

sites on the template graphene for nucleation at the initial growth stage. 

 After growth proceeds, larger graphene islands with a circle shape are formed by the 
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coalescence of many smaller graphene islands with random twist angles. Hence, each 

larger island contains many domains with various twist angles. The domain boundaries 

in a grown graphene island contain excess dangling bonds and may play a role in the 

nucleation sites on the grown islands. Additional graphene layers are grown, finally 

forming Few-layer graphene islands, as illustrated in Figure 3.12(a). Analysis of the 

growth behavior indicates that control of the chemical potential, or the growth driving 

force, is a key factor to achieve ideal growth of twisted graphene with a large area and a 

low defect density. 

 

Figure 3.12 Schematic model for the growth behavior of tFLG on the epitaxial 

graphene/SiC template. (a) Below the optimum temperature, graphene is not formed, but 

a small amount of amorphous-like carbon materials precipitates on the sample surface. 

(b) At the optimum temperature, graphene precursors nucleate at a relatively low density 

on the surface. As the growth process proceeds, graphene seeds grow in the lateral 

direction, forming faceted hexagonal graphene islands composed of single-crystalline 

domains. (c) Beyond the optimum temperature, graphene nucleates at a relatively high 

density for the initial growth stage, possibly due to the change in the surface layer 

structure and reaction environment at higher temperatures (see text). As for the latter 

growth stage, small graphene islands formed in the initial stage aggregate into larger ones 

composed of multiple domains with various twist angles. Nucleation of graphene 
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continues on the defective two-dimensional islands, leading to the formation of three-

dimensional islands.  

 

3.7 Conclusion 

 Overlayer growth of graphene on an epitaxial graphene/SiC by ethanol CVD without 

a metal catalyst was examined over a wide growth temperature range from 900 °C to 

1450 °C. The lateral and vertical growth behaviors of graphene and the grown graphene 

structures were investigated through AFM and STM observations. The structural analysis 

indicates that graphene islands grown at 1300 °C form hexagonal twisted bilayer 

graphene as a single crystal, although islands grown at a higher temperature (∼1400 °C) 

are composed of several graphene domains with different twist angles. The extraordinary 

increase in the nucleation density and the coalescence growth process for the formation 

of circular graphene islands are observed for a higher temperature. This unusual behavior 

can be understood by the structural deformation of the sample surface due to a reactive 

environment. Based on the analysis of the dependence on growth temperature and time, 

we propose a growth model of the graphene overlayers with respect to the crystallinity 

(amorphous, single-crystalline, and polycrystalline) and layer numbers (monolayer and 

few-layer). Further optimization of the process conditions based on this work should 

prepare single- crystalline monolayer and few-layer graphene covering the entire surface 

of the template graphene with very low densities of defects and macrostructures such as 

wrinkles, which seriously degrade the graphene performance.  
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Chapter 4. Suppression of nucleation density in twisted graphene domains grown on 
graphene/SiC Template by sequential thermal process 

4.1 Background 

 tFLG exhibits massless fermion behavior and linear dispersion of the electronic band 

near the Fermi level due to the misorientation of Bernal-stacked or rhombohedral-stacked 

graphene [5,167]. This behavior extends the electronic versatility of such 2D carbon 

materials. Owing to the weak interlayer coupling and screening effect [136], graphene is 

less influenced by the charged impurities on a substrate [140]. Thus, tFLG is a promising 

candidate to be applied to field-effect transistors, optoelectronics devices, and 

microsupercapacitors, as it enhances the transport characteristics [42,135,168,169].  

 A widely used method for fabricating tFLG involves the repeated transfer of 

monolayer graphene prepared by mechanical exfoliation [10], but the use of polymer 

stamps for transferring exfoliated graphene limits its scalability. CVD has been reported 

in numerous studies as a method for growing graphene on a large area. In these studies of 

CVD growth, the metal foil and hydrocarbons (methane, acetylene, etc.) were typically 

used as a catalytic surface and a carbon source to produce scalable graphene, respectively 

[53] . Unfortunately, fabricating more than two layers of twisted graphene on the copper 

foil remains challenging [114] due to the surface-mediated and self-limiting processes 

dominated in the CVD growth of graphene [46]. This limitation arises from the 

considerably high energy barrier on graphene surface for forming additional layers. A 

breakthrough approach of nucleating the second graphene layer involves the 

decomposition of ethanol to produce CH3 radicals, which offer optimal binding energies 

on few-layer graphene/Cu. The suitable binding energies significantly promote nucleation 

on the graphene terrace, fostering the growth of graphene islands. Additionally, the OH 

radicals formed by ethanol decomposition potentially aid in reducing the activation 

energy required for dehydrogenation of graphene edges. This mechanism facilitates the 

layer-by-layer growth of graphene islands, thereby contributing to the formation of a 
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second graphene layer [118,119]. However, owing to the surface process induced by 

catalytic effect of the metal substrate, the resulting configuration between graphene layers 

tends towards AB stacking for bilayer graphene on Cu [118]. Thus, to simultaneously 

overcome both the limitations of the layer number and the twisted structure, the 

monolayer graphene is utilized as a template for non-catalyst layer-by-layer growth using 

the ethanol as the carbon source [170,171]. 

 In the previous work, we demonstrated the twisted structure of CVD-G layers on 

monolayer graphene templates by STEM and G’ peak analysis of Raman spectroscopy 

[135,139]. Moreover, using graphene from the thermal decomposition of SiC as a 

template, CVD-G grown on SiC-G with a twisted bilayer structure was observed with a 

STM [172]. The method of growing graphene on a graphene template lays the foundation 

for the study of tFLG applicable to high-performance electrical devices. However, the 

scattering effect of charged impurities in wedding cake-shaped multilayer graphene 

reduces carrier mobility, limiting the high quality of tFLG field-effect transistors [139]. 

Hence, studying the morphology of tFLG and understanding the layer-by-layer growth 

mechanism are the keys to improving the quality of graphene. 

 The process to achieve layer-by-layer growth is influenced by several factors, 

encompassing reaction conditions such as temperature, duration, and carrier gas flow rate 

[173,174] in addition to aspects like interface mismatches, surface defects, and substrate 

surface cleanliness  . A previous study of grown tFLG revealed that the nucleation 

density is too high to allow sufficient space for the lateral growth of the graphene domain, 

which refers to graphene formed by binding carbon adatoms extending along the edges 

from a single nucleation site [172]. With the locally high nucleation probability, graphene 

is grown into multilayer domain islands due to successive nucleation in the new layer 

[116,174]. Therefore, reducing the nucleation probability is crucial for the layer-by-layer 

growth of CVD-G. When the two growth processes of SiC-G and CVD-G were performed, 

the samples were taken out of the growth chambers [172]. Consequently, the air-exposure 
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(AirE) process is considered to lead to the deposition of contaminants on the SiC-G 

surface [178], which may be one of the factors affecting the excessive nucleation and 

island-shaped growth of CVD-G. The effects of the surface cleanliness of template 

graphene should be investigated in detail, and ideal layer-by-layer growth conditions 

should be created to grow high-quality tFLG. 

 In this study, we examined an effective approach to growing tFLG with reduced 

nucleation density by restricting the exposure of template graphene to ambient air before 

CVD. We performed growth processes of SiC-G and CVD-G in the same chamber to 

create a sequential thermal (ST) process. As a result, the nucleation density of CVD-G 

decreased significantly, and the layer domains grew to have a larger radius and lower 

height compared to the case of the AirE process. This effect was attributed to the absence 

of air contaminants on the graphene templates during the ST process. Additionally, we 

discussed the temperature dependence and etching effect based on the suppression of 

nucleation density. We also proposed a growth model to systematically explain the 

nucleation and growth mechanism of CVD-G on graphene templates. This approach 

provides a basis for manufacturing high-quality tFLG consisting of large-domain single-

crystal graphene. 

 

4.2 Experiment design 

 Two coordinated growth stages were suggested in preparing tFLG: one of template 

monolayer SiC-G and one of CVD-G. A schematic diagram of the growth stages is shown 

in Figure 4.1. The SiC-G growth stage involves ultrahigh-temperature annealing to obtain 

graphene on SiC as a stable template for the following stage. The CVD-G growth stage 

involves growing graphene by CVD on the template SiC-G at high temperature while 

supplying ethanol as a carbon source. As depicted in Figure 4.1a, the process of exposing 

the sample to air between the two stages [139] is referred to as the AirE process. 
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Conversely, in the ST process, the two growth stages are carried out in the same chamber, 

which is isolated from the air environment, as illustrated in Figure 4.1(b). During the 

cooling transition between the two stages of the ST process, it is necessary to ensure that 

samples are in a continuous vacuum environment.  

 

Figure 4.1 Schematic diagram of SiC-G and CVD-G growth of graphene in (a) AirE 

process and (b) ST process. 

 

 For the SiC-G growth stage, commercial 6H-SiC(0001) substrates (on-axis, semi-

insulating purchased from II-VI Advanced Materials) were annealed at 1700 °C and 40 

kPa for 10 min in an argon atmosphere[154]. In the CVD-G growth stage, graphene layers 

were synthesized without a metal catalyst by flowing a mixture of ethanol/argon 

(typically 1 sccm/100 sccm) at a total pressure of 10.5 kPa, corresponding to an ethanol 

partial pressure of 105 Pa. To compare the initial growth stage with respect to graphene 

nucleation of the ST and AirE processes, we conducted the growth of CVD-G at 1200 °C 
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for 10 min in both processes. To obtain more details about the difference in graphene 

nucleation between the two processes, the dependence of ethanol partial pressure was 

systematically investigated in both the AirE and ST processes. By adjusting the mixture 

ratio of ethanol to argon, the partial pressure of ethanol was varied from 15 to 530 Pa, 

while the temperature and growth time were kept at 1400 °C and 10 min, respectively. 

Furthermore, to investigate the CVD-G growth behavior in the ST process, we 

investigated a wide range of temperatures from 1000 to 1500 °C for 25 min at an ethanol 

partial pressure of 105 Pa. All the high-temperature treatments were conducted using an 

infrared heating furnace (SR1800G, Thermo Riko) which is a cold-wall system where the 

sample stage is heated to high temperatures while the chamber walls are not. 

 The grown tFLG was characterized using several analytical techniques. AFM 

(AFM5100N, Hitachi High-Tech) observations were conducted in dynamic force mode 

under atmospheric conditions at room temperature. A Raman spectrometer (HR800, 

Horiba) was used to analyze the layer number and twisted structure of the CVD-G, using 

a laser excitation of 532 nm with a 100× objective lens (typical spot diameter was ∼1 

μm). A previously developed method [179] was employed to subtract the spectra from the 

SiC substrates. The Raman spectra presented in this study were normalized to the 

characteristic peaks of the SiC substrates. By comparison of the G-band of SiC-G and 

that of the samples after CVD-G growth, it was possible to estimate the growth amount 

and layer number of CVD-G. 

 

4.3 Effect of nucleation suppression in sequential thermal (ST) process 

 To examine the impact of surface cleanliness, we performed a set of control 

experiments, comparing the ST process with the AirE process, as shown in Figure 4.2. 

These experiments were conducted under optimized conditions at 1200 °C with an 

ethanol partial pressure of 105 Pa for 10 min, which were chosen to minimize the 
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occurrence of CVD-G domain coalescence for the initial growth stage with respect to 

graphene nucleation. We investigated the growth morphology, including the nucleation 

density, domain radius, and domain height of CVD-G in both the ST and AirE processes. 

A total of 12 sets of AFM images, each measuring 5 μm × 5 μm, were captured for both 

the ST and AirE processes for statistical analysis. Figure 4.2(a)–(c) represents one set of 

examples in the ST process, and Figure 4.2(d)–(f) represents one set of examples in the 

AirE process. 

 

Figure 4.2 AFM images of the samples after CVD growth at 1200 °C for 10 min with an 

ethanol partial pressure of 105 Pa in the (a, b) ST process and (d, e) AirE process. (c) 

Cross-sectional view of red line segment L–L′ shown in (a). (f) Cross-sectional view of 

green line segment M–M′ shown in (d). Statistical distribution of the (g) nucleation 

density, (h) height of isolated and coalesced domains, and (i) average radius of isolated 

domains of CVD-G from 12 sets of AFM images in both the ST process and the AirE 

process. 
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 As seen in Figure 4.2(a), (b), (d) and (e), the isolated domains and coalesced domains 

of CVD-G can be distinguished. The isolated domains, which refer to graphene formed 

from a single nucleation site and with approximately circular shapes, are indicated by 

arrows. A singular peak observed at the center of the domain is regarded as the nucleation 

site, as exemplified in Figure 4.2(c), which corresponds to the bright spot seen in the 

magnified phase image illustrated in Figure 4.2(b). In the case of the coalesced domains 

with irregular-shaped structures, the number of nucleation sites was estimated by 

counting the bright spots in the phase images. The magnified image of Figure 4.2(e) 

shows an example of one coalesced domain with five nucleation sites. The height was 

evaluated based on the cross sections (Figure 4.2(c), (f)) of both the isolated and coalesced 

domains. To clearly demonstrate the ability of lateral growth under different surface states 

in the two processes, the radius was evaluated exclusively by analyzing the cross sections 

(Figure 4.2(c), (f)) of the isolated domains. 

 The statistical data (Figure 4.2(g)) show that the ST process yielded significantly 

fewer nucleation sites compared to the AirE process. The CVD-G domains that formed 

in the ST process were fewer and more dispersed throughout the surface (Figure 4.2(a)), 

while the CVD-G domains that formed in the AirE process were numerous and locally 

coalesced (Figure 4.2(d)). Upon examination of the cross sections of the CVD-G domains, 

the statistical results (Figure 4.2(h), (i)) show that CVD-G from the ST process presented 

a lower height and a larger radius, indicating a greater potential for the formation of 

laterally grown large-domain graphene compared to that from the AirE process. 

 In addition to the comparison under optimized conditions, we also expanded the 

comparison between the ST and AirE processes under a range of varying pressure 

conditions for 10 min at 1400 °C. In the cold-wall system of our experiment, temperatures 

as high as 1400 °C are crucial for studying the partial pressure dependence. This high 

temperature is beneficial for achieving sufficient ethanol decomposition while also 

reducing the possibility of graphene nucleation, enabling critical nucleation conditions to 
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be observed in both processes. Figure 3(a)–(h) shows the AFM topography of the two 

processes. In Figure 4.3(a), (e) and (f), no graphene was grown. In Figure 4.3(b), 

monolayer 2D graphene domains were grown. In Figure 4.3(c), (d), (g) and (h), multilayer 

graphene domains were grown, forming multilayer graphene on the surface. The coverage 

(Figure 4.3(i)) determined from the AFM images obviously exhibited growth within 

different partial pressure ranges. This observation suggests that the critical saturations of 

the carbon sources for nucleation differ for the two processes. The nucleation threshold 

in the ethanol partial pressure for the ST process (53–105 Pa, Figure 4.3(f) and (g)) was 

observably higher than that for the AirE process (15–53 Pa, Figure 4.3(a) (b)). Figure 

4.3(j) presents the Raman spectra that correspond to the AFM images shown in Figure 

3(a)–(h). At 53 Pa, the intensified G-band and G′-band in the AirE process are attributed 

to the growth of CVD-G, while the spectra of the ST process demonstrate only the 

presence of a monolayer SiC-G template with buffer layer contributions. The Raman 

results are consistent with the AFM observations. It is worth noting that the Raman 

intensity of the G-band from the grown monolayer graphene is relatively weak. Hence, 

the substantial contribution of the G-band in the template graphene and buffer layer [146] 

on SiC is dominant in the observed Raman spectrum. Consequently, the differences in 

island density of the monolayer CVD-G are hard to distinguish from the Raman spectra. 

Over 53 Pa, the Raman intensity indicates a lower nucleation density in the ST process 

than in the AirE process. 
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Figure 4.3 AFM images of the samples after CVD growth at 1400 °C for 10 min with 

various partial pressures of ethanol in the (a–d) AirE process and the (e–h) ST process. 

Comparison of AirE and ST processes in (i) coverage of grown CVD-G and (j) Raman 

spectra with 532 nm laser excitation. All these spectra are the results after the subtraction 

of the SiC substrate peaks and normalization. 

 

 We hypothesize that the effect of suppressing graphene growth in the ST process is 

due to the prevention of surface contaminants. In the AirE process, due to the interaction 

with the SiC(0001) substrates and carbon-rich buffer layers, the surface of SiC-G usually 

adsorbs contaminants, such as adsorbed oxygen, hydrocarbon, or water [180], when it is 

exposed to the ambient environment. The contaminants existing on the surface of SiC-G 

decompose at high temperatures during the CVD-G growth stage. On the surface of SiC-

G, the decomposition of contaminants provides active sites with low surface energies 

[181] or where dangling bonds may exist [182], leading to the locally high nucleation 

density of CVD-G. Therefore, the extended diffusion length of adsorbed carbon atoms on 

a pristine surface provides a rational explanation for the decreased nucleation density in 
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the ST process [183].  

 

4.4 Temperature dependence of grown graphene in ST process 

 To investigate the growth mechanism of CVD-G in the ST process in detail, we 

performed a parametric study of the growth temperature. Figure 4.4(a)-(l) shows the 

CVD-G growth morphology from AFM images as a function of growth temperature for 

the ST process. Figure 4(m) is a representative cross-sectional view of a graphene domain, 

which corresponds to the dotted line N–N′ in Figure 4.4(l). By employing the same 

statistical method described in section 4.3, Figure 4.4(n) illustrates the average radius of 

the isolated domains, revealing an increase in the domain radius with growth temperature. 

Moreover, as shown in Figure 4.4(o) and (p), the height and nucleation density were 

determined from AFM topography images, including the isolated and coalesced domains. 

The density of the CVD-G domains decreased and the height of CVD-G increased as the 

temperature increased. All trends of height, domain radius, and nucleation density were 

interrupted at 1300 °C with the disappearance of CVD-G. This disappearance suggests 

that the dominant mechanisms are different at temperatures below and above 1300 °C, 

which are explained in the next section. Furthermore, in the temperature range of 1100–

1300 °C, isolated domains showed mono- or few-layer growth. At temperatures above 

1300 °C, isolated domains showed larger multilayer growth, and striking pits were 

observed at the center of all domains (Figure 4.4(k) and (l)). As indicated in Figure 4(m), 

the depth of the pit was approximately 5 nm. This value is significantly larger than the 

layer distance of the graphene connected to SiC by the buffer layer [184]. At 1500°C, 

deeper pits are etched rather than more numerous ones. As a result, graphene is highly 

likely to grow at the bottom of the pits, which makes it challenging for us to quantify. 

Moreover, with the increase in temperature, the lower diffusion length due to the shorter 

residence time makes nucleation more difficult. This is likely one of the main reasons for 

the reduction in nucleation. 
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 Since the Si-C bond breaking temperature is very high, the formation mechanism of 

pits needs further explanation. The formation of deep pits in epitaxial graphene is 

associated with the vacuum thermal decomposition method, which involves a lower 

decomposition temperature (~1140°C) [185]. To obtain high-quality monolayer graphene, 

our template graphene was thermally decomposed in an argon atmosphere at 

approximately 40 kPa. Argon plays an inhibitory role, allowing decomposition to occur 

at a high temperature of 1700°C. In contrast, under CVD growth conditions, the pressure 

is only 10 kPa, and the gas is in a flowing state. As a result, buffer layer damage is reduced 

under low pressure. Additionally, oxidizing substances such as H₂O, CO, and CO₂ 

accelerate the breaking of Si-C bonds. 

 

Figure 4.4 AFM images of the samples after CVD growth in the ST process on graphene 

templates/SiC substrates for 25 min with an ethanol partial pressure of 105 Pa at (a) 1000, 
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(b) 1100, (c) 1200, (d) 1300, (e) 1400, and (f) 1500 °C. (g–l) Magnified AFM images of 

(a–f). (m) Cross-sectional view of dotted line segment N–N′ shown in (l). (n) Temperature 

dependence of average radius of isolated domains observed from grown CVD-G from 

AFM images. Statistical distribution of (o) height and (p) nucleation density of CVD-G 

domains evaluated from AFM images at different temperatures. 

 

4.5 Structure analysis of twisted graphene 

 Figure 4.5 shows the Raman spectra of the ST process samples and a sample of only 

SiC-G growth. The Raman spectrum of the only SiC-G growth sample exhibited 

characteristic peaks of monolayer graphene corresponding to the G-band around 1600 

cm–1 and the G′-band around 2734 cm–1. These features also align with the characteristics 

of epitaxial monolayer graphene on SiC substrates [186]. The Raman spectra of the 

sample after CVD-G growth at 1000 and 1300 °C were almost identical to that of only 

SiC-G. This confirms the absence of any CVD-G growth at this temperature and is 

consistent with the statistical results from the AFM images. Within the temperature range 

1100–1200 °C, particularly at 1200 °C, the relative intensity of the G-band (including the 

contribution from the buffer layer [146]) increases, which serves as indicative evidence 

of CVD graphene growth. The morphologies of the samples observed by AFM are 

consistent with the Raman spectroscopy results. As the temperature continues to rise 

above 1300 °C, the relative intensity of the G-band increases significantly, which is a 

result of the combined effects of extensive CVD graphene growth and changes in the 

buffer layer. 

 Moreover, for the area completely covered by graphene (domain size must be larger 

than the typical spot diameter of the Raman spectrometer: ∼1 μm), we analyzed the ratio 

of twisted CVD-G at 1200 °C (Figure 4.5(b)). The G′-band of the spectrum was fitted 

with three Lorenz curves to calculate the proportion of AB stacking and twisted stacking 
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to estimate the ratio of twisted graphene [187]. G’2D for two-dimensional (2D) graphene 

component, G’3DA and G’3DB for three-dimensional (3D) graphite component, to calculate 

the AB-stacking proportion: 

 𝑅 =
+!′"#$

+!′"#$
,+!′%#

	  (4.1) 

Then, the twisted ratio is represented by 1−R. By measuring the G’2D band peak position 

of monolayer SiC-G, the fitting conditions for this study were set G’3DA, G’3DB of 

graphite, (G’3DA ~ G’2D 18 cm-1, G’3DB ~ G’2D 27 cm-1, IG’3DA : IG’3DB = 1:2), respectively. 

Peak fitting of the G’-band was performed using Igor Pro (manufactured by HULINKS) 

as analysis software. As a result, the normalized intensity of the three fitted Lorenz 

curves IG’2D, IG’3DA, and IG’3DB are 2318, 367, and 735, the twisted ratio at 1200 °C was 

determined to be 76%. It is significantly higher than that of few-layer graphene obtained 

by metal-catalyzed CVD [188,189], where there is a preference for the growth of AB-

stacked graphene. 

 
Figure 4.5 (a) Raman spectra (with 532 nm laser excitation) of SiC-G grown by ST 

process at various temperatures. (b) Three fitted Lorenz curves of G′-band in the Raman 

spectrum at 1200 °C. The ratio of twisted graphene was calculated to be 76%, which is 

close to the ratio at 1400 °C in both the ST and AirE processes (77% and 82%, 

respectively) (see Figure 4.6). All these spectra are the results after the subtraction of the 

SiC substrate peaks and normalization. 
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 Additionally, at a higher ethanol pressure of 530 Pa at 1400 ºC for 10 min, in which 

multilayer graphene was grown to cover almost the entire surface, the ratios of twisted 

structure in tFLG are also calculated by fitting the peak shape of the G’-band. Both AirE 

and ST processes show twisted structures with ratios of 82% and 77%, respectively. 

 

Figure 4.6 Three fitted Lorenz curves analyzed from the G’-band in Raman spectra for (a) 

AirE and (b) ST processes 

 

 The high ratio of the twisted structure agrees with the monolayer graphene growth 

with a random moiré pattern observed in our previous study [172]. Additionally, the high 

ratio of the twisted structure agrees with the microscopic observations in our previous 

studies [139,172]. The twisted structure in grown graphene has been previously observed 

using scanning transmission electron microscopy [139]. Additionally, the various moiré 

patterns of twisted bilayer graphene have been previously observed using STM (Section 

3.3). It should be emphasized that the present study demonstrates multilayer CVD-G 

growth while maintaining a high twisted ratio on a scale exceeding a micrometer. This 

result confirms that our approach in this study is remarkably effective at obtaining tFLG 

in a scalable manner. 

 

4.6 Mechanism of twisted graphene grown on graphene/SiC template in ST process 

 In this study, SiC-G was consistently arranged in tiles across the surface of SiC, 
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serving as a uniform template for subsequent CVD growth. This method avoids direct 

nucleation connected with atomic steps, enabling the epitaxial growth of graphene on SiC 

[190]. Therefore, crystal growth theories of 2D nucleation are considered as the basis of 

graphene growth models. A prior study [191] has described the energy difference of 

graphene with AB stacking and twisted stacking, elucidating the comparatively higher 

energy of twisted-stacked graphene as a metastable state. In the case of graphene growth 

without metal catalytic templates [172], the randomly formed graphene nuclei needs to 

be thermally excited at temperatures over 2000 °C to surmount the activation energy 

barrier to transform graphene from random stacking to AB stacking[187]. However, our 

CVD growth was conducted at temperatures lower than 1500 °C, prohibiting the graphene 

nuclei from overcoming the activation energy barrier. This energy barrier causes the 

randomly formed graphene nuclei to maintain a twisted angle, prompting graphene to 

form metastable twisted stacking during the growth stage. 

 In 2D nucleation, which occurs at a surface or interface, the chemical potential should 

decrease with increasing temperature according to the energetics based on 

thermodynamics [192,193]. The nucleation density typically decreases as the temperature 

increases [194]. In the cold-wall system for graphene nucleation and growth, the 

decomposition of ethanol increased with temperature. Although the surface with a higher 

temperature received more carbon adatoms from ethanol, the acceleration of carbon 

adatom desorption was more dominant for the overall nucleation process, resulting in a 

low nucleation probability. Thus, the nucleation density decreased, and the domain size 

increased with increasing temperature until CVD-G disappeared at 1300 °C, as 

demonstrated in the ST process (Figure 4.7). 
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Figure 4.7 Schematic model of CVD-G growth at 1100, 1200, 1300, and >1300 °C for 

the ST process based on thermodynamics and the etching effect of ethanol decomposition. 

 

However, at temperatures higher than 1300 °C, the appearance of CVD-G beyond the 

thermodynamic explanation led us to consider an additional mechanism. Previous studies 

of graphene growth on copper foils have reported the importance of etching effects 

[118,119], which induce a partial removal of graphene by the decomposition of ethanol 

molecules. The carbon atoms of ethanol also compensate for the removal, facilitating the 

restoration of the original graphene, and graphene nucleation occurs on the restored 

graphene. In our model, as the temperature rises in the cold-wall system, this 

decomposition of ethanol becomes more pronounced, subsequently elevating the 

concentrations of oxygen-containing species, such as H2O and OH radicals, produced by 

ethanol decomposition [119]. These species play an active role in surface etching effects, 

inducing more defects in SiC-G. Consequently, there is an escalated requirement for 

supplementary carbon atoms to counterbalance the etching of SiC-G. Therefore, when the 

temperature exceeds the threshold, as depicted in the T > 1300 °C scenario in Figure 4.7, 
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the higher number of produced oxygen-containing species partially etch away SiC-G. 

Since the SiC substrate without a graphene cover sublimates as temperature increases 

[195], the sublimation of SiC occurs under the etched area of SiC-G. 

 In this scenario, we speculated that due to the inability of restoration to match the 

CVD-G removal of etching effects, when SiC sublimation is initiated, surface pits tend to 

develop. The decomposition of SiC leaves carbon atoms in the vicinity of the pits, 

resulting in a higher local concentration of carbon adatoms, which act as a carbon source 

for graphene growth. For the graphene domain shown in Figure 4.4(m), we estimated the 

volume of the pit part, and the graphene part based on the AFM morphology image and 

further calculated the number of carbon atoms corresponding to the volume to be 4.08 × 

106 and 1.57 × 108, respectively, which are almost on the same order of magnitude. 

Therefore, we inferred that carbon atoms sublimating from pit regions participate in the 

local formation of multilayer CVD-G domains [196].  

 In section 3.4.1, we detailed how the temperature dependence of the ST process is 

affected by three key factors: the growth driving force, carbon source decomposition, and 

the instability of template morphology (see Table 4.1). Below 1300°C, the growth driving 

force plays a crucial role, with the nucleation density steadily decreasing as temperature 

rises. However, when the temperature surpasses 1300°C, the instability of the template’s 

morphology takes precedence. Excessive etching of SiC leads to nucleation on rough-

surfaced pits, resulting in the formation of island-like graphene. 

 Contrasting with the ST process, the AirE growth method operates under a lower 

ethanol partial pressure. This results in fewer ethanol decomposition products, which 

reduces the domination of instability of template morphology. Consequently, airborne 

contaminants that adhere to the step edges become the main factor for nucleation, 

explaining the localized nucleation seen in the AirE process. Conversely, the ST process 

effectively mitigates such localized nucleation. Nonetheless, it's clear that improvements 

in the process are necessary to better control nucleation, and specific strategies for this 
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will be explored in the next chapter. 

Table 4.1 Temperature-dependent nucleation determinants in ST and AirE processes. 

 

4.7 Conclusion 

 An ST process was proposed to improve the growth of twisted graphene on graphene 

templates from SiC without a metal catalyst. By changing the degree of ethanol 

decomposition, which was controlled by adjusting the partial pressure of ethanol or the 

temperature of the substrate, different growth behaviors of graphene were observed in the 

ST and AirE processes. The growth of large-domain layer-by-layer tFLG relies on 

nucleation with a uniformly low density. In this regard, the ST process with a clean 

surface is a key step to effectively prevent locally high-density nucleation. Raman 

spectroscopy verified the high ratio of the twisted structure of graphene grown in the ST 

process. By investigating the temperature dependence of the ST process, we found that 

all trends in height, domain radius, and nucleation density were interrupted at 1300 °C. 

This disappearance suggests that the dominant mechanisms are different at temperatures 

below and above 1300 °C. We presented a model incorporating the etching effects of 

surface graphene, SiC-G restoration, and CVD-G growth to explain the unexpected 

growth at higher temperatures. This research contributes to a fundamental understanding 

of the tFLG growth mechanism, and the low nucleation density observed in this study is 
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expected to be advantageous for the development of large-scale tFLG synthesis and 

functional graphene devices. 
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Chapter 5. CO₂-assisted nucleation of twisted graphene on graphene/SiC templates 

5.1 Background 

tFLG is theoretically predicted to exhibit linear electronic band dispersion near the 

Fermi level. This is due to weak interlayer coupling, which resembles the massless 

fermions found in monolayer graphene [5,134,133]. This unique band structure allows 

tFLG to demonstrate electronic and optical properties similar to those of monolayer 

graphene. These properties include high electron mobility [197], quantum Hall effects 

[198], high transparency in the visible spectrum [14], tunable infrared light absorbance 

[199] and photoresponse up to the THz frequency range [200]. Furthermore, the few-layer 

stacked structure of tFLG effectively reduces the impact of charge impurities [136] and 

surface roughness [137,138] through a screening effect. This provides a beneficial 

approach to mitigating the extreme sensitivity of the electronic band structure in 

monolayer graphene to environmental factors. As a result, tFLG has garnered interest for 

its potential to translate the advantageous properties of monolayer graphene into practical 

device applications. Consequently, developing a system that enables the high-quality and 

large-scale synthesis of tFLG is highly desirable. 

 The transfer of monolayer graphene prepared by a mechanically exfoliation [10] and 

a CVD on transition metals [95] is commonly used for fabricating tFLG. Although 

mechanically exfoliated single-layer graphene with multiple transfers can precisely 

control the twist angle, the graphene size is limited and cannot be applied to practical 

production. In contrast, CVD uses transition metal foil as a catalytic surface, which is 

advantageous for achieving large-area scalable graphene growth. Both methods require 

transferring graphene onto an insulating substrate for performance characterization and 

electronic device applications. However, residual contamination [84,201], surface 

wrinkles [202,203] and sample breakage [84] from the transfer process extremally 

degrade the performance of graphene-based devices. 

 Recently, we introduced a method for preparing tFLG on graphene templates using a 
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catalyst-free CVD process [139,140,152,172]. This method utilizes ethanol as a carbon 

source to address problems related to surface mediation and self-limitation [118,119]. In 

this direct growth process, the carbon source generates graphene flakes in the gas 

surrounding the hot substrate, resembling the critical-size nuclei described in classical 

nucleation theory [123]. Without metal catalysis to reduces disorder at a lower energy 

levels [126], a higher temperature (above 2000°C) is necessary to reorient and align the 

layers effectively [125]. Furthermore, we successfully synthesized tFLG using a 

completely transfer-free CVD method on large-area monolayer graphene, which was 

produced through the thermal decomposition of SiC-G [172]. To enhance the uniformity 

and crystallinity of the resulting few-layer graphene, we proposed a sequential thermal 

(ST) process to reduce the local nucleation caused by step strain of SiC-G [204]. Due to 

the evident adhesion of airborne contaminants to SiC-G prepared by thermal 

decomposition, such contamination acts as a trigger for local nucleation during the CVD 

growth stage [178,205]. Therefore, our previous study combines two distinct steps—the 

epitaxial growth of SiC-G and the CVD growth of tFLG—within the same reaction 

chamber. The cooling process between these steps is conducted under a vacuum of 

approximately 1 Pa, ensuring that the SiC-G surface remains relatively clean.  

Nucleation on a clean pristine graphene surface is less favorable compared to 

transition metal [112], oxide surfaces [121,141,206] and air-exposed SiC-G [178]. This 

is primarily due to the weak van der Waals interactions that cause carbon precursors and 

the small graphene flakes to desorb, reducing the probability of nucleation. Consequence, 

establishing a stable nucleation site requires overcoming a higher energy barrier. 

Although increasing the nucleation driving force by supplying additional carbon during 

the CVD process can help overcome this barrier, it tends to promote nucleation on the 

newly grown graphene rather than encouraging lateral layer-by-layer growth [180]. One 

effective strategy to tackle this issue is introducing defects. Single-vacancy defects or 

larger holes created by removing multiple atoms with dangling bonds should enhance the 
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adsorption of gas molecules [207]. The desorption of small graphene flakes is prevented, 

enabling them to serve as stable nuclei. As a result, the nucleation energy barrier can be 

lowered, which facilitates a more controlled and efficient growth process. 

 In this study, we proposed an effective method to create active sites on a clean 

graphene template, enabling layer-by-layer growth under low driving forces. The 

approach involves the reaction between CO2 and graphene at high temperatures to 

produce CO [208], which facilitates the controlled etching of the SiC-G surface and 

creates activation sites for subsequent CVD growth of additional graphene layers (Figure 

5.1(a)). Specifically, we introduced a CO2 etching stage between the SiC-G growth stage 

and CVD-G growth stage, ensuring that no air exposure occurred throughout the 

procedure. This CO2-assisted process formed activation sites on the SiC-G surface, 

promoting CVD-G nucleation. Our analysis revealed that the extent of etching depended 

on the etching conditions, and we identified optimized parameters to effectively promote 

the growth of monolayer graphene sheets. Furthermore, we confirmed regrowth of SiC-

G during the CVD growth stage and introduced a CO2-assisted nucleation model. This 

new model builds upon the previously proposed growth model [204] of CVD-G on SiC-

G, systematically explaining the mechanisms of CO2-assisted nucleation and growth. 

 

5.2 Experiment design 

 The preparation of twisted graphene, as illustrated in Figure 5.1(b), involves three 

main growth stages: the SiC-G growth stage, the CO2 etching stage of SiC-G, and the 

CVD-G growth stage. In the SiC-G growth stage, we utilized the ST process to produce 

SiC graphene with a clean surface, as previously reported. This was achieved through the 

thermal decomposition method, which allowed for the epitaxial growth of the 6H-

SiC(0001) surface at 1700 °C, resulting in a monolayer template of graphene. Next, 

during the CVD growth stage, we incorporated a pretreatment step known as the CO2 
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etching stage of SiC-G. The impact of CO2 during the etching process was examined by 

varying the temperature from 1130°C to 1200°C, at a pressure of 80 kPa and duration of 

1 minute. We conducted screening test to optimize both the pressure and etching time, 

exploring ranges from 1.6 to 80 kPa and 1 to 30 minutes. In the CVD-G growth stage, all 

samples were synthesized with twisted graphene layers on the etched SiC-G templates. 

This was done by flowing an ethanol/argon mixture (typically 1 sccm/700 sccm) under a 

total pressure of 5 kPa, corresponding to an ethanol partial pressure of 7.1 Pa to a low 

nucleation driving force. Compared with our previous study [172], this is a low partial 

pressure that is favorable for the lateral growth of graphene. However, in previous reports, 

no graphene growth was observed at this partial pressure due to the small number of 

nucleation sites on the ST surface [204]. All high temperature treatments were performed 

using an infrared heating furnace (SR1800G, Thermo Riko). 

 

Figure 5.1 (a) Schematic diagram for SiC-G growth, etching and CVD-G growth stages. 

(b) Temperatures and gases used in the CO2-assisted graphene synthesis process. 
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 The etched SiC-G and the as-grown CVD-G were characterized using various 

analytical techniques. Atomic force microscopy (AFM) observations were performed in 

dynamic force mode under atmospheric conditions at room temperature to obtain 

morphology and phase images. Scanning electron microscopy (SEM) was employed to 

further confirm the morphology of both the etched SiC-G and as-grown CVD-G, using a 

Hitachi S-4800 SEM at acceleration voltage of 1.0 kV. To analyze the layer number and 

twisted structure of CVD-G, a Raman spectrometer (Horiba) with 532 nm laser excitation 

and a 100x objective was used (typical spot diameter: ~1 μm). The spectra were processed 

to subtract the contribution from the SiC substrate using a previously developed method 

[179,209]. The Raman spectra presented in this study were normalized to the 

characteristic peaks of the SiC substrate. 

 

5.3 Etching effect of CO2-assisted nucleation 

This study aimed to investigate the effect of CO2 as an etchant on clean SiC-G 

surfaces. To ensure consistency, the processing conditions for both the SiC-G and CVD-

G growth stages were maintained across three preparation stages, with only the CO2 

etching conditions for SiC-G being varied. As shown in Figures 5.2(a)-(e), etching was 

performed at temperatures ranging from 1130 to 1200 °C to adjust the reactivity between 

CO2 and the graphene surface.  

 No noticeable etching or CVD-G growth occurred at temperatures below 

1130 °C. Increasing the temperature to 1150 °C created active sites that facilitated 

monolayer CVD-G grown on the surface (Figure 5.2(b), Type 1). At 1170 °C, the density 

of graphene growth sites increased. However, at higher temperatures, stronger etching 

effects were observed, leading to the formation of a different type of activation site 

(Figure 5.2(c), Type 2). Unlike Type 1, which corresponds to single nucleation sites, Type 

2 is formed by the creation of undesired holes, resulting in multiple nucleation sites. The 
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CVD-G growth associated with these multiple nucleation sites typically occurs along the 

edges of the undesired holes, utilizing the unetched SiC-G regions as a template for 

growth. As shown in the two cross-sectional images in Figure 5.2(d), the green line 

indicates the edge of the etched SiC-G, which exhibits a height difference of 

approximately 0.35 nm. In contrast, the white line represents the edge of the grown CVD-

G, showing a height difference of about 0.71 nm on the left and approximately 0.35 nm 

on the right. At elevated temperature, exceeding 1180 °C, the proportion of undesired 

holes increased, ultimately suppressing the graphene growth that was initiated by multiple 

nucleation sites (see Figures 5.2(d) and (e)). Figure 5.2(f) illustrates the distribution of 

Type 1 and Type 2 activation sites across different temperatures, based on data from 15 

randomly selected AFM images. The counting criteria for Type 1 and Type 2 activation 

sites are provided in the inset of Figure 5.2(f). For Type 2, a single undesired hole created 

by multiple nucleation sites was counted as one site. Figure 5.2(g) presents the size 

distribution of undesired holes, demonstrating that higher temperatures lead to larger 

etching holes, a trend that is exacerbated by the merging of adjacent holes. We concluded 

that optimal etching conditions promote the formation of growth sites for CVD-G, 

allowing new graphene layers to develop at the active edges of the etched regions, with 

the unetched areas function as a template. However, aggressive etching increased the 

probability of undesired hole formation.  
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Figure 5.2 (a–e) AFM images of samples observed after CVD growth, with the etching 

stages performed at 1130°C, 1150°C, 1170°C, 1180°C, and 1200°C, respectively. (f) 

Statistical distribution of single nucleation sites (Type 1) and undesired holes formed by 

multiple nucleation sites (Type 2) from 12 sets of AFM images at each temperature: 

1130°C, 1150°C, 1170°C, 1180°C, and 1200°C. (g) Temperature dependence of the 

average area of undesired holes formed by multiple nucleation sites (Type 2) shown in 

Figure (f). 

 

 In the screening experiments, a wide range of pressures and etching times were 

tested during the SiC-G etching stage to determine the optimal conditions, as detailed in 

the Figure 5.3. The results showed that increasing the CO2 concentration enhanced its 

activity and increased the number of etched sites. Additionally, reducing the etching time 

helped prevent the expansion of undesired holes. Under the optimal etching conditions of 

80 kPa and 1 minute and 1150°C, monolayer growth of CVD-G on SiC-G terrace was 

successfully achieved.  
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Figure 5.3 AFM images of samples observed after CVD growth, with the etching stages 

performed at 1150°C in 30 min in (a) 1.6 kPa, (b) 10 kPa, and (c) 50 kPa, respectively. 

(d) CO2 pressure dependence of distribution of undesired holes from 8 sets of AFM 

images. AFM images of samples observed after CVD growth, with the etching stages 

performed at 1150°C in 1 min in (e) 50 kPa, (f) 80 kPa, and (g) 100 kPa, respectively. (h) 

CO2 pressure dependence of distribution of graphene grown sites and undesired holes 

from 8 sets of AFM images. 

 

5.4 Regrowth of graphene/SiC in CVD growth stage 

 We hypothesized that the active sites may be due to vacancy defects generated during 

the etching process. To confirm the defect structure formed in SiC-G during etching, 

etched SiC-G was directly observed after etching under optimized conditions of 80 kPa 

for 1 minute at 1150°C, without the CVD-G growth stage. However, upon examining the 

surface structure of etched SiC-G (Figure 5.4(a) and (b)), we remarkably observed large-

scale graphene etching at the macroscopic scale. The retained SiC-G and etched regions 

are highlighted in both the morphology image (Figure 5.4(a)) and the phase image (Figure 
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5.4(b)). The etched regions in the morphology image were further confirmed by the cross-

sections. For instance, the cross-section along the L-L' line (Figure 5.4(d)) clearly 

demonstrates that the monolayer-height graphene has been etched, corresponding to the 

green segment of the L-L' line. Figure 5.4(e) illustrates the layer count and overlapping 

configuration of the retained SiC-G. In the phase image, the bright areas indicate etched 

SiC-G or the original monolayer SiC-G (1LG), while the dark areas represent retained 

bilayer (2LG) or trilayer SiC-G (3LG). This observation aligns with the morphology 

observations. As illustrated in Figure 5.4(c), it is inferred that regions primarily consisting 

of bilayer or trilayer SiC-G were etched following the CO2 treatment. During the thermal 

decomposition growth of SiC-G, localized regions can develop 2–3 layers of graphene 

through a bottom-up growth mode, while the surface layer remains continuous [210]. 

Consequently, the distribution of retained SiC-G is utilized to understand the etching 

behavior of CO2. Figure 5.4(c) clearly illustrates the state of retained SiC-G before and 

after the etching process, corresponding to the cross-section along the L-L' line in Figure 

5.4(a). 

Figure 5.4 AFM (a) topography image and (b) phase image observed after etching stage, 

at 1150°C and 80 kPa in 1 min. (c) Schematic model of etching of the changes of SiC-G 
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before and after etching, corresponding to the line segment L-L’ shown in (a). (d) Cross-

sectional view of the line segment L-L’ shown in (a). (e) Schematic diagram of the layer 

number of retained SiC-G. 

 

 To clarify the relationship between the stages before and after etching, 

supplementary Figure S2 presents AFM images comparing samples processed during the 

SiC-G growth stage, the optimized etching stage, and the CVD-G growth stage. For 

samples treated after the etching stage (Figure 5.5(d) and (e)), there is a noticeable 

reduction in the coverage of 2LG and 3LG compared to those from the SiC-G stage 

(Figure 5.5(a) and (b)). In contrast, following the CVD-G growth stage (Figure 5.5(g) and 

5.5(h)), the coverage of 2LG and 3LG increases, suggesting that the etched areas 

experienced significant regrowth during the CVD-G process. In these regions, a layer of 

CVD-G is observed to grow on the surface of the regrown 2LG areas. The etching and 

regrowth behaviors of SiC-G were further confirmed by SEM observations (Figure 5.5(c), 

(f), (i)). The areas with gray contrast indicate the presence of graphene, with darker shades 

representing a higher number of graphene layers [211]. Figure 5.5(f) shows the etched 

SiC-G, while Figure 5.5(i) illustrates the regrowth after CVD growth. The circular area 

with darker gray contrast, marked by an arrow in Figure 5.5(i), indicates the presence of 

a CVD-grown graphene domain. The results of SEM are consistent with those of AFM.  
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Figure 5.5 AFM topography, AFM phase and SEM (Vacc = 1kV, WD = 8.4mm) images  

of samples in (a-c) SiC-G growth stage, (d-f) optimized etching stage and (g-i) CVD-G 

growth stage. The scale bar in the figures indicate length of 1 µm.  

 

 A further evaluation of graphene structures across the three stages was conducted 

using Raman spectroscopy. Figure 5.6(a) presents the representative Raman spectra for 

the three stages, with all spectra normalized to the SiC substrate and substrate signals 

removed for clarity. The results indicate that the G band appears around 1600 cm−1, 

corresponding to the in-plane stretching mode of the graphene hexagonal lattice, which 

confirms the growth of graphene. Figure 5.6(b) displays data from 15 random locations 

corresponding to the three stages. In comparison to the SiC-G template, the G band 
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intensity of etched SiC-G shows a noticeable reduction, along with an increased standard 

deviation across multiple samples. This variation is attributed to partial degradation of 

SiC-G (2LG and 3LG to 1LG) that occurs following the etching process. The intensity of 

CVD-G was approximately twice that of etched SiC-G and slightly higher than that of 

SiC-G. This increase can be attributed to the regrowth of etched SiC-G during CVD 

process, along with the growth of the overlayer CVD-G. The D band, which is located 

around 1380 cm−1, did not show any significant changes (as seen in Figure 5.6(c), which 

is consistent with the data in Figure 5.6(d)). The very low intensity of the D band overlaps 

with the SiC characteristic peak, resulting in substantial noise even after substrate 

subtraction, which decreased the accuracy of the results.  

 Moreover, the etched SiC-G composed of macroscopic graphene flakes rather 

than point defects that would deactivate the hexagonal breathing mode. Consequently, no 

significant changes were observed in the D-band, which is typically associated with lattice 

defect activation. The G′ band located around 2730 cm−1, exhibited variations in peak 

shape and intensity. Since the G′ band is sensitive to both the number of graphene layers 

and the twist angle, for twisted graphene, it can be fitted with a single Lorentzian curve 

that shows a blue shift relative to monolayer graphene [96,97]. Therefore, it can be 

indirectly inferred that the CVD-G, similar to our previous studies, exhibits a twisted 

structure, as indicated in Figure 5.6(d). 
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Figure 5.6 (a) Raman spectra (with 532 nm laser excitation) of SiC-G in SiC-G growth 

stage optimized etched SiC-G in etching stage and CVD-G in CVD-G growth stage. All 

these spectra are the results after subtraction of SiC substrate peaks and normalization. 

Normalized (b) G-band and (c) D-band intensities of SiC-G, etched SiC-G and CVD-G. 

(d) fitted Lorenz curves of G’-band in SiC-G and CVD-G. 

 

5.5 Mechanism of CO2-assisted nucleation  

 The results indicate that CO2 significantly etches the SiC-G layer during the 

etching stage. Subsequently, in the CVD-G growth stage, the carbon source supplied first 

contributes to the regrowth of the etched SiC-G, creating activation sites on the regrown 

surface that facilitate the growth of the overlayer CVD-G. By analyzing the effects of 

temperature, CO2 pressure, and etching time during the etching stage, we propose a 

growth mechanism in which CO2 etches the template surface to promote overlayer growth. 

As shown in Figure 5.7(a), at lower temperatures and CO2 pressures, the reaction rate 

between CO2 and SiC-G is relatively low, resulting in minimal interaction or limited 

reaction with SiC-G. The limited reaction primarily occurs at the more reactive step edges, 

creating small etched holes after a short treatment. After the growth stage, these small 

etched holes do not provide enough activation sites for the overlayer CVD-G growth, as 

the lattice structure of rapidly regrown SiC-G remains largely intact. However, when 

treated for a longer duration, larger etched holes are formed. In this case, the regrowth of 

the etched SiC-G does not reach equilibrium with the overlayer growth before a complete 

SiC-G layer is formed, leading to the creation of undesired holes. These holes create 

multiple nucleation sites, resulting in monolayer graphene growth along their edges 

(corresponding to Type 2 in Figure 2).  

 At higher temperatures and pressures of CO2 (see Figure 5.7(b)), CO2 gas 

molecules have increased kinetic energy, enabling them to react more rapidly with the 
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solid graphene template. This enhanced reaction overcomes a high nucleation energy 

barrier present on the terraces of SiC-G, leading to the formation of etched holes on both 

the step edges and terraces. With a short etching time, the growth stage progresses more 

rapidly. As the regrowth of the etched SiC-G and the overlayer CVD-G growth reach 

equilibrium, activation sites are provided, allowing overlayer graphene to grow on the 

regrown SiC-G. However, with an extended CO2 etching time, a significant number of 

undesired holes appear during the growth stage, resulting in only partial monolayer 

graphene forming along the edges of the holes. In contrast, during short CO2 etching, 

CVD-G grown from multiple nucleation sites fully encapsulates the holes. This 

discrepancy is due to the incomplete regrowth of SiC-G and the excessive consumption 

of the carbon source during the regrowth process. 

 In conclusion, a short treatment with a relatively high CO2 reaction rate can 

effectively create active sites on the otherwise low-reactivity surface of the graphene 

template. These active sites are a result of carefully controlled etching of the SiC-G 

template by CO2. This precise etching balances the regrowth of SiC-G with the growth of 

the CVD-G overlayer during the subsequent CVD-G stage, ultimately leading to the 

formation of a single nucleation site for the overlayer growth on the regrown SiC-G. 

However, the specific morphology of these active sites requires further investigation, 

such as in situ characterization. This is crucial because factors like the dangling bonds 

from vacancy defects, or the creation of new nucleation sites due to the clustering of 

carbon atoms during excessive regrowth, can effectively reduce the nucleation energy 

barrier. This reduction allows graphene clusters to adsorb more readily and act as 

nucleation sites for additional overlayer growth [123].  
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Figure 5.7 Schematic model of etching and CVD-G growth based on thermodynamics 

and reported research [118,204]. 

 

5.6 Etchant effect on CVD growth process  

 Beside the work of using CO₂ as an etchant to pre-treat SiC-G surfaces in the ST 

process, etchant effect during CVD growth were conducted and are described in this 

section. All the following CVD growth experiments were conducted in the ST process 

without air exposure. 

 Since there are few defects or dangling bonds on the surface of the SiC-G template 

in the ST process, it is challenging to spontaneously form additional graphene nuclei. A 

higher partial pressure of ethanol was employed to enhance the nucleation drive; however, 

this approach also leads to the formation of more vertically grown graphene islands, 

referred to as 3D component graphene in this section. To address this issue, CO₂ and H₂O 

are introduced as reactive etchants during the CVD-G growth stage, reacting with the 

excess carbon sources on the surface to ensure the lateral growth of graphene (Figure 5.8). 
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Figure 5.8 Simplified schematic diagram of the behavior of the etchant during CVD 

growth, exemplified by CO₂. 

 

 Figure 5.9 illustrates the effect of CO₂ as an etchant on the CVD process. By 

comparing the conditions without CO₂, it is concluded that a low concentration (flow rate 

< 10 sccm) of CO₂ reduces the proportion of 2D graphene, while a high concentration 

(flow rate > 10 sccm) of CO₂ increases the proportion of 2D graphene. This trend was 

also observed in the experimental groups with other conditions. However, the coverage 

rate remains unaffected and stays at 50%. 

 

Figure 5.9 (a) Schematic diagram for CVD-G growth with CO2 in ST process. A typical 

topography (b) and phase image (c) of AFM result. 3D graphene and 2D graphene are 

indicated by white and black arrows, respectively, in (b) and (c). (d) Coverage statistics 

under different CO₂ flow rates. 
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 Figure 5.10 illustrates the effect of H₂O as an etchant on the CVD process. Although 

the growth conditions have been adjusted, H₂O is much more aggressive in etching 

compared to CO₂. This results in a drastic etching of the already grown graphene. As 

shown in Figure 5.10(b) and (c), the layered structure of the graphene is destroyed. 

Therefore, we concluded that H₂O is not the etchant we are looking for. 

 

 

Figure 5.10 (a) Schematic diagram for CVD-G growth with H2O in ST process. A typical 

topography (b) and phase image (c) of AFM result.  

 

5.7 Two-stage growth of twisted graphene 

 In this subsection, two primary two-stage growth methods are proposed: the pulsed 

two-stage growth method and the temperature-regulated two-stage growth method. In 

both approaches, the first stage generates sufficient driving force for graphene nucleation, 

while the second stage reduces the driving force to ensure an appropriate carbon source 

supply for the lateral growth of graphene. 

 Figure 5.11(a) drafts the gas flow and temperature profiles of the pulsed two-stage 

growth method, while Figure 5.10(d) presents three schemes for adjusting the pulse stage 

(the first stage) conditions as typical examples of this method. The pulse settings are as 

follows: Pulse 1 uses 133 Pa ethanol for 1 minute, Pulse 2 uses 133 Pa ethanol for 5 
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minutes, and Pulse 4 uses 246 Pa ethanol for 1 minute. The total reaction time is 60 

minutes, with an ethanol partial pressure of 13.3 Pa during the growth phase. A standard 

control experiment was conducted with a growth stage that excludes the pulse phase. The 

results indicate that the pulsed two-stage growth method can enhance the coverage of 

graphene but does not lead to any significant improvement in increasing the proportion 

of 2D graphene. 

 

Figure 5.11 (a) Schematic diagram for pulsed two-stage growth method with pulse stage 

and growth stage noted. A typical topography (b) and phase image (c) of AFM result. 

3D graphene and 2D graphene are indicated by white and black arrows, respectively, in 

(b) and (c). (d) Coverage statistics under different pulse conditions.  

 

 Figure 5.12 illustrates the temperature-regulated two-stage growth method. In gas-

solid reaction systems, the phase equilibrium relationship shows that below the 

temperature corresponding to sublimation energy, a lower temperature results in a higher 

driving force for nucleation. Therefore, during the nucleation range on the graphene 

template (>900°C), the probability of graphene nucleation is increased by lowering the 

temperature in the first growth stage. Different temperature combinations are presented 
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indicate that the combination of 1000°C in the low-temperature stage and 1300°C in the 

high-temperature stage achieves the best coverage and the highest proportion of 2D 

graphene. 

 

Figure 5.12 (a) Schematic diagram for CVD-G growth with low-temperature (Low T) 

stage and high-temperature (High T) stage. A typical topography (b) and phase image 

(c) of AFM result. 3D graphene and 2D graphene are indicated by white and black 

arrows, respectively, in (b) and (c). (d) Coverage statistics under different set of 

temperatures (Low T /High T). 

 

 Since the cold-wall system of the IR furnace thermally decomposes the carbon 

source gas primarily near the substrate, temperature adjustments also influence the 

carbon source concentration provided by ethanol. To optimize the temperature-regulated 

two-stage growth method, the ethanol concentration is appropriately increased during 

the low-temperature stage (first stage). The optimization results are shown in Figure 

5.13, illustrating the enhancement of this increased ethanol concentration on the lateral 

growth of 2D graphene.  
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Figure 5.13 (a) Schematic diagram for CVD-G growth with low-temperature (Low T) 

stage with higher concentration of ethanol and high-temperature (High T) stage lower 

concentration of ethanol. (d) Coverage statistics under different ethanol flow rate at 

Low T stage. A typical topography (b) and phase image (c) of AFM result. 3D graphene 

and 2D graphene are indicated by white and black arrows, respectively, in (b) and (c).  

 

 Through a series of experiments, it was demonstrated that while the etching effect 

of CO2 effectively suppresses island-like growth, eliminating this phenomenon through 

adjustments to growth parameters and process improvements is still challenging. This 

limitation is unfavorable for achieving layer-by-layer growth. Consequently, it was 

concluded that promoting nucleation during the pre-treatment stage is the most effective 

strategy for achieving layer-by-layer growth of graphene. This study provides new 

insights into extending the layer-by-layer CVD growth of graphene templates with CO2 

assistance. We eagerly anticipate further in-depth research to advance the development 

of graphene-based technologies. 
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5.8 Conclusion 

 A method for CO2-assisted nucleation on clean graphene/SiC templates was proposed. 

Incorporating CO2-etching stage in a sequential thermal process to etch graphene/SiC in 

a vacuum facilitated nucleation during the CVD growth stage. Through examining the 

temperature dependence of the CO2 etching, we observed that weak etching fails to 

promote nucleation, while overly aggressive etching results in undesired holes rather than 

effective nucleation sites. Single nucleation sites of graphene growth were observed under 

appropriate etching conditions, 1150°C, 80 kPa, 1 min. Monolayer graphene was grown, 

forming a twisted structure with the template graphene/SiC, as confirmed by Raman 

spectroscopy. Additionally, observations of the etched graphene/SiC revealed that 

regrowth occurred during the CVD growth stage. Consequently, we proposed that the 

graphene nucleation sites were induced by the balance between the regrowth of the etched 

graphene/SiC and the nucleation of the overlayer graphene. This process ultimately 

results in an almost completely regrown graphene/SiC layer and the growth of the 

overlayer graphene. It is worth noting that we previously reported that in the sequential 

thermal process [204], monolayer CVD-G is unable to nucleate on a clean graphene/SiC 

surface. This CO₂-assisted nucleation method successfully overcomes this issue. 

Additionally, the findings on the etchant effects in the CVD growth process and results 

from the two-stage growth of twisted graphene, offering an effective method for the 

uniform synthesis of large-area tFLG. Therefore, this research provides a crucial 

groundwork for the CVD-based overlayer growth and scalable production of twisted 

graphene, paving the way for exploring its unique physical properties and advanced 

applications in electronic and optoelectronic devices. 
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Chapter 6. Conclusion and future perspective 

 To fully harness the high performance of graphene in macroscopic devices, it was 

essential to develop a method for synthesizing randomly stacked twisted graphene, rather 

than conventional AB-stacked graphene, using the CVD method. This was because the 

strong interlayer interactions in AB-stacked graphene significantly diminished the 

exceptional properties of single-layer graphene. However, existing methods for obtaining 

randomly stacked tFLG on graphene templates often suffer from low crystallinity and/or 

poor uniformity of the few-layer structures.  

 To address these challenges, this study adopted a process for growing tFLG on 

graphene/SiC templates (Chapter 3). Furthermore, a continuous heat treatment method 

was proposed to enhance crystallinity by effectively suppressing graphene nucleation 

(Chapter 4). Finally, to enable layer-by-layer growth, a CO2-assisted nucleation method 

was introduced, which successfully synthesized single-layer graphene cores (Chapter 5). 

 In Chapter 3, the overlayer growth of graphene on epitaxial graphene/SiC using 

ethanol CVD without a metal catalyst was systematically studied across a wide 

temperature range (900 °C to 1450 °C). The lateral and vertical growth behaviors, as well 

as the structures of the grown graphene, were analyzed using AFM and STM observations. 

Structural analyses revealed that graphene islands grown at 1300 °C form hexagonal 

twisted bilayer graphene as single crystals, whereas islands grown at higher temperatures 

(~1400 °C) consist of multiple domains with varied twist angles. At elevated temperatures, 

an unusual increase in nucleation density and the coalescence of circular graphene islands 

were observed, attributed to surface deformation under reactive conditions. Based on 

these observations and theoretical analysis of the formation mechanism of randomly 

twisted structure and their temperature dependence, a growth model was proposed that 

correlates crystallinity (amorphous, single-crystalline, and polycrystalline) and layer 

numbers (monolayer and few-layer) with growth temperature and time. These findings 

provided a pathway for optimizing growth conditions to produce defect-free, single-
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crystalline monolayer and few-layer graphene while minimizing the impact of 

macrostructural defects such as wrinkles that compromised structural uniformity. 

 In Chapter 4, the ST process was introduced to suppress the local nucleation of 

twisted graphene on graphene/SiC templates. By manipulating ethanol decomposition 

through adjustments in partial pressure and substrate temperature, contrasting growth 

behaviors were observed between the ST and AirE processes. The ST process, 

characterized by its clean surface, effectively suppressed high-density nucleation and 

enabled the overlayer growth of large-domain tFLG. Raman spectroscopy confirmed the 

high proportion of twisted structures in graphene grown through this process. 

Furthermore, temperature-dependent studies revealed distinct growth mechanisms below 

and above 1300 °C, with key trends in height, domain size, and nucleation density 

disrupted at this threshold. A model was proposed to explain these phenomena, 

incorporating the etching effects on surface graphene, SiC-G restoration, and CVD-G 

growth. These insights deepen the understanding of tFLG growth mechanisms and 

demonstrate the potential of the ST process for scalable synthesis of high-quality twisted 

graphene. 

 In Chapter 5, a CO₂-assisted nucleation method was developed to overcome 

challenges in CVD layer-by-layer growth on clean graphene/SiC templates. By 

incorporating CO₂ as an etchant during a sequential thermal process, nucleation was 

facilitated during the CVD growth stage. Temperature-dependent studies showed that 

mild etching was insufficient to promote nucleation, while excessive etching led to 

undesirable hole formation. Optimal conditions (1150 °C, 80 kPa, 1 min) allowed 

effective nucleation, as confirmed by Raman spectroscopy, with twisted monolayer 

graphene forming during the nucleation stage. Additionally, observations revealed a 

regrowth of SiC-G during the CVD growth, balancing etching-induced damage with SiC-

G regrowth and overlayer nucleation. This method resolved prior challenges, the inability 

of monolayer CVD-G to nucleate on clean graphene/SiC surfaces, as previously discussed 
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in Chapter 4. Additionally, the findings on the etchant effects in the CVD growth process, 

along with the results from the two-stage growth of twisted graphene, provided an 

effective approach for the uniform synthesis of large-area tFLG. The CO2-assisted 

nucleation method thus provides a robust foundation for scalable CVD-based layer-by-

layer growth of twisted graphene. 

 In future work, it will be very important that the superior electronic performance of 

the tFLG grown on graphene/SiC should be explored extensively as already reported for 

the tFLG fabricated on the CVD-graphene [139]. The results of this work laid a solid 

foundation for mass production of tFLG grown on SiC graphene and provided ample 

opportunities for studies on the physical properties and applications of tFLG. 
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Appendix: Raman spectroscopy of graphene synthesized on SiC (0001) 

 During the thermal decomposition process of SiC (0001) to produce epitaxial 

graphene, a carbon-rich layer partially covalently bonded to the SiC substrate forms 

between the SiC and the graphene. This layer is referred to as the buffer layer. The 

presence of the buffer layer also contributes to the Raman spectrum of graphene, 

particularly in the 1200–1800 cm⁻¹ range [146], where its signals overlap significantly 

with the graphene D-band and G-band. Therefore, when discussing changes in the 

intensity of the graphene G-band, the contribution of the buffer layer must be considered. 

 Referring to the method proposed by Wang et al. [209] for removing substrate 

background peaks, three steps were introduced to analyze the intensity of graphene 

characteristic peaks: baseline removal, substrate background removal, and buffer 

layer/graphene peak deconvolution. 

1. Baseline removal: The Raman spectrum is averaged between 2010–2050 cm⁻¹ and 

3165–3265 cm⁻¹ using to determine the baseline. Baseline removal is performed for 

both pristine SiC samples and processed SiC samples. Due to the complex processing 

of the SiC-G surface after thermal decomposition—such as additional CVD 

treatments—in this study, all samples with graphene on the SiC (including CVD-G 

and SiC-G) are collectively referred to as “processed SiC.” 

2. Substrate background removal: Using the SiC characteristic peaks between 1660–

2000 cm⁻¹, a spectrum without contributions from the buffer layer or graphene is 

obtained. The pristine SiC spectrum is shifted and intensity-normalized to match the 

processed SiC spectrum. The normalized pristine SiC spectrum is then subtracted 

from the processed SiC spectrum, yielding the spectrum containing both buffer layer 

and graphene signals. 

3. Buffer layer/graphene peak deconvolution: Following established methods [209,212], 

five Gaussian functions are used to fit the buffer layer and graphene G-band in the 

1000–2000 cm⁻¹ range. Figure A1 serves as an example, illustrating the spectral line 
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(green solid line) and the fitting results (black solid line) of the averaged Raman 

spectra of SiC-G in this study. The centers of the four Gaussian peaks corresponding 

to the buffer layer (red dashed lines) are located at 1351.1, 1505.3, 1549.6, and 1598.0 

cm⁻¹, while the Gaussian peak center of the graphene G-band (red solid line) is at 

1610.1 cm⁻¹. The spectral features of the buffer layer are consistent with those 

reported by Landois et al [212].  

 

Figure A1 Representative Raman spectra of SiC-G, obtained after subtracting the SiC 

signal and fitting the buffer spectra separately from the G band.  

 Using this approach, the G-band and buffer layer contributions were separated. In 

this study, the relative intensity of the graphene G-band was characterized using the 

integral of the Gaussian peaks. The following table (Table A1) provides detailed 

information about the G-band intensities in the Raman spectra discussed in the main text, 

as presented in Figures 3.2, 4.3, 4.5, and 5.6. In cases where the CVD-grown graphene is 

a multilayer structure (with the G peak intensity exceeding more than five times that of 

monolayer graphene), the buffer layer may not be fit into four Gaussian peaks. 
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Table A1 Detailed information on the fitting of the Raman G peak and the buffer layer 

spectral peak characteristics in this doctoral dissertation. 

  

Buffer peak 4Buffer peak 3Buffer peak 2Buffer peak 1G peak
Gaussian centers, and integrated intensity of fitted 
Raman buffer layer signature (cm-1, count/s)

1575.5, 408.81521.8, 14.81505.4, 190.91349.9, 349.51598.2, 408.8Before growth
Figure 3.2d

1582.4, 572.31550.1 60.11504.7, 437.51354.2, 949.71602.1, 891.7After growth

1567.9, 98.21538.9, 22.21510.5, 372.61366.7, 190.01604.9, 525.815 Pa ST

Figure 4.3j

1584.6, 357.81514.3, 16.61494.4, 33.01353.3, 686.01604.2, 495.715 Pa AirE
1553.5, 339.41519.4, 37.81491.9, 69.01360.0, 391.31598.4, 598.653 Pa ST
1552.3, 823.91524.0, 26.91496.1, 197.11362.6, 739.31603.3, 1243.253 Pa AirE
1596.0, 885.21563.3, 591.51493.5, 88.31355.3, 561.91606.8, 2148.1105 Pa ST
1556.6, 125.31525.7, 53.91502.5, 182.61356.5, 1022.81597.9, 2681.9105 Pa AirE
1541.1, 248.61525.1, 671.01492.5, 2451.11355.3, 34081.21595.6, 31038.6530 Pa ST
------1354.6, 64007.91590.8, 92364.6530 Pa AirE
1602.7, 106.51563.1, 144.41505.8, 192.81355.8, 262.11599.3, 345.5SiC-G only

Figure 4.5a

1561.2, 101.71536.7, 15.11503.2, 103.61347.1, 331.91601.0, 558.71000 °C
1595.5, 204.61547.4, 185.91492.9, 42.61334.8, 201.81601.6, 357.31100 °C
------1362.5, 551.41594.6, 2610.91200 °C
1558.2, 35.71562.1, 118.31492.3, 52.31354.3, 682.41611.2, 549.01300 °C
1591.2, 521.031560.0, 176.31496.0, 37.01359.3, 114.51603.6, 914.41400 °C
------1352.4, 294.01585.9, 4218.11500 °C
1601.3, 26.71557.8, 287.71505.6, 191.71359.8, 420.61611.9, 392.8SiC-G

Figure 5.6a 1552.8, 188.61524.2, 15.11498.3, 69.51354.9, 178.61606.4, 355.5etched SiC-G
1579.6, 26.71533.8, 563.01485.1, 17.5 1354.8, 408.31608.9, 627.7CVD-G
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