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Abstract 

 

Conductor materials such as copper (Cu) have been used for electron devices. 

Recently, Internet of Things (IoT), artificial intelligence (AI), and 5G are leading the 

development of electronic device technologies including conductors. For electronic device 

applications, conductors are used as the materials for inductors, interconnects, and 

transparent conductive films. Doped graphene has attracted people’s interest as the new 

conductor material due to its potential of low-resistance, high reliability, and high inductance 

density. Few layer graphene (FLG) is expected to be used in applications that include LSI 

interconnects and transparent electrodes of solar cells. Doped multilayer graphene (MLG) is 

the one candidate for inductors to achieve both continuous sizes scaling while fulfilling the 

inductance and performance requirements due to the increasing of kinetic inductance after 

doping. This study reported the optimization of process guidelines for the MoCl5 

intercalation process which is known as a stable doping method. MoCl5 intercalation for 

FLG, exfoliated highly oriented graphite (e-HOPG) to mimic the high crystallinity of MLG, 

and chemical vapor deposition-MLG (CVD-MLG) as a practical deposition method. This 

study also proposes a practical fabrication process for doped CVD-MLG patterns as a 

potential method for inductor applications.   

  The optimization of the FLG was expected to be used as a scaling down of the 

interconnects and transparent electrodes. Moreover, the results of the FLG was used for the 

process guidelines of thicker graphene layers. This work proposes a MoCl5 intercalation 

process for doping FLG at a low temperature of 150 ºC using a high concentration of MoCl5 

chemicals. Bilayer graphene (BLG) was successfully doped at 150 ºC without serious 

damages within a short time process of 30-60 min. The uniformity of doping was improved 

by increasing the reaction time. However, the damage on the narrow width was found. To 

avoid the damage, the work proposed to reduce the chemical concentration of the MoCl5 

intercalation process. 

For the reduced chemical concentration, this work found that optimum intercalation 

temperature and time depend on the layer number of FLG. The bilayer graphene (BLG) was 

intercalated at 175ºC without serious damage, besides that higher temperature of 200ºC was 
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required to intercalate tri-layer graphene (TLG) with a fixed reaction time for 60 min. 

Although we can reduce the intercalation temperature for TLG, a longer reaction time is 

required and higher damage is found. After considering both viewpoints of the effective 

doping and low damage, the high reaction temperature with short reaction time conditions 

may be suitable for the TLG intercalation process. The stacked upper layer is considered to 

protect the underlying layer from chemical damage during the intercalation process and it 

leads to the higher activation energy for intercalation at the same time. Therefore, higher 

reaction temperature or longer reaction time are required for intercalating FLG with more 

layer numbers. 

Thick MLG, of the order of micrometers, is required for MLG applications in high-

frequency devices, such as inductors.  e-HOPG films were used to mimic a high crystallinity 

MLG films. Damage-less doping process with MoCl5 intercalation for e-HOPG has been 

developed by optimizing the chemical concentration and temperature. This work found that 

the thick e-HOPG films are more susceptible to the intercalation damage than the FLG. The 

damage was found to be reduced by lowering the chemical concentration. This work found 

that there is a trade-off relationship between the doping efficiency and damage. An efficient 

doping with 77% reduction of sheet resistance without serious damage was obtained with the 

further optimization of temperature and time. The strain and hole density induced during the 

intercalation process were analyzed using G and 2D peak correlation plots. The changes in 

strain and carrier density agreed well with the observed damage and sheet resistance. 

Moreover, the intercalation process obtains high stability after storage in the N2 box for 40 

weeks. It is suggested that the optimization of intercalation conditions is essential for low-

resistance and high-inductance applications of doped e-HOPG.  

  CVD-MLG is expected to be a more practical method for device manufacture than e-

HOPG. The optimization of CVD temperature provides a guideline for the MoCl5 

intercalation process with patterned CVD-MLG. High-crystallinity CVD-MLG with a G/D 

ratio of 88 was obtained with a high CVD temperature of 900 ºC. A higher crystallinity of the 

G/D ratio more than 20 was required for MoCl5 intercalation. The morphology did not change 

after the intercalation process. Cross-sectional SEM images showed the stacked layers of 

CVD-MLG and Ni. Part of the Ni layer was removed after intercalation at a temperature of 
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300 ºC. It is suggested that the doped of CVD-MLG can be used as a more practical method 

for the doped-MLG inductor fabrication. 

For the practical fabrication process of the doped MLG pattern such as inductor, this 

work proposed the selective CVD-MLG on Ni catalyst and stable MoCl5 intercalation 

process with the G/D ratio above 20. Finally, stage 2 intercalation and above was achieved 

by increasing the intercalation temperature and using high-crystallinity CVD-MLG. The 

sheet resistance was reduced after intercalation.  

In this study, we investigated the optimization of MoCl5 intercalation, which is known 

as stable intercalation, to MLGs of various film thickness. There is a trade-off relationship 

between the doping density and the damage induced by the MoCl5 intercalation process, 

therefore the optimization will be inevitable depending on the MLG thickness. The optimized 

condition will lead to obtain a low-resistance and stable MLG for various conductor 

applications in electron devices to support the advancement of the IoT, AI, and 5G 

technologies and beyond.  
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CHAPTER 1 

INTRODUCTION 

1.1. Overview 

The internet of things (IoT) has promised the development of solutions using 

different devices with computational capacity and connection to the internet. These 

solutions can be applied in the domains of healthcare, agriculture, smart cities, industry, 

and logistics, among many others [1-2]. Fifth generation wireless systems (5G) are 

required for communication between devices and computational analysis systems. Figure 

1.1 shows an example model for a smart city concept using 5G technology. The 

technologies, which include the cloud, wireless, information technology, and social 

media, converge and become smarter everyday objects with real-time connections that 

lead to an automated world. 

Wireless connections are driven by radio frequency (RF) integrated circuits (RF-

ICs) that demand scalability, flexibility, high performance, and ease of integration. 

Decimeter, centimeter, and millimeter wave wideband internet access is expected to be 

used for 5G technology communications. For the miniaturize of on-chip inductors that can 

be operated with 5G technology, doped multilayer graphene (MLG) is one candidate to 

achieve continuous size scaling while fulfilling both inductance and performance 

requirements due to its kinetic inductance property [3-5]. 

Small size or the scaling down of electronic devices is also required for 5G 

technology to develop smarter devices. One challenge for scaling down is nano-

interconnects for large-scale integrated interconnects. Doped graphene is considered an 

alternative replacement to copper interconnects due to its high current capacity and 

robustness against electromigration (EM) of doped graphene [6-7].  

Conductor materials have been developed to support the advancement of the IoT 

and 5G technology. For electronic device applications, inductors, interconnects, and 

transparent conductive films have been developed using doped graphene while following 

5G technology requirements. 
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Figure 1.1. Schematic of a smart city concept using 5G technology [3]. 

 

 However, serious damage to graphene from the MoCl5 intercalation doping process 

has been observed and there is a trade-off between doping efficiency and this damage. The 

MoCl5 intercalation process used to obtain both low damage and high doping efficiency (low 

resistance) has become a challenge for the graphene doping process. 

  The purpose of this study is the optimization of the MoCl5 intercalation process for 

transferred few-layer graphene (FLG), exfoliated highly oriented pyrolytic graphite (e-

HOPG), and chemical vapor deposition (CVD) grown multilayer graphene (MLG) on Ni 

catalyst. Process design guidelines for MoCl5 intercalation based on scientific discussions 

are included in this study. The experimental work also proposes a fabrication process for the 

patterning of doped CVD-MLG, using a Ni catalyst, for graphene inductor fabrication. 

This chapter includes a discussion of the background, the physical theory for doped 

graphene and its applications, and the critical issues facing the intercalation doping process. 
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Moreover, the essential properties of doped MLG are discussed to reach the goals of low 

damage and low resistance. 

 

1.2. Doped graphene applications: background and issues 

1.2.1 Theory and discovery of graphene 

Graphene is a two-dimensional monolayer of sp2-hybridized carbon atoms arranged 

on a honeycomb lattice. The electronic band structure of graphene was revealed more than 

60 years ago [8]. Figure 1.2 shows the honeycomb lattice of a monolayer of graphene and 

the band structure of graphene calculated using the tight-binding method [9]. In 2004, the 

observation of the electric field effect in FLG was reported. This report was acknowledged 

in 2010 with a Nobel Prize in Physics for the discovery of graphene and its characterization 

[10]. FLG was prepared by repeatedly peeling highly oriented pyrolytic graphite (HOPG), 

also known as the scotch tape method. Graphene exhibits remarkable optical properties, ultra-

high intrinsic strength, superior thermal conductivity, and extremely high charge carrier 

mobility [9-11]. Due to their remarkable properties, graphene-based materials are expected 

to be used in a variety of applications, such as ultra-capacitors, graphene water filters, highly 

flexible organic light emitting diodes, transistors, and solar cell applications. 

 

 

Figure 1.2. (a) Honeycomb lattice of monolayer graphene and (b) electronic dispersion in 

the honeycomb lattice band structure calculated using the tight-binding method [10]. 
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Since the discovery of graphene from the scotch tape method, fabrication of large-area 

graphene film with high-electrical quality has been studied and reported using many 

fabrication methods. CVD was successfully used to fabricate large-area graphene [12]. 

Transition metal substrates, such as Ni, Pd, Ru, Ir, Co, and Cu, have been reported as catalysts 

for graphene growth from CVD using a hydrocarbon gas source [13]. In this study, FLG and 

MLG were fabricated using CVD. More details of the fabrication process are included in 

Chapter 2. However, high temperature growth and a transfer process for graphene material, 

from the transition metal to a real substrate after CVD, are still required. For device 

applications, low temperature growth and a transfer-free process are still attractive topics in 

graphene research. 

Solid phase reaction is a transfer-free graphene deposition process. Amorphous carbon 

(a-C) is allowed to react with a catalyst layer by high temperature annealing using a fast 

heating rate. During the cooling process, MLG growth by precipitation takes place on both 

sides of the catalyst layer. The thickness of the MLG is related to the thickness of the a-C 

layer. However, the uniformity and crystallinity of the MLG are still lower than MLG 

fabricated by CVD. Therefore, the CVD method was selected for optimization of the MoCl5 

intercalation process and the investigation of device applications in this study. 

 

1.2.2 Doping methods of graphene 

 The tight-binding model calculation can simulate the electronic dispersion in a 

honeycomb lattice, as shown in Figure 1.2. At the Brillouin zone corners, the Fermi level of 

graphene is located near the Dirac point. Moreover, the dispersion relation near the Dirac 

point is linear and, consequently, leads to pristine graphene being a zero band-gap 

semiconductor or a semimetal. Therefore, graphene shows a remarkably high electron 

mobility of 2.0 × 105 cm2 V−1 s−1 at room temperature. For device applications, shifting of 

the Dirac point of pristine graphene relative to the Fermi level and precise control over charge 

carrier type are required [14]. Figure 1.3 shows a schematic of the relationship between 

positions of the highest occupied molecular orbital-lowest unoccupied molecular orbital 

(HOMO-LUMO) levels of dopants with respect to the Fermi level of graphene for n- and p-
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type doping. The relative position of the density of states of the HOMO and LUMO of the 

dopant are used to consider the doping type compared to the Fermi level. Charge is 

transferred from the dopant to the graphene layer if the HOMO of the dopant is above the 

Fermi level of graphene, resulting in n-type doping. On the other hand, for dopants with a 

LUMO below the Fermi level, charge transfer occurs from the graphene layer to the dopant, 

resulting in p-type doping [14,15]. 

 

 

Figure 1.3. Schematic showing the relationship between positions of the HOMO-LUMO 

levels of dopants with respect to the Fermi level of graphene for n- and p-type graphene 

doping [15]. 

 

 Methods for doping graphene have been reported by several research groups and have 

been based on doped graphene applications. Graphene doping methods can be separated into 

surface transfer, substitutional, and intercalation doping methods, as shown in Table 1.1. 

Details and demonstrations of these methods are described in the following sections. 
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Table 1.1. Summary of graphene doping methods. 

Graphene doping method Definition of doping method 

Surface transfer doping 
Transfer of electrons between surface molecules 

and the graphene layer. 

Substitutional doping 
Carbon atoms of graphene are substituted by 

dopant atoms. 

Intercalation doping 
Dopant molecules are intercalated between the 

interlayers of graphene. 

 

1.2.2.1 Surface transfer doping of graphene 

 Surface transfer doping is a graphene doping method wherein electrons are 

transferred between dopant molecules on the top of the graphene and the graphene layer. In 

the case where molecules with electron receiving groups are adsorbed on the surface of the 

graphene, there is p-type doping of graphene. Molecules with electron donating groups 

adsorbed on the surface of graphene induce n-type doped graphene. Gases, organic 

molecules, and metal atoms are easily adsorbed on the surface of graphene due to its high 

surface area [14]. 

The p-type doping of graphene by the surface transfer doping method was reported 

by the adsorption of water vapor, NO2 molecules, Br2, and I2. In the case of n-type doping, 

n-type semiconducting graphene was obtained after the adsorption of strong donating groups, 

such as ethanol, NH3, and CO [16]. Surface transfer doping is suitable for chemical reaction 

sensing and bio-sensing applications. However, for electronic device applications, the 

surface transfer doping needs to resolve many issues such as the chemical stability after 

doping. 

 

1.2.2.2 Substitutional doping of graphene 

Substitutional doping of graphene can be separated into two different methods: direct 

synthesis and post treatment. Nitrogen, sulfur, phosphorus, boron, or transition metals have 
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been introduced into graphene to change the electron density. Direct synthesis approaches, 

such as CVD, solvothermal synthesis, and arc discharge, are widely used to produce 

homogeneous doping effects. However, post treatments, like thermal annealing or plasma 

treatment, succeed mainly in surface doping. 

In the case of substitutional doping by the CVD process, n-type doping was successful 

in N-doped tetragonal-shaped single crystal graphene (NTSG) [17]. Additionally, B-doped 

graphene, from the incorporation of B atoms into graphene sheets with the use of boron 

powder as the precursor, showed p-type semiconductor features. The doping efficiency of 

graphene using the CVD process is related to parameters that include the catalyst, precursor, 

flow rate, temperature, pressure, and reaction time. However, challenges facing uniformity 

of the doping area need to resolved. In the case of the solvothermal approach, compounds 

such as BH3, CCl4, Li3N, N3C3Cl3, and NH3BF3 have been successfully used in doping [14,18-

19]. For the arc discharge method, B- and N-doped graphene have been created by creating 

arc discharge with graphite electrodes in the presence of hydrogen (H2), helium (He), 

diborane (B2H6) or H2, He, and pyridine vapor. However, dopant content via the arc discharge 

method has only reached very low levels (0.5–1.5 at%) [14]. For lower dopant concentration 

and uniform doping area of graphene by substitutional doping, this method is still limited for 

large-scale electronic device applications. 

 

1.2.2.3 Intercalation doping of graphene 

 Intercalation doping of graphene was developed from graphite intercalation 

compounds (GICs). GICs were used as a high-electrical conductivity material in electrical 

wiring and in Li ion secondary batteries [20]. The doping efficiency of the intercalation 

doping method is related to the intercalation stage [21]. The intercalation doping method is 

more suitable for electronic device applications, such as low-resistance interconnects and 

high-inductance applications in inductors or antennae, compared to other doping methods 

because of the stability of chemical intercalants, such as MoCl5. Therefore, this study focuses 

on intercalation doping, with more details provided in the next section. 
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1.2.3 Intercalation doping of graphene for electronic device applications 

 In this study, graphene doped by the intercalation doping method was investigated to 

achieve low resistance and high inductance. Low-resistance doped graphene is expected to 

be used in interconnect applications. Doped graphene from the intercalation process is a 

candidate for next generation interconnects to replace copper. High-inductance doped 

graphene is expected to be the next generation of inductors because of the high kinetic 

inductance of doped graphene. Intercalation doping of graphene is also considered capable 

of solving scaling issues faced by on-chip inductors for 5G technology. 

 

1.2.3.1 Doped graphene interconnects 

Copper (Cu) thin films are widely used as the low-resistance interconnect material for lines 

and vias in both logic and memory chips. Downscaling of device dimensions below the 5 nm 

technology node is challenging for Cu interconnects and the chip front-end-of-line (FEOL) 

due to electrostatic and variability limitations. The increase of Cu interconnects resistivity 

and the degradation of EM reliability are serious issues after scaling-down pattern widths to 

below 40 nm [22,23]. A barrier/liner is required to avoid Cu migration into the surrounding 

oxide. However, the scaling of the liner and the current flow at the barrier are also becoming 

a problem. Figure 1.4 shows metals that are better than Cu in that they have a higher melting 

temperature and a lower resistivity. The most attractive metals are Co and Ru. For barrierless 

Ru and Co at the same trench cross-section with Cu, they outperform Cu at 16 nm and 12 

nm, respectively. However, a big challenge with Co and Ru interconnects is chemical-

mechanical polishing due to galvanic corrosion in narrow trenches. 
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Figure 1.4. Metals that are better than Cu in that they have a higher melting temperature and 

a lower resistivity. [23]. 

 

The high current capacity and robustness against EM of graphene have been expected 

to benefit nano-interconnect applications [6,7]. Theoretically, graphene has been reported to 

potentially have good electrical properties after scaling down, such as high carrier mobility 

[24]. FLG interconnects retain a high carrier mobility of ~1000 cm 2/Vs after scaling down 

to 20 nm [24,25]. However, lower electrical properties (lower carrier density) than those 

theoretically predicted for graphene have been obtained in experiments [26,27]. Graphene 

with intercalation doping has been expected to lower the electrical resistivity of graphene 

interconnects due to increased carrier density [28]. Several intercalates, such as FeCl3, 

MoCl5, and Br, have been proposed to intercalate with FLG and MLG for lowering 

resistivity. Figure 1.5 shows FeCl3 intercalation to a graphene nanoribbon (GNR) 

interconnect. FeCl3 intercalation-doped ML-GNR interconnects, with a width down to ∼20 

nm, were demonstrated with a resistivity of 21.45 μΩ cm, which is comparable to Cu of the 

same thickness. Moreover, extremely high current carrying capacity (no degradation after 7 

h under 200 MA/cm2 and a 475 K stress condition) was provided by FeCl3 intercalation-

doped ML-GNR interconnects, with which Cu cannot compete [26]. In addition, MoCl5 

intercalation shows higher chemical stability than other metal chlorides [29,30]. Therefore, 
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MoCl5 intercalation with graphene was selected as the low-resistance material to investigate 

in this study. 

 

 

 

Figure 1.5. Illustration (top) and scanning electron microscopy image (bottom) of 

intercalation-doped multilayer-graphene-nanoribbons for next-generation interconnects [26]. 

 

 

1.2.3.2 Doped graphene inductors 

 The scaling down of RF integrated circuits (RF-ICs) is required for achieving 5G 

technology. Figure 1.6 provides a comparison of the following scaling trends: required area 

of a typical on-chip inductor versus area of a single logic transistor and width of the M1 

interconnect. The rapid scaling down of transistors and interconnects in IC technology has 

been achieved with increase in performance. However, the scaling down of on-chip inductors 

is slower due to the fact that large inductor areas are dictated by fundamental 

electromagnetics. 
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Figure 1.6. Comparison of scaling trends: required area of a typical on-chip inductor versus 

the area of a single logic transistor and width of the M1 interconnect [31]. 

  

 The size of the inductor is related to the inductance, which requires large surface area 

to achieve desired values of inductance density. Therefore, scaling down of the on-chip 

inductor is limited by Faraday’s law of electromagnetic induction. To achieve continuous 

size scaling while fulfilling inductance and performance requirements, improved inductance 

density is required. The inductance density can be defined by the total inductance (𝐿𝑡𝑜𝑡𝑎𝑙) per 

unit area of the inductor. The total inductance is the sum of the magnetic inductance (𝐿𝑀) 

and the kinetic inductance (𝐿𝐾). Figure 1.7 shows a schematic of a spiral inductor and its 

simplified equivalent circuit (two-port network). The red dotted curves in the figure represent 

the time-varying magnetic field, which results in magnetic inductance. The blue dots in the 

figure represent charge carriers with inertia, which result in kinetic inductance. 
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Figure 1.7. Schematic of a spiral inductor and its simplified equivalent circuit (two-port 

network) [31]. 

 

 Figure 1.8 shows the simulation of total inductance and Q-factor (at 5 GHz) of a two-

turn inductor with area (=outer diameter squared) scaling down. At the same inductor area, 

conventional Cu inductors without kinetic inductance (𝐿𝐾) show lower inductance and Q-

factor compared with an artificial inductor that included kinetic inductance at the same the 

inductor area. To continue the scaling down of an on-chip inductor for RF-ICs, the 

improvement of kinetic inductance in the next generation of spiral inductors should be 

considered. 
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Figure 1.8. Simulation of total inductance and Q-factor (at 5 GHz) of a two-turn inductor 

with area (=outer diameter2) scaling down [31]. 

 

 The intercalation doping of MLG has been expected to be used for next-generation 

inductors due to its increased carrier density from the doping effect and due to interlayer 

decoupling after intercalation doping for larger kinetic inductance. Figure 1.9 shows the 

variation of kinetic inductance as a function of sample dimension (width), which was studied 

for various stages of intercalation-doped MLG (2D) and compared with non-doped MLG 

(2D) and conventional copper (3D). The kinetic inductance can be improved by FeCl3 

intercalated to MLG and the kinetic inductance depends on the stage of intercalation doping. 

However, many aspects of the intercalation process need to be investigated, such as the 

intercalant, the fabrication process, and the scientific mechanism explaining phenomena. 

MoCl5 intercalation to MLG is investigated in this study for its potential as a next-generation 

inductor. A literature review related to MoCl5 intercalation doping and the aims and 

approaches of this study will be described in the following sections. 
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Figure 1.9. Variation of kinetic inductance as a function of sample dimension (width) for 

various stages of intercalation-doped MLG (2D), compared with non-doped MLG (2D) and 

copper (3D) [32]. 

 

1.3. Literature review related to the objective of this research 

The literature review on the intercalation doping process, in terms of electrical 

properties improvement after intercalating by the intercalant, the type of intercalant, and the 

intercalant selection based on stability, are related to the objective of this study. A summary 

of each as described in the literature follows. 

1.3.1 Literature review related to intercalation doping of graphene 

The intercalation doping of graphene has been developed from the GICs method. In 

1841, the first discovery of potassium GICs was reported and led to hundreds of GIC 

chemical products. Alkali metal and metal chloride, fluoride, acid, and halogen compounds 

were reported after the discovery of GICs [18]. This literature review is based on intercalation 

doping related to electronic device applications. 
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J. Nathaniel et al. [33], reported first-principles density functional theory (DFT), 

including interlayer van der Waals interactions, of FeCl3 intercalated bilayer graphene. The 

calculation results demonstrated that hole-doped graphene layers associated with the high 

electronegativity of FeCl3 transform into electron-doped layers with a tuned applied bias. 

K. Tasaki [34] reported DFT calculations with the van der Waals correction for GICs 

using the dispersion correction method within the framework of the generalized gradient 

approximation. The results showed that there is a strong correlation between intercalation 

energy and electron transfer between the intercalate and graphite. 

W. Zhao et al. [35] reported intercalation of FLG flakes with FeCl3 and the 

determination of the Fermi level (EF), layer-by-layer decoupling, and stability using Raman 

spectra. The G-peak of heavily doped graphene shifts upward, to ∼1627 cm−1, and a 

Lorentzian line shape exists for the 2D band, indicating that each layer behaves as a 

decoupled heavily doped monolayer. An estimated EF ≈ 0.9 eV and stability of up to one 

month after air exposure of doped graphene were reported. 

Q. Chen et al. [36] reported FeCl3 intercalation to continuous CVD graphene (CVD-

G). The G-band position and two-dimensional band shape in the Raman spectra confirmed 

intercalation of FeCl3 between the graphene layers. The FeCl3 intercalation increased the 

electrical conductivity of the CVD-G with a well-maintained transmittance. Moreover, 

change in interlayer distance was detected by atomic force microscopy (AFM). 

K. Ueno et al. [37] reported Br intercalation to MLG from e-HOPG. Based on the 

experiment, the Fermi level was shifted downward by 0.63 eV and the sheet resistance was 

reduced to less than 10% of that of pristine HOPG by increasing Br concentration. 

R. Matsumoto et al. [38] reported the electrical conductivity and air stability of FeCl3, 

CuCl2, MoCl5, and SbCl5 GICs in flexible graphite sheets (PGS and GRAFOIL). The CuCl2-

GICs and MoCl5-GICs did not decompose in air as a function of time. Degradation was 

observed for FeCl3-GICs, while the SbCl5-GICs transformed to a higher-stage intercalation. 

Moreover, the MoCl5-GICs were the highest potential air stability and conductivity 

compounds. 
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From the summary of literature provided above, the improvement of electrical 

conductivity of doped graphene from the intercalation doping method is considered useful 

for creating low resistance and high-inductance material for nano-scaling of electronic 

devices. A summary of intercalation doping for the nano-scaling of electronic devices 

follows. 

C. Xu et al. [28] reported the modeling, analysis, and design of GNR interconnects. 

Based on their simulations, which used a simple tight-binding model and the linear response 

Landauer formula, intercalation-doped multilayer zigzag GNRs can have better performance 

than that of Cu and W. This implies possible application of GNRs as local interconnects in 

some cases. 

J. Jiang et al. [26] reported intercalation-doped ML-GNRs from CVD using FeCl3 for 

next-generation interconnects. The sub-20-nm widths established that highly intercalated 

ML-GNRs can carry over 2 × 108 A/cm2 of current density and are better than Cu 

interconnects. The key criterion of current carrying capacity is necessary for an alternative 

interconnect material. 

M. Katagiri et al. [19] reported intercalation doping of narrow MLG interconnects 

from MLG flakes with sub-100-nm widths. The intercalation of MoCl5 into narrow graphene 

interconnects under suitable conditions was confirmed by Raman scattering spectroscopy. 

These results indicated that intercalation using MoCl5 is promising for the fabrication of 

narrow graphene interconnects. 

D. Kondo et al. [39], reported sub-10-nm wide intercalated MLG interconnects using 

FeCl3. After narrowing the width to 8 nm by electron beam lithography, the 8-nm-wide 

intercalated MLG exhibited a resistivity of 3.2 μΩ cm, which is predicted to be lower than 

that of Cu interconnects with the same dimensions. 

K. Agashiwala et al. [32] reported DFT simulations in FeCl3 intercalated MLG in 

terms of kinetic inductance in low-dimensional materials to enable a new generation of RF-

electronics. The variation of kinetic inductance as a function of the sample dimension (width) 

of the inductor and stages of intercalation-doped MLG were presented. Among the various 
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materials analyzed, intercalated MLG was identified as the best inductor material to provide 

the maximum benefit of kinetic inductance for 5G/6G and THz technology requirements. 

J. Kang et al. [31] reported on-chip intercalated-graphene inductors with Br2 

molecules for next-generation RF electronics. The two-turn spiral inductors based on 

bromine-intercalated MLG exhibited a 1.5-fold higher inductance density compared to 

conventional inductors and provided Q-factors of up to 12. 

 

1.3.2 Literature review related to MoCl5 intercalation doping 

Based on the above literature review of intercalation doping, MoCl5 intercalation is 

more attractive than other intercalants. The highest air stability was exhibited in MoCl5 

intercalation to graphene. Therefore, MoCl5 intercalation was selected in this study to create 

low resistance and high-inductance material for electronic device applications. A literature 

review related to MoCl5 intercalation follows. 

 J. Mittal et al. [30] reported the synthesis of Stage 1 MoC15-GIC in single phase by 

heating a mixture of MoC15 and MoOC13 with natural graphite (size of 85 µm). The stage 

structure of the MoCI5-GICs depends on the presence of MoOCI3. Stage 1 intercalation was 

observed after exposure to air with 50% humidity at 23°C for 10 min or after mixing with 

0.25 mol.% MoOC13. 

M. Inagaki et al. [29] reported that the stability of graphite flake intercalation 

compounds of MoCI5 (MoC15-GICs) with Stage 2 and Stage 4 structure soaked in various 

solutions. The X-ray diffraction patterns of these GICs did not change after soaking in water 

at room temperature, boiling water, acetone, KCl-saturated aqueous solution, and CC14. 

 K. Kawamoto et al. [40] reported novel in-situ MoOx passivation of MoCl5 doped 

MLG flakes without air-exposure. Improved air stability of dopants was confirmed by Raman 

spectroscopy via direct MoOx passivation at room temperature. 

 H. Miyazaki et al. [41] reported MoCl5 intercalation doping and oxygen passivation 

of sub-micrometer-sized MLG. MLG flakes intercalated with Br2, FeCl3, and MoCl5 were 

compared in terms of doping ability, robustness against environmental effects, and 
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miniaturization method. They found that MoCl5 was advantageous for miniaturization and 

the doping effect was improved by oxidation of the intercalated material (MoCl5). 

 H. Kinoshita et al. [42] reported highly conductive and transparent large-area bilayer 

graphene (BLG) realized by MoCl5 intercalation. The twist-rich and AB-stacked BLG was 

prepared by a CVD process. Low sheet resistance (83 Ω/sq) was realized while maintaining 

high optical transmittance (≈95%) from the twist-rich BLG films after MoCl5 intercalation. 

The low sheet resistance state was relatively stable in air for more than three months. 

 

1.4. Aim and approach to reach the goal of this study 

From the literature review provided in the previous section, the doping of graphene by 

the MoCl5 intercalation process is expected to solve the scaling-down issues regarding the 

size of interconnects and inductors for conductors in electronic device applications. 

However, serious damage of the graphene from the MoCl5 intercalation doping process 

has been observed and there is a trade-off between doping efficiency and damage. An MoCl5 

intercalation process to obtain both low damage and high doping efficiency (low resistance) 

is a challenge for the doping process of graphene. 

Based on the discussion in the previous sections, the optimization of MoCl5 

intercalation to FLG is the candidate low-resistance material for narrow interconnects to 

replace Cu. In a previous study of our laboratory, higher vapor pressure of intercalant was 

found to be more efficient for obtaining higher doping concentration in MLG flakes 

exfoliated from HOPG at 300 ºC [39, 40]. Our approach for the optimization of MoCl5 

intercalation of FLG uses high chemical concentration to reduce intercalation temperature 

and time and investigates the doping efficiency and damage of graphene by the intercalation 

process. The analysis of results based on the scientific discussion of MoCl5 intercalation to 

FLG leads to a process design guideline for MoCl5 intercalation of thicker graphene layers. 

For device applications with graphene inductors or antennae, graphene thicker than FLG 

is required to study MoCl5 intercalation doping. From the viewpoint of graphene fabrication, 

a degradation in crystallinity comes with higher thickness of graphene. The e-HOPG 

becomes our approach to mimic the high crystallinity of MLG for MoCl5 intercalation doping 

as using the process guideline from the optimization of FLG. Doping efficiency, reduction 
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of sheet resistance, and damage were analyzed and summarized based on the scientific 

discussion. This helped create guidelines for the MoCl5 intercalation process of lower 

crystallinity MLG. 

For graphene inductor device fabrication, MLG from the CVD process was 

implemented, along with the MoCl5 intercalation process. MLG on Ni catalyst is used to 

study the MoCl5 intercalation process and to propose patterned MLG for graphene inductor 

fabrication. To reach the goal of inductor applications, the reduction of sheet resistance of 

MLG doped from the MoCl5 intercalation process are also analyzed and discussed to provide 

guidelines for the MoCl5 intercalation process. 

 

1.5. Structure of the thesis 

This dissertation is divided into seven chapters, as shown in Fig. 1.10, which can be 

briefly described as follows. 

Chapter 1 consists of the background and objectives of this thesis. Explanation 

regarding the expected applications of doped graphene, in terms of low resistance and high-

inductance, the intercalation doping process, and an important review of previous work 

related to this thesis are also provided. The previous reviews were discussed to design the 

process guideline based on this scientific discussion. Finally, the aim and approach to reach 

the goal of the thesis are also discussed in this chapter. 

Chapter 2 consists of the material and methods used in experiments discussed in this 

thesis. An explanation of FLG and MLG fabrication by the CVD process, e-HOPG 

preparation to mimic the high crystallinity of MLG, and the MoCl5 intercalation process are 

included. Characterization techniques used for doped graphene, such as Raman spectroscopy, 

scanning electron microscopy, atomic force microscopy (AFM), optical microscopy, laser 

microscopy, and the four-point probe method for measuring sheet resistance are also 

described in this chapter. 

Chapter 3 consists of experiments, results, and discussion of MoCl5 intercalation in 

CVD FLG transferred on a SiO2/Si substrate. The reaction temperature dependence, reaction 

time dependence, and chemical concentration dependence of MoCl5 intercalation of FLG are 
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optimized from the viewpoint of effective doping and low damage. The uniformity of the 

intercalation area, the effect of MoCl5 intercalation on the crystallinity of FLG, and the 

mechanism of MoCl5 intercalation in FLG are also discussed in this chapter. 

Chapter 4 consists of experiments, results, and discussion of MoCl5 intercalation in 

e-HOPG. The e-HOPG was used to mimic doping in thick MLG films with high crystallinity. 

The reaction temperature dependence, reaction time dependence, and chemical concentration 

dependence of MoCl5 intercalation in e-HOPG are investigated in terms of doping efficiency 

and damage. Correlation plots of G and 2D peak positions in Raman spectra were analyzed 

to determine the strain and carrier density of doped e-HOPG. The stability of doping 

efficiency, sheet resistance characterization, and the mechanism of damage in e-HOPG 

during MoCl5 intercalation are also described in this chapter. 

Chapter 5 consists of experiments, results, and discussion of MoCl5 intercalation in 

CVD-MLG on Ni catalyst. G/D ratios of CVD-MLG varied with variation in CVD growth 

temperature. The optimization of MoCl5 intercalation to CVD-MLG in terms of the G/D ratio 

dependence, and the reaction temperature dependence using the STD/5 chemical 

concentration in this chapter. The simultaneous doping/etching process of CVD-multilayer 

graphene on Ni and sheet resistance is also discussed in this chapter. 

 Chapter 6 consists of the fabrication and characterization of patterned CVD-MLG. 

Experiments, results, and discussion of MoCl5 intercalation in the pattern of CVD-MLG are 

reported in this chapter. The uniformity of the doping area and the characterization of 

electrical properties in terms of the four terminals and the transmission line measurement 

pattering methods are also discussed in this chapter. 

Chapter 7 summarizes all results of this thesis. The conclusion of our present work 

is also given. The prospects of future work are also given in this chapter. 
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Figure 1.10. Flowchart of this dissertation. 
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CHAPTER 2 

GRAPHENE FABRICATION, INTERCALATION PROCESS, 

AND METHODOLOGY 

 

2.1 Overview 

The objective of this study is to investigate the MoCl5 intercalation process of 

different types of graphene layers, such as transferred few-layer graphene (FLG) and MLG 

on Ni catalyst from CVD processes and thick MLG with high crystallinity from e-highly 

oriented pyrolytic graphite (e-HOPG). The type of graphene and its thickness depends on the 

requirement of device applications. However, there is a trade-off between doping efficacy 

and damage. Therefore, optimization needs to made and the mechanics need to be described, 

as introduced in the previous chapter. The details of graphene fabrication are shown in Table 

2.1. The MoCl5 intercalation doping process and the characterization of doped graphene is 

described in this chapter. 

 

Table 2.1 Summary of graphene fabrication methods. 

Type of graphene Fabrication method 

Few-layer graphene (FLG) CVD process using Pt foil catalyst 

Thick multilayer graphene (MLG) The exfoliated film from highly oriented 

pyrolytic graphite (HOPG) 

Multilayer graphene (MLG) CVD process using Ni catalyst 

 

2.2 Graphene fabrication 

Graphene fabrication or growth techniques effect the quality of graphene. For device 

applications, such as interconnects and inductors, differences in thickness and graphene 

quality is considered as appropriate for each device application. The graphene used in this 

study consists of transferred FLG from the CVD process, MLG on Ni catalyst from the CVD 
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process, and thick MLG with high crystallinity from e-HOPG. Fabrication of each type of 

graphene is described in detail as follows. 

2.2.1 Few-layer graphene fabrication 

The FLG used in this experiment was grown and transferred by Interuniversity 

Microelectronics Center (imec), Belgium. The FLG was fabricated under the same conditions 

to control the quality of graphene. After transferring to a SiO2 substrate, the FLG was shipped 

to the Nanoelectronic laboratory, Shibaura Institute of Technology. After arriving, the FLG 

was kept in a N2 box until the intercalation experiment. The process to fabricate the FLG 

from imec follows. 

 

2.2.1.1 Few-layer graphene growth 

The FLG was grown on 50-μm thick Pt foils (99.99% trace metal basis, Alfa Aesar) 

in a vertical cold-wall AIXTRON Black Magic Pro 6″ CVD system. The reactor was heated 

from room temperature to 980°C with a hydrogen flow rate at 800 sccm. The pressure of the 

reactor was controlled at 750 mbar for the entire growth process. After reaching 980°C, 

methane with a flow rate of 5 sccm was introduced to the chamber for 20 min. After the FLG 

growth process, the reactor was cooled down to room temperature at a cooling rate of 

15°C/min under a flow rate ratio of methane and hydrogen of 4:800 sccm [1-4]. 

 

2.2.1.2 Few-layer graphene transfer process 

After the growth process, FLG on the Pt foil substrate was submerged in ultrapure 

water (UPW) at 80°C for 16 h to achieve water intercalation. The support polymer, 

polymethyl methacrylate (PMMA), was spin-coated on the FLG on Pt foil and baked at 

135°C for 10 min. After the baking process, the PMMA on the FLG was delaminated from 

the Pt foil by electrolysis in NaOH (0.2 M) at −3 V. The sample was connected as the working 

electrode and a Pt wire as the auxiliary electrode. Both electrodes were submerged in the 

NaOH electrolyte. After the electrolysis process, the PMMA on FLG was rinsed in UPW and 

subsequently transferred to a SiO2/Si target substrate. After transferring, the PMMA/FLG on 
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SiO2/Si substrate was annealed in vacuum at 50°C overnight. To remove the PMMA support 

layer, the sample was dissolved in hot acetone at 50°C overnight. After drying, the FLG on 

SiO2/Si substrate was packed in a vacuum package and shipped to the Nanoelectronic 

laboratory, Shibaura Institute of Technology [1-4]. 

 

2.2.2 Multilayer graphene fabrication 

MLG is expected to be used, after fabrication with the conventional method, for 

device applications. Here, MLG fabrication on a Ni catalyst using CVD process will be 

described. MLG fabrication can be separated into three steps: 

1. substrate cleaning, 

2. Ni catalyst deposition, 

3. MLG growth. 

Figure 2.1 shows the flow of MLG fabrication on a Ni catalyst by the CVD process. The 

details of each step of the MLG fabrication process follows. 

 

Figure 2.1. Flow of MLG fabrication on Ni catalyst from the CVD process. 

 

2.2.2.1 Substrate cleaning 

The 100-nm SiO2 layer on a 725-µm-thick Si substrate was selected for MLG 

fabrication on a Ni catalyst by CVD process. The cleaning procedure used for the SiO2/Si 

substrate before Ni catalyst deposition is described below. 

1. The SiO2/Si substrate was submerged into a Teflon container containing sulfuric 

acid (H2SO4) and hydrogen peroxide (H2O2) with a 4:1 H2SO4:H2O2 volume ratio. 

While submerged, the SiO2/Si substrate was shaken for 10 min to flush the 

substrate surface. 

2. The SiO2/Si substrate was rinsed of excess chemical in UPW twice. 
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3. The SiO2/Si substrate was soaked in a glass beaker with UPW and then ultra-

sonicated for 5 min. 

4. The SiO2/Si substrate was blown by N2 gas to remove the water on the surface. 

5. Finally, the SiO2/Si substrate was baked at 115°C for 10 min. 

 

2.2.2.2 Ni catalyst deposition 

Direct current (DC) magnetron sputtering (Shibaura, CFS-4EP-LL i-miller) was 

used to deposit a Ni thin film as the metal catalyst for MLG fabrication due to the 

conductivity of the Ni target. Figure 2.2 shows a schematic diagram of the DC magnetron 

sputtering system. The 3-inch-diameter Ni target was installed at the sputtering gun on the 

top of magnets. The SiO2/Si substrate was loaded into the substrate holder, after the final 

baking from the cleaning process. The DC magnetron sputtering system was connected to a 

vacuum pump. Before the deposition process, the vacuum chamber was pumped down to a 

base pressure below 7 × 10−4 Pa. After reaching the base pressure, Ar gas was flowed into 

the vacuum chamber at a flow rate of 20 sccm. After reaching the working pressure, a DC 

power of 100 W was supplied to the system. Under low pressure and with the electrical field, 

the Ar gas is ionized to the plasma stage. During the Ar ionization process, the Ni target is 

bombarded by Ar ions (Ar+). The collision between Ar+ and Ni atoms on the surface of the 

Ni target ejects sputtered Ni atoms. The sputtered atoms can be moved to the substrate by 

kinetic energy and subsequently start to form the Ni thin film on the surface of the substrate. 

The substrate was rotated with a rotation rate of 20 rpm for uniformity improvement during 

deposition. The deposition rate was fixed at 0.11 nm/sec at room temperature. The thickness 

of the Ni film can be controlled by the deposition time. After obtaining the appropriate Ni 

thickness, the DC power supply was stopped and the substrate was removed. The Ni thin film 

was kept in a N2 box until the next step of the experiment. 
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Figure 2.2. Schematic diagram of the DC magnetron sputtering system. 

 

2.2.2.3 Multilayer graphene growth 

MLG was grown by the CVD process. Figure 2.3 shows a schematic diagram of 

MLG growth by CVD. The Ni thin film was selected as the transition metal catalyst for MLG 

growth [5-8]. The Ni thin film on the SiO2/Si substrate was placed in a quartz boat, which 

was then inserted into a quartz tube at the center of an electric furnace. After end closing the 

quartz tube, Ar was flowed through the tube at a flow rate at 500 sccm for 45 min by opening 

the V1 and V2 valves. After 45 min, the proportional-integral-derivative controller of the 

electric furnace was set with the heating parameters and turned the heater on. After obtaining 

the target temperature, the Ar was set to the growth flow rate by opening the V3 and V4 

valves. MLG began growing after the V2 valve was closed. The vapor of ethanol was carried 

by Ar gas to the quartz tube. The electric furnace was turned off at the same time V2 opened 

and subsequently by V3 and V4 closing. The ethanol vapor is a hydrocarbon derivative and 

can be decomposed on the Ni catalyst surface at high temperature. The carbon can be 

dissolved to the Ni after decomposition. The fraction of carbon atoms in Ni at high 
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temperature is precipitated to form a MLG film upon cooling [3-4]. After the temperature 

was below 70°C, the sample was removed from the CVD setup and kept in a N2 box until the 

next experimental step. 

 

Figure 2.3. Schematic diagram of the MLG growth process by CVD. 

 

2.2.3 Exfoliated highly oriented pyrolytic graphite preparation 

An e-HOPG film was used to mimic the high crystallinity of thick MLG. Figure 2.4 

shows a schematic diagram of e-HOPG on a SiO2/Si substrate. The exfoliating and 

transferring starts from pasting thermal detachment tape on the surface of highly oriented 

pyrolytic graphite (SPI-Grade-1, ZYA). After peeling the thermal detachment tape from the 

surface of HOPG, the exfoliated film with a thickness of about 10 µm was taped with thermal 

detachment tape and the e-HOPG/scotch tape was pasted on the surface of a SiO2/Si substrate 

heated to 110°C on a hot plate. The glue of the thermal detachment tape deteriorated after 

heating and subsequently led to the transfer of the e-HOPG film onto the SiO2/Si substrate. 

After cooling, the e-HOPG film on the SiO2/Si substrate was kept in a N2 box until the next 

step of the experiment. 
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Figure 2.4. Schematic diagram of e-HOPG placement onto a SiO2/Si substrate. 

 

2.3 MoCl5 intercalation 

GIC doping was used to study MoCl5 doping in FLG, e-HOPG as a thick multilayer film, 

and CVD-MLG on Ni catalyst. Figure 2.5 shows a schematic diagram of the experimental 

setup for the MoCl5 intercalation process. The sample was inserted into a glass capsule with 

molybdenum (V) chloride (99.6%, Alfa Aesar) and molybdenum (VI) oxide (99.5%, Kanto 

Kagaku. Ltd) at a constant molar ratio of 1:0.37 and pyrolytic graphite sheet (PGS). After 

enclosing the glass capsule, it was inserted into a glass tube. Ar gas was flowed through the 

glass tube for 10 min. Before the reaction, the glass tube was pre-annealed at 110 ºC for 120 

min in an Ar-atmosphere to dry out water. After pre-annealing for 120 min, the electric 

furnace was set to the reaction temperature with a heating rate of 10 ºC/min. The pre-

annealing and reaction temperatures were maintained at a stable temperature during the 

experiment. After the reaction temperature was stable, the electric furnace was turned off 

after obtaining the target reaction time. The table 2.2 shows the summary of MoCl5 

intercalation doping conditions. MoO3 was used to accelerate the intercalation reaction and 

to reduce the time and temperature for the formation of low stage MoCl5-GICs, i.e. higher 

doping. The molar ratio between MoCl5 and MoO3 was kept at 1:0.37 which was optimized 

J. Mittal et. al. for all of the chemical amount conditions [9]. The sample was removed after 

natural cooling in atmosphere. The doped graphene sample was kept in a N2 box until 

undergoing characterization processes. 



 

Chapter 2                        Graphene Fabrication, Intercalation Process, and Methodology 

32 
 

 

Figure 2.5. Schematic diagram of the experimental setup for the MoCl5 intercalation 

process. 
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Table 2.2 Summary of MoCl5 intercalation doping conditions. 

 

Chapter 
 Chemical amount 

Temperature (°C) Time (min) 

  MoCl
5
 (g) MoO

3
 (g) 

Chapter 3 
High 0.3412 0.0665 130, 150, 250 30, 60 

Reduce 0.1706 0.0332  150, 175, 200 60, 90, 120 

Chapter 4 

STD 0.1706 0.0332 

200, 225, 250 5, 10, 15, 30 

STD/2 0.0853 0.0166 

STD/4 0.0427 0.0083 

STD/5 0.0374 0.0073 

STD/6 0.0284 0.0055 

Chapter 5 STD/5 0.0374 0.0073 225, 250, 300 30 

Chapter 6 STD/5 0.0374 0.0073 300 30 

 

2.4 Metal electrode fabrication 

The resistance reduction of doped graphene after the MoCl5 intercalation process was 

investigated as the intercalation parameters were changed. An evaporation deposition system 

(Shikuu, VE-2020) was used to create metal electrodes for electrical properties 

characterization. Figure 2.6 shows a schematic diagram of the evaporator system for metal 

electrode deposition. The sample was installed onto the substrate holder by pasting stainless 

steel on the top of the sample. The tungsten filament (Nilaco, LF305W) was bound by metal 

wire at the V-shape of the filament. The thickness of the metal film was controlled by the 

volume of metal wire. Then, the filament was installed to the filament slot and the distance 

between the filament and sample was adjusted. The system was then pumped down to the 

base pressure as below 1.0×10-2 Pa. After reaching the base pressure, the shutter was opened 

and the power supply current was increased. After increasing the current, the atoms of the 
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metal wire were evaporated and moved to the sample to form a thin metal film. After venting 

the vacuum system, the sample was removed and kept in a N2 box until characterized. 

 

Figure 2.6. Schematic diagram of the evaporator system for metal electrode deposition. 

 

2.5 Methodology 

To investigate and optimize the MoCl5 intercalation process, doping efficiency and 

damage of graphene were characterized. To evaluate the doping efficiency of graphene, 

Raman spectroscopy was used to indicate the doping stages, the crystallinity of graphene, 

and the uniformity of the doping area. Scanning electron microscopy (SEM) and the optical 

microscopy were used to observe the morphology of the graphene. Atomic force microscopy 

(AFM) and laser microscopy were used to analyze the surface morphology and compare 

RMS roughness before and after the MoCl5 intercalation process. Finally, the electrical 

properties before and after the MoCl5 intercalation process were evaluated by the four-point 

probe method. The details of each characterization method follow. 
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2.5.1 Raman spectroscopy 

Raman spectroscopy is a favored technique for analysis of chemical and structural 

information of various compounds that measures vibrational states of a molecule or 

compound. A Raman spectroscope (HORIBA, HR-Evolution) was used to characterize 

graphene before and after the MoCl5 intercalation process. A 532-nm laser was used to excite 

the sample. The phenomena between the excitation laser and the sample molecule can be 

described as an electronic excited state, as shown schematically in Figure 2.7. When the 

molecule is excited by the energy of the incident laser, the energy is mostly scattered with 

the same frequency as the incident laser, which is called Rayleigh scattering. A few incident 

photons interact and exchange energy with the molecular bond vibration, which leads to 

inelastic scattered light that is called Raman scattering. The scattered photon that is lower in 

energy than the incident photon energy is called the red-shifted Stokes photon. However, the 

scattered photons with energy higher than the incident energy are called blue-shifted anti-

Stokes photons. The difference in frequency between incident and scattered photons is 

typically called the Raman shift and corresponds to the vibrational energy level of a molecule 

[10-15]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7. Schematic diagram of Raman scattering phenomena. 
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 For Raman spectroscopy characterization of graphene, the G-, D-, and 2D-bands were 

used to investigate the properties of graphene before and after intercalation by MoCl5. Figure 

2.8 shows Raman spectra of graphene that consists of the G-, D-, and 2D-bands. The G-band 

corresponds to the in-plane motion of carbon atoms and is located at ~1580 cm−1. The G-

band is sensitive to strain effects and is used to indicate the number of graphene layers. The 

G-band also corresponds to doping and both the position and line width of this band can be 

used to monitor the doping level. The D-band corresponds to lattice motion away from the 

center of the Brillouin zone and is located between 1270 and 1450 cm−1, depending on the 

excitation wavelength. The D-band represents phonons easily absorbed by defects, which 

explains why the D-band is normally used to determine the quality of graphene sheets. The 

2D-band or second-order D band is due to a double resonance process at approximately 2700 

cm−1. When the number of graphene layers increases, the number of double resonance 

processes also increases. Therefore, the intensity of the 2D-band can be used to determine 

the number of graphene layers in comparison with the G band. The Raman scattered modes 

significant to graphene are shown in Table 2.1. 

 The ratio of intensity between the G-band and D-band corresponds to the crystallite 

size of graphene. The crystallite size of graphene can also be determined from the G/D ratio 

using the following equation [16], 

𝐿𝑎(𝑛𝑚) = (2.4 × 10−10)𝜆𝑙
4 (

𝐼𝐷

𝐼𝐺
)

−1

      (2.1) 

Where 𝐿𝑎 is the crystallite size of graphene, 𝜆𝑙 is the wavelength of the excitation laser used 

in Raman spectroscopy, and 𝐼𝐷 and 𝐼𝐺  are the intensities of the D and G peaks, respectively. 

Raman mapping was also used in this study to indicate the uniformity of the 

intercalation doping area. 
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Figure 2.8. Raman spectra of graphene [15]. 

 

Table 2.3. Relevant Raman spectra modes of graphene and their significance [16]. 

 

Mode Position (cm−1) Significance 

G ~1580 

Originates from graphitic 

structure and the intensity of 

the peak increases with 

increasing number of 

graphene layers 

D ~1350 

Originates from defect 

structures, such as edges and 

grain boundaries 

2D ~2700 

Second order effect of the D 

band used to determine the 

number of graphene layers 
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2.5.2 Scanning electron microscopy 

SEM is high magnification microscopy that is generally used for micrometer or 

nanometer scale observation. A field emission SEM (JEOL, JSM-7610F) was used to observe 

the morphology of graphene. The emission electrons were produced from a Schottky emitter 

electron source by a high electric field. The emission electrons are accelerated and controlled 

using condenser and objective lenses. A scanning coil is used to scan the surface of the 

sample. Figure 2.9 shows the emitted signals from the interaction between emission electrons 

and the sample surface. These signals are collected by one or more detectors to form images. 

The secondary electron is the main signal used to observe sample morphology. 

 

 

Figure 2.9. Signals emitted from different regions of the interaction volume [18]. 

 

2.5.3 Energy dispersive X-ray analysis (EDX) 

EDX analysis is a chemical characterization or elemental analysis technique that is 

included in SEM system. From signals emitted from the electron beam and samples, the 

characteristic X-ray is used to analyze elemental and chemical composition. Figure 2.10 

shows the principle of characteristic X-rays used for EDX analysis. After the primary 
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electron from the electron beam hits the electron in the shell of an atom, the electron is 

knocked from the shell. This vacancy is filled by an electron from an outer shell (higher 

energy level to lower energy level). The difference of energy leads to the release of an X-ray. 

The energy of this X-ray is unique to the specific element and transition and is called a 

characteristic X-ray. EDX analysis in this study, with the field emission SEM (JEOL, JSM-

7610F) and SEM (Shimazu, SSX-550M), were used to analyze the composition of graphene. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10. Illustration of the principle of characteristic X-rays used for EDX analysis 

[19]. 

 

2.5.4 Atomic force microscopy 

AFM a surface morphology characterization technique. An AFM (HITACHI, 

AFM5000II) in dynamic force microscope mode was used to characterize the surface 

morphology and RMS roughness of graphene before and after intercalation. Figure 2.11 

shows a schematic illustration of AFM. The tip of a scanning probe is scanned across a 

sample surface at very small distances. The AFM consists of three basic modes: contact, non-

contact, and tapping. Tapping mode provides high resolution imaging and avoids dragging 
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of the tip across the surface as this mode uses an oscillating cantilever to contact the surface 

for image topography. 

 

 

 

 

 

 

 

 

 

 

 

 Figure 2.11. Schematic illustration of atomic force microscopy (AFM) [20]. 

 

2.5.5 Laser scanning microscopy 

Laser scanning microscopy is a 3D morphology observation technique. A laser 

scanning microscope (Olympus, OLS4000) was used to characterize the surface morphology 

and RMS roughness in a larger area than that of AFM for e-HOPG and multilayer graphene 

before and after intercalation. Figure 2.12 shows the composition of a confocal laser scanning 

microscope. The pinhole of the confocal optical system was installed to detect light only at 

the focused position. Topography mapping, depth of focus, and 3D visualization were 

produced from the emitted light from the point light source on the sample. 
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Figure 2.12. Schematic of a confocal laser scanning microscope [21]. 

 

2.5.6 Optical microscopy 

Optical microscopy was used to observe the morphology of graphene before and after 

MoCl5 intercalation and used to distinguish the number of FLG layers. Figure 2.13 shows the 

basic construction of an optical microscopes. After turning on the lamp, the path of light is 

controlled by the filter cube and tube lens. The magnification of an optical microscope can 

be adjusted by the objective lens. A charged cooling device camera is used to save the 

morphology photo to a digital file. 
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Figure 2.13. Basic construction of an optical microscope [22]. 

 

2.5.7 Four-probe method 

Electrical properties before and after the MoCl5 intercalation process were evaluated 

using a four-probe method. A resistance meter (HIOKI, RM3544) was used as a source and 

meter for the four-probe measurement. In the case of large area MLG and e-HOPG films, the 

linear four-probe method was used to characterized the sheet resistance change before and 

after the MoCl5 intercalation process. Figure 2.14 shows a schematic diagram of a linear four-

probe. The linear four-probe system consists of four conductive pins located the same 

distance apart. A DC current is applied from the outer pins and a different voltage is sensed 

from the inner pins. The sheet resistance can be calculated using the following equation [23], 

𝑅𝑠 =  
𝜋

𝑙𝑛𝑙𝑛 (2) 

𝑉

𝐼
 ,     (2.2) 

where 𝑅𝑠 is the sheet resistance, 𝐼 is the applied current, and 𝑉 is the feedback voltage. 
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Figure 2.14. Schematic diagram of a linear four- probe. 

  

For patterned MLG, the sheet resistance can be evaluated after deposition of metal 

electrodes on the top of the patterned graphene. Figure 2.15 shows a schematic diagram of a 

four-probe measurement for patterned MLG. A DC current is applied from outer electrodes 

and a different voltage is sensed by the inner electrodes. The sheet resistance can be 

calculated using the following equation [4], 

𝑅𝑠 =  
𝑉

𝐼

𝑊

𝐿
,      (2.3) 

where 𝑅𝑠 is the sheet resistance, 𝐼 is the applied current, 𝑉 is the feedback voltage, 𝑊 is the 

width of patterned MLG, and 𝐿 is the length of the patterned MLG. 
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Figure 2.15. Schematic diagram of a four-probe measurement for patterned MLG. 

 

A transmission line measurement or the transfer length measurement (TLM) is used 

to analyze the contact resistance between a metal electrode and doped MLG. Figure 2.16 

shows a schematic diagram of a metal electrode for TLM measurement. The contact 

resistance and sheet resistance can be extracted by fitting the plot of the relationship between 

length and total resistance (𝑅𝑇), as given by the equation [4] 

𝑅𝑇 = 𝑅𝑆
𝐿

𝑊
+ 2𝑅𝐶 ,     (2.4) 

where 𝑅𝑠 is the sheet resistance, 𝑅𝐶 is the contact resistance, 𝑊 is the width of the patterned 

MLG, and 𝐿 is the length between the two metal electrodes. 

 

 

Figure 2.16. Schematic diagram of the electrode pattern for TLM measurements. 
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CHAPTER 3 

INTERCALATION TO FEW LAYER GRAPHENE 

 

3.1 Introduction 

Based on the discussion in the Chapter 1, optimized FLG intercalated with MoCl5 is 

a candidate low resistance material for narrow interconnects to replace Cu [1-8]. Improved 

electrical properties of bilayer graphene (BLG) and MLG by MoCl5 intercalation were 

reported using a low concentration of MoCl5 at a reaction temperature over 200°C and with 

a relatively long reaction time to minimize graphene damage at a high doping state [6]. In 

addition, MoCl5 intercalation shows higher chemical stability than other metal chlorides [6-

7, 9-12]. Moreover, FLG retains a high carrier mobility of ~1000 cm2/Vs after scaling down 

to 20 nm [13]. Efficient doping without damage is still required for MLG. 

In a previous study of our laboratory, higher intercalant vapor pressure was found to 

be more efficient for higher doping concentration in MLG flakes exfoliated from HOPG at 

300°C [5, 12]. Our approach for the optimization of MoCl5 intercalation in FLG uses high 

chemical concentration to reduce intercalation temperature and time and investigates the 

doping efficiency and damage of graphene. 

In this chapter, we investigate the optimum chemical concentration, intercalation 

temperature, and reaction time on the layer number of CVD graphene up to tri-layer graphene 

(TLG), in terms of doping efficiency, crystallinity, and damage. This chapter also discusses 

the potential mechanism for layer number dependence of intercalation. 

 

3.2  Experimental methods 

Single-layer graphene (SLG) including FLG areas was grown by CVD on Pt film and 

subsequently transferred to a SiO2/Si substrate. The sample was inserted into a glass capsule 

with a high (MoCl5 at 0.3412 g and MoO3 at 0.0665 g) or reduced (MoCl5 at 0.1706 g and 

MoO3 at 0.0333 g) concentration of chemicals. After enclosing the glass capsule, it was 

inserted into a glass tube. Ar gas was flowed through the glass tube for 10 min. Before the 
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reaction, the glass tube was pre-annealed at 110°C for 120 min to dry out water. The reaction 

temperature was varied between 150°C and 250°C for the temperature dependence 

experiment. For the reaction time dependence experiment, the reaction time was varied 

between 30 min and 120 min. The pre-annealing and reaction temperatures were controlled 

during the experiment. The heating rate was 10°C/min, and the natural cooling was done in 

the atmosphere used in this experiment. 

The doping efficiency and crystallinity of graphene were analyzed using a HORIBA 

HR-Evolution Raman spectroscope with 532-nm laser excitation. The RMS roughness and 

surface morphology were characterized using a Hitachi AFM5000II AFM with a scanning 

area of 5 × 5 µm2. The morphology and layer number were determined by optical microscope 

observations. 

 

3.3 Results and discussion 

After transferring the FLG to the SiO2/Si substrate, the morphology and layer number 

were determined by optical microscope observations. Figure 3.1 shows the morphology from 

the optical microscope and Raman spectra of the FLG. SLG, BLG, and TLG areas can be 

distinguished in the optical image. The Raman spectra shows the intensity ratio between the 

G- and 2D-bands depends on the layer number of the FLG. This chapter is separated into two 

parts. The first part discusses the high chemical concentration used from previous 

optimization for Stage 1 intercalation in flakes exfoliated from HOPG. The second part 

discusses the use of reduced chemical concentration to reduce damage in the FLG. 
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Figure 3.1. Optical microscopy morphology (left) and Raman spectra (right) of FLG. 

 

3.3.1 High chemical concentration intercalant process 

In our previous study, higher vapor pressure of intercalant was found to be more 

efficient for higher doping concentration in MLG flakes exfoliated from HOPG at 300°C [5, 

12]. Here, we optimized the intercalation process using a high concentration of intercalant in 

FLG (specifically SLG and BLG). Figure 3.2 shows Raman spectra of BLG and SLG areas 

in samples after reaction at different reaction temperatures (between 250°C and 130°C). 

According to the position of the G peak, we can determine the doping state as surface doping, 

G peak at 1600 cm−1, and intercalation doping between graphene layers, G peak at 1612 cm−1 

[6, 12]. 

At 250°C, the BLG area was clearly intercalated as the G peak is located at 1612 cm−1 

in Figure 3.2. At 150°C, the BLG area was intercalated according to the G peak position, but 

the peak intensity was reduced. Surface doping was also observed at 150°C, as indicated by 

the small peak observed at 1600 cm−1. Further reduction to 130°C resulted in no intercalation 

in the BLG area and the observation of only surface doping. From these results, we can 

conclude that the process temperature can be lowered to 150°C for intercalating BLG areas. 

On the other hand, surface doping was observed down to 130°C. 
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Figure 3.2. Raman spectra of BLG and SLG after intercalation with a high concentration of 

MoCl5 for 60 min at different temperatures. 

 

Figure 3.3 shows Raman mapping of the G peak position at 150 ℃ for 30 and 60 min 

with high chemical concentration and 30 min with reduced chemical concentration. The SLG 

areas and BLG areas can be distinguished in the optical image. By looking at the G peak 

position of graphene doped at high chemical concentration, we conclude that the BLG is 

intercalated while the SLG is surface doped. It is also noted that a reaction time of 60 min 

shows more uniform doping than that of 30 min. With reduced chemical concentration, the 

BLG area is not intercalated in 30 min and longer time reaction time is required. 
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Figure 3.3. Optical image and Raman mapping of the G peak position in SLG and BLG 

areas. High concentration at 150°C (a) for 60 min and (b) 30 min and (c) reduced 

concentration for 30 min. 

 

 Figure 3.4 shows optical surface images of CVD graphene on a SiO2/Si substrate 

before and after reaction with high concentration MoCl5 for 60 min at 250°C, 150°C, and 

130°C. At 250°C, all of the SLG area was damaged during the reaction, but some BLG areas 
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remained, as shown in Figure 3.4(a). At 150°C, damage on the BLG areas were drastically 

reduced though the SLG areas still had some damage. The morphology after reaction at 130°C 

shows similar morphology to that before the reaction. From these results, the damage can be 

reduced by reducing the reaction temperature and non-damaged BLG areas intercalated with 

MoCl5 can be obtained at 150°C for 60 min. 

 

 

 

Figure 3.4. Optical microscope images of surface morphology after reaction with high 

concentration MoCl5 for 60 min at different reaction temperatures: (a) 250°C, (b) 150°C, and 

(c) 130°C. (d) Pristine graphene on SiO2. 

 

Figure 3.5 shows the morphology of SLG and BLG after intercalation at different 

reaction times with high concentration MoCl5 at 150°C. From AFM analysis, the RMS 

roughness increased, from 4.9 nm to 9.5 nm, after increasing the reaction time from 30 min to 
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60 min. Damage increased with increasing reaction time after intercalation with high chemical 

concentration. 

 

 

 

 

 

 

 

Figure 3.5. AFM results of BLG after reaction with high concentration MoCl5 at 150°C. 

 

From the above results, the intercalation temperature can be reduced to 150°C to 

reduce process damage while using high chemical concentrations. The doping uniformity 

was improved by increasing the process time. Reduced resistance of MLG interconnects is 

expected with the use of the proposed process However, nano-patterned interconnects were 

damaged from this intercalation process. To reduce damage, we have reduced the chemical 

concentration for low temperature MoCl5 intercalation and analyzed doping efficiency and 

damage on the BLG area. 

Figure 3.6 shows the G-band Raman spectra in the BLG area after 60 min of the 

intercalation process. At 150°C, BLG was intercalated using high concentration chemicals 

but was not intercalated using the half of the high chemical concentration. With reduced 

concentration, BLG was intercalated by raising the temperature to 175°C. 
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Figure 3.6. G-band of BLG after intercalation using high chemical concentration at 150°C 

and 175°C and with reduced chemical concentration at 175°C. 

 

Figure 3.7 shows optical images of BLG after intercalation for 60 min. Although 

serious damage was observed with high chemical concentration, damage was suppressed with 

reduced chemicals at both 150 and 175°C. From these results, reduced chemical concentration 

is considered more appropriate for doping narrow graphene interconnects. 
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Figure 3.7. Optical images after intercalation for 60 min. 

 

3.3.2 Reduced chemical concentration intercalation 

From the results of high chemical concentration intercalation in the previous section, 

reduced chemical concentration intercalation was considered more appropriate for doping 

narrow graphene interconnects. In this section, reduced chemical concentration intercalation 

was investigated in terms of doping efficiency and damage. 

 

3.3.2.1 Doping efficiency characterization by Raman spectroscopy 

3.3.2.1.1 Reaction temperature dependence of doping efficiency 

Figure 3.8 shows the G-band spectra of BLG and TLG after intercalation at different 

temperatures. The G-band spectra tend to shift to larger wave numbers or blue shift the G- 

band with increasing reaction temperature. At the low reaction temperature of 150°C, the G-

band of both BLG and TLG is located around 1600 cm−1, which corresponds to surface 

doping [6, 12]. The peak position of TLG was shifted to lower values than that of BLG, 

below 1600 cm−1, since the reported peak position of the TLG G-band has a component 

without surface doping. With a reaction temperature of 175°C, the BLG G-band of BLG 

shifted to 1615 cm−1, which corresponds to intercalation doping of BLG. On the other hand, 

the TLG G-band shifted to a relatively lower wave number than the BLG of 1607 cm−1. The 

G-band of TLG can be fitted with three components corresponding to non-doping, surface 

doping, and intercalation doping [12]. The mix of G-band components leads to shift of the 

band to lower values for TLG due to the surface doping component. With a reaction 

temperature of 200°C, the G-bands of both BLG and TLG were shifted to a wave number of 
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around 1620 cm−1. The G-band of TLG consists of components at 1605 cm−1 and 1620 cm−1, 

which correspond to surface doping and intercalation doping of TLG, respectively. 

 

 

Figure 3.8. G-band spectra of BLG and TLG after intercalation for 60 min. 

 

According to the position of the G-band, we can determine the doping level of surface 

doping, at 1600 cm−1, and intercalation doping between graphene layers, at wavenumbers 

greater than 1615 cm−1. From the Raman spectra, the G peak positions were averaged from 

five positions in each layer number of graphene. Figure 3.9 shows the relationship between 

the average G peak position and the reaction temperature after intercalation for 60 min. At a 

low temperature of 150°C, only surface doping was observed for all graphene layer numbers. 
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At a temperature of 175°C, only BLG was intercalated and SLG and TLG were observed at 

the surface doping level. Although TLG was not intercalated at 175°C, both BLG and TLG 

were successfully intercalated at a high temperature of 200°C. These results indicate that the 

increase of reaction temperature, from 150°C to 200°C, leads to enhancement of doping 

efficiency, which corresponds to a blue shift in the G-band of the Raman spectra. Moreover, 

TLG requires a higher temperature to introduce MoCl5 into the interlayers, compared to BLG. 

 

 

Figure 3.9. Relationship between the average G peak position and reaction temperature 

after intercalation for 60 min. 

 

  Figure 3.10 shows Raman mapping of the G peak position on FLG after intercalation 

at different reaction temperatures. At 150°C, only the BLG area was intercalated and non-

uniform intercalation of the BLG area was observed (red color area in the figure). Surface-
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level doping was observed in the TLG area at 150°C. At 175°C, more uniform intercalated 

area was observed in the BLG, as shown in Fig. 3. This indicates that increasing the reaction 

temperature from 150°C to 175°C can enhance the uniformity of the intercalation area in 

BLG. With an increase in reaction temperature to 200°C, higher peak intensity was observed 

in the BLG area, which extended into the TLG area. This result indicates that the doping 

density and uniformity of the intercalation area were improved by increasing the reaction 

temperature. 

 

Figure 3.10. Raman mapping of the G peak position of FLG after intercalation for 60 min. 
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3.3.2.1.2 Reaction time dependence of doping efficiency 

From Figure 3.8 and Figure 3.9, the lowest temperatures that can be used to intercalate 

MoCl5 into BLG and TLG are 175°C and 200°C, respectively. Focusing on the reaction 

temperature of 175°C, intercalation doping on BLG can be achieved and the G-band of TLG 

blue shifts more than that for the reaction temperature of 150°C. From this result, TLG is 

expected to intercalate by extending the reaction time to more than 60 min at a fixed reaction 

temperature of 175°C. 

Figure 3.11 shows the G-band spectra of the TLG after intercalation at 175°C for 

different reaction times. The G-band spectra of reaction times of 60 min and 90 min are 

located between the wave numbers 1600 cm−1 and 1615 cm−1. However, the G-band of TLG 

shifted to a value higher than 1615 cm−1 after extending the reaction time to 120 min. After 

G-band deconvolution, a mix of three components (1590 cm−1, 1605 cm−1, and 1620 cm−1) 

was found. The 1590 cm−1 peak disappeared after extending the reaction time to 120 min, 

showing peaks only at 1609 cm−1 and 1620 cm−1. The ratio of peak intensity between 1609 

cm−1 and 1620 cm−1 was 1:2, which corresponds to Stage 2 intercalation [14]. From this 

result, it appears that MoCl5 was intercalated on only one side of the intermediate graphene 

layer and surface doping remains after extending the reaction time to 120 min. 
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Figure 3.11. G-band spectra of TLG after intercalation at 175°C. 

 

Figure 3.12 shows the relationship between the average G peak position of the TLG 

and the reaction time. The average G peak position tends to increase as the reaction time 

increases from 60 min to 120 min. This indicates that TLG was successfully intercalated after 

extending the reaction time to 120 min. Therefore, the longer reaction time in the intercalation 

process is an alternative approach for intercalating more layers of graphene, such as TLG, 

instead of increasing the temperature. For process optimization, it is important to consider 

not only the doping efficiency but also the damage from the intercalation process for nano-

interconnect applications. 



 

Chapter 3   Intercalation to few layer graphene 
 

61 
 

 

Figure 3.12. Relationship between average G peak position of TLG and reaction time after 

intercalation at 175°C. 

 

3.3.2.2 Damage in FLG from the intercalation process 

3.3.2.2.1 Reaction temperature dependence of FLG damage 

Figure 3.13 shows optical images after the intercalation process for 60 min at different 

reaction temperatures. The sample consists of an entire area of SLG and includes small 

islands of FLG areas. The damage to the SLG was enhanced with increasing reaction 

temperature. With low reaction temperatures of 150°C and 175°C, no serious damage was 

observed. However, with a higher temperature of 200°C, serious damage was observed on 

the SLG area. 
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Figure 3.13. Optical images after 60 min of the intercalation process at different reaction 

temperatures. 

 

Figure 3.14 shows the surface morphology via AFM of the BLG area after 

intercalation at different reaction temperatures. There was minimal morphology difference 

between the reaction temperature of 150°C and 175°C, which is consistent with the optical 

images in Figure 3.13. Only a small dot on the BLG surface was observed for reaction 

temperatures of 150 and 175°C. However, larger hillocks were observed at a higher reaction 

temperature of 200°C. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14. AFM morphology of BLG after the intercalation process for 60 min at 

different temperatures. 
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  Figure 3.15 shows the relationship between RMS roughness from AFM and reaction 

temperature. The RMS roughness of the reaction temperature of 200°C is larger than those 

of the lower reaction temperatures. The RMS roughness was significantly increased at 200°C 

due to damage in the SLG and BLG areas. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.15. AFM RMS roughness for different reaction temperatures of 150, 175, and 

200°C. 

 

Table 3.1 shows the G/D ratios of different FLGs, which indicate the crystallinity and 

crystallite size of graphene before the intercalation process [15-17]. The intercalation process 

consists of a pre-annealing process at 110°C for 120 min and the reaction process at different 

temperatures and times. During the process, the crystallinity of FLG was improved by the 

pre-annealing process and damaged by the MoCl5 reaction. 
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Table 3.1. G/D ratios of FLGs before the intercalation process. 

 

Layer number 
G/D ratio 

Average SD 

SLG 6.17 0.96 

BLG 15.10 3.93 

TLG 15.29 7.09 

 

Figure 3.16 shows the relationship between the G/D ratios and the reaction 

temperature for the SLG, BLG, and TLG areas. For SLG and BLG, the G/D ratio after 

intercalation tends to decrease as the reaction temperature increases. However, for TLG after 

reaction at 200°C, the G/D ratio was higher than that of BLG after reaction at 175°C and 

200°C. Moreover, the G/D ratios of BLG and TLG were higher than that of SLG at all 

reaction temperatures. This indicates that both BLG and TLG have greater resistance to 

damage from the intercalation process compared to SLG. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.16. Relationship between G/D ratios and reaction temperature after the intercalation 

process for 60 min. 
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From the temperature dependence of damage, the increase of reaction temperature 

leads to increase in damage in FLG. In addition, TLG is more resistant against damage at a 

higher temperature compared to BLG. 

 

3.3.2.2.2 Reaction time dependence of FLG damage 

Figure 3.17 shows optical images after the intercalation process at different reaction 

times. The sample consists of an entire SLG area that includes small islands of FLG areas. 

Only after a long reaction time of 120 min was damage on the SLG area observed. In the 

case of a shorter reaction time, no serious damage was observed on FLG. 

 

 

 

 

 

 

Figure 3.17. Optical images after the intercalation process at 175°C for various reaction 

times. 

 

Figure 3.18 shows the surface morphology from AFM of the BLG area after 

intercalation at different reaction times. Rougher surface morphology was observed after 

extending the reaction time from 60 min to 120 min. The size of dots on the BLG surface 

appears to have increased after extending the reaction time. 
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Figure 3.18. Morphology from AFM after the intercalation process at 175°C for different 

reaction times. 

 

Figure 3.19 shows the AFM RMS roughness dependence of the BLG area on the 

reaction time. The RMS roughness tends to increase with increasing reaction time. 

Comparing the roughness at 120 min with that in Figure 3.15, this RMS roughness was 

highest among all conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.19. RMS roughness for different reaction times of 60, 90, and 120 min. 
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Figure 3.20 shows the relationship between the G/D ratios and the reaction time. The 

G/D ratio for the BLG and TLG decreased with increasing reaction time. The G/D ratio of 

SLG does not depend on the reaction time. The longer chemical reaction during the MoCl5 

intercalation process may degrade the crystallinity of graphene due to the generation of 

highly corrosive Cl2 gas from the MoCl5 intercalation reaction [9,18]. However, the G/D 

ratios of the TLG and BLG are higher than that of SLG, even after extended reaction time. 

This indicates that TLG and BLG are more resistant to process damage than SLG. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.20. Relationship between G/D ratios and reaction time at 175°C. 

 

To optimize the MoCl5 intercalation process for more effective doping and lower 

damage for TLG, the temperature and time conditions of 200°C and 60 min appear better 

than that of 175°C and 60 min because of the larger G peak shift and higher G/D ratio of the 

former. Considering the damage in the FLG areas, as shown in Figures 3.13–3.20, the longer 
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reaction time leads to reduction of the G/D ratio, which indicates degradation of TLG 

crystallinity. In addition, the highest RMS roughness and larger damage area observed by 

AFM were found for the longer reaction time of 120 min. Using the optimized condition, the 

electrical charactarization was carried out at imec. The carrier concentration reached ~3.8 × 

1013 cm−2 after intercalation using a high chemical concentration. Resistivities of 14 μΩ cm 

and 40 μΩ cm were reached for a micron-sized graphene device and graphene nanoribbons, 

respectively [20]. 

  Figure 3.21 shows a schematic model explaining the temperature and time 

dependence of MoCl5 intercalation into FLG depending on the number of graphene layer. 

The stacked upper layers may effect damage protection from the chemical reaction of MoCl5 

[19]. At the same time, stacked layers should avoid the penetration of intercalant molecules, 

which leads to an increase in activation energy for intercalation [6, 13]. Therefore, a higher 

reaction temperature or longer reaction time are required to intercalate MoCl5 into an 

increasing number of layers.  

The doping efficiency results shows that the doping stage was started from the surface 

doping stage. The vapor pressure and the reaction rate depend on the chemical amount and 

the temperature of the intercalation process. After the energy higher than the activation 

energy of intercalation doping through the increase of the intercalation parameters (chemical 

amount, temperature and time), the MoCl5 molecules can be penetrated into the interlayers 

of few-layer graphene, the intercalation doping will be performed. 

The compressive strain (in-plane direction) of the few-layer graphene was induced 

during the doping process [21].  The high reaction rate of MoCl5 intercalation doping induces 

non-uniform doping areas on few-layer graphene in short time. The non-uniformity of doping 

areas leads to the non-uniformity of strain in few-layer graphene. The non-uniformity of high 

strain in the intercalation doping process is considered to be the cause of damage on the few-

layer graphene. 

The structure of MoCl5 intercalated graphene is reported in Ref. 12, which shows a 

cross-sectional TEM image of MoCl5-intercalated MLG and the atomic structure of Stage 2 

MoCl5 GIC. The structure and packing of MoCl5 intercalated into FLG will be a topic of 

future study. 
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Figure 3.21. Schematic model explaining the graphene layer number dependence of MoCl5 

intercalation into FLG. 

 

3.4  Summary and conclusions 

For high chemical concentrations, the intercalation temperature can be reduced to 

150°C to reduce the damage of FLG. The doping uniformity was improved by increasing the 

reaction time.  

For intercalation with reduced chemical concentrations, the temperature and time 

dependencies of MoCl5 intercalation in FLG were investigated to optimize process 

conditions from the viewpoint of doping efficiency and process damage. It was found that 

intercalation efficiency and damage of FLG depend on the number of graphene layers. The 

optimum temperature and time increase as the layer number increases. Either a higher 

temperature or a longer time leads to increased doping efficiency and damage. By comparing 

the G peak shift and the G/D ratio, better conditions for TLG intercalation were determined 

to be 200°C for 60 min rather than 175°C for 120 min. It is suggested that optimization of 

the intercalation temperature and time is important and depends on the layer number 

implemented for device applications of FLG. With the optimized condition, the carrier 

concentration reached ~3.8 × 1013 cm−2 after intercalation using a high chemical 

concentration. Resistivities of 14 μΩ cm and 40 μΩ cm were reached for a micron-sized 

graphene device and graphene nanoribbons, respectively [20]. 
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CHAPTER 4 

INTERCALATION TO EXFOLIATED HIGHLY ORIENTED 

PYROLYTIC GRAPHITE (e-HOPG) 

 

4.1 Introduction 

In Chapter 3, we have optimized the intercalation conditions for FLG. The FLG is 

expected for the applications such as transparent electrodes for solar cell [1] and others. The 

thicker MLG films are required for the application of interconnects and inductors to reduce 

the resistance further.  

The theoretical studies have revealed that multilayer graphene is promising for on-

chip inductor applications owing to its large momentum relaxation time, leading to large 

kinetic inductance [2–4]. Such inductor applications require high-crystalline thick MLG 

films with thicknesses of micrometer order. High inductance densities with good quality 

factors (up to 12) in on-chip spiral inductors at room temperature, using e-HOPG to mimic 

thick MLG films, demonstrated the advantage of bromine-doped MLG for inductor 

applications [3]. 

However, there was serious damage in e-HOPG while using the previously optimized 

condition for FLG in our preliminary experiment. Therefore, we optimized the intercalation 

condition, in terms of the doping efficiency, damage, and reduction of the sheet resistance 

for thick e-HOPG, by varying the chemical concentration, reaction temperature, and reaction 

time [5]. We discuss the mechanism of damage during the MoCl5 intercalation process with 

strain analysis using the correlation plots of G and 2D peak positions in the Raman spectra 

[6-8]. Further, we investigated the stability of the MoCl5-intercalated e-HOPG.  

 

4.2 Experimental methods 

The films exfoliated from a highly oriented pyro-lytic graphite (e-HOPG) were 

transferred to a SiO2/Si substrate to mimic high-crystalline MLG film. The thickness was 

relatively high (10 ± 3 μm). The samples were inserted into a glass capsule with different 
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amounts of the chemical. The standard (STD) amount of chemical that was optimized for 

FLG in the previous study [5] was 0.62 × 10−3 mol-MoCl5 and 0.23 ×10−3 mol-MoO3, and it 

was varied as STD/2, STD/4, STD/5, and STD/6 in this study. After enclosing the sample 

and the chemicals in a glass capsule, it was inserted into a glass tube. Argon (Ar) gas flowed 

through the glass tube for 10 min. Before the reaction, the glass tube was pre-annealed at 

110 ℃ for 120 min in an Ar atmosphere to remove moisture. The reaction temperature varied 

between 200 ℃ and 250 ℃; the reaction time varied from 5 to 30 min. The heating rate was 

10 ℃/min, and the system was cooled naturally in the atmosphere. 

   The doping efficiency of e-HOPG was analyzed using a HORIBA HR-Evolution 

Raman spectroscope with 532 nm laser excitation. The root mean square (RMS) roughness 

and surface morphology were characterized using a Hitachi AFM5000II atomic force 

microscope (AFM) with the scanning area 5 × 5 µm2 and Olympus LEXT OLS 4000 confocal 

laser microscope with evaluation area 1280 × 1280 µm2. The morphology of e-HOPG was 

observed using a JEOL JSM-7100F scanning electron microscope (SEM). The sheet 

resistance was characterized by the 4-point probe method using a resistance meter, Hioki 

RM3544.  

 

4.3 Results and discussion 

Figure 4.1 shows the cross-sectional photo from SEM and surface morphology of the 

e-HOPG after transferring to a SiO2/Si substrate. The Raman spectra of e-HOPG shows very 

high G/D ratio when compare to the few layer graphene from CVD process. So, the thickness 

is relatively thick as about 10 μm of e-HOPG was used to mimic a high crystallinity MLG 

film in this chapter.  
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Figure 4.1. Cross-sectional photo from SEM, surface morphology from OM and Raman 

spectra of e-HOPG and FLG. 

 

4.3.1 Chemical amount dependence of doping efficiency and damage 

Figure 4.2 shows the G-band spectra of e-HOPG after intercalation at 200 ℃ for 30 

min with varying amounts of the chemical. According to the position of the G-band, we could 

determine the intercalation stage. The G-band position around 1582 cm−1 (G0) corresponds 

to the pristine graphite. After the MoCl5 intercalation, the G-band position shifted to higher 

wavenumbers (G1 and G2 at 1605 and 1625 cm−1, respectively) [9-11]. G2 and G1 correspond 

to stages 1 and 2 structures, respectively. In the case of higher-stage structures, the peak 

position depends on the ratio of the intensity of G1 to that of G0 (IG0/IG1). IG0/IG1 of 0.5, 1, 

and 2 indicates stages 3, 4, and 5, respectively [10–11]. With the STD chemicals, only G2 

around 1625 cm−1 was observed in the G-band, indicating that stage 1 intercalation was 

achieved at a high amount of chemical. Reducing the amount of chemicals caused the G-

band position to shift to a lower wavenumber, around 1616 cm−1 for STD/2 and STD/4 
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chemicals. The G-band of STD/2 and STD/4 could be fitted with two components 

corresponding to G1 and G2 positions, indicating the mixed structure of stages 2 and 1 

intercalation. Further reduction of the amount of the chemical to STD/5 resulted in a non-

doping state 

 

Figure 4.2. G-band spectra of e-HOPG after intercalation using 200ºC for 30 min. 

 

Figure 4.3 shows the SEM images of the e-HOPG surface after intercalating with 

different amounts of chemicals at 200 ℃ for 30 min. The sample damage was reduced by 

reducing the amount of the chemical. The sample intercalated using STD/5 showed a smooth 

surface as that before the intercalation. 
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Figure 4.3. Surface SEM images of e-HOPG after intercalation at 200ºC for 30 min. 

 

  Table 4.1 shows the RMS roughness of e-HOPG obtained using a confocal laser 

microscope in an evaluation area of 1280 × 1280 µm2 after intercalation with different 

amounts of chemicals at 200 ℃ for 30 min. The RMS roughness of the STD chemical was 

very high (55.98 µm) because of the MLG film's deformation after intercalation. However, 

the roughness was reduced to 3.24 µm by reducing the amount of chemical to STD/5. The 

RMS roughness of the STD/5 chemical was not much different from that before the 

intercalation.   
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Table 4.1. RMS roughness of e-HOPG after intercalation from confocal laser microscope. 

Chemical amount 
RMS roughness (µm) 

Average SD 

STD 55.98 6.33 

STD/2 52.83 2.50 

STD/4 48.56 3.02 

STD/5 3.24 1.88 

Before intercalation 1.62 0.21 

 

These results indicate that both doping efficiency and damage were reduced by 

reducing the chemicals, and there is a trade-off relation between doping efficiency and 

damage. Further optimization was performed with the reaction temperature using the low-

chemical conditions.  

 

4.3.2 Reaction temperature dependence of doping efficiency and damage 

To enhance the doping efficiency of the damage-less chemical conditions, we 

explored the effect of temperature using STD/5 and STD/6 chemicals. Figure 4.4 shows the 

samples' G-band spectra after intercalating with STD/5 and STD/6 at different temperatures 

for 30 min.  

At a low reaction temperature of 200 ℃, the G-band spectra of the samples 

intercalated with STD/5 and STD/6 chemicals show only G0 the same as that before the 

intercalation. At a reaction temperature of 225 ℃, the G-bands of both STD/5 and STD/6 

chemicals show G0 and G1 peaks. After fitting the peak for STD/6, the IG0/IG1 was 0.99, which 

is similar to that of the stage 4 intercalation (IG0/IG1 =1.00) [10–11]. For STD/5, both G0 and 

G1 peaks shifted to higher wavenumbers than those of STD/6. The IG0/IG1 was 0.22, which is 

lower than 0.5 (stage 3), indicating that both stages 3 and 2 intercalations occurred. Increasing 

the chemical amount at the reaction temperature of 225 ℃ enhanced the doping efficiency. 

When the temperature increased to 250℃, the G-band for both STD/5 and STD/6 

chemicals shifted to a higher wavenumber than that of reaction temperature at 225 ℃. After 

peak fitting, the G-band could be fitted with a small component of G0 and the main 

component of G1. IG0/IG1 was 0.09 and 0.08 for STD/6 and STD/5, respectively, close to that 

of stage 2 intercalation (IG0/IG1 = 0.00), but the small peak of G0 was retained. Therefore, the 
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intercalation stage at the reaction temperature of 250 ℃ is considered mainly stage 2 and a 

small part of stage 3. The doping efficiency is higher than that at low reaction temperatures. 

These results indicate that increasing the temperature with a reduced amount of chemical 

enchanced the doping efficiency. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4. G-band spectra after intercalation using the STD/5 and STD/6 chemicals for 30 

min. 

 

Figure 4.5 shows the temperature-dependence of the sheet resistance (Rs)-reduction 

ratio before and after intercalation, (Rs-before – Rs-after) / Rs-before, with STD/5 and STD/6 

chemicals for 30 min. The reduction ratio of sheet resistance increased with an increase in 

the reaction temperature. The higher amount of chemical (STD/5) showed more reduction 

in the sheet resistance than the lower amount of STD/6. At a low reaction temperature of 

200 ℃, both STD/5 and STD/6 showed a very low sheet resistance decrease, below 10%. It 

agrees with the G-band results that show the non-doping stage at a low reaction temperature 

(Figure 4.4). At a reaction temperature of 225 ℃, STD/6 showed a lower percentage 
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reduction of 34% than the 73% for STD/5. At a high reaction temperature of 250 ℃, the 

percentage of reduction of STD/5 and STD/6 increased to 88% and 80%, respectively. The 

sheet resistance reduction ratio is consistent with the G-band shifts shown in Figure 4.4.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5. Relationship between the reduction ratio of sheet resistance between before and 

after intercalation for 30 min and the reaction temperature. 

 

Figure 4.6 shows the samples' SEM images after the intercalation with STD/5 and 

STD/6 chemicals at different temperatures for 30 min. The line-shaped defects increased with 

an increase in temperature, both for STD/5 and STD/6. The defects could be the edge of 

MLG polycrystals, which is considered formed by the intercalation's compressive strain, as 

discussed later. At 200 ℃, both STD/5 and STD/6 chemicals' surface morphology showed a 

smooth surface, the same as before the intercalation process. At the reaction temperature of 

225 ℃, STD/6 retained the smooth surface. In contrast, the morphology of STD/5 showed 

more damage than that of STD/6. However, the morphology of STD/6 degraded after raising 

the temperature to 250 ℃, but it was still less damaged than that of STD/5 chemicals at the 

same temperature.  
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Figure 4.6. Surface morphology after intercalation process of STD/5 and STD/6 chemical 

for 30 min from SEM. 

 

Figure 4.7 shows the surface morphology obtained from AFM after intercalating with 

STD/5 and STD/6 chemicals at different temperatures for 30 min. With STD/6, small hillocks 

were observed only at the high temperature of 250 ℃; however, with STD/5, they were 

observed at the reaction temperatures of 225 ℃ and 250 ℃. The images of the STD/5-

intercalated sample also show line-shaped defects at 225 ℃ and 250 ℃. The defects are not 

the same as those observed in the SEM images.  
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Figure 4.7. Surface morphology after intercalation process of STD/5 and STD/6 chemical 

for 30 min from AFM. 

 

Table 4.2 lists the RMS roughness measured using the AFM in the scanning area of 

5 × 5 µm2. For the STD/6, the RMS roughness increased from 1.68 to 3.78 nm after 

increasing the reaction temperature from 200 ℃ to 250℃. The RMS roughness for STD/5 

was higher than that of STD/6, and it increased from 1.73 to 11.07 nm as the reaction 

temperature increased from 200 ℃ to 250 ℃. The hillocks and line defects increased the 

roughness.  
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Table 4.2. RMS roughness of e-HOPG after intercalation from AFM. 

 

Chemical amount Temperature (ºC) RMS roughness (nm) 

STD/5 

250 11.07 

225 2.83 

200 1.73 

STD/6 

250 3.78 

225 1.75 

200 1.68 

Before intercalation 1.47 

 

These results indicate that both doping efficiency and damage were increased by 

increasing the reaction temperature, and further optimization is required to reduce the damage. 

On the other hand, a 73% decrease in the sheet resistance with less damage was achieved 

after intercalating with STD/5 chemical at 225℃ for 30 min. To further reduce the damage, 

we optimized the reaction time using the STD/5 chemical at 225 ℃, as presented in the next 

section.  

 

4.3.3 Reaction time dependence of doping efficiency and damage 

To optimize the intercalation conditions further, the effect of reaction time was 

explored using the STD/5 chemical with 225℃ conditions. Figure 4.8 shows the G-band 

spectra after intercalating at 225℃ for different reaction times using STD/5. When the 

reaction time was reduced to 15 min, the G-band could be fitted with two components 

corresponding to the G0 and G1 positions, and IG0/IG1 was 0.22, indicating the combination of 

stages 2 and 3 intercalation, the same as for the reaction time of 30 min. For the reaction time 

of 10 min, the G0 and G1 positions shifted to lower positions than those of 15 and 30 min, 

and IG0/IG1 was 0.44, close to 0.50 (stage 3), indicating the intercalation was almost stage 3. 

Reducing the reaction time further to 5 min, the G-band showed the non-doping stage. 
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Figure 4.8. G-band spectra after intercalation using the STD/5 chemicals with 225℃. 

 

Figure 4.9 shows the reaction time-dependence of sheet resistance reduction before 

and after intercalation at 225 ℃ using STD/5. The percentage reduction ratio of sheet 

resistance increased with an increase in the reaction time. The sheet resistance reduction was 

significant, 57% and 77%, for 10 and 15 min reaction times, respectively. The reduction is 

comparable with that of Br2 intercalation [3].  
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Figure 4.9. Relationship between the reduction ratio of sheet resistance between before and 

after intercalation using the STD/5 chemical with 225℃ and the reaction time. 

 

Figure 4.10 shows the SEM images of e-HOPG after intercalating with STD/5 at 

225 ℃ for different reaction times. As expected, the damage of samples reduced as the 

reaction time was reduced. The surface damage was relatively reduced as the reaction time 

reduced from 30 to 15 min, and a smooth surface similar to the pristine surface was obtained 

at the reaction time of 10 min.  
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Figure 4.10. Surface SEM images of e-HOPG after intercalation process using STD/5 

chemical with 225℃. 

 

Figure 4.11 shows the surface morphology obtained from AFM after intercalation at 

225 ℃ using STD/5. The size of the hillocks was reduced as the reaction time decreased. 

Although the line-shaped defects appeared in the SEM image of the sample with a reaction 

time of 15 min, the AFM images show a smoother surface at a reaction time of 15 min than 

that of 30 min. The stress that was induced by the intercalation process could be the cause of 

the small hillocks on the surface and the line-shaped defects. Longer reaction times could 

enhance the stress and defects simultaneously.  
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Figure 4.11. Surface morphology images of e-HOPG after intercalation process 

using STD/5 chemical with 225℃ from AFM. 

 

Table 4.3 lists the RMS roughness measured using the AFM in the scanning area of 

5 × 5 µm2. The RMS roughness increased from 1.58 to 2.83 nm as the reaction time increased 

from 5 to 30 min. We infer that the hillocks and defects caused the increase in the RMS 

roughness. 

 

Table 4.3. RMS roughness of e-HOPG after intercalation using STD/5 chemical with 

225℃ by AFM. 

 

Time (min) RMS roughness (nm) 

Before intercalation 1.47 

5 1.58 

10 3.11 

15 2.35 

30 2.83 
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Considering the doping efficiency, reaction times above 15 min were preferable. On 

the other hand, considering the surface's smoothness, reaction times below 15 min were better. 

 

4.3.4 Strain and charge density of HOPG after MoCl5 intercalation process 

This section shows the correlation between the G- and 2D-peak positions after the 

intercalation process. The mechanical strain (ε) and hole density (n) of e-HOPG could be 

determined from the correlation. In this section also shows the experimental and theoretical 

suspended graphene data (without strain and doping stage), strain line, and hole-doping line 

and those from previous reports [6–8]. Negative values of strain indicate compressive strain 

(graphene sheet is shrinking in-plane). 

Figure 4.12 shows the correlation between the G- and 2D-peak positions after 

intercalation at temperatures of 225 ℃ and 250 ℃ using STD/6 and STD/5 for the reaction 

time of 30 min. With the STD/6 chemical, the strain increased from −0.2% to −0.4%, and the 

hole density increased from about 10×1012 to 15×1012 cm−2 as the temperature increased from 

225 ℃ to 250 ℃. With the STD/5 chemical, the hole density was high 15×1012 cm−2 at both 

225 ℃ to 250 ℃. The strain was also higher at 225 ℃ than that of STD/6. These indicate 

that higher compressive strain after intercalation induces damage on e-HOPG. Also, higher 

hole density results in more sheet resistance reduction, as shown in Figure 4.5. Moreover, the 

temperature effect was more significant for lower amounts of the chemical. 
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Figure 4.12. Correlation between the G-peak position and 2D-peak position after 

intercalation of temperature dependence of STD/5 and STD/6 chemicals for 30 min.  

 

Figure 4.13 shows the correlation between the G- and 2D-peak positions at 225 ℃ 

for different reaction times using STD/5. The mechanical strain was independent of the 

reaction time. On the other hand, the hole density increased from about 10 × 1012 to above 

15×1012 cm−2 as the reaction time increased from 10 to 30 min. The SEM images show that 

the damage on e-HOPG increased as the reaction time increased from 15 to 30 min (Figure 

4.10). There was no much difference between the mean value of strain for 15 and 30 min, 

and the strain variation reduced at the reaction time of 30 min. The uniformity of the MoCl5 

intercalation improved with increasing time. 
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Figure 4.13. Correlation between the G-peak position and 2D-peak position after 

intercalation of time dependence using STD/5 chemical at 225℃.     

 

Figure 4.14 shows a schematic illustration of the mechanism of damage formation 

during the MoCl5 intercalation process. The e-HOPG consists of polycrystals of high-

crystalline MLGs. During the intercalation process, a higher amounts of chemicals and 

temperature result in a higher vapor pressure and intercalation rate. The higher vapor pressure 

and temperature, in turn, result in more intercalation and increase the interlayer space, 

inducing more strain (Figure 4.12 and Figure 4.13). This results in the formation of defects 

in the polycrystalline e-HOPG [1, 9, 13]. If there is nonuniform intercalation in each MLG 

crystal, the defect will form at the MLG crystals' edge due to the different increase in 

thickness. It is reasonable that the defect is line-shaped along the MLG edges. 

 The carrier scattering at the MLG crystals' edge observed as the roughness is 

considered to reduce the mean free path and leads to the mobility degradation [12]. So, the 

damage of e-HOPG must be minimized to eliminate the degradation of carrier mobility to 

reduce the sheet resistance after the intercalation process. 
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Figure 4.14. Schematic model to explain the mechanism for damage with MoCl5 

intercalation process. 

 

For a e-HOPG thickness of about 10 μm, the optimized intercalation was a 

combination of stages 2 and 3, which enlarges the interlayer spacing between 85% and 43% 

of the pristine graphite (the interlayer spacing increased from 0.34 nm for graphite to 0.92 

nm after MoCl5 intercalation). Accordingly, stress and strain were induced. The accumulated 

stress is considered the cause of damages, increasing with the number of layers. Therefore, 

the damage induced by the intercalation should be reduced by reducing the number of layers. 

Although further investigation is required, further enhancement of doping density is expected 

for thinner MLGs by optimizing the intercalation conditions and balancing between high 

doping density and less damage for the optimum condition to realize the lowest sheet 

resistance. 
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4.3.5 Stability of doping efficiency and sheet resistance 

To study the stability of doped e-HOPG, the samples were stored in an N2 box, and 

we evaluated the doping efficiency and sheet resistance every week. Figure 4.15 shows the 

G-band spectra after intercalation with STD/5 at 225 ℃ and 225 ℃ for 30 min and stored in 

an N2 box for 12 and 40 weeks. The G-bands at both reaction temperatures did not 

significantly change after storing in the N2 box for 40 weeks. 

   Figure 4.16 shows the relationship between the reduction ratio of the sheet resistance 

before and after intercalating with STD/5 for 30 min at different storage times and reaction 

temperatures. The percentage reduction of sheet resistance decreased after storing in the N2 

box for 40 weeks. However, the error bars overlap, indicating no significant change in the 

sheet resistance. These results confirm the stability of MoCl5-doped MLG, as reported 

previously.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.15. G-band spectra after intercalation using the STD/5 with 225℃ and 250℃ for 

30 min after storage for 40 weeks. 
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Figure 4.16. Reduction ratio of sheet resistance between before and after intercalation using 

the STD/5 chemical for 30 min after storage for 40 weeks. 

 

4.4 Summary and conclusions 

This chapter optimized the MoCl5 intercalation process for relatively thick e-HOPG 

films in terms of resistance and damage. We achieved a 77% decrease in sheet resistance with 

reduced damage by reducing the amount of chemical to 1/5 of that of FLG at 225 ℃ for 15 

min. The strain and hole density induced during the intercalation process were analyzed using 

G and 2D peaks' correlation plots. The changes in the strain and carrier density agree well 

with the observed damage and sheet resistance. Strain is considered to be induced during the 

intercalation, resulting in line-shaped defects. Since the induced strain depends on the MLG 

thickness, a further decrease in damage is expected for thinner films. The sheet resistance 

reduction effect of MoCl5 intercalation is comparable to that of Br-intercalation used to 

demonstrate doped MLG inductors with high inductance density. Therefore, MoCl5 

intercalation is promising for thick MLG applications, such as on-chip inductors, due to its 

environmental stability and doping efficiency. Optimizing the intercalation conditions in 

terms of thickness is essential for MoCl5 intercalation to resolve the trade-off between doping 

concentration and damage due to intercalation. 
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CHAPTER 5 

INTERCALATION OF CVD-MLG 

 

5.1 Introduction 

  From the discussion in Chapter 1, doped MLG is expected to be a high-inductance 

material because of its large kinetic inductance, which has not been apparent in conventional 

metals, such as copper [1–4]. Principle verification of the high-inductance density of doped 

MLG was demonstrated using MLG e-HOPG and Br intercalation [1]. To realize the 

production of high-performance inductors using doped MLG, it is necessary to develop a more 

practical manufacturing method. In Chapter 4, we optimized the intercalation conditions for 

thick MLG using e-HOPG to mimic thick MLG. However, e-HOPG is not a practical method 

for device manufacture. In this chapter, we study the intercalation of thick MLG fabricated by 

CVD as a practical fabrication method. We developed a thermal CVD process that is expected 

to deposit high-crystallinity MLG patterns at a wafer scale, although the accompanying 

deposition temperature is high. We optimized the conditions for CVD and MoCl5 intercalation 

to obtain a lower sheet resistance of doped CVD-MLG.  

 

5.2 Experimental methods 

Multilayer graphene was grown on an 800-nm-thick Ni film on SiO2/Si by the CVD 

process using an ethanol precursor with Ar bubbling gas. The CVD temperature was varied 

between 800 ºC and 900 ºC, with the same Ar flow rate of 50 sccm, for 10 min. The CVD-

MLG on Ni catalyst was inserted into a glass capsule with 0.0374 g of MoCl5 and 0.0073 g 

of MoO3. After enclosing the glass capsule, it was inserted into a glass tube. Ar gas was 

flowed through the glass tube for 10 min, then heated up to a pre-annealed temperature of 

110 ºC for 120 min before reaction. The reaction temperature was varied between 225 ºC and 

130 ºC for 30 min. The doping efficiency and crystallinity of the CVD-MLG were analyzed 

using a HORIBA HR-Evolution Raman spectroscope with 532-nm laser excitation. The 

morphology was observed by optical microscopy. The root mean square (RMS) roughness 

and surface morphology were characterized using a Hitachi AFM5000II atomic force 
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microscope with scanning areas of 5 × 5 µm2 and 500 × 500 nm2. The cross-section and 

surface morphology of the CVD-MLG were observed using a JEOL JSM-7100F SEM. The 

composition of the CVD-MLG was analyzed using an energy-dispersive X-ray analyzer 

(EDX) installed with a SEM. The sheet resistance was characterized by the four-point probe 

method using a resistance meter, Hioki RM3544.  

 

5.3  Results and discussion 

5.3.1 Optimization of CVD temperature from crystallinity and 

morphology of CVD-MLG 

Figure 5.1 shows optical images of CVD-MLG at different CVD temperatures. The 

morphology from optical microscopy is different at each CVD temperature. At lower 

magnification, the region of uniformity appears to increase with the increase in CVD 

temperature, from 800 ºC to 900 ºC. The more uniform surface morphology may be an 

advantage for patterning. 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1. Optical images of CVD-MLG at different CVD temperatures. 
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Figure 5.2 shows the Raman spectra of CVD-MLG on Ni catalyst at different CVD 

temperatures. The spectra consist of D-, G-, and 2D-bands [5]. The G/D ratio, which indicates 

the crystallinity [6–8] of MLG, tends to increase from 9 to 88 as the CVD temperature 

increases from 800 ºC to 900 ºC. Higher CVD temperatures may lead to the formation of 

higher crystallinity CVD-MLG. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2. Raman spectra of CVD-MLG on Ni catalyst at different CVD temperatures. 

  

Figure 5.3 shows the surface morphology via SEM images at different CVD 

temperatures. There is little difference in the morphology for CVD temperatures ranging 

from 800 ºC to 850 ºC. However, the surface of CVD-MLG at a CVD temperature of 900 ºC 

appears smoother than that grown at lower CVD temperatures. The lesser thickness of CVD-

MLG grown at higher CVD temperatures may be the cause of the smooth surface at 900 ºC.  
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Figure 5.3. Surface morphology of CVD-MLG on Ni catalyst grown at different CVD 

temperatures via SEM. 

 

Figure 5.4 shows the surface morphology and RMS roughness using scanning area 

500×500 nm2 of CVD-MLG at different CVD temperatures via AFM. The AFM surface 

morphology corresponds to the surface morphology observed in the SEM results. A CVD 

temperature of 850 ºC shows a higher RMS roughness of 3.88 nm than that for CVD 

temperatures of 800 ºC and 900 ºC. However, the high-crystallinity CVD-MLG at 900 ºC 

shows the lowest RMS roughness at 1.2 nm. Higher crystallinity with low roughness may be 

suitable for use during the patterning of CVD-MLG for inductor applications.  
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Figure 5.4. AFM surface morphology and RMS roughness of CVD-MLG grown at different 

CVD temperatures. 

 

 Figure 5.5 shows cross-sectional SEM images of CVD-MLG at different CVD 

temperatures. The cross-sectional SEM shows the film was composed with the stacked layers 

of MLG layer and Ni layer. As the CVD temperature increases from 800 ºC to 900 ºC, the 

thickness of the CVD-MLG decreases, although exact thickness is difficult to be measured 

due to the deformation of Ni film during scribing.  

 Figure 5.6 shows cross-sectional EDX mapping of CVD-MLG at a CVD temperature 

of 900 ºC. The top of the surface indicates a C-rich area, which corresponds to the CVD-

MLG layer. Under the CVD-NLG layer, the Ni area is observed, followed by the SiO2 layer, 
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as indicated by an O-rich line, and the last layer is the Si substrate. The EDX results confirm 

the composition of the CVD-MLG.  

 

 

 

 

 

 

Figure 5.5. Cross-sectional SEM images of CVD-MLG at different CVD temperatures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6. EDX mapping of cross-sectional CVD-MLG after CVD growth at 900 ºC. 
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Figure 5.7 shows the sheet resistance of CVD-MLG grown at different CVD 

temperatures. The resistance of the CVD-MLG films is lower than that of the Ni catalyst 

(0.388 Ω/sq. This lower resistance after the CVD process may be from the effect of the 

resistance of graphene and improved crystallinity of Ni by annealing at a high temperature. 

Moreover, the resistance of CVD-MLG decreases, from 0.236 to 0.140 Ω/sq, with increasing 

CVD temperature, from 800 ºC to 900 ºC. The higher crystallinity of CVD-MLG and the 

lesser surface roughness at 900 ºC may reduce the sheet resistance.  

From the abovementioned results, variations in CVD temperature lead to CVD-MLG 

with different properties. Higher crystallinity, greater uniformity, and lower roughness are 

properties necessary for inductor fabrication. A CVD temperature of 900 ºC provides the best 

CVD-MLG film properties for inductor fabrication. However, MoCl5 intercalation of CVD-

MLG must be optimized for the patterning of CVD-MLG.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7. Sheet resistance of CVD-MLG after the CVD process at different CVD 

temperatures. 
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5.3.2 Doping efficiency dependence on CVD-MLG  

 Figure 5.8 shows the Raman spectra of CVD-MLG on Ni catalyst after reaction at 

different reaction temperatures. According to the position of the G-band, we can determine 

the intercalation stage. The G-band position around 1582 cm−1 (G0) corresponds to pristine 

graphite. After MoCl5 intercalation, the G-band position shifts to a higher wave number (G1 

≈ 1605 cm−1 and G2 ≈ 1625 cm−1) [9–12]. G1 and G2 correspond to stage 1 and stage 2 

structures, respectively. In the case of higher stage structures, the peak position depends on 

the ratio between the intensity of the G1 and G0 bands (IG0/IG1). In the case of a lower CVD 

temperature of 800 ºC, the G-band after low intercalation at 225 ºC and 250 ºC is the same as 

that before the intercalation process (only G0). After raising the intercalation temperature to 

300 ºC, the G-band shifted to 1606 cm−1 and was mixed between G0 and G1 with a ratio of 

0.22 (mixed stage 2 and stage 3). On the other hand, the G-band for high CVD temperature 

(900 ºC) shows a mix between G0 and G1 at a ratio of 2.66 (stage 5) at a low intercalation 

temperature of 225 ºC. The intensity of G1 increases as the intercalation temperature increases 

and, consequently, the IG0/IG1 ratio decreases from 0.25 to 0.08 (stage 2) after raising the 

intercalation temperature from 250 ºC to 300 ºC. This result indicates that the doping 

efficiency is enhanced by the intercalation temperature.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8. G-band spectra of CVD-MLG after intercalation for 30 min. 
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Figure 5.9 shows the relationship between the G-peak position of CVD-MLG after 

intercalation at different temperatures and the G/D ratio before intercalation. At low 

intercalation temperatures of 225 ºC and 250 ºC, the G-peak position shifted to ~1600 cm−1 

and was the only high G/D ratio condition. With a higher intercalation temperature of 300 

ºC, the G-peak position of all G/D ratios were shifted to more than 1605 cm−1, which 

corresponds to stage 2 or stage 3. However, the G-peak positions for higher G/D ratios seem 

to shift by more wavenumbers than the lower G/D ratios.  

The Raman results indicate that the intercalation efficiency depends on the G/D ratio 

or crystallinity of CVD-MLG. Therefore, a G/D ratio higher than 20 may be required for the 

MoCl5 process. However, potential damage and sheet resistance reduction need to be 

investigated.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9. Relationship between the G-peak position of CVD-MLG after intercalation at 

different intercalation temperatures and the G/D ratio before intercalation. 
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 Figure 5.10 shows the optical images of CVD-MLG before and after the intercalation 

process at different temperatures. In the case of lower CVD temperatures (800 ºC and 850 

ºC), the morphology from optical images does not depend on the intercalation temperature. 

In the case of a high CVD temperature (900 ºC), the surface morphology depended on the 

intercalation temperature. The surface morphology after intercalation appears less uniform 

than that before the intercalation process. However, there is an increase in uniform area as 

the intercalation temperature increases. SEM analysis was required to study the surface 

morphology in more detail.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10. Optical images of CVD-MLG before and after the intercalation process.  
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 Figure 5.11 shows the surface morphology of CVD-MLG films obtained by SEM 

before and after intercalation at different temperatures. In the case of CVD temperatures of 

800 ºC and 850 ºC, the surface morphology appears hazy, similar to the optical image results. 

However, the hazy surface was reduced with a CVD temperature of 900 ºC because of the 

sample position being far from the chemical source. From the viewpoint of intercalation 

temperature dependence, a clear or non-hazy surface appeared for a high intercalation 

temperature of 300 ºC.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11. SEM surface morphology before and after intercalation at different 

temperatures. 
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Figure 5.12 shows cross-sectional SEM images of CVD-MLG before and after 

intercalation at 300 ºC. After intercalation, Ni was removed from the interlayer of Ni and 

MLG because of the simultaneous doping/etching process [13,14] at the CVD temperature 

of 800 ºC. For higher CVD temperatures, the Ni was not removed. The lower crystallinity 

and proximity to the chemical source may affect the reaction between Cl gas and Ni. It is 

considered that Cl gas may etch Ni through the MLG layer more easily in the poorer 

crystallinity MLG films of 800 ºC. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12. Cross-sectional SEM images of CVD-MLG before and after intercalation at 

300 ºC. 

 

 Figure 5.13 shows cross-sectional EDX mapping before and after intercalation at 300 

ºC of CVD temperature at 800 ºC. On the top of the mapping area, C is present and 

corresponds to the MLG from the CVD process; C remains before and after intercalation at 

300 ºC. After intercalation at 300 ºC, Mo, Cl, and O appear at this top area, with C, in the 

CVD-MLG layer. EDX mapping results confirm that MoCl5 molecules were intercalated into 

the CVD-MLG layer after the intercalation process, which corresponds to the Raman spectra 

results.  
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Figure 5.13. EDX mapping of cross-sectional SEM before and after intercalation at 300 ºC. 
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  Figure 5.14 shows the sheet resistance reduction after intercalation at 300 ºC. The 

CVD temperature at 800 ºC shows the highest reduction of sheet resistance because of the 

thicker MLG being intercalated by MoCl5. The reduction of sheet resistance is still lower than 

that of the e-HOPG film (~80%) because of lower thickness (~10 µm) and lower crystallinity. 

However, a CVD temperature of 900 ºC may be used for the pattering of CVD-MLG for 

inductor fabrication because of the lower sheet resistance before intercalation as shown in Fig. 

5.7, although the reduction ratio after intercalation is less than that of 800 ºC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.14. Sheet resistance reduction after intercalation at 300 ºC. 
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5.4 Summary and conclusion 

  In this chapter, the CVD temperature was optimized for the MoCl5 intercalation 

process with CVD-MLG. High-crystallinity CVD-MLG with a G/D ratio of 88 was obtained 

with a high temperature of 900 ºC. A higher crystallinity or a G/D ratio of more than 20 was 

required for MoCl5 intercalation. The morphology did not differ after the intercalation process, 

which suggests minimal damage. Cross-sectional SEM showed a stacked layer of CVD-MLG 

and Ni. Moreover, the Ni layer was partially removed after intercalation at 300 ºC, especially 

for the CVD film at lower CVD temperature. The sheet resistance reduction of CVD-MLG 

varied from 3.55% to 13.3% after intercalation at 300 ºC. Although the deposition temperature 

is high, a CVD temperature of 900 ºC may be used for the pattering of CVD-MLG and for 

providing improved electrical and crystallographic properties. 
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CHAPTER 6 

INTERCALATION OF PATTERNED CVD-MLG 

 

6.1 Introduction  

  In Chapter 5, a thermal CVD process expected to deposit high-crystallinity material 

was developed for MLG patterning at the wafer scale. MoCl5 was intercalated in CVD-MLG 

and the reduction of sheet resistance after the intercalation process was observed. 

  In this chapter, high-crystallinity MLG patterns at the wafer scale are developed using 

a thermal CVD process. High-crystallinity MLG patterns were deposited selectively on Ni 

patterns using the optimized CVD conditions obtained in Chapter 5. Moreover, MoCl5 

intercalation doping is adopted to reduce the resistance using optimized intercalation 

conditions. We observed pattern width dependencies of crystallinity and doping efficiency in 

the patterned doped MLG. Issues needing further improvements in patterned and doped CVD-

MLG are also discussed in this chapter.  

 

6.2 Experimental methods 

  Figure 6.1 shows the fabrication procedure used to obtain doped MLG patterns. Ni 

patterns with a thickness of 800 nm were formed on a SiO2/Si substrate by sputtering with a 

shadow mask. The pattern width was 1–2.5 mm, which is much wider than the target size for 

inductors, but was chosen because of the experimental limitations of shadow mask patterning. 

MLG films were then deposited on the patterned Ni by CVD using an ethanol precursor with 

Ar bubbling gas. The CVD temperature was controlled at 900 ºC, with an Ar flow rate of 70 

sccm for 5 min. For the TLM measurement, the CVD-time at 7 min was used for CVD-MLG 

fabrication. For intercalation, the CVD-MLG on Ni catalyst was inserted into a glass capsule 

with 0.0374 g of MoCl5 and 0.0073 g of MoO3. The chemical concentrations were optimized 

in previous studies of e-HOPG [1]. After enclosing the glass capsule, the capsule was inserted 

into a glass tube and pre-annealed at 110 ℃ in an Ar atmosphere for degassing before 

intercalation. The intercalation temperature was varied between 225 ºC and 300 ºC for 30 min. 

The crystallinity of CVD-MLG and the doping states were analyzed by Raman spectroscopy. 
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The cross-section and surface morphology were observed by SEM. The sheet resistance was 

characterized by the four-terminal method.  

 

 

 

 

 

 

Figure 6.1. Fabrication procedure of doped MLG patterns. 

 

6.3 Results and discussion 

6.3.1 Fabrication of CVD-MLG patterns 

 Based on the optimized CVD process and intercalation conditions for CVD-MLG/Ni 

provided in Chapter 5, the patterned structures of CVD-MLG/Ni were fabricated as shown 

in Figure 6.2. Pd electrodes with a thickness of 50 nm were evaporated to measure sheet 

resistance. The sheet resistance can be calculated using the following equation [2]:  

𝑅𝑠 =  
𝑉

𝐼

𝑊

𝐿
       (6.1) 

where 𝑅𝑠 is the sheet resistance, 𝐼 is the applied current, 𝑉 is the feedback voltage, 𝑊 is the 

width of the patterned MLG, and 𝐿 is the length of the patterned MLG. 
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Figure 6.2. Fabricated MLG/Ni patterns (left) and a schematic of the four-terminal Pd 

electrodes (right) to measure sheet resistance.  

 

 Figure 6.3 shows the Raman spectra of CVD-MLG on Ni catalyst for each width. The 

spectra consist of D-, G-, and 2D-bands for all widths [3]. The spectra confirmed the 

uniformity of the CVD process for the patterning of each width.  

  Figure 6.4 shows the G/D ratio of patterned CVD-MLG on Ni for different widths. 

The G/D ratio corresponds to the crystallinity of CVD-MLG [4–6]. The G/D ratio exceeded 

20 for all widths and, therefore, is suitable for effective intercalation. The G/D ratio increased 

as the width increased. A large uniform area of Ni catalyst may enhance MLG growth with 

higher crystallinity. It was speculated that the reduction of Ni thickness at the pattern edge by 

shadowing with the mask may have resulted in the reduction of the G/D ratio, as shown by 

the width dependence of the thickness.  
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Figure 6.3. Raman spectra of CVD-MLG on Ni catalyst for each width. 

 

 

 

 

 

 

 

 

 

 

Figure 6.4. G/D ratio of CVD-MLG on Ni patterns of different widths. 
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  Figure 6.5 shows that the thickness of patterned CVD-MLG/Ni increased as the width 

increased. It was also noted that the thickness was different between the center and edge of 

the patterned CVD-MLG because of the shadow effect during Ni deposition [7]. It is expected 

that the shadow effect will not be a problem if photolithography is used for future patterning. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5. Thickness of MLG/Ni at the center and edge of the pattern for each width. 

 

6.3.2 Doping efficiency of CVD-MLG patterns 

  Figure 6.6 shows the doping efficiency of different widths. The G-band at the center 

of the pattern was shifted to a higher wavenumber than that at the edge of the pattern because 

of the variation of the G/D ratio on the patterned CVD-MLG. However, all widths can be 

intercalated in the uniform area, between the center and edge, with high doping of stage 2 and 

above [1, 8-9]. 
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Figure 6.6. G-band spectra at the center and edge of the pattern for each width.  

 

 Figure 6.7 shows optical images of the surface of patterned CVD-MLG on Ni catalyst 

for each width before and after intercalation. The surface morphology does not show much 

difference before and after intercalation. Damage on the surface of the CVD-MLG may not 

be observable by optical microscopy. Higher-magnification observations are required to 

confirm surface damage after the intercalation process.  
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Figure 6.7. Optical images of the surface of patterned CVD-MLG on Ni catalyst for each 

width. 

 

 Figure 6.8 shows SEM images of the surface morphology before and after the 

intercalation process at the center and edge of the patterns. From the morphology at the center 

of the patterns, a hole 1–2 µm in size was found in the width of the pattern and more area 

was observed for the 1.0-mm width than for the higher widths. However, the surface 
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morphology at the center of the patterns was not different after the intercalation process. For 

the edge of the patterns, more hole morphology was found than at the center of the patterns. 

The lower thickness at the edge of the pattern, as shown in Figure 6.6, may have induced the 

holes at the edge of the sample. However, the surface morphology at the edge of the patterns 

was not different after the intercalation process. Damage was not observed on the patterned 

CVD-MLG after the intercalation process. The low thickness of MLG on the patterned CVD-

MLG may make it difficult to distinguish a damaged area with such a rough surface.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.8. SEM surface morphology of patterned CVD-MLG on Ni catalyst for each width. 

 

Figure 6.9 shows the sheet resistance dependence on the width before and after 

intercalation. The sheet resistance increases in the narrower width because the Ni thickness 

became thinner for narrower patterns because of shadowing effects. After intercalation, the 

sheet resistance decreased for the 2.5-mm width but increased for the 1-mm width. The sheet 
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resistance of MLG/Ni is considered the combined resistance of MLG and Ni layers. As the Ni 

layer was potentially simultaneously etched by the chlorine (Cl) gas generated from MoCl5 

during the intercalation process [10, 11], it is considered that some portion of Ni was etched 

during intercalation at the pattern edge. The edge effect is considered to be larger in the 1-mm 

width than in the 2.5-mm width. As shown in Figure 6.10, the thickness of MLG/Ni is almost 

the same at the center of the 2.5-mm width before and after intercalation. Considering the 

potential increase of Ni sheet resistance by etching, the sheet resistance reduction of the 2.5-

mm pattern is considered to be due to the reduction of MLG sheet resistance with intercalation. 

By further optimizing the intercalation process, doped MLG patterns without the Ni layer are 

expected to be obtained by the simultaneous etching of Ni. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.9. Sheet resistance before and after intercalation for different widths. 
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Figure 6.10. Cross-sectional SEM images of 2.5-mm width patterns before and after 

intercalation at 300 ºC for 30 min.  

 

6.3.3 TLM measurement of CVD-MLG patterns 

To confirm the effect of doping efficiency to the reduction of sheet resistance after 

the MoCl5 intercalation process, the patterned structures of CVD-MLG/Ni were fabricated 

for the TLM measurement as shown in Figure 6.11. Pd electrodes with a thickness of 50 nm 

were evaporated to measure sheet resistance. The contact resistance and sheet resistance can 

be extracted by fitting the plot of the relationship between length and total resistance (𝑅𝑇), 

as given by the equation [12] 

𝑅𝑇 = 𝑅𝑆
𝐿

𝑊
+ 2𝑅𝐶 ,     (6.2) 

where 𝑅𝑠 is the sheet resistance, 𝑅𝐶 is the contact resistance, 𝑊 is the width of the patterned 

MLG, and 𝐿 is the length between the two metal electrodes. 

 

 

 

 



 

Chapter 6                                                Intercalation of patterned CVD-MLG 
 

120 
 

 

 

Figure 6.11. Fabricated MLG/Ni patterns for the TLM measurement (left) and a schematic 

of the TLM measurement (right) to measure sheet resistance and contact resistance. 

 

 Figure 6.12 shows optical images of the surface of patterned CVD-MLG on Ni catalyst 

for the TLM measurement before and after intercalation. The surface morphology does not 

show much difference before and after intercalation same as Fig. 6.7. 
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Figure 6.12. Optical images of the surface of patterned CVD-MLG on Ni catalyst for TLM-

measurement structure. 

 

  Figure 6.13 shows the doping efficiency of of CVD-MLG for the TLM-measurement 

structure. The G-band shows the G0 and G1 peaks, the IG0/IG1 ratio is between 0.5 to 1.0 as can 

be confirmed the mixed stage 3 and 4 intercalation after the intercalation process with all 

widths.   
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Figure 6.13. G-band spectra of CVD-MLG for the TLM-measurement structure. 

 

Figure 6.14 shows the sheet resistance dependence on the width before and after 

intercalation from the TLM-measurement. The sheet resistance tends to decrease as increasing 

the width. The sheet resistance after intercalation of 1.0 mm and 1.5 mm width was lower than 

before the intercalation process. The sheet resistance of MLG/Ni is considered the combined 

resistance of MLG and Ni layers. The sheet resistance of 2.0 mm width did not show much 

difference before and after intercalation, probably the contribution of Ni sheet resistance was 

relatively higher than those in 1.0 and 1.5 mm width in which the Ni layer thickness was 

thinner due to the shadow effects.  Moreover, the lower doping efficiency in 2.0 mm width as 

shown in Fig.6.13 may have led to less reduction of sheet resistance. Since the difference of 

CVD-time and the electrical characterization method, the sheet resistance result seems to 

show a different trend from Fig. 6.9. MLG thickness uniformity in the narrower width (1.0 
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mm) may be improved by longer CVD-time. From this result, it is considered that the sheet 

resistance of MLG was reduced by doping and it is expected that to be used in the narrower 

width such as micrometer width in the future. 

 

 

Figure 6.14. Sheet resistance before and after intercalation from the TLM-measurement. 

 

Figure 6.15 shows the contact resistance dependence on the width before and after 

intercalation from the TLM-measurement. The contact resistance tends to decrease as 

increasing the width. The contact resistance was also reduced by the effect of intercalation 

doping. Moreover, the contact resistance of 1.0 mm width seems to reduce more than other 

widths, it seems that the doping efficiency affects to the contact resistance.  

However, further electrical characterization of doped CVD-MLG such as Hall 

measurement is required to reveal the effect of intercalation doping to the CVD-MLG. 
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Unfortunately, we have a limit of characterization in terms of Hall measurement in our 

laboratory. So, it will be a topic of future study. 

 

 

 

Figure 6.15. Contact resistance before and after intercalation from the TLM-measurement. 

  

In this experiment, the shadow mask was used for the patterning of Ni catalyst before 

the fabrication of MLG by the CVD process. The shadow effect from the shadow mask leads 

to the non-uniform thickness of Ni catalyst and also affects the uniformity of MLG thickness. 

The performance of inductors is expected to be improved by improving the MLG-thickness 

uniformity. For some inductor applications, thicker MLG will be required. However, the 

thickness of CVD-MLG was ~200 nm which is thinner than that of reported e-HOPG 

inductors (more than 700 nm) [13]. The crystallinity improvement of thick CVD-MLG may 
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be an additional issue that must be solved, since the crystallinity of CVD-MLG was degraded 

as increasing the thickness. Therefore, further process development is required to improve 

the uniformity and the crystallinity of CVD-MLG depending on the required thickness. 

 

6.4 Summary and conclusion 

In this chapter, a more practical fabrication process for doped MLG patterns, using 

selective CVD and MoCl5 intercalation, was developed. A higher doping density was 

obtained by improving the MLG crystallinity with a G/D ratio above 20. Stage 2 and above 

intercalation was achieved by the optimized intercalation discussed in Chapter 5 using high-

crystallinity CVD-MLG. Intercalation damage was not observed clearly, although further 

improvement of surface morphology is required. The sheet resistance was reduced after 

intercalation in a wide pattern. However, sheet resistance increased after intercalation in a 

narrow pattern. The pattern dependence is considered to be due to the width dependence of 

the Ni thickness from the shadow effects of patterning and the width dependence of Ni width 

reduction during MoCl5 intercalation. The resistance measured in this chapter is the 

combined resistance of the doped MLG and the residual Ni catalyst. To obtain the resistance 

of doped MLG only, it is necessary to remove the Ni layer. In the narrower patterns, such as 

those of the order of micrometers, Ni catalyst is expected to be removed by etching from the 

pattern edge with Cl2 gas during MoCl5 intercalation. In the future, we will fabricate narrower 

Ni patterns using photolithography, which is expected to eliminate the mask shadow effects 

observed in this chapter and lead to more uniform thickness of Ni patterns as well as 

improved MLG crystalline uniformity and doping efficiency.  
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CHAPTER 7 

CONCLUSIONS AND FUTURE PROSPECTS 

 

7.1 Overall conclusions 

 MLG is expected to behave as a conductor material with low resistance and high 

reliability for electron devices, such as interconnects, electrodes, and high-frequency 

inductors. Carrier doping is required to obtain low-resistance MLG as pristine MLG has 

fewer carriers. MoCl5 intercalation is a known stable doping method. In this work, the 

optimization of the MoCl5 intercalation process for many MLG thicknesses was studied for 

conductor applications, which require different thicknesses. MoCl5 intercalation doping was 

achieved for FLG obtained by the CVD process and films exfoliated from e-HOPG for thick, 

high-crystallinity MLG. CVD-MLG on Ni catalyst was optimized for increased doping 

efficiency and reduced damage of the graphene layer as they correspond to the reduction of 

sheet resistance after the intercalation doping process. 

  As a practical fabrication process for their application as inductors, doped MLG 

patterns using the CVD process and MoCl5 intercalation were demonstrated. Stage 2 or 

higher of intercalation doping was achieved, which is expected to yield low-resistance MLG. 

 

7.2 Conclusions for each chapter 

7.2.1. Chapter 3 

Doped FLG is expected to be used in applications that include LSI interconnects and 

transparent electrodes of solar cells. Temperature, time, and chemical concentration 

dependencies of MoCl5 intercalation of FLG were investigated to optimize process 

conditions from the viewpoints of doping efficiency and process damage. For high chemical 

concentrations, the intercalation temperature can be reduced to 150 ºC to reduce FLG damage. 

A resistivity of 14 μΩ cm is reached for a micron-size graphene device. For reduced chemical 

concentrations, the doping uniformity was improved by increasing the reaction time. It was 

found that the intercalation efficiency and the damage of FLGs depend on the number of 

graphene layers. The optimum temperature and time increase as the layer number increases. 
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Either a higher temperature or a longer reaction time leads to increased doping efficiency and 

damage. By comparing the G-peak shift and the G/D ratio, better conditions for FLG 

intercalation were found to be 200 ºC for 60 min rather than 175 ºC for 120 min. It is 

suggested that the optimization of intercalation temperature and time is important, depending 

on the layer number, for device applications of FLG. 

 

7.2.2. Chapter 4 

Thick MLG, of the order of micrometers, is required for MLG applications in high-

frequency devices, such as inductors. Moreover, the high inductance density of doped MLG 

is expected in inductor applications because of the kinetic inductance of doped MLG. This 

chapter optimized the MoCl5 intercalation process for relatively thick e-HOPG films in terms 

of resistance and damage. We achieved a 77% decrease in sheet resistance with reduced 

damage by reducing the amount of chemical to one-fifth of that of FLG at 225 ℃ for 15 min. 

The strain and hole density induced during the intercalation process were analyzed using G 

and 2D peak correlation plots. The changes in strain and carrier density agreed well with the 

observed damage and sheet resistance. Strain is considered to be induced during the 

intercalation process, resulting in line-shaped defects. As the induced strain depends on the 

MLG thickness, a further decrease in damage is expected for thinner films. The sheet 

resistance reduction effect of MoCl5 intercalation is comparable to that of Br intercalation 

used to demonstrate doped MLG inductors with high inductance density. Therefore, MoCl5 

intercalation is promising for thick MLG applications, such as on-chip inductors, because of 

its environmental stability and doping efficiency. Optimizing the intercalation conditions in 

terms of thickness is essential for MoCl5 intercalation to resolve the trade-off between doping 

concentration and damage due to intercalation. 

 

7.2.3. Chapter 5 

  CVD-MLG is expected to be a more practical method for device manufacture than e-

HOPG. In this chapter, the optimization of CVD temperature provides a guideline for the 

MoCl5 intercalation process with patterned CVD-MLG. High-crystallinity CVD-MLG with a 

G/D ratio of 88 was obtained with a high CVD temperature of 900 ºC. A higher crystallinity 
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or a G/D ratio more than 20 was required for MoCl5 intercalation. The morphology did not 

differ after the intercalation process, which suggests minimal to no damage. Cross-sectional 

SEM images showed the stacked layers of CVD-MLG and Ni. Part of the Ni layer was 

removed after intercalation at a temperature of 300 ºC.  

 

7.2.4. Chapter 6 

Based on the optimized CVD and intercalation conditions provided in Chapter 5, 

doped MLG patterns were fabricated by selective CVD. A higher doping density was 

obtained with high-crystallinity patterned MLG on the Ni catalyst with a G/D ratio above 20. 

Stage 2 intercalation and above was achieved by increasing the intercalation temperature and 

using high-crystallinity CVD-MLG. The sheet resistance was reduced after intercalation. 

However, there was a pattern width dependence of the sheet resistance. The reason for the 

pattern dependence is considered to be the thickness variation induced by the shadow effect 

during Ni deposition. Moreover, the effect of Ni catalyst removal is considered the reason 

for sheet resistance reduction because the measured resistance is the parallel resistance of the 

doped MLG layer and the residual Ni catalyst layer. The reduction of the resistance in a wide 

pattern of the doped MLG/Ni indicates resistance reduction of the MLG layer after doping, 

despite the resistance increase with the partial removal of the Ni layer.  

 

7.3. Future prospects 

 To avoid the shadow effect during Ni thin-film deposition, the use of 

photolithography is expected improve future patterning. Moreover, the narrow width of the 

patterned CVD-MLG may increase the etching of the Ni catalyst. By further optimization, a 

doped MLG pattern is expected to form without a Ni layer using the simultaneous etching of 

Ni. 

 Although the target value of the resistivity of doped-graphene depends on the 

applications of doped-graphene, it should be lower than the resistivity of metal interconnect 

such as copper after scaling down to the same width. According to the FeCl3 intercalation-

doped ML-GNR (multi-layer graphene nanoribbon) interconnects with a width down to ∼20 

nm, the resistivity as low as 21μΩ cm was obtained, and it is comparable to Cu of the same 
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size. For the target value of the doped-graphene for the inductor applications, the inductance 

value is considered to be the target value rather than resistivity. So, the target value of doped-

graphene for inductor applications is the inductance higher than that of Br-intercalated MLG 

inductor at the same size, which was reported as 1.5 times higher than that of Cu. 

           In this study, we investigated the optimization of MoCl5 intercalation, which is known 

as stable intercalation, to MLGs of various film thickness. Since there is a trade-off between 

the damage caused by intercalation and doping density, optimization according to the film 

thickness is indispensable. However, the optimized condition will lead to obtain a low-

resistance and stable MLG for various conductor applications in electron devices such as 

interconnects, electrodes, and high frequency devices, along with practical MLG deposition 

methods such as CVD. Especially, doped MLGs are expected to be used for smaller and 

higher in performance of communication devices after 5G due to the characteristic feature of 

high inductance density.  

 

 

 


