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Chapter 1 Introduction 

1.1 Two-dimensional (2D) materials 

Two-dimensional (2D) or monolayer materials refer to a class of nanomaterials that 

consist of a single layer of atoms and have a 2D sheet lattice structure in which atoms are 

arranged on a plane, such as graphene, transition metal dichalcogenides (TMDs), silicene, 

and phosphorene, which have attracted considerable attention in the fields of physics, 

chemistry, materials science, and engineering in recent years. In 2D materials, atoms 

inside each layer are bonded by covalent bonds, and the layers are combined via a van 

der Waals-like force. This structural feature allows the isolation of 2D materials such as 

graphene sheets into an individual monolayer of graphite via the Scotch-tape exfoliation 

method, which is used to initially fabricate graphene [1]. 

Two-dimensional materials exhibit several advantageous properties such as layered 

structure with honeycomb lattice, presence of multiple constituent elements, and photo 

absorption capabilities [2]. These materials exhibit various electronic structures, such as 

zero-gap conductor (graphene), semiconductor, and metallic structures, as shown in Fig. 

1.1. Owing to the unique properties derived from their 2D structure, these materials can 

be used in various applications. Two-dimensional materials such as MoS2 or graphene are 

some of the most promising materials for next-generation devices owing to their strong 

material hardness, significant heat conduction, charge transfer, and impressive electronic 

properties. 

 

 

Fig.1.1 Electronic structure of Two-dimensional (2D) materials including graphene, 

MoS2, and TaS2  
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1.2 Graphene 

Graphene is one of the most famous 2D materials and is an allotrope of carbon with 

only one-carbon-atom thickness, that is, it consists of a single layer of carbon atoms that 

arranged in a honeycomb lattice structure formed by sp2 bonds of carbon atoms. It can be 

fabricated by three-dimensionally stacking sheets formed by countless carbon atoms 

bonded in a hexagonal mesh. In 2004, Geim et al. discovered that single-layer (1L) 

graphene can be easily obtained by mechanically cleaving and exfoliating bulk graphite 

using a Scotch tape, which is described subsequently [3]. 

Graphene has superior properties such as high electron mobility, thermal conductivity, 

mechanical flexibility, and chemical stability, and is expected to be applied to next-

generation semiconductors and high-sensitivity sensors. Graphene has a peculiar 

electronic band structure as double cone as shown in Fig. 1.2. At the contact point, the 

valence and conduction bands do not overlap and the density of the electronic states is 

zero [4]; therefore, graphene is called a “zero-gap semiconductor.” 

 

 
Fig. 1.2 Electronic structure of graphene [4] 

 

Graphene is one of the strongest materials that has been found. The strength and 

stability of graphene results from its tough lattice and sp2 hybridization, where the 

electrons of s, px, and py orbitals consist of the σ-bond, while the remaining electron of pz 

orbital makes up the π-bond. The π-bond of the valence band and the π*-band of the 

conduction band are contact at -4.6 eV from the vacuum, exhibits a metallic conductivity 

because of the free electrons inside the band. Additionally, the introduction of guest 

species of graphene can easily modify its electrical properties by modulating the Fermi 

energy with adsorbed donor or acceptor. The charge also affects its carrier mobility by 
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coulomb scattering [3]. 

The hexagon lattice of graphene can be treated as a triangular Bravias lattice with two 

carbon atoms A and B per unit cell. In this case, graphene comprises two sublattices A 

and B with basis vectors (a1, a2) as shown in Fig. 1.3(a). At the corner of the Brillouin 

zone in the reciprocal lattice of graphene, two inequivalent points exist, which are named 

K and K' and are known as Dirac points (Fig. 1.3(b)), where the valence band and 

conduction band contact each other without a gap [4]. 

 

Fig. 1.3 (a) Graphene lattice structure with two atoms per unit cell; 

(b) Reciprocal lattice spanned by b1, b2 and the first Brillouin zone (hexagon) with 

Dirac points K and K' [4] 
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1.3 Transition metal dichalcogenides 

TMDs are compounds of transition metals and chalcogen elements. They are generally 

expressed as MX2 (M: transition metal (Ti, V, Cr, Mn, Fe, Co, Ni, Zr, Nb, Mo, Tc, Ru, Rh, 

Pd, Hf, Ta, W, Re, Os, Ir, Pt); X: chalcogen (S, Se, Te)). Nearly 60 types of TMDs exist, 

and approximately two-thirds of them have a layered structure, which implies that they 

can be easily exfoliated as monolayer materials. TMDs have been receiving considerable 

attention because of their promising mechanical, electronic, and optical performance [5]. 

These monolayer TMDs have a 1L structure formed in a sandwich-like layout of X-M-

X, and the layers in a bulk crystal are loosely connected by the van der Waals force. 

Furthermore, as the stacking of layers and physical properties vary depending on the 

combination of M and X, materials with various functionalities can be developed. Among 

TMDs, MoS2 and TaS2, which are compounds of the transition metals Mo and Ta, 

respectively, and the chalcogen element S, exhibit several advantageous physical and 

electrical properties. These materials have attracted attention as they exhibit superior 

conductivity and magnetism, and are expected to be applied in the fields of 

semiconductors, superconductors, and thermoelectric conversion devices. 

1.3.1 MoS2 

MoS2, a representative TMD, is a kind of famous solid lubricant owing to its layered 

structure. Recently, MoS2 has attracted considerable scientific and engineering interest in 

the field of 2D materials because of its easy exfoliation from natural crystals. MoS2 is a 

semiconductor composed of layered TMDs with a broad range of electronic, optical, 

mechanical, and thermal properties. It is a promising channel material for fabricating 

field-effect transistors (FETs) [6]. Two-dimensional materials, such as 1L-MoS2 or its 

stacking structure of two, three layers (referred to as 2L- and 3L-MoS2, respectively), 

have received significant attention in recent years owing to the 2D nature of the crystal 

lattice and electronic structure and the significantly high specific surface area [2]. In fact, 

when compared to bulk MoS2 (which has an indirect bandgap), 1L-MoS2 has a direct 

bandgap in its electronic band structure, and larger specific surface area; consequently, 

the electronic properties are significantly affected by molecular adsorption and the 

number of layers [7]. 
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Fig. 1.4 shows the change in bandgap in MoS2 caused by the number of layers [8]. The 

band structure of MoS2 with different layers (4L, 3L, 2L, and 1L from the left of the figure) 

are shown, and the arrows in the figure indicate the direction of electronic transition. The 

energy level at the Γ point changes depending on the number of layers, but the energy 

level at the K point does not change. Therefore, MoS2 is changed from an indirect- to a 

direct-bandgap semiconductor with a decrease in dimensionality (Fig. 1.4). Owing to this 

change in electronic structure, in addition to the general quantum confinement effect, 

monolayer MoS2 characteristically exhibits enhanced photoluminescence (PL) 

originating from direct transitions when compared to multilayer ones. 

 

 

Fig. 1.4 Variations in the bandgap in MoS2 sheet [8] 

 

Various types of 2D devices, including FETs and light sensors, can be fabricated using 

1L-MoS2, which exhibits a significant advantage over graphene as a zero-gap 

semiconductor, owing to its bandgap [9]. Because of the large direct bandgap in electronic 

structure of 1L-MoS2, the probability of photon absorption and release is significantly 

higher than those in indirect-bandgap semiconductor materials including multilayered 

MoS2. Owing to this property, 1L-MoS2 is highly suitable for optoelectronic devices such 

as photo detectors or light sources. 

Conversely, 1L-MoS2 exhibits another feature, that is, valley-selective polarization, 

which may result in its future application in the field of valley-based electronics and 

optoelectronics [10]. 
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1.3.2 TaS2 

TaS2 is a layered TMD, which has gained significant attention in the fields of material 

science. Its structure is characterized by layers of Ta atoms sandwiched between S atoms, 

and these layers are weakly combined by van der Waals forces, which is similar to the 

case of MoS2, allowing for easy exfoliation [11]. 

TaS2 can exhibit different electrical conductivities and exist as a conductor, 

semiconductor, or superconductor depending on its phase and temperature. It has several 

phase transitions at different temperatures that are associated with changes in its crystal 

structure, which significantly affects its electronic properties. Owing to these properties, 

TaS2 exhibits potential in applications such as sensing and storage devices. 

Several research groups have confirmed that TaS2 has multiple charge density waves 

(CDWs) that vary depending on temperature; moreover, unprecedented modulation of 

optical properties is expected because of the generation of structural defects through 

annealing and adsorption of gas molecules [12]. 
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1.4 Fabrication of 2D materials 

Previously, researchers believed that 2D materials could not exist in the ambient 

conditions because of its instability. However, a group led by A.K. Geim of the University 

of Manchester successfully prepared a new 2D monolayer carbon material known as 

graphene in 2004, achieving the novel fabrication of a 2D material through a mechanical 

exfoliation method [1]. 

Since the isolation of graphene, a wide variety of other 2D materials have been 

discovered and studied such as TMDs. In general, 2D materials are fabricated via two 

methods: exfoliation of a monolayer from bulk crystal or growth on a substrate via thin-

film-synthesis methods such as chemical vapor deposition (CVD) or physical vapor 

deposition. 

1.4.1 Mechanical exfoliation 

Monolayer 2D materials are usually fabricated using a typical technique called 

“Scotch-tape method,” in which a tape is used to peel off a few-layer flakes from a bulk 

crystal. As the interlayer van der Waals force in graphite is significantly weak, only a few 

layers can be easily exfoliated from crystals of these materials using the adhesive tape. 

For example, in the fabrication process of graphene, highly oriented pyrolytic graphite 

(HOPG) is exfoliated using a Scotch tape, and repeatedly dilacerated for around 5 times. 

Thus, few-layer graphene with a fresh surface can be obtained on the tape, and many 

pieces of graphene flakes can be transferred to the substrate surface by pressing this tape 

to the Si substrate surface. The number of exfoliations should be optimized as a parameter 

based on the exact experimental condition. 

By using a Si substrate having a specific SiO2 surface layer, even a 1L-graphene can 

be distinguished via an optical microscopic image [13]. Mechanical exfoliation is a 

relatively rapid and convenient method to obtain a high-quality monolayer sample, which 

is widely used in the study of 2D materials; therefore, it was chosen as the fabricating 

method in this study. 
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1.4.2 Chemical vapor deposition 

In the CVD method, a type of solid reactive substance is created by supplying a raw 

material in a gaseous state and reacting it with a substance placed on a substrate such as 

Cu plate or SiO2/Si on the solid surface. The monolayer sample is typically fabricated in 

a specially designed reactor or chamber in a condition where the gas flow, temperature, 

and pressure are accurately controlled. Both graphene [14] and MoS2 [15] can be prepared 

using CVD at specific conditions. CVD is used to produce solid materials with high purity 

and quality, and is extensively utilized in the semiconductor manufacture industry for the 

production of thin films, and is also widely used in the study related to 2D materials for 

sample fabrication. 
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1.5 Characterization methods for 2D materials 

1.5.1 Layer number evaluation via optical microscopy 

When samples are prepared via mechanical exfoliation, in addition to monolayer 

samples, multilayer or bulk flakes also exist on the substrate. Thus, when the exfoliation 

method is used to obtain 2D material samples, optical microscopy (OM) and Raman 

spectroscopy are used to identify the monolayer samples. 

Typically, the substrate is observed under an optical microscope to effectively identify 

the monolayer samples. Then, a digital camera that is adapted to the OM is used to capture 

photos with a red or green filter. OM images of 2D flake samples are used to evaluate the 

layer number by checking the difference in the brightness between the sample and 

substrate. The photos of samples captured in the red or green channel are first analyzed 

using an image processing software; then, the brightness contrast is determined, which 

can be compared with references paper to obtain the layer number [16][17]. 

OM is used to analyze a wide surface area in a short time. Although the thickness of 

graphene is only approximately 0.3 nm, it can be observed using an OM with clear 

contrast. However, the contrast varies depending on the thickness of the SiO2 layer of the 

substrate, and it cannot be discriminated in visible light. Therefore, the contrast is 

considered to be affected by the interference effect of the reflected light. The thickness of 

the SiO2 layer of the substrate must be precisely controlled, and by appropriately selecting 

the wavelength of the observation light, the number of layers of graphene can be 

accurately evaluated based on the correspondence between the OM image and layer 

number of graphene (Fig. 1.5) [13]. 
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Fig. 1.5 Color plot of the contrast as a function of wavelength and SiO2 thickness [13] 

 

1.5.2 Raman spectroscopy 

Raman spectroscopy is used to detect molecular vibrations by exposing a sample to 

strong monochromatic visible light and measures changes in the wavelength between the 

incident and Raman scattered light waves. 

Usually, Rayleigh scattering occurs when the incident light is scattered by particles in 

a material, where the scattering light has the same wavelength as incident light owing to 

elastic scattering. However, a few photons can be scattered inelastically via Raman 

scattering, which indicates that the wavelength has changed because of the inelastic 

collision with the vibrating lattice. 

When a laser is applied to a sample, the emitted scattered light is passed through a filter 

to remove the Rayleigh scattered light, and the Raman scattered light is transmitted to a 

detector to detect each wavelength. Then, the obtained signal is converted to a Raman 

shift value. The Raman scattered light contains frequency (wavenumber) information that 

changes depending on the molecular information of the sample, which aids in analyzing 

the other information such as crystallinity of the sample material [18]. 

1.5.2.1 Raman spectroscopy for Graphene 

The typical bands in the Raman spectra of graphene are the G band and G' band. G 
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band of 1L-graphene appearing around 1580 cm−1, which is caused by the in-plane 

vibration of sp2 carbon atoms. The G' band at approximately 2700 cm−1, also known as 

the 2D band, which is a two-phonon resonance second-order Raman peak of D band, and 

indicates the interlayer stacking mode of carbon atoms in graphene. In the case of a 

disordered graphene sample or at the graphene sample edge, the D band (D stand for 

disorder) also appears at approximately 1350 cm-1 [19]. The specific frequencies of the 

G' and D bands are affected by the laser wavelength. 

In 1L-graphene, the G' peak is sharp and symmetrical, and has a perfect single 

Lorentzian peak shape. Moreover, the G' peak intensity of 1L-graphene is greater than 

that of the G peak, as shown in Fig. 1.6 [20]. As the number of layers increases, the full 

width at half maximum (FWHM) of the G' peak gradually increases, associated with 

decreases in intensity and shifts to high wave numbers (blue shift) [21]. 

 

Fig. 1.6 Layer number dependence of Raman spectroscopy for graphene [20]. 

 

The G band is associated with the doubly degenerate (in-plane transverse optical (iTO) 

and longitudinal optical) phonon modes at the Brillouin zone center [18]. In fact, the G 

band is the only band occurring from first-order Raman scattering process in graphene, 

which is due to the selection rule related to the translational symmetry of crystalline 

materials. Conversely, the G' and D bands originate from second-order processes, 

involving two iTO phonons near the K point for the G' band and one iTO phonon and 
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inter-valley carrier scattering by a defect potential for the D band [22]. This double-

resonance mechanism is called an inter-valley process because it connects two adjacent 

points around inequivalent K and K' points in the first Brillouin zone of graphene (Fig. 

1.7). In contrast, the D' band (~1620 cm−1) is scattered from an intra-valley process that 

connects two points in the same double-cone at a K point (Fig. 1.7) [23]. Both the D and 

D' Raman bands appear because of the presence of inter- and intra-valley scattering of 

carriers by additional potentials of defects in graphene. 

 

 

Fig. 1.7 Double-resonance mechanism of G, D, and D' bands [23] 

 

Further, the G-band position and line width depend on the amount of carrier injected 

into graphene. The G-band position is determined to be around 1580 cm-1 by the Born-

Oppenheimer approximation; however, a marginal shift due to carrier injection is 

explained by a correction term derived from the formation of a virtual electron-hole pair 

called Kohn anomaly (Fig. 1.8) [24]. When the lattice vibration energy of graphene is 

partially stabilized by the formation of electron-hole pairs, phonon softening occurs. As 

the excitation probability of an electron-hole pair varies depending on the position of the 

Fermi energy of graphene, the intrinsic energy of the G-band phonon depends on the 

Fermi energy (Fig. 1.9) [25]. The other factor that modulates the position of the G band 

is the charge of the force constant of carbon bonds. When the graphene honeycomb lattice 

is locally bent by the presence of defects or addition of functional groups, the reduction 

in the force constant results in a shift of G-band position toward a lower wavenumber.  
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Fig. 1.8 Kohn anomaly process and Fermi energy dependence of electron-hole 

excitation [24] 

 

 

Fig. 1.9 Raman spectra of graphene as a function of gate voltage [25] 
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1.5.2.2 Raman spectroscopy for MoS2 

Raman peaks of MoS2 appearing at approximately 385 and 403 cm-1 are identified as 

E2g and A1g (E' and A'1 in the monolayer case), respectively, which correspond to the in- 

and out-plane vibration modes of MoS2, respectively, as shown in Fig. 1.10(a). 

The distance between E2g and A1g mode peaks is correlated to the number of layers. It 

increases from ~18 to ~25 cm-1 with the increase in the layer number until bulk mode. In 

the monolayer case, this distance should be appropriately 18 cm-1, as shown in Fig. 1.10(b) 

[26] 

 

 

Fig. 1.10 (a) Vibration modes of E2g and A1g; (b) Layer number dependence of Raman 

spectroscopy for MoS2 [26] 

 

1.5.2.3 Raman spectroscopy for TaS2 

In the Raman spectra for TaS2, a large sharp peak around 70 cm−1 is observed, together 

with some small peaks at 102, 240, 303, and 374 cm−1. According to previous studies, 

these peaks broaden when the phase transitions from a commensurate charge density 

wave (CCDW) to a nearly commensurate CDW (NCCDW) [11]. Moreover, peaks are 

broadened more or may even disappear when the phase transitions from NCCDW to 

incommensurate CDW (ICCDW) .[27][28][29][30][31][32][33] 
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1.5.3 Photoluminescence (PL) for MoS2 

PL is a phenomenon in which light is generated when the excited electrons return to 

their ground state after being excited when a substance is irradiated with light. When light 

is applied to excite electrons, electrons and holes are generated in the conduction and 

valence bands, respectively, and the energy difference when these electrons and holes 

recombine is emitted as light. This emitted light is called fluorescence.  

If the measured sample changes, for example, contains impurities or defects, an 

impurity or defect state will occur in areas other than the conducting or valence band, and 

electrons and holes may recombine from this state. The fluorescence is easily affected by 

impurities and defects in the material; therefore, the electronic information of a material 

can be obtained by detecting the change in fluorescence. 

Both graphene and TaS2 have no bandgap as they are zero-gap and metallic materials, 

respectively. Therefore, photo emission cannot occur from graphene and TaS2. In this 

study, only MoS2 can exhibit the PL phenomenon. As shown in Fig. 1.11 [34], in 1L-

MoS2, the A (~1.85 eV) and B (~2.02 eV) peaks correspond to the emission between two 

spin-split sub-bands of 1L-MoS2 [35]. 

 

 

Fig. 1.11 Photoluminescence (PL) of 1L-MoS2 [34] 
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1.5.4 Rutherford backscattering spectrometry 

Rutherford backscattering spectrometry (RBS) is a typical elemental analysis method 

based on an ion scattering analysis technique for the deflected ion-beam by target sample. 

One of the advantages of RBS is that it determines the structure and composition of 

materials without a reference standard. 

For RBS analysis, high-energy (MeV) He ion (i.e., alpha particles) are irradiated onto 

the sample, and the He ion at a given angle is detected. As the backscattering cross section 

for each element is already known, a quantitative compositional depth profile can be 

obtained from the energy and yield of the RBS spectrum. 

Using RBS, the types, amounts, and distribution of elements that constitute the sample 

can be analyzed. It is a useful probing tool to evaluate the effect of ion implantation and 

gas adsorption. RBS is widely used in different fields to investigate the effect of ion 

implantation in 2D materials [36]. 

1.5.5 Conductivity measurement 

Conductivity measurement is used to determine the electrical properties of 2D 

materials by measuring the transport curve of an FET that uses 2D materials such as 

graphene or MoS2 as the channel material. 

1.5.5.1 Field-effect transistor (FET) structure 

FET is an electronic component that control the flow of current in a semiconductor 

material by applying an electric field. A schematic structure of the back-gate FET is 

shown in Fig. 1.12. An FET is equipped with three electrodes denoted as source, drain, 

and gate [37].  

The gate of an FET is separated from the channel material by a thin insulating layer, 

typically as SiO2 in this study. When a voltage is applied between the gate and source-

drain terminals, the generated electric field surround the insulating layer and injects the 

carriers into semiconductor layer and changes its conductivity. By turning the gate voltage, 

electrons are injected or removed from the channel region, and the concentration of 

electrons or holes in the channel region are controlled, thereby controlling the current or 
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resistance between the source and drain electrodes. 

Typically, the current entering the channel between the source and drain terminals is 

defined as IS-D. The voltage between the source and drain terminals is defined as VS-D. 

Varying the gate voltage VG changes the voltage between the gate and source-drain 

terminals, modulates the conductivity of this layer and thereby controls the IS-D. Generally, 

two electronic source meters (or one multichannel source meter) are used to support VS-D 

and VG. 

 

 

Fig. 1.12 Schematic structure of back-gate-type field-effect transistor (FET) 

 

1.5.5.2 Four-terminal measurement 

The four-terminal sensing or four-point probe method is a highly accurate technique 

for measuring electrical resistivity or conductivity of materials. This method is 

particularly useful for measuring low resistivity materials such as metals, semiconductors, 

and conductive thin films. 

In a four-terminal measurement setup, two outer terminals are used to source a current 

into the material under test, while two inner terminals are used to measure the voltage. 

By separating the current path from the voltage measuring path, the voltage measurement 

is not affected by the contact resistance, resulting in a more accurate measurement, 

especially for low-resistance materials. This configuration helps to eliminate the effect of 

contact resistance and cable losses in remote-sensing (instruments connect the sample via 

a long cable for in situ measurements) conditions, which can significantly influence the 

measurement result in two-terminal methods. 
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1.5.5.3 FET fabrication 

Generally, an FET structure is fabricated via a series of processes, including mechanical 

exfoliation, resist coating, lithography, development, metal deposition, and lift off, as 

shown in Fig. 1.13. In general, two types of lithography methods are used for exposure: 

photolithography using ultraviolet rays and electron-beam (EB) lithography using 

electron beams. 

Photolithography processes are widely used in largescale semiconductor production 

processes. However, in the case of exfoliated 2D materials, the area of the target 

monolayer sample is significantly small relative to the area of the substrate, and the 

geometry and position of the sample varies for each sample. EB lithography is widely 

used in the field of 2D-material-based electronic devices as electrode patterns can be 

easily edited according to the size and position of graphene in each specific condition 

without requiring a photomask. Consequently, EB lithography was selected to fabricate 

electrode patterns in this study. 

A 2D-material-based FET is fabricated via a series of processes as shown in Fig. 1.13 

in our study. First, a spin coater is used to create a polymer-resist film on the surface of 

the substrate with monolayer flakes. Then, the electrode pattern designed for each specific 

sample is exposed using EB lithography, and only the resist in the exposed area is washed 

away (development). Next, gold is deposited over the entire surface of the substrate using 

a vacuum evaporation device. In the final lift off, the gold is washed away along with the 

resist in areas other than the pattern, leaving the gold only in the patterned area. 

 

Fig. 1.13 Fabrication process of an FET including Electron-beam (EB) lithography 
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1.5.5.4 Transport properties 

The conductivity of a material can be considered as a gas transport model that treats 

electrons like gas molecules in gas kinetic theory. When the average velocity of electrons 

is v and the elementary charge and number density of electrons are e and n, respectively, 

the current density j flowing through the conductor is 

 

𝑗 = −𝑛𝑒𝑣 .        (1.1) 

 

Conversely, the Ohm’s law relationship between current density and electric field E is 

as follows: 

𝑗 = 𝜎𝐸,         (1.2) 

 

where σ is the electrical conductivity. Inside an exact element, v is proportional to E. 

 

|𝑣| =  𝜇|𝐸|        (1.3) 

 

Here, μ is defined as carrier mobility, which can be calculated as 

 

𝜎 = −𝑛𝑒𝜇.        (1.4) 

 

1.5.5.5 Conductivity measurement for Graphene 

The FET structure is a powerful probing tool that is widely used to measure the 

electronic properties of 2D materials. Notably, in a previous study, a new functionality 

was added based on graphene-hosted host-guest interactions as graphene exhibits 

significant change in its electronic states even with a significantly small amount of atomic 

and molecular adsorption. As a method for measuring the adsorption effect on graphene, 

a back-gate-type FET was used, and hole doping into graphene was reported by 

introducing oxygen molecules as a guest [38].  

Fig. 1.14 shows the gate-voltage dependence of electric conductivity of graphene via 

oxygen molecule adsorption. In the measurement, after degassing in a vacuum 
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environment, the charge neutral point (VCNP), where the population of the hole and 

electron carriers are equal in the channel, is consistent with the gate voltage of 0 V. VCNP 

corresponds to the position of the Dirac point in the energy axis. Conversely, exposure of 

oxygen at 0.1 MPa shifts the charge neutral point VCNP toward positive voltage depending 

upon the exposure time [38]. 

The shift of the charge neutral point VCNP to the positive voltage corresponds to the 

hole doping in the electronic bands of the channel material, whereas the shift to the 

negative charge corresponds to electron doping. 

 

  

Fig. 1.14 Change in the transfer curve based on O2 exposure [38] 

 

1.5.5.6 Carrier density 

Considering that the change in VCNP is because of the charge potential resulting from 

the charge of carrier on the isolation layer, which can be considered as a capacitor, the 

doped carrier density n by the ion-beam irradiations can be calculated using the value of 

the shift of the gate voltage ∆VCNP as 

 

𝑛 =
𝐶g

𝑒
Δ𝑉CNP = 𝛼Δ𝑉CNP,      (1.5) 

 

where e represent the elementary charge and Cg represent capacitance of the gate per 
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unit area, which is calculated as 𝜀0𝜀r/𝑡ox, where 𝜀0 represents the vacuum permittivity; 

𝜀r and 𝑡ox represent the relative permittivity and thickness of the gate dielectric material 

(285 nm of SiO2 in this study), respectively. In this case, α = 7.56 × 1010 cm−2V−1. 

1.5.5.7 Carrier mobility 

Carrier mobility, which is a critical property in the field of semiconductor physics, 

refers to how quickly an electron or hole can move through a semiconductor material 

when an electric field is applied. In FETs, higher mobility allows for greater current flow 

and faster switching speeds. 

In the 2D condition, resistance R can be calculated as 

 

𝑅 = 𝜌
𝐷

𝑊
=

𝑉S−D

𝐼S−D
,       (1.6) 

 

where ρ is the resistivity, which is the reciprocal of electrical conductivity σ. 

Conversely, equation (1.5) indicates the carrier density at charge neutral point, and the 

carrier density at any gate voltage VG can be calculated as 

 

𝑛 = 𝛼𝑉G.         (1.7) 

 

By combining equations (1.4), (1.6), and (1.7), carrier mobility μ can be calculated as 

 

𝜇 =
𝐼S−D

𝑉S−D𝑉G𝛼𝑒

𝐷

𝑊
.        (1.8) 

 

Here, 
𝐼S−D

𝑉G
 is the gradient of the conductivity curve and 

𝐷

𝑊
 is the aspect ratio of the 

channel part of the FET device. 

1.5.5.8 Auto-measurement for transport properties 

As shown in Fig. 1.14, the measurement of the transport curve requires a scanned 

control of gate voltage, and the conductivity at each gate-voltage point must be recorded. 
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To obtain a more accurate and consecutive curve, measurements should be performed at 

the maximum number of possible points. Furthermore, the interval time between each 

measurement point should be identical. In this case, an automatic measurement program 

is used to control the multiple instruments and record the data. 

LabVIEW is the core software product of National Instruments. In contrast to other 

common programming languages, it is a graphical programming language makes 

programs look intuitive. LabVIEW was designed for tests and measurement, and several 

instruments and data acquisition equipment can be conveniently controlled by LabVIEW. 

Fig. 1.15 shows the control panel of a LabVIEW program for auto-measurement of FET 

conductivity for 2D materials that were specially developed for this study. 

 

 

Fig. 1.15 Control panel of a LabVIEW program for auto-measurement 
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1.6 Defects in 2D materials 

2D materials are greatly sensitive to the presence of defects like lattice vacancies due 

to less percolation paths and weak screening effects. Owing to their low dimensionality 

geometry, both the real-space structure and the electron structure are vulnerable against 

slight perturbation of the system, and environmental effects have a greater influence on 

their structural, electronic, and chemical properties when compared to that of bulk 

materials [39]. 2D materials exhibit a high surface-to-volume ratio and all atoms are 

located on or significantly close to the surface; therefore, the relative surface area become 

larger, and the presence of defects can increase the number of adsorption sites for foreign 

molecules, and the adsorbed impurities has an impact on the electronic properties 

[40].The existence of defects affect the electronic conductivity and molecular adsorption, 

where defect sites act as a carrier scattering source and major adsorption sites, 

respectively. 

Although defects have a significant influence on the structural and electronic properties 

of MoS2 owing to its 2D characteristic, structural defects of MoS2 always exist in samples 

regardless of whether they are prepared via CVD or exfoliated from natural minerals. This 

is a severe challenge in the defect engineering of 2D materials [7]. 

1.6.1 Defects in MoS2 

In MoS2, structural changes due to Ar-ion irradiation have been reported, and their 

influences on Raman spectra are classified based on three types of vacancies [6]. As 

shown in Fig. 1.16(a), the defect species introduced into MoS2 are primarily S, Mo, and 

MoS6 cluster vacancies, where S vacancy indicates only an S atom loss within two 

overlapped S atoms, Mo vacancy implies an S atom loss, and MoS6 vacancy indicates an 

S atom loss along with six surrounding S atoms. 

As shown in Fig. 1.16(b), the presence of S vacancy results in a new broad peak 

involving the longitudinal acoustic (LA) mode at 220 cm-1 and a second-order LA (2LA) 

band appears at approximately 450 cm-1 owing to an overtone of LA phonons due to the 

presence of S vacancy. The presence of Mo vacancy results in shift to a lower wave 

number (redshift) in the E' mode peak. Finally, significant redshift in the E' peak and 

reduction in A'1 peak by MoS6 vacancy can be observed. Moreover, these vacancies are 
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introduced by the order of S→Mo→MoS6 clusters as the Ar-ion irradiation dose increases 

[6]. 

 

 

Fig. 1.16 (a) Typical vacancies in MoS2; (b) Effect of different types of vacancies on 

Raman spectroscopy of MoS2 [6] 

 

1.6.2 Defects in Graphene 

The defects present in graphene also affect its Raman spectra. As shown in Fig. 1.17, 

the presence of defect-like lattice vacancies and ionic impurities provide a sharp and 

shallow scattering potential for conduction carriers in graphene, which causes D (~1340 

cm−1) and D' (~1622 cm−1) bands in the Raman spectrum, in addition to the G and G' 

bands [41]. Moreover, the intensity of the G' (2D) band decreases with the increase in the 

defect amount [14]. 
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Fig. 1.17 Effect of defects on Raman spectroscopy of graphene [14] 
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1.7 Ion-beam irradiation 

An ion beam is a bundle of charged atoms and molecules flowing at a constant speed. 

It is one of the excellent methods for quantitatively and reproducibly introducing defects 

and impurities into materials [42]. For example, Ochedowski et al. irradiated 1L-graphene 

and MoS2 with U ion as fast heavy ions at different doses and investigated the effects on 

their electrical properties [43]. In addition, other researchers have irradiated two-

dimensional materials with ions of Ag, Au, N, etc., and reported the effects on their 

structural and electronic properties [44][45][46]. For verifying the influence of defects on 

the structure and electronic properties of 1L-MoS2 and Graphene, ion-beam irradiation to 

the sample is an excellent strategy to introduce defects and impurities under a well-

controlled condition. 

In this study, we use a low-energy gas source ion-beam gun and a solid source with a 

tandem accelerator for ion-beam irradiation. The schematic structure of an accelerator 

used in our study is shown in Fig. 1.18. 

 

 

Fig. 1.18 Schematic view of an accelerator instrument. 

 

1.7.1 Modification of electronic properties 

Regarding the application in the field of electronic devices, tuning the number of 

charge carriers and carrier mobility are one of the major challenges of 2D materials. 

Especially various approaches have been explored for introducing guest species into 
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graphene, which include adsorption onto adlayers, intercalation between 2D graphene 

sheets [47], and direct incorporation of foreign atoms into the graphene sheet [48]. Among 

these methods, the direct modulation of the electronic properties and structure of graphene 

via ion-beam irradiation is an appropriate technique for precisely controlling the number 

of guest chemical species [49][50], where charges of the injected ions in the sample are 

simultaneously neutralized upon irradiation. Here, it should be noted that atoms 

introduced by the ion beam exist in the same chemical states as those introduced by other 

impurity engineering methods, such as additives in material synthesis, wherein the net 

charge of the entire sample is electrically neutral after irradiation if no electric field is 

applied [51]. 

1.7.2 Monte Carlo simulation 

To estimate the effect of ion beam, the first-principle methods could not calculate the 

stopping of ions in matter. Because an ion-beam irradiation into materials is a stochastic 

phenomenon well described by classical mechanisms, a statistical algorithm like the 

Monte Carlo method is always used to simulate the stopping and range of ions into matter 

[52]. 

Monte Carlo simulations are used to model the probability of different outcomes in a 

process that cannot be easily predicted due to the intervention of random variables. It is a 

technique used to understand the impact of risk and uncertainty in prediction and 

forecasting models. The method is used by professionals in widely disparate fields such 

as finance, project management, energy, manufacturing, engineering, research and 

development, insurance, oil and gas, transportation, and the environment. 

1.7.3 Stopping and Range of Ions in Matter 

The “Stopping and Range of Ions in Matter” (SRIM) [53] simulation program is widely 

used for calculations of stopping powers, range, and straggling distributions for any ion 

at any energy in any elemental target, including a compound material with multiple layers. 

SRIM code is a group of programs that compute the stopping and range of ions (up to 2 

GeV/amu) in the target matter in the framework of classical collisions with parameters 

obtained by the results of experiments and fitting a quantum mechanical calculation of 

ion-atom collisions [52].  
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It is a promising tool for us to estimate the effect of ion-beam irradiation in target 

materials. Thu, SRIM is widely used for calculating vacancy production [54], simulating 

the energy loss for particles through thin film [55], and estimating the effect of ion-beam 

irradiation [56]. 
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1.8 Objective 

Tailoring the properties of 2D materials is an important requirement for its application 

in future electronic devices, such as tuning the number of charge carriers and carrier 

mobility, which are part of the major challenges. Various ion species were considered for 

irradiation to investigate the effect of ion beams on 2D materials systematically in this 

study. As for Ar, a noble gas particle, only mechanical defects like lattice vacancies are 

expected to be introduced by the Ar-ion beam. In contrast, irradiating Au-ion beam would 

cause not only mechanical defects but also chemical interactions like oxidation. 

Furthermore, I- and Fe-ion irradiation were also performed for more systematic 

investigation, considering their carrier scattering effect and magnetic properties. 

In this study, the monolayer samples of graphene (zero-gap semiconductor), MoS2 

(direct-gap semiconductor), and TaS2 (metallic) were fabricated by mechanical 

exfoliation method in view of modifying and verifying the properties of 2D materials. 

The beam irradiation of Ar, Au, I, and Fe ions, including noble gas, nonmetallic, metallic, 

and magnetic elements, modified the 2D materials to introduce defects or impurities under 

well-controlled conditions. The properties of 2D materials on the structure and the 

electronic properties were evaluated by Raman spectroscopy, RBS, photoluminescence, 

and conductivity measurements using FET device structure. 
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1.9 Structure of this paper 

This thesis consists of 6 chapters. 

Chapter 1 is a general introduction of 2D materials and the objective of this thesis. 

In Chapter 2, we propose a low-energy Ar-ion beam irradiation method to introduce 

vacancies into 1L-MoS2 in a controlled manner. Since the presence of vacancies in 2D 

materials, such as 1L-MoS2, significantly affects their structural and electronic properties, 

a complementary study that combines multiple evaluations was performed to verify the 

role of vacancies in the structural and electronic properties of MoS2. Raman spectroscopy 

and conductivity measurements reveal that the S vacancies, introduced into the MoS2 

lattice prior to Mo vacancies at the lower ion-beam dose region, cause electron doping. 

The E' lattice vibration mode was more sensitive to vacancies than the A'1 mode in a 

Raman spectrum of MoS2. According to photoluminescence studies, irradiating Ar ion at 

a lower dose of less than 3.8 × 1013 cm-2 does not change the band gap. It only introduces 

mid-gap states, consistent with the smaller and larger influences of vacancies in carrier 

scattering and doping, respectively, in the electrical conductivity. This study compares 

several measurement methods to confirm the mechanism of vacancy formation in MoS2, 

providing a reference for future research and applications of 2D materials. 

In Chapter 3, we discussed tuning the carrier transport properties of graphene as the 

fundamental structure of carbon materials to meet various requirements for the 

application to next-generation electronic devices related to carrier density, electron 

mobility, spin-orbit coupling, etc. We attempted to modify graphene by irradiating Au- or 

I-ion beam at 200 keV with dosages of 1013 - 1014 cm-2 using a NaCl sacrificial layer to 

introduce ions as guest chemical species into a two-dimensional graphene sheet as a 

quantitative chemical modification method. After removing the sacrificial layer, the ion-

irradiated graphene was evaluated by Raman spectroscopy, electrical conductivity 

measurement, and Rutherford backscattering spectrometry. By irradiating the ion beam 

at the dosage of 1014 cm2, both vacancies of carbon atoms, and Au atoms of 2.1 × 1013 

cm-2/I atoms of 1.2 × 1013 cm-2 are introduced into graphene, the latter of which act as 

charged impurities, resulting in the Raman D' band and the downshift of the Fermi energy 

through hole carrier doping. Using the sacrificial layer method, the modification of 2D 

materials by high-energy ion-beam irradiation becomes available, which could be 

expected in future applications. 
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In Chapter 4, we focus on the spin-orbit interaction of MoS2, which can be expected to 

be applied to spin-valley electronics. By utilizing this valley-spin polarized state as an 

information carrier, a next generation communication could be developed, which is 

different from conventional electronics that only utilize the charge degree of freedom of 

electrons. Since the selective valley polarization in 1L-MoS2 is affected by internal 

magnetic fields inside a material, the Fe atom, a magnetic atom, can be used to improve 

the valley polarization properties of MoS2. We attempted to irradiate the Fe-ion beam at 

200 keV with dosages of 1012 - 1015 cm-2 using a NaCl sacrificial layer to introduce the 

Fe ion into 1L-MoS2 sheet as a modification method. After irradiation, circularly 

polarized photoluminescence measurements were used to measure the change in selective 

valley polarization property in room and low-temperature conditions. 

In Chapter 5, we evaluated the layer number dependence of Raman spectroscopy on 

TaS2, a type of metallic 2D material exhibiting a charge density wave (CDW) transition 

around room temperature and the Ar-ion irradiation effects. The temperature hysteresis 

of the Raman peak height related to the CDW transition decreases as the number of 1T-

TaS2 layers decreases. The difference in the dimensionality of the CDW superstructures 

and the competition between the pinning potential of defects and thermal energy explains 

this. The defect introduction by Ar-ion irradiation significantly broadened and decreased 

peaks related to the CDW superstructure. 

Chapter 6 is the conclusion of this thesis. 
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Chapter 2 Ar-ion irradiation on monolayer 

MoS2 

2.1 Introduction 

The presence of vacancies in two-dimensional (2D) materials, such as monolayer MoS2 

(1L-MoS2), significantly affects their structural and electronic properties. In this study, 

1L-MoS2 was irradiated with an Ar-ion beam to introduce vacancies in a controlled 

manner. A complementary study that combines multiple evaluations was performed to 

verify the role of vacancies in the structural and electronic properties of MoS2. Raman 

spectroscopy and conductivity measurements reveal that the S vacancies, introduced into 

the MoS2 lattice before Mo vacancies at the lower dose region, cause electron doping. 

The E' lattice vibration mode was more sensitive to vacancies than the A'1 mode. 

According to photoluminescence studies, irradiating Ar ion at a lower dose of less than 

3.8 × 1013 cm-2 does not change the band gap and only introduces mid-gap states, which 

is consistent with the smaller and larger influences of vacancies in carrier scattering and 

doping, respectively, in the electrical conductivity. 

This chapter is based on the journal paper published in 2023 [7]. 

2.1.1 MoS2 

Molybdenum disulfide (MoS2) is a semiconductor composed of layered transition 

metal dichalcogenides with a broad range of electronic, optical, mechanical, and thermal 

properties. It is a promising channel material for fabricating field-effect transistors (FETs) 

[6]. In MoS2, atoms inside each layer are bonded by covalent bonds, and layers are joined 

by van der Waals-like forces, enabling the isolation of its monolayer sheet as an individual 

material by the scotch-tape exfoliation technique [57]. Two-dimensional (2D) materials, 

such as monolayer MoS2 (1L-MoS2) and its stacking structures of two and three layers 

(2L- and 3L-MoS2), have received significant attention in recent years owing to their 2D 

crystal lattices electronic structures, and extremely high specific surface areas [2]. Indeed, 

compared with bulk MoS2 (which has an indirect band gap), 1L-MoS2 has a direct band 
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gap in its electronic band structure and a larger specific surface area, resulting in 

electronic properties that are affected mainly by molecular adsorption and the number of 

layers. Various 2D devices, including FETs and chemical sensors, can be fabricated using 

1L-MoS2. Their large direct bandgap is a significant advantage [9] over metallic materials 

(e.g., TaS2 [11][12]) and zero-gap semiconductor 2D materials (e.g., graphene [38][58]). 

2.1.1 Defect in MoS2 

2D materials are highly sensitive to the presence of defects such as lattice vacancies, 

which significantly limits their potential application in the fabrication of nanodevices. 

Owing to their intrinsic low-dimensional geometry, the real-space and electronic 

structures of these materials are vulnerable to slight system perturbations because of low 

percolation thresholds and weak screening effects [40]. Although vacancies significantly 

influence the structural and electronic properties of 2D-MoS2, MoS2 samples exhibit 

vacancies regardless of whether they are prepared via chemical vapor deposition or 

exfoliated from natural minerals. This is a severe challenge in the defect engineering of 

2D materials. In this study, we introduced vacancies using ion-beam irradiation at low 

energy to investigate their effects on 2D materials. The low-energy ion-beam irradiation 

used here is a promising method for introducing vacancies. The precise control of the type 

and number of vacancies allows for the adjustment of the structural and electronic 

properties of the material through “defect engineering.” This study provides a valuable 

reference for future research and plays an important role in developing and fabricating 

2D semiconductor materials. 

2.1.2 Ion-beam irradiation 

Several studies have explored the effects of ion-beam irradiation on 2D materials using 

various ion types, such as typical light elements and noble gas atom ions. For example, 

Gawlik et al. (2017) irradiated 1L-graphene with ions of He, C, N, and Kr at energies 

above 25 keV. They found that the structural and electronic properties were modified 

depending on the chemical species of the irradiated ions [59]. However, high-energy ions 

penetrate deeply through an atomically thin carbon film, such as graphene, on the surface 

of the target substrate as the energies of the ions decrease, resulting in large macroscale 

voids rather than atomic-scale vacancies in the crystal lattice [60]. To solve this problem 
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in the ion-implantation of 2D materials, a NaCl inert sacrificial layer was deposited on 

the sample to stop ions on the surface of the 2D materials, where ion-species (B, N) 

dependence of the electronic properties of the irradiated graphene has been successfully 

reported [61]. On the other hand, simply reducing the ion-beam energy is a better strategy 

to introduce atomic-scale vacancies in 2D materials to modulate the crystallographic 

lattice in the case of irradiation with noble gas ions, which usually introduce vacancies 

into materials. Wu et al. (2021) systematically investigated the impact of Ar-ion beam 

irradiation on 1L- and multi-layer MoS2 with a beam energy below 1000 eV using 

classical molecular dynamics (MD) simulations [62]. Irradiation using low-energy noble-

gas-ion beams, such as He [63][64][65][66], Ar [62][67][68][69], and Xe ions [70], has 

been employed in both theoretical simulations [62][68][69][71] and experimental 

investigations, using Raman spectroscopy [63][64][65][66][67][70] to control its effect 

and avoid its interaction with MoS2. 

2.1.3 Molybdenum oxide 

Since molybdenum oxide (MoO2, MoO3) attracts electrons through oxygen atoms and 

affects the physical properties of MoS2, it is necessary to confirm whether oxygen is 

present in the prepared sample due to the oxidization process. 

The peak representing MoO2 is known to be located at a wavenumber of 200, 220, 355, 

455, 490, and 740 cm-1, and the peak representing MoO3 located at a wavenumber of 158, 

285, 340, 660, 820, and 995 cm-1 in the Raman spectrum [72][73]. 

2.1.4 Objective of chapter 2 

Low-energy ion-beam irradiation is one of the methods to modify the structure and 

electronic properties of 2D materials in a well-controlled manner. However, they are 

highly affected by the sample preparation methods and experimental environments owing 

to their low dimensionality. So far, complementary research using unique samples 

prepared under the same conditions still needs to be completed. In this study, defects were 

introduced under a well-controlled condition via low-energy Ar-ion beam irradiation. 

Both structural and electronic properties were investigated by evaluating with combined 

techniques, Raman spectroscopy, photoluminescence (PL), and FET conductivity 

measurements on samples similarly prepared to understand the mechanism of the 
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phenomena occurring in MoS2 under low-energy beam irradiation.  
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2.2 Experimental 

2.2.1 Sample fabrication 

2.2.1.1 Preparation of MoS2 sample 

1L-MoS2 was prepared by mechanical exfoliation from the surface of bulk crystal 

MoS2 using scotch tape [17], as schematized in Fig. 2.1(a). In MoS2, atoms inside each 

layer are bonded by covalent bonds, and layers are joined by van der Waals-like forces, 

enabling the isolation of its monolayer sheet as an individual material by the scotch-tape 

exfoliation technique. 

Compared with CVD, another popular method for the fabrication of 2D materials, 

mechanical exfoliation is a more simple and convenient method for experimental 

investigation. Compared with CVD, which needs a set of vacuum chambers and gas 

flow/temperature control instruments, mechanical exfoliation only needs scotch tape and 

pure crystal to get a monolayer sample. On the other hand, seeking monolayer flakes is 

one of the biggest challenges in sample preparation. 

Using scotch tape, a few layers of flakes could be easily exfoliated. However, most 

flakes on the tape were multilayer rather than monolayer. To get monolayer flakes with 

higher probability, the exfoliated flakes needed to be peeled 5-10 times on the tape and 

then transferred to the surface of a silicon substrate coated with a 285 nm-thick SiO2 layer. 

After the peeling of the tape, many MoS2 flakes were distributed on the substrate, and the 

substrate was cleaned with acetone and isopropanol to remove the residual glue from the 

tape, but with extremely weak ultrasonic processing to avoid the flakes on the substrate 

also be removed. 

After sample preparation by mechanical exfoliation, monolayer samples exist on the 

substrate, but most flakes on the substrate are multilayer. Thu, few-layer MoS2 samples 

are distinguished using an optical microscope in the scotch tape method [17]. Typically, 

the substrate was observed under an optical microscope with a 20x objective lens for 

large-area search. After some probable monolayer candidates were found by eyes, the 50x 

and 100x objective lenses were used for further confirmation. Only human eyes were used 

to identify samples at this stage. Then, a digital camera adapted to the OM was used to 
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take photos using a 100x objective lens with a red/green filter. The sample position was 

also recorded for further investigation. The typical scale of the monolayer sample was 

10–20 µm. 

2.2.1.2 Layer number evaluation 

The number of layers was determined by brightness contrast in the optical image and 

confirmed by Raman spectroscopy [26].  

An optical microscope image is used for the initial evaluation of the layer number of 

MoS2 by checking the brightness difference between the sample and substrate. In the 

sample search procedure, the photo of the probable monolayer sample was taken with a 

red and green filter. The contrast was found in the image processing software and 

compared with reference papers to get the layer number result. 

This method needs to be more accurate and used as the initial evaluation. The exact 

layer number should be confirmed by Raman spectroscopy. Regarding the Raman 

spectrum, the distance between the E2g and A1g mode peak is correlated with the number 

of layers. In the monolayer case, this distance should be around 18 cm-1 [26]. 

 

 

Fig. 2.1 (a) Schematics of the MoS2 preparation process. (b) Optical microscope 

image of 1L-MoS2 and the source-drain electrodes of the FET. Schematics of (c) the ion 

irradiation instrument and (d) the 1L-MoS2 FET device structure. 
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2.2.1.3 FET device fabrication 

A FET structure was fabricated based on the monolayer MoS2 as the channel material 

to measure the electronic properties of semiconducting materials. As shown in the 

previous section, a monolayer MoS2 sample exists on the substrate with a random position 

on the surface of the substrate. It means we cannot prepare the sample at a specific place, 

and the position and surrounding environment of the MoS2 sample on each substrate are 

different. In this case, electron beam (EB) lithography is used for FET structure 

fabrication to ensure that the electrode circuit pattern structure aligns with the MoS2 

sample. 

The electrode for the conductivity measurement was fabricated using EB drawing 

equipment (ELS-7500, ELIONIX). The EB pattern is designed using CAD software for 

each specific sample substrate with a monolayer MoS2 sample. The size, direction, and 

position of the circuit of the FET structure were adjusted for each sample to match the 

sample flake for each substrate. Usually, we used 1um for electrode width, 2um for pitch 

(the distance between each electrode), and at least four electrodes per sample. However, 

the exact parameter depended on the specific condition of each sample. 

A spin-coater is used for the resist coating procedure, as shown in Table 2.1. 

a) OAP was coated on the surface of a substrate to modify its surface property and 

improve the adsorption ability of polymer resist. After spin-coating, it was heated 

at 80°C for 60 seconds to dry it out. 

b) A layer of polymer resist (ZEP520A, ZEON JAPAN) was coated on the substrate 

surface as a resist layer for EB. It was heated at 180°C for 120 seconds to dry it 

and cool it down for several minutes. 

c) A Charge-dissipating agent (ESPACER 300Z, Showa Denko) was spread on the 

substrate surface to increase the conductivity, improving the stability of the 

electron beam. 
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Table 2.1 Coating procedure of polymer resist 

 

Before the actual EB exposure, a set of markers should be exposed and developed to 

align the position of the FET structure with the MoS2 sample accurately. Because the 

origin for the coordinate (usually a corner of the SiO2/Si substrate) of the MoS2 sample 

could not be reset very accurately confirmed by the sample stage of the EB instrument in 

micrometer scale, it is impossible to determine the position only with the coordinate 

relative to the origin. In this case, markers are fabricated around the MoS2 sample. After 

the development of the markers, the relative position between them and the MoS2 sample 

was observed and recorded using the optical microscope. Then, based on the markers, we 

can accurately calculate the relative position of the MoS2 sample and adjust the CAD file 

for FET exposure. The width of the source and drain electrodes was 1 µm, and the gap 

between the electrodes was 2 µm (Fig. 2.1(b)). 

The alignment should be performed as soon as possible to avoid non-intentional EB 

exposure during SEM observation of the marker. After aligning the position of the pattern 

with the sample, EB exposure was performed with 1 nA, 50kV. For development, xylene 

was used to remove the exposed resist. Then, a vacuum depositing instrument was used 

to deposit metal electrodes on the MoS2 sample under high vacuum conditions (VPC-260, 

ULVAC) to fabricate the FET structure. 

Metal electrodes were deposited on the MoS2 sample under high-vacuum conditions 

(VPC-260, ULVAC). The source–drain electrode was fabricated by placing a 1 nm-thick 

Cr layer below a 10 nm-thick Au layer, and the gate electrode was a 15 nm-thick Cr layer. 

Cap layer coating 

(OAP, Tokyo Ohka Inc.) 

Spin coat 

（500 rpm, 2 s → 5000 rpm, 30 s） 

Baking （80 ℃, 1 min） 

Resist Coating 

(ZEP520A, ZEON JAPAN ) 

Spin coat 

（500 rpm, 8 s → 5000 rpm, 70 s） 

Baking （180 ℃, 2 min） 

Charge-dissipating agent 

(ESPACER 300Z, Showa 

Denko) 

Spin coat 

（500 rpm, 3 s → 2000 rpm, 90 s） 

Lithography  350 µC/cm2 

Development (Xylene) 5 min 
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2.2.1.4 Annealing 

To remove the atmospheric gas species adsorbed on the sample surface and the 

interface between the sample and electrodes or substrate, the sample was heat-treated in 

a custom-built vacuum chamber before the introduction of vacancies and the FET 

conductivity measurements. The device was pre-annealed at 180 °C for 12 h at a pressure 

of 5 × 10-4 Pa to prevent the adsorption of gas atoms and to ensure that the electrodes 

were in optimal ohmic contact with the sample. 

2.2.2 Ion-beam instrument setup 

To introduce vacancies, an ion-beam gun able to support a low-energy even irradiation 

over a large area (OMI-0010, Omegatron) was attached to the vacuum chamber and 

connected to an Ar gas cylinder (>99.9999%), as shown in Fig. 2.1(c). The ion fluence 

was calculated from the beam current, measured by a copper plate, and the trace on a 

dummy substrate detector detected the irradiated area. The irradiated area was sufficiently 

large to cover the entire MoS2 sample. The samples were irradiated using an Ar-ion beam 

in a high-vacuum chamber at room temperature with an acceleration voltage of 100 eV 

and a dose of 0–3.7 × 1016 cm-2. The angle of the beam was 60° with respect to the normal 

direction of the sample plane. 60° is the optimal setting for vacancy introduction owing 

the large projected atomic density of the target in the ion direction [74]. Hereafter, 0 cm-

2 indicates the non-irradiated sample after annealing in the high-vacuum chamber. The 

argon gas pressure was 2.0 × 10-3 Pa inside the vacuum chamber upon irradiation, and the 

base pressure was below 1.0 × 10-5 Pa. 

Here, the dose was calculated using beam current and irradiated area. The beam current 

was measured by placing a copper plate instead of a Si substrate at the sample stage, and 

an accurate current meter was connected between the copper plate and the ground. After 

adjusting the ion-beam gun to the same condition as Ar-ion beam irradiation, the beam 

current could be obtained from the current meter, which is 0.32 μA. On the other hand, a 

dummy substrate plate was placed at the sample stage. After a very long time irradiation, 

the trace of the ion beam could be observed on the dummy substrate. Here, we used 

various kinds of dummy substrate, including photo paper, thermal sensitive paper, and Si 

substrate coated with a gold layer. Here, the thermal paper worked best. The beam-
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irradiation area is 326 mm2.  

 

2.2.3 Sample characterization 

2.2.3.1 Raman spectroscopy/PL 

Raman spectroscopy and PL analyses were performed using a microscopic 

spectrometer (LabRAM HR Evolution, HORIBA) before and after Ar-ion beam 

irradiation at an excitation laser wavelength of 532 nm on a temperature-controllable 

stage. After irradiation and filling the vacuum chamber with high-purity Ar gas 

(>99.9999%), the sample was taken out and immediately measured using a microscopic 

spectrometer under ambient conditions. In the temperature dependence experiments on 

PL, the samples were sealed inside the cryostat chamber with a temperature control stage 

and under a nitrogen gas atmosphere. Raman spectroscopy was performed at 296 K, and 

PL was measured at 118 and 296 K. The temperature throughout the experiment was 

controlled using a cryostat with liquid N2. 

2.2.3.2 FET conductivity 

FET conductivity measurements were performed before and after Ar-ion beam 

irradiation in a high-vacuum chamber using two electronic source meters (2400A, 

KEITHLEY). The IS-D–VG curve was measured at a source–drain voltage of 0.1 V, and 

the gate voltage was varied between -50 and +50 V in 2 V steps. Schematics of the MoS2 

preparation process and the MoS2-FET device structure are presented in Fig. 2.1(d). 

2.2.4 LabVIEW automatic measurement and recording 

The LabVIEW program was developed to control multiple instruments automatically 

and collect data from them in the conductivity measurement. With an automated 

measurement system, changing the measurement parameters and collecting data for 

several devices simultaneously within a very short period is more manageable. 

In this study, the LabVIEW program was designed for two objectives: electrical 
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conductivity measurement with FET structure and automatic long-term monitoring of the 

source-drain current. 

2.2.4.1 Conductivity measurement 

In this study, two electronic source meters were used to control the voltage and measure 

the current of the FET conductivity measurement. We used one to set up the gate voltage 

VG and record the leak current and another to set up the source-drain voltage VS-D and 

record the source-drain current IS-D. Again, it should be noted that achieving this operation 

manually with a specific fixed interval (waiting time) is extremely difficult. 

LabVIEW was used to control the instrument automatically to measure and record data. 

LabVIEW program was developed based on the loop function. It repeatedly increased or 

decreased the gate voltage VG by step and recorded IS-D after waiting x seconds until the 

VG achieved the limitation. The detailed structure of the program is shown in Fig. 2.2. 

 

 

Fig. 2.2 Structure of electrical conductivity auto-measurement program 

 

2.2.4.2 Long-term monitoring 

In addition to automatic conductivity measurement, we also need to monitor the change 

in the transport parameters during a long term, for example, to record the variation of IS-

D under light exposure or during gas introduction and adsorption. To achieve this purpose, 
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a LabVIEW program was developed based on the loop function, which recorded IS-D after 

waiting x seconds until the STOP button was pressed. The detailed structure of the 

program is shown in Fig. 2.3. 

 

Fig. 2.3 Structure and control panel of long-term monitoring program. 
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2.3 Results and discussion 

2.3.1 Raman spectroscopy 

The Raman spectra of 1L-MoS2 before and after annealing (denoted as 0 cm-2) and after 

each Ar-ion irradiation with a dose of up to 3.7 × 1016 cm-2 are shown in Fig. 2.4. In the 

MoS2 sample spectra, the peaks corresponding to the E' (in-plane vibration) and A'1 (out-

of-plane vibration) modes, which are the characteristic Raman peaks of 1L-MoS2, appear 

at approximately 385 and 403 cm-1, respectively. Before Ar-ion irradiation, the difference 

between the E' and A'1 peak positions was approximately 18 cm-1, which indicates the 1L-

characteristic of the MoS2 sample film [26]. 

 

 

Fig. 2.4 Raman spectra obtained at various irradiation doses. The baselines of the 

spectra are shifted in the vertical axes each other to clarify. 

 

As shown in Fig. 2.5, satellite peaks were identified near E' and A'1 after Ar-ion 

irradiation. Both E' and A'1 peaks were apparently broadened in the linewidths due to 

widening and merging with the satellite peaks as the irradiation dose increases. In a 

previous study, the vacancies in MoS2 introduced by ion-beam irradiation were classified 

into three types: S, Mo, and MoS6 cluster vacancies [6]. Local phonon modes derived 
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from the local vibration around the vacancies generate satellite peaks on the low-wave-

number side of the E' peak and high-wave-number side of the A'1 peak. Hereafter, the 

satellite peaks of E' and A'1 located at around 375 cm-1 and 410 cm-1 are denoted as E'sat 

and A'1sat, respectively. The Raman peaks of 1L-MoS2 before and after annealing (0 cm-

2), and after each Ar-ion irradiation dose were analyzed by Lorentzian peaks fitting as 

typically shown in Fig. 2.5 (a). The positions and intensities of the Raman peaks are 

summarized in Fig. 2.5 (b) and 2.6. The apparent increase in the linewidth seen in Fig. 

2.4 is attributed mainly to superimposing satellite peaks caused by the introduction of 

vacancies into the main peak (E' and A'1). 

 

 

Fig. 2.5 (a) An example of Lorentzian peaks fitting and (b) Raman peak intensities at 

various irradiation doses. 
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Fig. 2.6 Irradiation dose dependence of the Raman peak positions of E' and A'1 modes 

of 1L-MoS2 irradiated with an Ar-ion beam. The inset is the Raman peak position at a 

low Ar-ion dose. 

 

The peaks at approximately 220 cm-1, called as the LA mode peaks, originate from S 

vacancies [75] and gradually increase in intensity up to the irradiation dose of 

approximately 1 × 1015 cm-2. However, their intensities then decrease, which indicates 

that S vacancies are mainly generated at dose levels up to approximately 1 × 1015 cm-2. 

In contrast, the peak at approximately 450 cm-1 corresponding to the second-order 

harmonic of the LA mode (2LA) is not directly correlated with the number of vacancies. 

2LA originates from the double-resonance Raman process and appears even in non-

defective MoS2 crystals [76]. Indeed, 2LA maintained its initial intensity with a slight 

decreasing trend regardless of the irradiation dose up to approximately 5 × 1015 cm-2. The 

E'sat peak at approximately 375 cm-1 corresponds to a satellite peak of the E' peak, derived 

from both the S and Mo vacancies [6]. The intensity of this peak increases at doses below 

1 × 1015 cm-2 and rapidly decrease at higher doses. 

The A'1sat peak at approximately 410 cm-1 corresponds to a satellite peak of the A'1 peak, 

derived from the Mo vacancies [6]. The peak intensity is not noticeable at lower doses, 

but appears at approximately 1 × 1014 cm-2, rapidly increases at doses higher than 1 × 1015 
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cm-2, and decreases at doses higher than 5 × 1015 cm-2. This indicates that Mo vacancies 

appear mainly above approximately 1 × 1015 cm-2, causing a rapid increase in the intensity 

of satellite peaks.  

The formation of MoS6 vacancies at irradiation doses above 5 × 1015 cm-2 is responsible 

for the decrease in the intensity of satellite peaks caused by S and Mo vacancies. 

Thus, in the lower irradiation dose region, S atoms were knocked out prior to Mo atoms. 

MoS6 cluster vacancies formed at significantly high irradiation doses where even 2LA 

peaks decreased. The difference between introducing S and Mo vacancies is due to their 

atomic masses and lattice structure. The displacement threshold energy of the Mo atom 

is six times higher than the S atom [74] which is located at surface and its bonding energy 

is significantly lower than the atoms inside crystal lattice like the Mo atoms. On the other 

hand, as the irradiation dose increases, the lattice become loosens [77], and the Mo atom 

is exposed to the ion beam due to the S atom being knocked out as shown in Fig. 2.7. This 

explains why a large quantity of Mo atoms start to be knocked out of the lattice at higher 

dose, which is later than S atoms. 

 

 

Fig. 2.7 Schematic of Ar-ion beam irradiation before and after S vacancy 

introduction. 

 

This is also supported by the position of the E' mode peak. The E' peak gradually red-

shifted as the irradiation dose increased, as shown in Fig. 2.6. This is in good agreement 

with theoretical simulation results for 1L-MoS2 containing S vacancies [75]. The red-shift 

in the E' peak was more pronounced at an irradiation dose of 1 × 1015 cm-2, suggesting 

the role of Mo vacancies centered in the MoS2 crystal structure that further weaken the 

in-plane vibration. Irradiating with a dose of 5 × 1015 cm-2 led to a significant red-shift in 

the E' main peak and a decrease in the A'1 peak intensity, cause by the introduction of 

MoS6 vacancies. Irradiation has a more pronounced effect on the E' peak than on the A'1 

peak, contrasting the charge transfer by molecular adsorption, where the A'1 peak position 

is significantly more sensitive to molecular adsorption doping owing to its large electron-
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phonon coupling. The presence of S vacancies weakened the strength of the covalent 

bonding between adjacent Mo atoms, resulting in a more significant reduction in the in-

plane vibration energy than that in the out-of-plane vibration. In contrast, the peak 

position of the A'1 peak up-shifted slightly as the irradiation dose increased (Fig. 2.6). 

This is attributed to the gradual reduction in total lattice system mass owing to vacancy 

introduction, leading to a very small increase in vibration frequency. 

 

 

Fig. 2.8 Irradiation dose dependence of the Raman peak intensity ratio of 220 cm-1 to 

the Si substrate peak for 1L-, 2L-, and 3L-MoS2. 

 

Fig. 2.8 shows the Raman peaks intensity ratio of LA (220 cm-1) to the Si substrate 

peak for MoS2 with different layer numbers. As indicated by the ratio of the S-vacancy 

peak (220 cm-1), the influence of irradiation on lattice vibration of the 1L-MoS2 samples 

increase rapidly at doses lower than 1 × 1015 cm-2, indicating that it is easier to introduce 

S vacancies to MoS2, and then decrease because of the formation of Mo vacancies and 

MoS6 cluster vacancies. 

The formation of S-vacancies reached a maximum at similar doses in the 2L- and 3L-

MoS2 samples. However, the intensity of LA did not decrease significantly even at doses 

higher than 1 × 1015 cm-2. This is explained as following. The underlying layers in 2L- 

and 3L-MoS2 were hard to access for Ar ions before a sufficient number of lattice 
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vacancies developed in the topmost layer. At doses higher than 1 × 1015 cm-2, the second 

and third layers in 2L- and 3L-MoS2 becomes accessible for Ar ions through the MoS6 

cluster vacancies formed in the topmost layer as indicated by the reduction of LA peak 

intensity for 1L-MoS2 sample. Thus, S vacancies formed in the second and third layers 

still give significant intensity of the LA peak for 2L- and 3L-MoS2 samples at doses higher 

than 1 × 1015 cm-2, where the topmost layer does not contribute to the LA peak due to the 

conversion of S-vacancies to the MoS6 cluster vacancies. 

 

 

Fig. 2.9 Irradiation dose dependence of the Raman peak intensity ratio of (a) 375 cm-1 

to E' and (b) 410 cm-1 to A'1, for 1L-, 2L-, and 3L-MoS2. 

 

The peak intensity ratio of E'sat (around 375 cm-1) to E' peak and the peak intensity ratio 

of A'1sat (around 410 cm-1) to the A'1 peak at different doses for 1L-, 2L-, 3L-MoS2 are 

shown in Fig. 2.9 (a), and (b), respectively. Here, it should be noted that the contribution 

of the effects of vacancies in E'sat and A'1sat are indicated as the ratio to the total lattice 

vibrations of the whole layers of MoS2 samples in Fig. 2.9 (a) and (b). The peak intensity 

ratio of E'sat corresponding to both of S and Mo vacancies increases up to around 5 × 1015 

cm-2 and becomes decreasing at the higher doses due to the formation of the MoS6 cluster 

vacancies. In the case of 2L- and 3L- MoS2 samples, the ratio of the contribution of S and 

Mo vacancies to the total vibrations in the whole layers remains increasing due to the 

vacancy formation in the second and third layers even at the higher doses than 5 × 1015 

cm-2. Interestingly, the peak intensity ratio of A'1sat to the A'1 peak corresponding to the 

Mo vacancies significantly increases in 2L- and 3L-MoS2 samples in contrast to the E'sat. 

This is attributed to the difference in the vibration modes between E' and A'1. The E' 
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modes are in-plane vibrations of the lattice, and each vibration comparatively behaves 

independently. Thus, the effects of the introduction of vacancies are roughly additive. In 

contrast, A'1 modes are out-of-plane vibrations of the lattice, intricately influenced by the 

adjacent layer(s). In the case of 2L-sample, the presence of Mo or MoS6 cluster vacancies 

in the topmost layer also significantly affects the second layer at higher doses than 5 × 

1015 cm-2. In contrast, the change of the circumstances of the second layer upon 

introduction of Mo and MoS6 cluster vacancies in the topmost layer is moderate in the 

3L-sample due to the presence of the underlying less defected third layer. Such the 

sensitivity of A'1 modes to the adjacent layers in contrast to the E' mode are well known 

in MoS2 lattice systems [26]. 

2.3.2 PL 

 

 

Fig. 2.10 PL spectra of 1L-MoS2 samples irradiated with an Ar-ion beam at doses of 

0, 3.8 × 1013, and 7.7 × 1013 cm-2. The inset shows spectra after normalized by A peak. 

 

Fig. 2.10 shows the PL spectra of 1L-MoS2 at each Ar-ion dose. In all spectra, the A 

(1.85 eV) and B (2.02 eV) peaks correspond to the emission between two spin-split sub-

bands of 1L-MoS2 [35]. The intensity of the A peak after Ar-ion irradiation decreased 
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significantly with an increase in irradiation dose, and a tail (could be observed after 

normalization by A peak as shown in the inset) emerged on the lower-energy side in the 

highest dose (7.7 × 1013 cm-2) as the blue arrow in the Fig. 2.10. The peak at 

approximately 1.35 eV, assigned to the emission related to impurity levels, also rapidly 

decreased in intensity upon ion-beam irradiation. When vacancies are introduced into 

MoS2, new vacancy states with various energy eigenvalues are generated just below the 

conduction band in the gap, and the radiative relaxation of the excitons from various states 

generates a tail over a wide energy range for the A peak. However, nonradiative relaxation 

paths are also provided by the vacancy states introduced by ion-beam irradiation. 

Therefore, the emission from the deep impurity levels in the gap is suppressed, as is the 

main emission from the conduction band minimum at the K point (A peak). However, 

because the energy level associated with the B peak is unoccupied (in the spin-splitting 

sub-band structure), its photoemission is considered to be weaker than that of the A peak 

and insensitive to the change in the Fermi energy due to the presence of vacancies; 

therefore, it is less affected by the number of vacancies formed by irradiation (Table 2.2). 

 

Table 2.2 B/A peak intensity ratio at various irradiation doses. 

Irradiation dose (cm-2) B/A (Intensity) 

0 0.17 

3.8 × 1013 0.48 

7.7 × 1013 0.74 
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Fig. 2.11 PL spectra before (a) and after (b) irradiation at 296 and 118 K. The red and 

blue arrows denote the shift in the A and vacancy PL peaks, respectively. 

 

The PL spectra of 1L-MoS2 before and after Ar-ion irradiation with a dose of 3.8 × 1013 

cm-2 at 296 and 118 K are shown in Fig. 2.11. An upshift is observed for both A (1.85 to 

1.89 eV) and B (2.02 to 2.08 eV) peaks at 118 K compared with those at 296 K, indicating 

that the band gap increases owing to thermal shrinkage of the lattice. This can be 

explained by the Varshni relation, which describes the reduction of the bandgap in 

semiconductors with increasing temperature (Table 2.2) [78]: 

 

𝐸𝑔
𝑇 = 𝐸𝑔

0 −
𝛼𝑇2

𝑇+𝛽
        (2.1) 

 

Using previously reported parameters for the A peak, where 𝐸𝑔
0 = 1.92 eV (band gap 

at 0 K), 𝛼 = 0.001 eV/K, and 𝛽 = 1090 K, it follows that 𝐸𝑔
118 = 1.909 eV and 𝐸𝑔

296 

= 1.857 eV, which are consistent with our experimental results (Table 2.3). The reason for 

the minor difference in values observed at 118 K, with a slightly smaller measured value, 

is that the real temperature of the sample is slightly higher than that of the cooling stage 

sensor.  
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Table 2.3 A and B peak positions at 296 and 118 K, before and after irradiation. 

 A peak (eV) B peak (eV) Δ(B-A) (eV) 

Temperature 118 K 296 K 118 K 296 K 118 K 296 K 

Before 1.895 1.846 2.078 2.017 0.183 0.171 

After 1.899 1.851 2.082 2.015 0.183 0.164 

 

Additionally, the positions of the A and B peaks remained almost unchanged before 

and after irradiation, indicating that the ion-beam irradiation did not affect the bandgap 

of 1L-MoS2, where the introduced vacancy provided only mid-gap states between the 

conduction and valence bands. The similar energy differences between the A and B peaks 

Δ(B-A) before and after irradiation indicate that the energy difference between the spin 

sub-bands also remained unchanged upon irradiation. The atomic character of Mo, with 

d-orbitals that have large spin-orbital coupling, mainly determines the spin-splitting in 

the energy bands of MoS2 [35]. Thus, the energy difference of the sub-bands does not 

change by introducing S-vacancies in the lower dose region up to 3.8 × 1013 cm-1. 

The increase in the intensity of the A peak with decreasing temperature indicates that 

thermally activated nonradiative recombination is suppressed at low temperatures. 

Excitons in vacancies that have a significantly high binding energy may suppress 

thermally activated nonradiative recombination, including vacancy trapping, resulting in 

a very high PL quantum efficiency. Additionally, the increase in charge transfer between 

oxygen (likely during the cooling process) and MoS2 containing S vacancies is also an 

important factor contributing to the enhancement of the properties of PL [79], even though 

the samples were sealed inside the cryostat-chamber with a temperature-control stage 

under a nitrogen gas atmosphere. This could also be verified in Fig. 2.14, which shows 

that oxidation in air after irradiation significantly increased PL intensity over four-fold. 

The intensity of the impurity peak at approximately 1.35 eV before irradiation was 

greatly reduced at 118 K, indicating a negative thermal quenching (NTQ) of PL. Radiative 

relaxation disappears at low temperatures, a phenomenon that can be explained using the 

Shibata model [80]: 

 

𝐼(𝑇) = 𝐼0

1+𝑁𝑒𝑥𝑝(−
𝐸𝑛

𝑘𝐵𝑇
)

1+𝐷𝑒𝑥𝑝(−
𝐸𝑑

𝑘𝐵𝑇
)
,       (2.2) 
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where I(T), I0, Ed, and En denote the observed PL intensity, normalized factor of the 

emission, activation energy of non-radiative relaxation paths, energy difference between 

the emission levels (conduction band bottom or radiative vacancy levels), and non-

radiative vacancy levels, respectively. N and D are phenomenologically adjustable 

parameters for fitting experimental results. The denominator indicates a normal 

enhancement of the PL intensity as temperature decreases regarding the suppression of 

non-radiative relaxations with an activation energy Ed. En describes the contribution of 

the thermal excitation of excitons to the emission levels from the non-radiative vacancy 

states in the lower energy region, which provides carriers to the emission levels as the 

temperature increases leading to the negative thermal quenching. Before irradiation, 

single S vacancies created during sample preparation (the exfoliation process in this study) 

caused shallower (approximately 0.1 eV) energy states with a smaller En [80] and result 

in the disappearance of the vacancy peaks at 118 K by negative thermal quenching. 

However, at higher irradiation doses, more vacancies are introduced to 1L-MoS2, and the 

vacancy states in the electronic band are widened to lower electronic states [80]. 

Compared with a single S vacancy, which has a shallower energy state, the vacancy states 

for a pair of near S vacancies extend to approximately 0.3 eV, and their gap is 

approximately 1.4 and 1.2 eV, respectively [81]. In this case, the presence of additional 

vacancies widened the vacancy states. Additional radiative relaxation from the lower 

vacancy states to the ground state occurs, leading to a low-energy shift of the vacancy PL 

peak after irradiation, as shown as a blue arrow in Fig. 2.11 (b). 
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2.3.3 Oxidation 

 

Fig. 2.12 Raman spectra before and after atmospheric exposure. The baselines of the 

spectra are shifted vertically to clarify. 

 

The oxidation effects of the MoS2 vacancies were observed by prolonged exposure of 

the irradiated sample to ambient conditions, where the atmospheric gas species adsorbed 

on the sample surface gradually underwent chemical reactions. The observed Raman 

spectra did not change after long-term exposure to air, as shown in Fig. 2.12–2.13, which 

indicates that oxidation due to atmospheric exposure does not significantly affect the 

lattice-vibrational properties of MoS2. 
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Fig. 2.13 MoS2 peaks and molybdenum oxide peaks of 1L-MoS2 before irradiation, 

just after irradiation at 2.3 × 1015 cm-2, after 1 week of atmospheric exposure after 

irradiation, and annealed after the 1-week atmospheric exposure. The intensity of E' and 

A'1 was multiplied by 1/10. 

 

The intensities of the MoS2 characteristic (A'1 and E') and molybdenum oxide peaks 

[72] did not increase after atmospheric exposure for a long period of time after irradiation, 

and their intensities slightly decreased regardless of atmospheric exposure. Alternatively, 

it suggests that there was no large-scale oxidation process that could affect the lattice-

vibrational properties of MoS2. 

In fact, in the case of some other study related to the oxidation of MoS2 under laser 

beam, the MoS2 could only be oxidized at the moment when it be irradiated. Since the 

defect of MoS2 only take oxidation at high energy state, even exposed in air after 

irradiation, it would not be oxidized further. Since our experiments are taken in a high 

vacuum chamber, our MoS2 sample did not have oxidation in and after irradiation, and 

this result also agree with that MoS2 oxidation study. 
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Fig. 2.14 PL spectra of 1L-MoS2 irradiated at 3.8 × 1013 cm-2 before and after 

atmospheric exposure for 6 months. The vertical axis is normalized by the peak around 

1.85 eV for the sample as irradiated. 

 

The PL spectra of MoS2 samples after 3.8 × 1013 cm-2 Ar-ion beam irradiation before 

and after long-term air exposure are shown in Fig. 2.14. The intensity of the spectrum 

increased four-fold after six months of atmospheric exposure due to the bonding between 

atmospheric oxygen and vacancies introduced by the ion irradiation, which gradually 

proceeds upon long-term air exposure. The charge transfer between oxygen and MoS2 

containing S vacancies is an essential factor contributing to the enhancement of PL [79]. 

The more charge transfer through the stronger interactions by forming the chemical 

bonding with oxygen caused more emission of MoS2. 

Here, it should be noted that the electronic properties are more sensitive to vacancies 

and their chemical reactions than the structural properties of MoS2, such as the lattice 

dynamics as seen in the Raman spectra. This is also confirmed in the electronic 

conductivity shown later. 

As shown in the Raman spectra, oxidation due to atmospheric exposure did not 

introduce new vacancies into the crystal structure of MoS2. However, the vacancy sites 

introduced in a controlled manner by the ion beam were responsible for the reaction with 
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oxygen. This suggests that a new vacancy level was generated by changing the chemical 

structure of the vacancy, although the fundamental crystal structure of MoS2, which 

includes the density and distribution of vacancies that govern the lattice vibrational 

properties, remain unchanged. 

2.3.4 FET Conductivity 

 

Fig. 2.15 FET conductivity at an irradiation dose of 9.2 × 1012– 6.1 × 1013 cm-2. 

 

The IS-D–VG curves of 1L-MoS2 before and after Ar gas introduction and after 

irradiation with 9.2 × 1012– 6.1 × 1013 cm-2 doses are shown in Fig. 2.15. The introduction 

of Ar gas does not affect the electrical transport properties of the MoS2 FET. However, a 

negative shift in VG appeared after irradiation with an Ar-ion beam dose of 9.2 × 1012 cm-

2, which indicates that the electron doping of MoS2 caused by vacancies occurs after the 

irradiation, together with minor decreases in carrier mobility. Additionally, both 

conductivity and carrier mobility decreased with increasing irradiation dose. This shows 

that S-vacancies introduced by irradiation, with lower doses up to 3.7 × 1013 cm-2, increase 

the electrical conductivity to a certain extent because the isolated sulfur vacancies can 

collect electrons around it, and a higher number of sulfur vacancies indicates a smaller 
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distance between vacancies. However, a large number of S vacancies can lead to the 

formation of clusters and interfere with electron motion, implying that the charge-

trapping effect hinders electron mobility [40]. According to the photoluminescence 

measurements, irradiating Ar ion at a dose lower than 3.8 × 1013 cm-2 does not change the 

band gap but introduces mid-gap states below the conduction band, forming thermally 

excited electron carriers at room temperature. This is consistent with the lower influence 

of vacancies on carrier scattering and greater effect of carrier doping on conductivity in 

the lower dose region. The electronic properties are more sensitive to the introduction of 

vacancies than the structural properties. Indeed, electron conductivity was significantly 

reduced and the FET device did not work after irradiation with a dose of 6.1 × 1013 cm-2. 

However, the Raman spectrum did not change significantly. The sensitivity of the 

electronic properties to the introduction of vacancies is also seen in the PL spectra shown 

in Fig. 2.10, where a significant decrease in spectral intensity is observed at a dose of 7.7 

× 1013 cm-2. 
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2.4 Conclusion 

Although ion-beam irradiation is a proper modification tool, it still remains challenging 

to apply to 2D materials. In this study, the effects of the Ar-ion beam irradiation on the 

structure and electronic properties of 1L-MoS2 were evaluated by a combination of 

Raman spectroscopy, PL, and FET conductivity on samples similarly prepared. Raman 

spectroscopy and conductivity measurements reveal that the vacancies are introduced in 

the order of S, Mo, and MoS6 in a controlled manner by low-energy Ar-ion beam 

irradiation at the lower ion-beam dose region and causing electron doping. According to 

PL, irradiating Ar ion at a lower dose of less than 3.8 × 1013 cm-2 does not change the 

band gap but introduces mid-gap states below the conduction band, generating thermally 

excited electron carriers at room temperature. 

This study compares several measurement methods to confirm the mechanism of 

vacancy formation in MoS2 and summarizes the effect of vacancy in various aspects of 

characterization. These results can provide a reference for future research and 

applications of 2D materials and support a tool for device quality and damage evaluation 

in fabrication and radiative environmental application. 
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Chapter 3 Au- or I-ion irradiation on 

Graphene 

3.1 Introduction 

Graphene in its isolated form is a promising material for applications in next-generation 

electronic devices; however, a strategy for modifying graphene to tune its carrier transport 

properties to meet the various requirements related to carrier density, electron mobility, 

and spin-orbit coupling in needed. In this study, we have modified graphene by irradiating 

it with an Au- or I-ion beams at 200 keV with doses of 1013–1014 cm−2 using a NaCl 

sacrificial layer to introduce ions as guest chemical species into a two-dimensional 

graphene sheet as a quantitative chemical modification method. Ion-irradiated graphene 

was evaluated by Raman spectroscopy, electrical conductivity measurements, and 

Rutherford backscattering spectrometry after removing the sacrificial layer. Both carbon 

vacancies and heavy atoms (Au, I) are introduced into graphene by ion-beam irradiation; 

the introduced heavy atoms act as charged impurities, which resulted in the Raman D' 

band and the downshift of the Fermi energy caused by hole carrier doping. The clarified 

knowledge of the influence of heavy-ion beam irradiation of graphene on electron 

transport properties will lead to the development of a new class of materials for 

electronics and spintronics. 

This chapter is based on the journal papers published in 2024 [51]. 

3.1.1 Graphene 

Graphene, the fundamental structure of carbon materials, is a two-dimensional (2D) 

material consisting of carbon atoms arranged in a honeycomb lattice. Recently, graphene 

has attracted considerable research attention since it was exfoliated as an atomically thin 

monolayer from bulk graphite two decades ago [1][3]. Further, graphene is a potential 

candidate for application in next-generation electronic devices [58][82], magnets [83][84], 

and catalysts [85][86] owing to its properties, such as high mechanical flexibility, 

abundance, thermal conductivity, and carrier mobility. Atoms inside the graphene layer 
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are bonded by sp2 orbital hybridization, and van der Waals-like forces join the layers in 

bulk graphite. This structural feature allows isolating the graphene sheet into an individual 

monolayer of graphite via the scotch-tape exfoliation method, which is initially used to 

fabricate graphene [1]. 

The electronic properties of graphene need to be modified to apply it to the field of 

future electronic devices; however, tuning the charge carrier density and carrier scattering 

(mobility) remains a major challenge. Further, tuning the spin-orbital interactions in 

addition to carrier density and scattering is important to apply graphene to future 

spintronics devices. Graphene is an all-carbon material with lightweight atoms; therefore, 

its spin-orbit interaction is negligible. Consequently, it is meaningful to investigate the 

experimental introduction of spin-orbital coupling into graphene [78]. A past study found 

that the spin–orbit coupling was much enhanced in Au-intercalated graphene on Co(0001) 

[87]. The energy scale of spin-orbital coupling is proportional to the quartic charge of the 

nuclei in an atom [88], and therefore, introducing heavier atoms into graphene is an 

appropriate strategy for tuning spin-orbital coupling. 

3.1.2 Ion beam irradiation with sacrificial layer 

Graphene undergoes a remarkable change in its electronic states even when a tiny 

number of guest atoms or molecules are introduced owing to its intrinsic 2D structure 

where all atoms belong to the surface [3]. In this viewpoint, several attempts have been 

made to overcome the abovementioned challenges to add new functionality via graphene-

hosted host–guest interactions. Fabricating a back-gate-type field-effect transistor (FET) 

is widely used as a probing method to evaluate the effect of introducing guest chemical 

species into graphene. For example, the hole doping of graphene has been reported using 

the FET structure of graphene after introducing guest oxygen molecules [38]. Thus far, 

various approaches have been explored for introducing guest species into graphene, 

which include adsorption onto adlayers, intercalation between 2D graphene sheets [47], 

and direct incorporation of foreign atoms into the graphene sheet [48]. Among these 

methods, the direct modulation of graphene's electronic properties and structure via ion 

beam irradiation is an appropriate technique for precisely controlling the number of guest 

chemical species [49][50], where charges of the injected ions in the sample are 

simultaneously neutralized upon irradiation. Here, we would note that atoms introduced 
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by the ion beam exist in the same chemical states as those introduced by other impurity 

engineering methods, such as additives in material synthesis, wherein the net charge of 

the entire sample is electrically neutral after irradiation if no electric field is applied. 

Here, it should be noted that the irradiating energy of ions to tune 2D materials like 

graphene makes it easy for high-energy ions to penetrate through the thin-layer structures 

of 2D materials. The high-energy ions can not only introduce large voids but can also not 

stay at a depth at which 2D materials are located [60]. In a previous study, the ion-beam 

energy was reduced to ~100 eV for introducing atomic-scale vacancies in 2D materials 

when irradiated with easily ionized noble gas ions [7]. However, relatively high energy 

for ions of approximately several tens of kilo electron volts to million electron volts is 

applied [44][45][46][59] because of the limitation of an ion-generating instrument with a 

solid source such as a tandem accelerator. 

To solve this problem, we successfully developed a new method that uses a sacrificial 

layer to stop ions on the surface of 2D materials, including graphene, where the sacrificial 

layer on graphene decelerates the ions and reduces the irradiation energy for distributing 

irradiated ions at the graphene surface [61]. Further, we examined several materials such 

as a photoresist, ZnO, and NaCl, and we found that a Cr/NaCl vacuum-deposited layer is 

the optimal solution for the sacrificial layer, which was a minimal influence on 2D 

materials and easily removable by boiling water with fewer charging problems during 

ion-beam irradiation. In the proposed method, the thickness of the sacrificial layer was 

calculated to ensure that the ions accurately reached the graphene surface without 

excessive energy. Namely, the “Stopping and Range of Ions in Matter” (SRIM) simulation 

program—a statistical algorithm similar to the Monte Carlo method—was used to 

simulate the stopping and range of ions in matter [23] to estimate the thickness of the 

sacrificial layer. 

3.1.3 Objective of chapter 3 

Although the developed NaCl sacrificial layer method is promising for achieving 

intrinsic defect engineering in 2D materials by ion implantation, this approach has several 

challenges. In the previous study, the absolute value of the exact number of ions that 

arrived in the sample in the actual experiment of ion-beam irradiation is unknown, thereby 

causing a loss in the quantitative introduction of guest species, which is one of the most 
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significant advantages of ion irradiation for chemical modification.  

In this study, considering their spin-orbital interactions, we modulated graphene's 

electronic properties and structure using the ion-beam irradiation method with Au and I 

ions. A NaCl sacrificial layer formed on graphene before irradiation and was removed 

after irradiation. The densities of Au or I ion remaining on the surface of the substrate 

were determined by Rutherford backscattering spectrometry (RBS) owing to their higher 

reflected energy. The structure of graphene was evaluated using Raman spectroscopy. The 

changes in the electrical properties of graphene, which include the characteristics of the 

carrier-scattering sources, were investigated along with conductivity measurements 

performed using FET devices. 
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3.2 Experimental 

3.2.1 Sample fabrication 

Monolayer graphene samples were fabricated via the mechanical exfoliation of highly 

oriented pyrolytic graphite (HOPG, GE, ZYB). Then, it was transferred to the surface of 

a SiO2 (285 nm)/Si substrate obtained by thermal oxidation treatment. The typical scale 

of the monolayer sample was 10–20 μm. The number of layers was evaluated using the 

brightness contrast of the optical microscopy (OM) images [13] and Raman spectroscopy 

[21]. 

3.3.2 Monte Carlo simulation 

The distribution of stopping ions and damage to the lattice (vacancies) in the target 

materials were simulated using “Detailed Calculation with full Damage Cascades” in the 

TRIM program in the SRIM2013 package [53] with Au or I as incident ion on a target 

slab model that consists of Cr (10 nm)/NaCl/C (0.3 nm)/SiO2 (285 nm). The Si layer in 

the target was not considered because all ions stopped before the rear end of the SiO2 

layer, and therefore, the Si layer did not affect the simulation results. A simulation was 

performed using 40000 incident ions with a 200 keV energy for irradiating the target. 

3.3.3 Deposition of sacrificial layer 

Three types of film materials were examined to select the most appropriate sacrificial 

layer suitable for graphene. The photoresist, ZnO, and NaCl film were chosen for 

sacrificial layer evaluation.  

Photoresist diluted with butyl acetate as a solvent to control film thickness was coated 

using a spin coater. Detailed process conditions are shown in Table 3.1. ZnO and Cr/NaCl 

thin film was deposited at a rate of ~0.02 nm/s in vacuum conditions (~10−4 Pa) by a 

resistive heating evaporation system (VPC-260, ULVAC). Based on the thickness 

estimation by the Monte Carlo simulation, the thickness of photoresist, ZnO, and Cr/NaCl 

film was fixed at 140 nm, 68 nm, and 10/200 nm, respectively. The topmost Cr layer was 

deposited at a rate of ~0.03 nm/s with a fixed thickness (10 nm) to avoid the charging-up 
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effects during the ion-beam irradiation. 

 

Table 3.1 Process conditions for photoresist-based sacrificial layer formation. 

 

3.3.4 Ion beam irradiation  

A tandem accelerator (Research Center of Ion Beam Technology, Hosei University) 

was used for irradiating Au or I ion at an acceleration voltage of 200 keV, which is the 

lowest energy condition for the practical usage of an ion beam in this system, at doses of 

1013 cm−2 (for Au ion) and 1014 cm−2 (for Au and I ions). We used a dose of 1014 cm−2 to 

obtain a sufficient number of ions for detection by RBS. Using a raster scan operation, 

the ion-beam irradiated the entire SiO2/Si substrate that supports graphene. We only 

applied a 1014 cm−2 dose of the I-ion beam because the higher intensity of the I-ion beam 

made it difficult to achieve homogeneous irradiation into substrates in a short time for the 

smaller dose condition. After irradiation, the Cr/NaCl layer was removed and rinsed by 

boiling deionized water before all sample characterization measurements. 

3.3.5 Sample characterization 

3.3.5.1 Rutherford backscattering spectrometry 

The RBS measurements were performed using a Van de Graaff accelerator (High-

voltage Engineering AN2500, Research Center of Ion Beam Technology, Hosei 

University). The accelerator generated a He-ion beam focused on a spot diameter of 2 

mm at an accelerating voltage of 1500 keV. The normal direction of the samples was tilted 

Cap layer OAP (Tokyo Ohka Inc.) 

Photoresist TSMR-8900LR (Tokyo Ohka Inc.) 

Cap layer coating OAP Spin coat(1000 rpm 5 sec → 4000 rpm 30 sec) 

HMDS process Baking(70℃ 2 min) 

Photoresist coating TSMR-8900LR Spin Coat(1000 rpm 5 sec → 4000 rpm 30 sec) 
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by 7° with respect to the beam incidence direction. The detector for the backscattered ions 

was located at 153° with respect to the incident direction of the beam. The measurement 

was performed under bias voltages of 200 V and 50 V for the samples and the RBS 

detector, respectively, with an accumulation of ionic charge up to 150 nC, repeated 26 

times. 

3.3.5.2 Raman spectroscopy 

Raman spectroscopy measurements were performed on graphene samples using a 

microscopic spectrometer (LabRAM HR Evolution, HORIBA) before and after ion-beam 

irradiation at an excitation laser wavelength of 532 nm under atmospheric conditions at 

room temperature. The excitation laser spot had a diameter of 2 μm, almost similar to the 

measured sample area. 

3.3.5.3 Conductivity measurement 

The FET structure for conductivity measurements was formed before sacrificial layer 

deposition. EB drawing equipment (ELS-7500, ELIONIX) was used to fabricate 

electrodes designed according to the size and position of the graphene on a layer of 

polymer resist (ZEP520A, ZEON, JAPAN). The width of the source and drain electrodes 

was 1 µm, and the gap between the two terminals was 2 µm. Further, Cr/Au (1/10 nm) 

and Cr (15 nm) for the source drain and the gate electrodes, respectively, were deposited 

under high-vacuum conditions (VPC-260, ULVAC) at a pressure of 10−4 Pa. FET 

conductivity measurements were performed using two electronic source meters (2400A, 

Keithley) before and after ion-beam irradiation in a high-vacuum chamber with a heating 

stage. The device was pre-annealed at 200 °C for five h at a pressure of 5 × 10−4 Pa to 

prevent gas adsorption and ensure optimal ohmic contact between the electrodes and 

graphene. The resistance was measured at the gate voltage, which varied between −40 

and +40 V in 5 V steps, and then, the conductivity curve was calculated using the 

reciprocal of its resistivity. 
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3.3 Results and discussion 

3.3.1 Evaluation of sacrificial layer 

After Au-ion irradiation, each kind of sacrificial layer should be removed before next 

procedure. In this case, the protection performance and the damage introduced by 

sacrificial layer is an important characteristic for each sacrificial material and should be 

evaluated before application. 

3.3.1.1 Photoresist thin film 

After Au-ion irradiation, the sacrificial layer was attempted to be removed with acetone 

and piranha solution; however, it was found that almost unable to be removed from the 

substrate. Raman spectroscopy was performed before and after Au-ion irradiation to 

evaluate the characteristic of graphene. 

The G and G' band, which are characteristic bands for graphene, disappeared after 

irradiation as shown in Fig. 3.1. A broad peak in G-band region was detected from the 

unremovable photoresist film covering the substrate after irradiation. This broad peak is 

corresponding to amorphous carbon. The optical image and Raman intensity mapping of 

graphene sample are shown in Fig. 3.2. Here, it can be found that the characteristic band 

of graphene significantly changed after irradiation, and the detected Raman intensity in 

this region after irradiation was generated from the unremovable photoresist. This is 

attributed to high energy beam during Au-ion irradiation which lead to the crosslinking 

reaction and carbonization between polymer chains inside the photoresist. This change 

resulted in the difficulty for removing the sacrificial layer after irradiation because of the 

strong bonding between the substrate and photoresist. 
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Fig. 3.1 Raman spectra of graphene before and after Au-ion irradiation with photo 

resist sacrificial layer 

 

 

Fig. 3.2 (a) Optical image of graphene (b) Raman mapping of G band intensity before 

and (c) after Au-ion irradiation 
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3.3.1.2 ZnO thin film 

ZnO film was also be evaluated because it can be removed with HCL solution. Unlike 

photoresist layer, it can be removed even after Au-ion irradiation. Unfortunately, ZnO 

also have a problem in the application of sacrificial layer. The Raman spectra of graphene 

before and after ZnO deposition are shown in Fig. 3.3. It can be found that D band 

corresponding to the presence of defect in graphene was introduced even without 

irradiation, which means only ZnO deposition is harmful for graphene. On the other hand, 

G band disappeared after irradiation means ZnO layer cannot support sufficient protection 

from Au-ion irradiation. Fig. 3.4 shows that the ID/IG ratio, which corresponding to the 

damage of graphene, becomes higher as the layer number decreases after ZnO deposition, 

indicating that the topmost layer of graphene is damaged after irradiation. 

 

 

Fig. 3.3 Raman Spectra of graphene before and after ZnO deposition, and after Au-

ion irradiation. 
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Fig. 3.4 ID/IG ratio of graphene after ZnO deposition 

 

3.3.1.3 NaCl thin film  

NaCl layer can be easily removed with hot water after deposited on the substrate with 

graphene samples. After the deposition and removal processes of Cr/NaCl sacrificial layer, 

the D band was negligible, and only minor change appears in the characteristic of 

graphene Raman spectra, as shown in Table 3.2 and Fig. 3.5 (a). 

 

Table 3.2 Raman Spectra of graphene before/after NaCl deposition 

 
G position (cm-1) ID/IG IG'/IG FWHM 

Before 
1582.7 0 5.26 6.12 

After 
1582.3 0.05 4.58 8.52 

 

Additionally, because graphene has remarkable change in its electronic states even due 

to very tiny amount of atomic or molecular adsorption, a back gate type FET is usually 
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used to evaluate the electronic properties of graphene, and hole doping into graphene is 

reported by introducing oxygen molecules as a guest [38]. Fig. 3.5 (b) shows the gate 

voltage dependence of the electric conductivity of graphene before deposition and after 

removal of Cr/NaCl layer. The VCNP and mobility of the transfer curve has almost no 

change, indicating that the electronic properties of graphene are not affected by the 

deposition or removal process of Cr/NaCl layer [61]. 

Both Raman and FET conductivity measurement suggest that the deposition and 

removing of NaCl would not affect the electronic properties of graphene. From the above, 

NaCl is the most appropriate material for sacrificial layer and was applied to protect 

graphene from ion-beam irradiation. Also, we found that NaCl is also proper sacrificial 

layer material for MoS2 and TaS2 in the case of high-energy irradiation. 

 

  

Fig 3.5 (a)Raman spectra and (b) electron conductivity of graphene before NaCl 

deposition and after removal [61] 

 

3.3.2 TRIM simulation 

Fig. 3.6 shows the simulation result of 200 keV Au- and I-ion irradiation to a Cr (10 

nm)/NaCl (200 nm)/C (0.3 nm)/SiO2 (285 nm) target by TRIM program, for estimation 

of stopping range of Au and I ions in the Cr/NaCl sacrificial layer and graphene based on 

classical atomic collisions. The Si layer in target is not considered here since all the ions 

stopped before the rear end of SiO2 layer, so Si layer does not affect the simulation result. 

Ion range (distribution of incident ions) and damage distribution (density of vacancy 

created when the target atom has a collision with incident ion or recoil atom) of Au or I 
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ion demonstrate that the optimal thickness for NaCl layer is 200 nm in our condition. 

With this film thickness, the layer can keep the ion distribution at the graphene position, 

and the avoidance of damage on the graphene sample due to the formation of vacancies 

can be estimated. 

The optimal thickness for the NaCl layer is estimated as 200 nm for both Au- and I-ion 

beam irradiations at 200 keV by calculating the stopping range of Au or I ion in the 

Cr/NaCl sacrificial layer and graphene based on classical atomic collisions using the 

TRIM program in the same manner as the previous study for irradiating B or N ion to 

graphene [61]. With this film thickness, the NaCl layer maintained the irradiated ion 

distribution at the graphene position and avoided damage to the graphene sample because 

of the formation of vacancies. 

A thickness of only 200 nm is sufficient for decelerating Au and I ions with an energy 

of 200 keV, compared to B and N ions with the same ion acceleration energy studied in 

the past report, which require 1200 and 1000 nm of NaCl as sacrificial layers [61]. The 

difference is explained by the stopping power of the target materials against incident ions 

[89][42][90][91]. The energy loss of incident ions is mainly attributed to the electronic 

stopping power caused by the dynamic response of electrons inside target materials 

against the positive charge of penetrating ions for high-energy ion beams of 

approximately several million electron volts, which are applied to the chemical 

modifications of materials. However, the electronic stopping power is proportional to the 

total charge of the nuclei and the velocity of the incident ion, which results in more minor 

contribution and similar orders of magnitude of the stopping powers in the B, N, Au, and 

I ions at a fixed acceleration voltage of 200 keV. On the other hand, the nuclear stopping 

power induced by elastic collisions between the incident ions and atoms of the target 

materials is significantly larger for heavier ions, which becomes significant at a beam 

energy scale of 200 keV. The nuclear stopping power is almost an order of magnitude 

larger than the electronic stopping power for Au and I ions at ~200 keV, which is in 

contrast to the smaller nuclear stopping power for B and N ions in the same energy range. 

The considerably larger nuclear stopping powers of the heavier Au and I ions indicate 

more collisions and the formation of vacancies in the lattice of the target materials. Indeed, 

the vacancies of C atoms were formed in the graphene position with Au- or I-ion 

irradiation, which is in contrast to the negligible (approximately three orders of the 

smaller ratio to the density of introduced ions, as shown in Table 3.3) vacancy formation 
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in the simulation results for B- and N-ions irradiation. This implies a higher possibility of 

defect introduction into graphene for heavier Au- or I-ion irradiation. 

 

 

Fig. 3.6 Distribution of ions (solid curve) and vacancies (dotted curve) vs depth from 

the target sample surface with (a) Au- and (b) I-ion beams with beam energy of 200 

keV, calculated by TRIM simulation. The vertical dashed lines denote the boundaries of 

each target layer. 

 

Table 3.3 Ion and vacancy density at graphene position 

Ion species B N Au I 

Ion density 8.00E+02 9.20E+02 9.20E+02 4.90E+02 

Vacancy 1.60E-05 3.70E-05 1.40E-02 4.00E-03 

Vacancy/Ion 2.00E-08 4.00E-08 1.60E-05 8.20E-06 

 

3.3.3 RBS 

Fig. 3.7 shows the RBS spectra measured for the graphene samples on the Si/SiO2 

substrate irradiated with Au or I ion at a dose of 1014 cm−2, where the contribution of 

graphene was not detectable because of the large detection area of the measurement (beam 

diameter: ~ 2 mm), when compared with the size of graphene flakes. Noticeable peaks 

appeared on the high-energy side for both the Au and I conditions. The peaks at 

approximately 1400 keV and 1300 keV represent energies reflected by the Au and I atoms, 

respectively. The charges of injected ions in the sample are neutralized simultaneously on 
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irradiation with a beam current flowing through the sample holder and instruments, 

regardless of the sign of the charge of the irradiated ions [42]. Further, the wide energy 

band below 1200 keV indicates the presence of Cu, which could have originated from the 

Cu sample holder and pressing sticks for fixation. Here, it should be noted that the RBS 

measurements for Au- and I-ion-irradiated substrate are performed under different 

experimental parameters due to the maintenance and adjustment of the instrument. The 

raw spectra are different even for the same material, and they cannot be compared with 

each other directly. After the irradiation of both Au and I ions into the sample covered 

with the optimized thickness of the NaCl sacrificial layer (200 nm) at doses of 1014 cm−2, 

approximately 2.1 × 1013 cm−2 of Au atoms and 1.2 × 1013 cm−2 of I atoms were detected 

by RBS on the sample surface after removing the NaCl layers. We assume that 2.1 × 1012 

cm−2 of Au atoms at the graphene surface at an Au-ion dose of 1013 cm−2 because the 

number of atoms reaching the sample surface is proportional to the total number of atoms. 

The absolute value of the exact number of ions that arrive at the sample in the actual 

experiment of ion-beam irradiation was unknown in a previous study although the number 

of ions is mandatory information for the discussion to comprehensively investigate the 

effects of the introduced ions. Heavier ions are used in this study for beam irradiation, 

and therefore, using the RBS to measure the density of ions remaining on the surface of 

the substrate becomes possible because of its higher reflected energy, which can be 

separated from the substrate material. 

 

 

Fig. 3.7 RBS spectra of (a) Au- and (b) I-ion-irradiated substrate. Yellow-, blue- and 

grey-colored lines denote the fitting curves for Si, O, and Cu atoms, respectively. The 
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isolated peak at the high energy side (1300 keV and 1400 keV) fitted by green line in (a) 

and (b) represents Au and I atoms, respectively. 

 

3.3.4 Raman spectroscopy 

The Raman spectra of graphene before and after Au-ion irradiation at doses of 1013 and 

1014 cm−2, and I-ion irradiation at a dose of 1014 cm−2 are shown in Fig. 3.8. The G (at 

~1580 cm−1) and G' (at ~2670 cm−1) bands peculiar to graphene were observed clearly 

even after Au- or I-ion irradiation, which confirmed that graphene was modified by Au- 

or I-ion irradiation while maintaining the basic structure of the graphene honeycomb 

lattice. The presence of lattice vacancies and ionic impurities provide a sharp and shallow 

scattering potential for conduction carriers in graphene, which causes D (at ~1340 cm−1) 

and D' (at ~1622 cm−1) bands in the Raman spectrum, in addition to the G and G' bands 

[41]. The Raman spectra of graphene after Au- or I-ion irradiation exhibited both D and 

D' bands, thereby indicating the introduction of not only charged Au or I species as 

impurities but also vacancies. The D and D' bands in the Raman spectra were small or 

unnoticeable after irradiating B or N ion, which implies that these elemental species were 

introduced successfully into the graphene layer without creating vacancies [61]. The 

slow-light elemental ions reach graphene without introducing vacancies because their 

stopping power is decreased significantly. However, a significant D band appeared after 

heavier Au- or I-ion irradiation, and it can be attributed to the considerably heavier Au or 

I atoms. These results agree well with the TRIM simulation results. 
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Fig. 3.8 Raman spectra in the G/D band regions (left) and G' band region (right) of 

graphene before irradiation (before), after Au-ion irradiation at a dose of 1013 cm−2 (Au 

1013), after Au-ion irradiation at a dose of 1014 cm−2 (Au 1014), and after I-ion irradiation 

at a dose of 1014 cm−2 (I 1014). The vertical axes are shifted in each spectrum for clarity. 

 

Figs. 3.9 (a) and (b) show the averaged G band position and full width at half maximum 

(FWHM) before and after Au- or I-ion irradiation at doses of 1013 and 1014 cm−2. The G 

band position of the Au-ion-irradiated graphene at both doses caused a downward shift, 

and the FWHM increased to over twice that of the pristine sample after irradiation at a 

dose of 1013 cm−2. It was over five times larger than that of the pristine sample after Au-

ion irradiation at a dose of 1014 cm−2. For I-ion irradiation, the G-band position seems 

slightly upshifted; however, its FWHM was over four times larger than that of the pristine 

sample. These results are reminiscent of the changes in the Fermi level after irradiation; 

however, graphene with hole or electron doping exhibits an upward shift in the G-band 

position and a large decrease in linewidth [41], and the observed Raman results seem 

contradictory. In addition, the ratio of the G' band to the G band shown in Fig. 3.9 (c) 

increases after irradiation with Au ion at a dose of 1013 cm−2, which should be lowered by 

the carrier doping of graphene. This behavior can be attributed to the softening of the 

graphene honeycomb lattice by the strain introduced by the ion-beam irradiation [56][61]. 

Indeed, the ratio of the G' band to the G band significantly reduced after a larger 

irradiation dose of Au or I ion at 1014 cm−2, which suggests that the significant 
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introduction of the lattice deformation suppresses the G' band, which is more sensitive to 

the presence of the disorder in the graphene honeycomb lattice than G band [3]. The 

effects of the strain in graphene introduced by Au- or I-ion irradiation on the G and G' 

bands of the Raman spectra is more than that of the doping by introduced Au or I species, 

which screens out more minor influences caused by charge doping. The slight upshift in 

the G-band position in the I-ion-irradiated graphene suggests a less strain and more 

doping effects than those in the case of Au-ion irradiation. This is also supported by that 

the D' band caused by the shallow scattering potentials by charged dopant impurities is 

the largest in the I-ion-irradiated graphene, as shown in Fig. 3.9 (d). 

 

 

 

Fig. 3.9 Raman peak fitting parameters of graphene before irradiation (before), after 

Au-ion irradiation at a dose of 1013 cm−2 (Au 1013), after Au-ion irradiation at a dose of 

1014 cm−2 (Au 1014), and after I-ion irradiation at a dose of 1014 cm−2 (I 1014) for (a) G 

band position, (b) G band full width half maximum (FWHM), (c) ratio of the G' band to 

the G band intensity, (d) ratio of the D' band to the G band intensity 
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3.3.5 FET Conductivity 

The actual change in Fermi energy caused by the charge doping of graphene upon ion-

beam irradiation was clarified by the electrical conductivity. Fig. 3.10 shows the gate 

voltage dependence of electric conductivity for graphene before and after Au- or I-ion 

irradiation. After irradiation at a dose of 1013 cm−2, graphene showed a hole-doping 

behavior with a 30 V positive shift in the charge neutral point VCNP compared to that of 

pristine graphene before irradiation. Moreover, it causes a higher positive shift in 

graphene irradiated by the Au- or I-ion beam at a dose of 1014 cm−2, where VCNP 

corresponding to the position of the Dirac point of the electronic band structure of 

graphene is out of the ±40 V range of the gate voltage, which is experimentally observable, 

indicating the larger degree of hole-doping nature at a dose of 1014 cm−2. 

 

Fig. 3.10 Electrical conductivity σ versus gate voltage shift Vg – VCNP, before of 

graphene FET before irradiation (before), after Au-ion irradiation at a dose of 1013 cm−2 

(Au 1013), and after Au-ion irradiation at a dose of 1014 cm−2 (Au ion 1014). The inset 

shows the graphene after I-ion irradiation at a dose of 1014 cm−2 (I 1014). The 

conductivity for Au-ion-irradiated graphene at a dose of 1014 cm−2 that appears 

considerably up shifted because of the differences in the contact resistance among the 

two-terminals FET devices, which provides the shift of baselines. 
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The doped carrier density n by the ion-beam irradiation can be calculated using the 

value of the shift of the gate voltage ∆VCNP as 

 

𝑛 =
𝐶g

𝑒
Δ𝑉CNP = 𝛼Δ𝑉CNP,      (3.1) 

 

where e, Cg represent the elementary charge, the capacitance of the gate per unit area 

calculated by 𝜀0𝜀r/𝑡ox , where 𝜀0  represents the vacuum permittivity; 𝜀r  and 𝑡ox 

represent the relative permittivity and the thickness of the gate dielectric material (285 

nm of SiO2 in this study), respectively; α = 7.56 × 1010 cm−2V−1; and n is calculated to be 

2.3 × 1012 cm−2 for graphene irradiated by a Au-ion beam at 1013 cm−2, which agree well 

with the observed RBS results. Here, it should be noted that the positive and negative n 

corresponds to the number density of hole and electron carriers. Further, we estimate the 

lower limit of the carrier density for irradiating graphene by Au or I ion at a dose of 1014 

cm−2. The carrier density of graphene irradiated by Au- or I-ion beam at a dose of 1014 

cm−2 was estimated to be higher than 4.9×1012 cm−2 when using the highest gate voltages 

in the observed data as the lower limit of VCNP. 

We assume that the Fermi energy EF of graphene before ion-beam irradiation is at the 

Dirac point. Thus, the shift of the Fermi energy ∆EF by carrier doping caused by the Au- 

or I-ion irradiation can be calculated from ∆VCNP [3] using  

 

𝑛 =
4

3𝜋𝛾0
2𝑎2 𝐸F

2,        (3.2) 

 

where 𝛾0 ≈ 3.15 eV  represents the resonance integral that corresponds to the 

electronic interaction between the nearest neighbor carbon atoms; 𝑎 = 0.246 nm 

represents the lattice constant of the honeycomb lattice of graphene; and n represents the 

carrier density. ∆EF is 0.179 eV for the irradiated graphene at a dose of 1013 cm−2 for Au 

ion and it was larger than 0.264 eV at a dose of 1014 cm−2 for both Au and I ions. 

The larger shift of the Fermi energies in graphene irradiated at 1014 cm−2 is consistent 

with the larger D' band intensity, which is attributed to the Coulomb scattering of carriers 

by charged dopants, as shown in Fig. 3.9 (d). For the origin of the observed hole doping 

by I-ion irradiation, the theoretical study of the graphene-doping mechanism by I atoms 
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was reported previously [92], wherein the band structure of graphene and low 

concentration (2.00 %) of I atoms adsorbed on graphene was calculated. The Dirac point 

appeared above the Fermi level by 0.45 eV for I-adsorbed graphene, with a localized band 

attributed to the 5p states of I below the Fermi level, which indicates an electron transfer 

from the graphene p orbital to the unoccupied 5p orbital of the I atom, which becomes an 

anion. This is reasonable considering the stronger electronegativity of the I atom 

compared to that of carbon. 

 

 

Fig. 3.11 Band structure (a) and total electronic density of states (b) of isolated 

graphene layer (black line) and with halogen atoms adsorbed on graphene layer (red 

dashed line) at low iodine concentration (2.00%) [92]. The blue arrow shows the shift of 

the Dirac point. The Fermi level is at zero energy. 

 

On the other hand, the hole doping observed by Au-ion irradiation is tricky. First, an 

atomic Au state can be considered as an introduced impurity chemical species, which is 

similar to the case reported in semiconductors, where irradiated ions are present as 

interstitial atoms. The unoccupied 6s orbital of the Au atom is located at 11.3 eV far below 

the work function of graphene 4.6 eV, it has a higher electron affinity than the C atom, 

and it can accept an electron from graphene. However, electron doping has been reported 

for Au-deposited graphene in a photoemission study [93], and for graphene deposited 

with atom or nanoparticle of Au in an electric conductivity measurement [94]. Moreover, 

the Au-ion species do not exist as atomic cations but as halide anions under typical 

chemical conditions. Here, we need to pay attention to the presence of a NaCl sacrificial 
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layer upon Au-ion irradiation. High-energy ions interact significantly with atoms inside 

the target materials and can cause chemical reactions during their penetration through the 

target. Especially for alkali halide targets such as NaCl, the selective release of halogen 

atoms such as chlorine on the beam irradiation of charged particles such as electrons has 

been reported for a long time [95]. Gold halide anions generated by chemical reactions 

during the Au-ion irradiation of the NaCl sacrificial layer are probable origins of the hole 

dopant in Au-ion-irradiated graphene samples. In fact, stage-1 AuCl3–graphite 

intercalation compounds (GICs) are the most heavily hole-doped ones among acceptor-

type GICs [96]. The larger contribution of the strain in the Au-ion-irradiated graphene 

was seen as the larger downshift of the G band and the smaller D' band shown in Fig. 3.9 

(a) and (d) compared to that of the I-ion-irradiated graphene. The presence of larger 

chemical species such as AuCl3 anions as impurities causes more strain effects on the 

graphene lattice in comparison with atomic anion species such as I anions. 

The career mobility of graphene obtained by calculating the carrier mobility from the 

gradient of the transfer curves (Table 3.4) decreased from 87 cm2/Vs to 57 cm2/Vs and 

0.11 cm2/Vs by 1013 cm−2 and 1014 cm−2 Au-ion irradiation, respectively. This suggests 

that the defects and Au ion introduced by irradiation act as new scattering sources. 

 

Table 3.4 Mobility of graphene FET before irradiation (before), after Au-ion 

irradiation at a dose of 1013 cm−2 (Au 1013), after Au-ion irradiation at a dose of 1014 

cm−2 (Au 1014), and after I-ion irradiation at a dose of 1014 cm−2 (I 1014) 

Dose (cm−2) Before Au 1013 Au 1014 I 1014 

Mobility (cm2/Vs) 87 57 0.11 0.03 

 

3.3.6 D-band Discussion 

Finally, we discuss the D band of ion-beam-irradiated graphene caused by the 

intervalley scattering of carriers. Fig. 3.12 (e) shows the ratios of the D-band intensity to 

the G-band intensity (ID/IG) for graphene irradiated at doses of 1013 Au ion, 1014 cm−2 Au 

or I ion where ID/IG is calculated as 3.4, 2.9, and 4.5, respectively. The intensity of the D 

band caused by the elastic scattering of photoexcited carriers in a Raman process does 



3. Au- or I-ion irradiation on Graphene 

 

83 

 

not necessarily correspond to the carrier mobility observed in the electric conductivity, 

wherein the scattering of the lower-energy carriers is dominated in different manners, 

which includes significant effects of intra-valley scattering that yields no D band, as we 

reported in the previous study [61]. 

Eq. 3.3 shows a model of the ID/IG ratio proposed in a previous study, in which only 

vacancies without charged impurities were introduced into graphene using Ar-ion 

irradiation with a beam energy of 90 eV [19]. In this model, the modification of the 

graphene sheet by a single impact of an ion is represented by two length scales, rA and rS 

(rA > rS ), which are the radii of the two circular areas measured from the ion impact point 

as shown in Fig. 3.12 (f). 

 

 

Fig. 3.12 (e) Raman peak fitting parameters of graphene after Au-ion irradiation at a 

dose of 1013 cm−2 (Au 1013), after Au-ion irradiation at a dose of 1014 cm−2 (Au 1014), 

and after I-ion irradiation at a dose of 1014 cm−2 (I 1014) for ratio of the D band to the G 

band intensity. (f) is schematic model of a single impact of an ion on the graphene sheet 

with two length scales rA and rS. 

 

The shorter radius rS denotes a structurally disordered region (S) near the point of 

impact, where the graphene honeycomb lattice structure is completely destroyed, and 

only a weak scattering light contribution appears in the D-band region in the Raman 

spectrum. In such an atomically disordered sp2 carbon system, breaking the translational 

symmetry relaxes the momentum conservation rule in the Raman scattering process, 

wherein the large phonon density of states at the K point yields weaker components in the 
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D-band region of the spectrum without a graphene honeycomb structure [97][98]. For an 

area with distances larger than rS but shorter than rA from the impact point, which is called 

the activated region (A), the graphene honeycomb lattice remained and exhibited a D-

band signal by the double-resonance Raman process caused by the elastic scattering of 

carriers because of the presence of the defective S region [41]. 

 

𝐼D

𝐼G
 =  𝐶A

𝑟A
2−𝑟S

2

𝑟A
2−2𝑟S

2 [exp (−
𝜋𝑟S

2

𝐿D
2 ) − exp (−

𝜋(𝑟𝐴
2 −𝑟S

2)

𝐿D
2 )] + 𝐶S [1 − exp (−

𝜋𝑟S
2

𝐿D
2 )],   (3.3) 

 

where CA and CS, represent the probability of causing the D band for one impact point 

for the double resonance process in the A region and for the weak emission in the 

destroyed S region, respectively, and LD is the mean distance between the defects. rS is 

reported to be 1 nm for the surrounding area of one vacancy formed by the ion irradiation 

process, consistent with STM observation studies [99][19]. CS was estimated to be 0.87 

as a typical value for the emission probability of an atomically disordered sp2 carbon 

system in the D-band region of the Raman spectra. Further, rA was determined to be 3 nm 

based on the evaluation of the relaxation length of the excited electrons in the double-

resonance Raman process in graphene with a 532 nm excitation at room temperature [19]. 

In our study, the mean distance of vacancy LD was not directly obtained from the 

observed results, and it was estimated from the density of ions introduced to graphene, 

which was obtained by RBS. According to the fundamental theory of vacancy creation 

during ion-beam irradiation [61][90][91], the stopping power decreases significantly for 

slow ions before stopping inside the target material. The irradiated ion penetrates deeply 

without creating vacancies in the region of the deeper-side edge of the ion distribution 

after its kinetic energy becomes sufficiently low to avoid displacing the atoms of the 

lattice in the target materials. Therefore, a maximum of the same number of vacancies as 

the ions introduced into the graphene can be generated. LD are estimated as 7.8, 2.5, and 

3.3 nm from the introduced ion density 2.1 × 1012 cm−2, 2.1 × 1013 cm−2, and 1.2 × 1013 

cm−2 for graphene irradiated at Au-ion doses of 1013 cm−2, 1014 cm−2, and at an I-ion dose 

of 1014 cm−2, respectively. 

CA is calculated as 10.2 by applying the model with the observed ID/IG = 3.4 for 

graphene irradiated at an Au-ion dose of 1013 cm−2, which is about twice larger than CA = 

4.2 reported for the Ar-ion irradiation [19]. Here we should note that a larger vacancy 

density results in a smaller CA in this model. We now use the upper-limit value of the 
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vacancy density introduced by ion-beam irradiation, and CA = 10.2 represents the 

minimum limit value estimated by the observed results. Thus, the double-resonance 

Raman process for the D band is significantly enhanced for Au-ion irradiation which 

simultaneously introduces both lattice vacancies that yield the D band and charged 

impurities giving the D' band, compared to that for the Ar-ion-irradiated graphene, where 

only vacancies are introduced. 

We considered the Fermi energy dependence of the carrier scattering probability for 

vacancies in graphene to understand the higher D-band probability for vacancies 

introduced by Au-ion irradiation than that for Ar-ion irradiation. We can assume CA to be 

proportional to the inverse of the carrier relaxation rate 𝜏𝑡𝑟
−1 determined by the presence 

of vacancy in graphene considering that the probability of the double resonance Raman 

process corresponds to the degree of carrier scattering by the presence of vacancy. 

According to the analytical theory based on a k・p perturbation for carrier scattering by a 

strong and short-range potential like the vacancy introduced into the graphene 

honeycomb lattice [100], 𝜏𝑡𝑟
−1  is proportional to the square of the effective scattering 

potential VS, and it calculated by  

 

𝐶𝐴 ∝
1

𝜏𝑡𝑟
≡

2𝜋

ћ
𝑉𝑠

2 1

2
∑ ∫

d𝒌′

(2𝜋)2𝑣,𝑣′ 𝛿(𝜖𝑠,𝒌 − 𝜖𝑠,𝒌′),      (3.4) 

 

where v, v' and k, k' denote the K, K' points in the Brillouin zone of graphene and wave 

vectors of the Bloch states of graphene, respectively; s = +1 and −1 for the conduction 

and valence bands, respectively; and 𝜖𝑠𝑘 represents the energy eigen value for a Bloch 

state with k in s. 

The numerical calculation results for the Fermi energy dependence of VS are provided 

in a previous theoretical study [100], which indicate a monotonic increase in VS as the 

Fermi energy decreases toward the hole-doping side from the Dirac point when the site 

energy of the vacancy is less than 6 eV, where the site energy is measured from the p 

orbital energy level of carbon atoms in graphene. Here, it is better to specify the rough 

estimates of the site energies in practical cases. The site energies measured from the 

carbon p orbitals are +2.3 eV and −2.5 eV when a site of the honeycomb-lattice graphene 

is substituted with B and N atoms. In the theoretical study, the site energies of the 

hydrogenated or fluorinated carbon sites in which the p electron states disappear because 

of hybridization are supposed to become larger than those of B or N substitution; however, 
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it is certainly not considerably larger.  

It is presumed that the site energy of Au substitution would become larger than those 

of B or N substitution and similar to those in the case of hydrogenation and fluorination. 

However, the site energy becomes more considerably larger than that of the p orbitals of 

the carbon atoms when there are vacancies without atoms in the graphene lattice. We 

assumed the work function of graphene (4.8 eV) as a rough estimate of the site energy for 

a vacancy in the honeycomb lattice. The effective potential VS varies by 10 times when 

the site energy doubles by referring to the numerical calculation results in the theoretical 

study. According to Eq. 3.4, the probability of the D band by the double resonance Raman 

process CA strongly depends on the effective potential (the square of VS ). Therefore, the 

contribution to the D band by introduced impurities such as Au, N, and B is negligible 

[61]. The increase in the D band in the case of Au- or I-ion irradiation is attributed to the 

formation of vacancies occurs simultaneously in graphene. 

According to Eq. 3.3, the D band generating probability CA of Au-ion-irradiated 

graphene is approximately twice larger than that of Ar-ion-irradiated graphene which 

introduced only vacancies. This is explained by carrier injection via irradiation with the 

Au-ion beam. The introduced Au species such as AuCl3 extract electrons from graphene, 

which causes hole doping and leads to a decrease in the Fermi energy as seen in the Fig. 

3.10. Considering the work function of 4.8 eV as a rough estimate of the site energy for 

a vacancy in the honeycomb lattice, by referring to the numerical calculation results in 

the theoretical paper, VS
2 proportional to CA becomes a little less than the double value 

when the Fermi energy is downshifted by −0.179 eV from the Dirac point observed in the 

conductivity for graphene irradiated by Au-ion beam at a dose of 1013 cm−2. This explains 

a twice larger CA observed in the case of irradiation of Au-ion beam at 1013 cm−2 as in 

Fig. 3.13. However, the values of CA obtained for the Au- or I-ion-irradiated graphene 

were 3.8 and 5.8, respectively, when applying the model with the observed ID/IG = 2.9 

and 4.5 for graphene irradiated with Au or I ion at 1014 cm−2. It showed a considerably 

less probability for the D band than that of the Au-ion-irradiated graphene at 1013 cm−2. 

The ion-beam-irradiated graphene at 1014 cm−2 are considerably more downshifted in the 

Fermi energy as observed in the electronic conductivity, which indicates a considerably 

higher enhancement in the CA. One reason for the contradiction is attributed to the 

extremely high vacancy density for 1014 cm−2 samples, which leads to the LD of 2–3 nm, 

where a major part of the graphene sheet belongs to the so-called structurally disordered 
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regions (S) yielding only a weak D band based on rS = 1 nm. A smaller fraction of the so-

called (A) region, which corresponds to the D band in the sample, can cause a larger error 

in the estimation of CA. 

 

 

Fig.3.13 Effective potential VS of defect as a function of energy [100] 
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3.4 Conclusion 

There are several challenges in using the NaCl sacrificial layer for achieving intrinsic 

defect engineering in 2D materials by ion implantation. A NaCl sacrificial method was 

performed to investigate the effect of Au- or I-ion species on graphene in the case of high-

energy Au- or I-ion irradiation. We showed that using heavier ions for chemical 

modification by ion-beam irradiation is useful and enables the measurement of the density 

of ions remaining on the surface of the substrate by RBS because of their higher reflected 

energy, which can be separated from the substrate material. Both Au- and I-ion irradiation 

for graphene introduced negatively charged impurities, which provide a D' band through 

intra-valley scattering in the Raman spectra and hole carriers in the electron transport, 

wherein Au species exist in a chloride form such as AuCl3 as a product of chemical 

reactions between Au and Cl atoms during the penetration of Au ion in the NaCl sacrificial 

layer. The EF downshift of –0.179 eV in graphene irradiated by the Au-ion beam at 1013 

cm–2 caused by the hole doping of the introduced charged impurities is suggested to 

promote the double resonance process for the D band in the Raman spectrum by 

enhancing the effective scattering potential of the introduced vacancies. However, the 

effects of the EF downshift on the D band of the Raman spectra become obscure in 

graphene irradiated at a higher dosage, where the destructive nature of the honeycomb 

lattice and reduced ability of vacancy introduction at higher dosage conditions could be 

a probable reason. 

This study provides a functional method to perform high-energy beam irradiation on 

graphene or other 2D materials and gives a valuable reference to the research and 

application of graphene in the field of electronic devices. However, the detection of 

residue NaCl is difficult in this study due to the low reflect energy. To avoid this problem 

and effect of interaction between ions and sacrificial layer, other materials such as CsI 

should be considered in the future work. 
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Chapter 4 Fe-ion irradiation on monolayer 

MoS2 

4.1 Introduction 

Spin–valley coupling is one of the most important features in the electronic structure 

and emission of monolayer MoS2. In monolayer MoS2, in addition to the spin-orbit 

interaction, the parity symmetry is broken; therefore, an inversion center does not exist; 

moreover, the K valleys of different directions in the 2D hexagonal Brillouin zone are no 

longer equivalent; therefore, two types of K valleys exist. In fact, the electron spin in the 

split valence band at the K point is exactly the opposite at the K' point, and the valley and 

spin degrees of freedom are strongly coupled. Monolayer MoS2 can be expected to be 

applied to spin–valley electronics, which utilizes this spin–valley polarized state as an 

information carrier, which is different from conventional electronics that utilize only the 

charge degree of freedom of electrons [3]. In spin–valley electronics, only one valley 

must be selectively excited, which can be achieved using circularly polarized light.  

The selective valley polarization in monolayer MoS2 is affected by strain, magnetic 

fields, and optical pumping with circularly polarized light [10]. As the orbital angular 

momentum of the valence and conduction bands differs by +1 or −1, depending on the 

valley, according to the law of conservation of angular momentum, optical excitation is 

achieved via right-handed (σ+) or left-handed (σ-) circularly polarized light. Only one of 

the K and K' valleys can be selectively excited [10]. In fact, the polarization degree of the 

circularly polarized light-resolved PL at 14 K proposed by K. F. Mak is nearly 100%, and 

research has revealed that valley polarization has a significantly long spin–valley 

relaxation time (Fig. 4.1) [10]. 
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Fig. 4.1 σ+ and σ- resolved PL spectra of 1L-MoS2 and the corresponding 

polarization degree ρ [10] 

 

In the previous study, obvious polarization by excitation at A peak could be observed 

with 1.96 eV (633 nm) excitation; however, off resonance was observed with both A- and 

B-exciton PL via excitation with 2.33 eV (532 nm). This implies that the selective valley 

polarization is also strongly affected by the energy of excitation. 

4.1.1 Circular polarization 

A waveplate is fabricated using a type of crystal that exhibits different light speeds at 

different directions, with a fast axis in the direction with highest light speed and slow axis 

in the direction perpendicular to the fast axis with the lowest light speed. When light 

penetrates a waveplate, its vibration along the fast axis is faster than that in the slow 

direction. In this case, by adjusting the thickness of the waveplate, it can be adjusted that 

how much the wave phase in the direction of the slow axis behind the which in the fast 

axis. 

A half-waveplate can rotate the polarization direction by inverting the wave phase in 

the direction of the slow axis, because of the wave phase in the direction of the slow axis 

will behind which in the fast axis by half a cycle. In the case of a quarter-waveplate, the 

wave phase in the direction of the slow axis will behind which in the fast axis by one-

quarters of a cycle. After penetrating the quarter-waveplate, the vibrations in the two 
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directions are no longer synchronized, and the synthesized light is rotated around the light 

direction. By aligning the fast axis by 45° or −45° to the direction of laser polarization, 

which implies that the components are identical along both the fast and slow axes, the 

light becomes a circularly polarized light, as shown in Fig. 4.2. 

 

 

Fig. 4.2 Schematic diagram of polymer circular polarizer [101] 

 

The direction of circularization is dependent on whether the polarization direction of 

the incident linear polarized light is 45° or −45° toward the fast axis. 

4.1.2 Helicity parameter 

To quantify the degree of PL polarization, the helicity parameter 

𝝆 =
|𝑰+−𝑰−|

𝑰++𝑰−
        (4.1) 

is used to evaluate the level of polarization. Here, I+ and I- denote the intensity of the 

circularly polarized PL in σ+ and σ- with the same excitation, respectively. Notably, if 

either intensity is 0, then ρ = 1, indicating a fully circular-polarized PL; conversely, if I+ 

= I-, then ρ = 0, indicating that selective valley polarization does not appears. 

4.1.3 Distortion of circular polarization in optical path 

Normally, circularly polarized light and its polarization direction can be obtained and 

detected, respectively, using two pairs of linear polarizers and quarter-waveplates. 

However, as the presence of any other element inside the optical path can distort the 

polarization properties of light, another half-waveplate should be added to the path to 

compensate for the distortion [102]. 
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4.1.4 Objective of chapter 4 

As the selective valley polarization in monolayer MoS2 is affected by the internal 

magnetic fields, the Fe atom, a magnetic atom, can be used to modify the valley 

polarization properties of MoS2 by introducing spin scattering source. 

In this study, a circularly polarized PL measurement system was developed by 

modifying the optical systems of an existing Raman/PL spectrometer unit, on which a 

hand-made cryogenic stage was also attached to obtain the stable sample temperature 

necessary for circularly polarized PL measurement, which is not achievable using the 

existing flow-type cryostat. Raman spectroscopy and circularly polarized PL 

measurements were performed for 1L-MoS2 after Fe-ion irradiation, where the NaCl 

sacrificial layer method developed for Au- or I-ion irradiation was similarly applied to 

stop ions on 1L-MoS2 with atomic-scale thickness as described in Chapter 3. 
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4.2 Experimental 

4.2.1 Sample fabrication 

Monolayer MoS2 was prepared by mechanical exfoliation from the surface of bulk 

crystal MoS2, then transferred to the surface of a silicon substrate coated with a 285 nm 

thick SiO2 layer. The number of layers was determined based on the brightness contrast 

in the optical image and confirmed via Raman spectroscopy. The typical scale of the 

monolayer sample was 10–20 µm [7]. 

Cr/NaCl sacrificial layer was used to decelerate the Fe ion during ion-beam irradiation. 

It was deposited in vacuum condition with the optimized thickness of 10/250 nm, which 

was simulated using the SRIM-2013 program. After irradiation, the sacrificial layer was 

removed using boiling deionized water [51]. 

 

4.2.2 Development of the polarization instrument 

Generally, a circularly polarized laser can be generated by passing a linearly polarized 

light through a quarter-waveplate with its fast axis at 45° to the laser polarization axis. 

However, in a real instrument, other elements in the optical path such as mirror and beam 

splitter prism will deeply distort the properties of a laser beam. For example, the circular-

polarization properties of inserted laser at the sample position changed from circular to 

elliptical after inserting a camera module with beam splitter prism; moreover, the intensity 

decreased from approximately 800 to 140 μW (532 nm, 25mW, neutral density filter with 

25% average transmission). In fact, even the direction of liner polarization of a laser was 

rotated by the camera module. 

Circularly polarized PL measurements were performed by combining a polarizing 

element (Thorlabs, Inc.) (Fig. 4.3) [102]. First, the shift in linearly polarized light was 

adjusted using a linear polarizer and half-waveplate, and then separated into left and right 

circularly polarized components using a quarter-waveplate, which was then incident on 

the sample. The PL emitted from the sample was measured by converting each circularly 

polarized light into mutually orthogonal linearly polarized light using a quarter-waveplate, 

and passing only one component through the detector using a linear polarizer.  
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Fig. 4.3 Schematic diagram of the instrument for circular-polarization measurements. 

LP: liner polarizer; λ/2: half-waveplate; λ/4: quarter-waveplate 

 

The left and right rotations of circular polarization was confirmed using a combination 

of linear polarizer and quarter-waveplate. In previous research, σ+ and σ- was assumed to 

be incident when the quarter-waveplate was aligned at 268° and 358°, respectively. 

However, that is regardless of the distortion inside the optical path. In this experiment, 

we detected the property of laser at sample stage by using a liner polarizer and power 

meter. In this case, the same laser intensity at every horizontal direction meaning high 

circular polarization. 

We found that the best angle set of LP, λ/2, λ/4 at incident side is 330°, 34°, 251° for 

σ+, and 330°, 80°, 252° for σ-. Similarly, we determined the angle set of λ/4, LP at 

scattering side is 47°, 88° for σ+, and 47°, 359° for σ-. Moreover, the data obtained when 

σ+ is incident and σ+ is passed through the detector were denoted as σ+/σ+. Similarly, the 

other three types of data were measured as σ+/σ-, σ-/σ-, σ-/σ+. 

The special designed cryostat system for low-temperature measurements is shown in 

Fig. 4.4. The sample was mounted on a 14 mm thick copper plate and placed in an 

insulated container filled with liquid nitrogen. To measure the temperature of the substrate 

surface, a leaf spring was used on the surface and a thermocouple was brought into direct 

contact with the substrate. To prevent outside air from entering, the container was covered 

with a heat insulating sheet, and a hole was created in the sheet at the beam spot position 
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to perform measurements. 

 

 

Fig. 4.4 Schematic diagram of the cryostat system for low-temperature circular-

polarization measurements 

 

4.2.3 Fe-ion irradiation 

A tandem accelerator (Research Center of Ion Beam Technology, Hosei University) 

was used for irradiating Fe ions at an acceleration voltage of 200 keV, which is the lowest 

energy condition for the practical usage of the beam in this system, at doses of 1012–1015 

cm-2 [51]. 

4.2.4 Sample characterization 

Raman spectroscopy and PL analyses were performed using a microscopic 

spectrometer (LabRAM HR Evolution, HORIBA) at an excitation laser wavelength of 

532 nm. In the low-temperature PL measurement, the sample was measured at 77 K using 

the cryostat system with liquid N2 [7]. 
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4.3 Results and discussion 

4.3.1 Evaluation of the sacrificial layer 

The optimal value of the sacrificial layer thickness was estimated via Monte Carlo 

simulation of the range of Fe ion in the material using SRIM-2013. The Cr/NaCl 

sacrificial layer with thickness of 10/250 nm is the optimum value obtained using classical 

Monte Carlo simulation. The Fe ions that were irradiated with an accelerating voltage of 

200 keV lost energy by colliding with the sacrificial layer, and most of it stopped within 

the sacrificial layer. The remaining ions stopped near the SiO2 surface, while minimizing 

the generation of vacancies in the SiO2 layer. From this, we predicted that the film 

thickness that was set could maintain the maximum Fe-ion distribution while suppressing 

damage caused by vacancy formation at the MoS2 position. 

Fig. 4.5 shows the Raman spectra before and after removing the Cr/NaCl layer. The 

characteristic peaks of the crystalline lattice of MoS2, which are E' (~397.1 cm-1, in-plane 

vibrational mode of S atoms) and A'1 (~408.5 cm-1, out-of-plane vibrational mode of S 

atoms), can be observed. A peak corresponding to the 2LA band related to a double-

resonance Raman process with inter-valley scattering of two LA phonons can be observed 

at approximately 450 cm-1. Moreover, a small peak near 305 cm-1 originates from the 

second-order transverse acoustic mode of the Si substrate [103]. No change is observed 

in the E' and A'1 peaks before and after removing the Cr/NaCl layer, and no LA peak 

appeared around 227 cm-1. The LA peak is related to the LA mode at the edge of the 

Brillouin zone, which is forbidden in an ideal MoS2, but occurs owing to the inter-valley 

elastic scattering of carriers caused by the presence of defects [61]. The small hump that 

appears around 227 cm-1 in Fig. 4.5 can be seen even before the sacrificial layer was 

deposited, but this is thought to be due to defects being introduced into the MoS2 lattice 

during the peeling process. After removing the Cr/NaCl layer, no changes in the shapes 

of E', A'1, and 2LA are observed, and no new peaks, including LA, are exhibited. This 

indicates that the formation of the Cr/NaCl sacrificial layer has no effect on the structure 

of MoS2. 
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Fig. 4.5 Raman spectra of 1L-MoS2 before deposition and after removal of Cr/NaCl 

sacrificial layer 

 

Fig. 4.6 shows the PL spectra before and after removing the Cr/NaCl layer. Peaks 

corresponding to the A (1.84–1.88 eV) and B (2.02 eV) peaks, which are characteristic 

peaks of the PL of MoS2, can be observed. Moreover, the A peak shifts to the higher-

energy side by approximately 0.01 eV. This is thought to be caused by a significantly 

small amount of hole doping caused by physically adsorbed water during water 

immersion during the Cr/NaCl layer removal process [104]. 
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Fig. 4.6 PL spectra of 1L-MoS2 before deposition and after removal of Cr/NaCl 

 

4.3.2 Raman spectroscopy 

Fig. 4.7 shows the Raman spectra of MoS2 before and after Fe-ion irradiation. No 

change in the shape of E' and A'1 is observed in the MoS2 Raman spectrum up to 

approximately 1013 cm-2 of irradiation; however, for greater irradiation doses, the 

intensity of E' and A'1 decreased rapidly, and at 1015 cm-2, 2LA mode is observed. The 

three peaks including this peak almost disappears. Furthermore, after Fe-ion irradiation, 

the line widths of the E' and A'1 peaks increases as the irradiation dose increases. 
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Fig. 4.7 Raman spectra of 1L-MoS2 before and after irradiation by Fe ion at doses of 

1012–1015 cm-2 

 

Here, we discuss the dose dependence in the structure of MoS2 using Raman spectra. 

Fig. 4.8 shows the changes in the intensity of the E', A'1, and 2LA peaks with respect to 

the irradiation dose. In the MoS2 Raman spectra up to approximately 1013 cm-2 of 

irradiation, only a marginal decrease in the intensity of E' and A'1 is observed, which can 

be attributed to the use of the sacrificial layer, which resulted in the implantation of ions 

while maintaining the basic structure of MoS2. Furthermore, the defect species introduced 

into MoS2 are primarily thought to be S site defects, Mo site defects, and MoS6 cluster 

defects [6]; however, the rapid decrease in E' and A'1 at the dose of 1014 cm-2 can be 

attributed to the increase in Mo defects at this dosage; finally, at the maximum irradiation 

dose, structural defects larger than the MoS6 cluster defects occur, resulting in a large 

decrease in the amount of MoS2 itself. 
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Fig. 4.8 Changes in E' (square), A'1 (circle), and D peak (triangle) intensities before 

and after Fe-ion irradiation 

 

 

4.3.3 PL 

Fig. 4.9 shows the PL spectra of MoS2 at different Fe-ion irradiation doses. The 

intensity decreases rapidly as the Fe-ion irradiation dose increases. The peak shape 

changes significantly even at 1013 cm-2, where there was almost no change in the Raman 

spectrum, and almost no emission is observed when Fe ions are irradiated at 1015 cm-2. 

The magnified PL spectra of MoS2 before and after Fe-ion irradiation (1012, 1013 cm-2) 

are shown in Figs. 4.10 and 4.11. For both ion-beam doses, peaks corresponding to the A 

(1.84–1.88 eV) and B (2.02 eV) peaks, which are characteristic peaks of the PL of MoS2, 

appear as shown by the fitting curves in Fig. 4.10. As the irradiation dose increases, the 

intensity of the A peak decreases, and a tail of the peak appears from 1.8 eV to the lower-

energy side. Moreover, the A peak shifts to a lower energy at both 1012 and 1013 cm-2, and 

the amount of shift increases as the irradiation dose increases. Furthermore, an increase 

in the intensity of the B peak is observed after Fe-ion irradiation. 
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Fig. 4.9 PL spectra of 1L-MoS2 before and after irradiation of Fe ion at doses of 1012–

1015 cm-2 

 

 

Fig. 4.10 PL spectra of 1L-MoS2 before and after Fe-ion irradiation 

at a dose of 1012 cm-2 
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Fig. 4.11 PL spectra of 1L-MoS2 before and after Fe-ion irradiation 

at a dose of 1013 cm-2 

 

The decrease in the A-peak intensity and appearance of a tail on the low-energy side of 

the peak caused by Fe-ion irradiation are common results with Ar-ion irradiation, which 

is described in Chapter 2. This occurs because, when defects are introduced into MoS2, 

new defect levels with various energy eigenvalues are generated within the gap, and the 

radiative transition of thermally relaxed electrons causes a wide energy range with no 

clear peak [7]. This is thought to be due to the fact that luminescence was observed across 

the range. Furthermore, the lower-energy shift of the A peak observed with Fe-ion 

irradiation was not observed with Ar-ion irradiation, as described in Chapter 2. The 

energy shift of the A peak is caused by changes in the emission intensities of the neutral 

exciton A0 and charged exciton A- (trion) [105]. Fig. 4.12 shows that the emission 

intensity ratio A-/(A0 + A-) before and after ion irradiation does not change with Ar ion, 

whereas the ratio increases up to 0.57 after Fe-ion irradiation at 1012 cm-2, in contrast to 

0.31 in the non-irradiation case, indicating that the luminescence component derived from 

trions increased. This suggests that Ar-ion does not react with MoS2 and cannot remain 

in the sample after irradiation, and desorbs and generates only vacancies, whereas Fe ion 

is introduced into the MoS2 surface after irradiation, causing electron doping. 
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Furthermore, as the amount of shift increases further when the irradiation dose increases 

to 1013 cm-2, it is clear that the injected Fe ion causes charge transfer. 

 

Fig. 4.12 Change of A-/A ratio in A peak before and after irradiation of Fe and Ar ions 

 

The intensity ratio ∆IB of the B peak before and after Fe-ion irradiation was 1.35, 

indicating an increase in B-peak intensity (Table 4.1). Conversely, in the results shown in 

Chapter 2, when chemically inert Ar ion was irradiated, almost no increase in the B peak 

was observed (∆IB = 1.16). This suggests that the introduced Fe ion caused spin scattering 

in MoS2. This can be explained by the following process: the implanted Fe ions exist as 

ferromagnetic species, and the presence of the ions causes the local electric field and 

strain applied to MoS2 to break the symmetry of the K and K' points. In this case, the spin 

direction of the excited electrons is reversed and polarized owing to spin scattering by Fe 

ions; consequently, instead of falling into the valence band, where the excited electrons 

were originally supposed to fall, these excited electrons fall into the lower-energy band 

split by spin-orbit interaction. 
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Table 4.1 Changes in the intensity of B peak ∆IB 

before and after irradiation of Fe and Ar ions 

 

 

 

 

 

 

 

4.3.4 Evaluation by circularly polarized PL 

Single-layer MoS2 has direct gaps at the K and K' points on the reciprocal lattice space. 

By making the incident light circularly polarized in the clockwise (σ+) and 

counterclockwise (σ-) directions, the K and K' valleys can be selectively excited. Ideally 

the degree of polarization ρ that is estimated from the circularly polarized light emission 

is 1 [10]. Circularly polarized PL spectra of MoS2 before and after Fe-ion irradiation (1012, 

1013 cm-2) are shown in Figs. 4.13–4.18. The polarization degree ρ is calculated using the 

PL intensity I+ (I-) of right-handed (left-handed) circularly polarized light using Eq. 4.1. 

The moving average of ρ is plotted in the graph. For all samples, the degree of polarization 

increased by lowering the temperature from room temperature to a lower temperature. 

Furthermore, focusing on the degree of polarization at low temperatures (77 K), the 

polarization of the A peak was almost relaxed after irradiation with Fe ion of 1012 cm-2. 

Conversely, the polarization of the B peak remained unchanged. Furthermore, when 

focusing on the A0 and A- peaks that make up the A peak, the polarization of the A- peak 

is almost relaxed, whereas the A0 peak maintains a slight polarization. This suggests that 

trions have a higher scattering probability than neutral excitons. Moreover, polarization 

of the peak around 1.7 eV for the defect states (D peak), which was not seen in previous 

studies, was observed. 

 

 

Ion ∆IB 

Ar 1.16 

Fe 1.35 
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Fig. 4.13 PL spectra of non-irradiated 1L-MoS2 using 

circularly polarized light excitation at room temperature (RT) 

 

 

Fig. 4.14 PL spectra of non-irradiated 1L-MoS2 using 

circularly polarized light excitation at 77 K (LT) 
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Fig. 4.15 PL spectra of 1L-MoS2 before and after Fe-ion irradiation (1012 cm-2) using 

circularly polarized light excitation at RT 

 

 

Fig. 4.16 PL spectra of 1L-MoS2 before and after Fe-ion irradiation (1012 cm-2) using 

circularly polarized light excitation at 77 K 
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Fig. 4.17 PL spectra of 1L-MoS2 before and after Fe-ion irradiation (1013 cm-2) using 

circularly polarized light excitation at RT 

 

 

Fig. 4.18 PL spectra of 1L-MoS2 before and after Fe-ion irradiation (1013 cm-2) using 

circularly polarized light excitation at 77 K 
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Comparisons of the degree of polarization of circularly polarized PL spectra before and 

after irradiation (1012 and 1013 cm-2) are shown in Figs. 4.19–4.21. Table 4.2 lists the 

degree of polarization under each condition of temperature and irradiation amount. In 

low-temperature measurements, the degree of polarization is improved as compared to 

that at room temperature, which indicates the existence of valley relaxation caused by 

phonon scattering. Furthermore, while the A peak was valley relaxed by Fe-ion irradiation, 

the polarization of the B peak was not relaxed even when the irradiation dose increased. 

This shows that inter-valley scattering is likely to occur for A excitons, whereas scattering 

due to introduced defects is less likely to occur for B excitons originating from occupied 

levels. Moreover, a large degree of polarization was also observed in the D peak, which 

is originally in a localized state and is expected to have no dependence on the circular 

polarization of the excitation light; however, this may be because of the overlap between 

high-concentration impurity levels or hybridization with the bulk state. This suggests the 

possibility of the existence of a defect-related level. 

 

  

Fig. 4.19 Comparison of polarization degree at RT and 77K (LT) for non-irradiated 

1L-MoS2 
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Fig. 4.20 Comparison of polarization degree at RT and LT for 1L-MoS2 after Fe-ion 

irradiation at a dose of 1012 cm-2 

 

 

Fig. 4.21 Comparison of polarization degree at RT and LT for 1L-MoS2 after Fe-ion 

irradiation at a dose of 1013 cm-2 
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Table 4.2 polarization degree at room and low temperatures in MoS2  

before and after Fe-ion irradiation 

 

  

  RT LT 

  A A- A0 B  A A- A0 B D 

Before Position (eV) 1.84 1.83 1.86 1.99  1.91 1.91 1.94 2.07 1.72 

 ρ 0.054 0.051 0.055 0.018  0.234 0.234 0.215 0.339 0.258 

Fe-1012 Position (eV) 1.86 1.85 1.88 2.03  1.91 1.91 1.95 2.07 1.78 

 ρ 0.023 0.023 0.026 0.125  0.058 0.058 0.120 0.210 0.197 

Fe-1013 Position (eV) 1.86 - - 2.07  1.91 1.91 1.95 2.07 1.77 

 ρ 0.056 - - 0.256  0.139 0.139 0.226 0.406 0.110 
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4.4 Conclusion 

Due to selective valley polarization as an information carrier, 1L-MoS2 is expected to 

be applied to spintronics. However, its mechanism is still unclear and needs to be 

investigated. In this study, Fe-ion irradiation was performed as a magnetic impurity, 

causing spin scattering on 1L-MoS2 using a NaCl sacrificial layer. From Raman 

spectroscopy measurements, it can be estimated that the surface of MoS2 was modified 

with Fe ions while maintaining its basic structure at low irradiation dose conditions. The 

increase in trion-derived emission components in the PL-A spectrum revealed that Fe ion 

introduced onto the MoS2 surface causes electron doping. In addition, a decrease in the 

helicity of circular polarization ρ of the A peak was observed by circularly polarized PL 

measurements, suggesting that Fe-ion irradiation induced spin scattering in 1L-MoS2 and 

promoted the relaxation of valley polarization. Furthermore, the helicity increased at a 

low temperature of 77K. The circularly polarized PL measurements show that although 

spin scattering is introduced by Fe-ion irradiation, valley relaxation is still derived from 

lattice vibration. 

This study investigates the mechanism of introduced Fe species on 1L-MoS2 and its 

effect on selective valley polarization of photoluminescence, giving a valuable reference 

to the electron transport measurements with magnetic field application are expected to 

evaluate the effects on spin-orbit effects, which will lead to the development of next-

generation spintronics materials by heavy-ion beam irradiation of 2D materials. 
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Chapter 5 Hydrogen adsorption and Ar-ion 

irradiation for 1T-phase TaS2 

5.1 Introduction 

Finally, we focus on another 2D material, that is, thin-layer TaS2, which is type of TMD 

with a 2D structure that is similar to that of MoS2. TaS2 has a metallic property when 

compared to those of graphene and MoS2, which exhibit semiconductor properties. It has 

a CDW phase transition that must be investigated. 

5.1.1 TaS2 

TaS2 in the 1T-polytype structural phase is a type of metallic 2D TMD. 1T-phase TaS2 

(1T-TaS2) at ambient pressure exhibits a metallic phase at high temperatures (>550 K), an 

ICCDW phase below 550 K, a NCCDW phase below 350 K, and a CCDW phase 

including a Mott phase below ~180 K [106][107]. The layers are combined by van der 

Waals-like force and can be exfoliated into few-layers. 

Several research groups have confirmed changes in the phase diagram of 1T-TaS2 

resulting from exfoliation. TaS2 has multiple CDWs that vary depending on temperature, 

and unprecedented modulation of optical properties is expected because of the generation 

of structural defects through annealing and adsorption of gas molecules [11]. TaS2 can be 

used for devices that require significantly efficient and fast switching at low temperatures 

[108] and in CDW oscillator and for thermally driven GHz modulation of the CDW state 

at room temperature [109][110]. 

5.1.2 Hydrogen adsorption in 2D materials 

Because 2D materials have a structure in which all atoms are exposed on the surface, 

a tiny amount of molecular adsorption or impurity attachment can significantly change 

the electronic state of the material, and attempts have been made to add new functionality 

through host-guest interactions using 2D materials as hosts. It should be noted here that 
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the influence of the electrode surface on the adsorption properties must be considered 

when measuring electrical conductivity. However, the influence has been reported to be 

small [111]. In an attempt to add new functionality to graphene as a two-dimensional 

material, the induction of hole doping by the adsorption of oxygen molecules on the 

graphene surface has been reported [38]. 

On the other hand, as for the adsorption of molecular hydrogen onto graphene, which 

is expected to be applied to hydrogen storage materials, it has been reported that electron 

doping into graphene occurs when hydrogen pressure is increased in a vacuum chamber 

[112]. However, only slight dissociative adsorption of molecular hydrogen on graphene 

has been reported. 

 

5.1.3 Defects as adsorption sites in 2D materials 

As we have already mentioned, introducing defects is one of the important strategies 

to modulate the physical properties of 2D materials. In particular, both theoretical and 

experimental studies have suggested that introducing defects into 2D materials increases 

the number of structures with broken translational symmetry, which leads to more 

pronounced changes in electronic states due to the adsorption of tiny amounts of 

molecules or impurities on the surface [113][114]. Namely, introducing defects into 

graphene is an effective method to increase the number of adsorption sites for foreign 

molecules without causing graphene structure destruction by controlling the defect 

density. A theory based on DFT calculations of molecular hydrogen adsorption on 

graphene before and after the introduction of defects has been reported [114]. Fig. 5.1 

shows a molecular hydrogen adsorption calculation on graphene before introducing 

defects. The atomic structures of the calculated model are shown in the inserts. The energy 

of the IS is taken to be zero. The units of Ebar and Er are eV, where Ebar is the energy barrier, 

and Er is the reaction energy. The grey, black, and white atoms are saturated C, unsaturated 

C, and H, respectively [114]. 
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Fig. 5.1 The reaction pathway of H2 molecule dissociative adsorption on pristine 

graphene [114] 

 

Initially introduced hydrogen molecules are adsorbed on the hollow sites of graphene. 

Assuming that the hydrogen molecule then undergoes dissociative adsorption, the energy 

barrier for adsorption is as high as 3.097 eV, so dissociative adsorption is not expected to 

occur at room temperature. On the other hand, the calculation of molecular hydrogen 

adsorption on graphene with monatomic vacancies is shown in Fig. 5.2. The model 

structures are shown in the inserts. The energy of the IS is taken to be zero. The units of 

Ebar and Er are eV, where Ebar is the energy barrier, and Er is the reaction energy. The grey, 

black, and white atoms are saturated C, unsaturated C, and H, respectively [114].  

 

 

Fig. 5.2 The reaction pathway of H2 molecule dissociative adsorption on graphene 

with a mono-atom-vacancy for the first H2 molecule [114] 
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In this case, the barrier to dissociative adsorption of molecular hydrogen is 0.805 eV, 

which is smaller than the critical barrier of 0.91 eV. Since dissociative adsorption 

proceeds even at room temperature, the introduction of defects into a two-dimensional 

material is a useful technique for hydrogen storage material applications in that it provides 

additional hydrogen adsorption sites. However, it has been reported that only a small 

amount of molecular hydrogen is dissociatively adsorbed on graphene [112]. Therefore, 

it is expected that introducing defects in metallic 2D materials such as TaS2, which is 

expected to react with a more significant amount of hydrogen, will lead to the 

development of materials that can absorb a larger amount of hydrogen.  

5.1.4 Objective of chapter 5 

Thin-layer TaS2 is a promising 2D material in the field of material science and 

electronic devices but has yet to be well investigated yet compared with bulk TaS2. In this 

study, we evaluated the structure and electronic state of TaS2 on SiO2 substrates by Raman 

spectroscopy to elucidate the layer number dependence for a fundamental understanding 

of the Raman spectrum of exfoliated thin-layer TaS2 at first. The layer number 

dependence of Raman spectroscopy is investigated for TaS2 as a layered material. Then, 

the hydrogen adsorption effects on the structure of TaS2 were measured as a further 

interest. Also, The TaS2 was irradiated by an Ar-ion beam to investigate the effect of ion-

beam irradiation. 
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5.2 Experimental 

5.2.1 Sample fabrication 

An SiO2 (285 nm) substrate was ultrasonically cleaned with acetone and ultrapure 

water for 5 min at high power ultrasonication. Thin-layers of TaS2 were exfoliated using 

mechanical exfoliation method and transferred onto the cleaned SiO2 substrate, and then 

ultrasonically cleaned for 1 min at lowest ultrasonication power using an acetone-

isopropanol mixture followed by ultrapure water. The number of layers in the exfoliated 

sample was evaluated based on the contrast difference between the substrate and the 

sample via OM, and the results confirmed that the sample was a thin-layer. 

5.2.2 Layer number evaluation 

Using an optical microscope, the brightness contrast difference between the substrate 

and sample in the red (R) and green (G) wavelength regions was compared in 8-bit (0-

255) tones using NIS-Elements software, and the number of layers in the exfoliated 

sample was evaluated. The specific number of layers of TaS2 was evaluated based on the 

contrast difference from a previous study (Fig. 5.3) [115].  

 

 

Fig. 5.3 Optical identification of thin-layer TaS2 [115] 
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5.2.3 Ar-ion irradiation 

Ar-ion beam was irradiated at a sufficiently large area to cover the entire MoS2 sample. 

The samples were irradiated using an Ar-ion beam in a high-vacuum chamber at room 

temperature with an acceleration voltage of 500 eV [7]. 

5.2.4 Raman spectroscopy 

Raman spectroscopy is a method of measuring inelastic scattering of light on the 

surface of a material, and the Raman spectrum is the intensity of scattered light expressed 

as a function of the energy difference (energy loss) between incident light and scattered 

light. Energy loss due to inelastic scattering is mainly caused by phonons, which are 

elementary excitations of lattice vibrations in solids (molecules). By investigating the 

energy of phonons using Raman spectroscopy, it is possible to observe changes in the 

electronic structure that correlate with phonons. 

Raman spectroscopy was performed on 1T-TaS2 on a SiO2 substrate. Using a 

microlaser Raman spectrometer (LabRam HR Evolution, HORIBA JOBIN YVON) at an 

excitation wavelength of 532 nm, a grating of 1800 gr/mm with an objective lens of 100x 

magnification, an ND filter of 5%, and an exposure time of 30 s. This was done with 10 

integrations. For hydrogen adsorption study, the spectra of the exfoliated 1T-TaS2 thin 

films transferred onto a SiO2 (285 nm)/Si substrate were measured before and after H2 

gas exposure at the pressure of 22 and 100 Pa at 523 K for 20 min. Baseline fitting was 

performed using Gaussian curves centered at 0 cm-1 with respect to the Raman spectra 

[12]. 
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5.3 Results and discussion 

5.3.1 Layer number dependence of TaS2 

Fig. 5.4 shows the Raman spectra of different thicknesses of TaS2 and Figs. 5.5–5.8 

show the layer number dependence of each Raman peak intensity for bulk and thin-layer 

TaS2. TaS2 exhibits two characteristic Raman vibrational modes, and the E2g mode at 270 

cm-1 corresponds to in-plane vibrations due to the bond between Ta and S atoms [32][116]. 

Conversely, the A1g mode near 380 cm-1 corresponds to out-of-plane vibrations caused by 

S atoms, and the other peaks are due to electron density wave (CDW) order, and these 

results are in good agreement with values presented in known literature [32]. As shown 

in Fig. 5.4, the peak intensity was weaker in the bulk sample than that in the thin-layer 

sample. This is thought to be because TaS2 is a metal in the bulk state; therefore, an excess 

of conduction electrons exist, which shield the electric field of the incident excitation 

light. When comparing the cleaved thin-layer and bulk samples, the intensity of each peak 

relative to the Si peak of the substrate decreased as the number of layers increased. This 

is speculated to be because TaS2 is a metal, and as the thickness of the number of layers 

increases, the reflection intensity ratio becomes stronger. Conversely, in Figs. 5.7–5.8, no 

dependence on the number of layers was observed in terms of peak width and peak 

position. Regarding the spectrum shown in Fig. 5.6, the dependence of the relative peak 

heights of the CDW peaks at 305 and 242 cm-1 on A1g based on the number of layers 

increased as the number of layers decreased. This is thought to be related to the fact that 

TaS2 behaves similar to a semiconductor as the number of carriers decreases with the 

reduction in the number of layers [11]. 
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Fig. 5.4 Raman spectra of TaS2 with different thicknesses. 

 

 

Fig. 5.5 Layer number dependence of ratio of each peak to Si peak for TaS2 
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Fig. 5.6 Layer number dependence of ratio of each peak to A1g peak for TaS2 

 

 

Fig. 5.7 Layer number dependence of peak width for TaS2 
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Fig.5.8 Layer number dependence of ratio of each peak position to peak position for 

TaS2 with 10–12 layers 

 

5.3.2 Effect of H2 adsorption on TaS2 

Raman spectra for TaS2 with ca. 14 layers were obtained before and after H2 exposure, 

as shown in Fig. 5.9(a). The blue, black, and red lines in Fig. 5 9(a) are the spectra before 

H2 exposure, after exposure to H2 at 523 K, 22 Pa, and after exposure at 523 K, 100 Pa, 

respectively, where the reaction chamber was evacuated after 20 min of H2 adsorption. 

Four large peaks near 102, 243, 306, and 374 cm-1 can be seen. Fig. 5.9(b) compares the 

peak heights around 243, 306, and 374 cm-1 between the samples (before H2 exposure, 

after H2 exposure at 22 Pa, and 100 Pa). The blue, black, and red–colored bars indicate 

the peak heights before H2 exposure and after H2 exposure at 22 Pa and 100 Pa, 

respectively. The peak heights are normalized to the height of the sample before H2 

exposure. The peak heights after H2 exposure are almost the same as before H2 exposure 

(the change ratio is within ± 5%). These positions are also unchanged before and after H2 

exposure, similar to the peak heights. These results indicate that the crystal structure of 

1T-TaS2 is not affected by H2 adsorption and desorption. Further, these results suggest 

that the hydrogen gas is physically adsorbed on the 1T-TaS2, and the structure of 1T-TaS2 
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retains its original structure after H2 evacuation [12]. 

 

 

Fig. 5.9 Raman spectra of 1T-TaS2 thin films having 14 layers in (a) before and after H2 

exposure and (b) comparison of the peak heights before and after H2 exposure [12]. 

 

5.3.3 Effect of Ar-ion irradiation on TaS2 

The thin-layer TaS2 sample was irradiated with Ar-ion beam irradiated at 500 eV 

acceleration voltage at a dose of 1015 cm-2. TaS2 is more resistant to radiation than MoS2, 

where 100 eV Ar-ion irradiation does not affect the Raman spectra of TaS2. This is 

considered due to the difference between Ta and Mo atoms. A theoretical study shows 

that different transition metals in transition metal disulfide can lead to different 

displacement threshold energies. The displacement threshold energy for WS2 is higher 

than that for MoS2, and both are higher than that for TiS2 [117]. Considering that Ta has 

a similar atomic mass and electronic configuration with W, it has a higher threshold 

energy than 100 eV for vacancy introduction under Ar-ion irradiation. On the other hand, 
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the TaS2 sample is not monolayer, so it is more insensitive to the existence of vacancies. 

In this study, Ar-ion irradiation with a beam energy of 500 eV and high dose is performed 

for TaS2. 

After irradiation, almost all peaks became broader as shown in Fig. 5.10, suggesting 

that the growth of the region for the commensurate CDW ordering was hindered by the 

presence of defects introduced by the ion-beam irradiation, resulting in suppressed phase 

transition around room temperature. 

 

 

Fig. 5.10 Raman spectra of TaS2 before (blue curve) and after (orange curve) Ar-ion 

irradiation. 
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5.4 Conclusion 

To investigate the properties of thin-layer TaS2, Raman spectroscopy measurements 

were performed in layer number, H2 adsorption, and Ar-ion beam irradiation dependence. 

The layer number dependence measurements showed that peaks of TaS2 are broadened as 

layer number increases and intensity decreases, owing to the screen effect of the electric 

field. The peak position and intensity are almost unchanged after H2 exposure at several 

conditions, indicating that H2 gas is physically adsorbed on the TaS2. After Ar-ion beam 

irradiation at a dose of 1015 cm-2 with 500 eV of acceleration voltage, almost all peaks 

decreased and became broader, suggesting the transition of commensurate CDW ordering 

hindered by the introduced defects. Combining our conductivity measurement [12], a 

comprehensive study for thin-layer TaS2 is provided, which could be a useful reference 

for future research applications such as gas sensors.
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Chapter 6 Summary 

2D materials have a 2D sheet structure in which atoms are arranged on a plane, which 

has received much attention recently. It has been expected to be applied as a new material 

that takes advantage of the unique properties derived from its two-dimensional structure. 

However, there are challenges in applying 2D materials, such as the existence of lattice 

vacancy, which is easy to be introduced during the fabrication, and difficulty in 

introducing impurities for chemical modification. In this study, the monolayer samples 

were modified by ion-beam irradiation to investigate the development of a new class of 

material. The novelty and effectiveness are in the following points. 

2D materials with various electronic ground states, such as graphene (zero-gap 

semiconductor), MoS2 (direct-gap semiconductor), and TaS2 (metallic), were fabricated 

by mechanical exfoliation method and examined from the viewpoint of modifying and 

verifying the properties of 2D materials. Irradiation of the Ar-, Au-, I-, and Fe-ions beam, 

including Noble gas, nonmetallic, metallic, and magnetic elements, modified the 2D 

materials to introduce defects or impurities under a well-controlled condition.  

Although there have been attempts to modulate the properties of 2D materials by ion-

beam irradiation, they all involve direct irradiation of high-energy ion beams without 

sacrificial layers, which introduced vacancies and large-scale structural breakdown. In 

this study, to prevent high-energy ions from penetrating through the 2D material layer, an 

ultra-low energy ion beam below several hundreds of eV or NaCl thin-film sacrificial 

layer was fabricated in order to decrease the beam energy and distribute ions around the 

sample position. The properties of 2D materials on the structure were evaluated by Raman 

spectroscopy and Rutherford backscattering spectrometry, and the electronic properties 

were evaluated by photoluminescence and conductivity measurements using the field-

effect transistor device structure. 

We succeeded in intrinsically introducing irradiated ions as chemical species into a 

two-dimensional material, leading to the modulation of the degrees of freedom of charge 

and spin based on the irradiated ion species. In addition, by comprehensively evaluating 

zero-gap semiconductors, semiconductors, and metals as two-dimensional materials, we 

have provided broadly applicable material design guidelines for their application to 

electronic devices, environmentally friendly materials, and so on. 
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From this comprehensive study, the mechanism of ion-beam irradiation on 2D 

materials is investigated, and it will be a valuable tool for defect engineering in the 

fabrication process of devices based on 2D materials.
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