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Abstract 

 
Hexagonal boron nitride, a 2D insulator with a large band gap (5.5~6.0 eV), 

has been used in electrical and optical devices that use defects, such as single 

photon emitters and memristors. Defect controlling and formation are vital because 

defects are significant components in defining the optical and electrical 

characteristics of 2D materials. However, the defect has a great effect on the 2D 

device; there are few studies on the electric-optic properties of hBN induced by the 

defect. 

In this thesis, I systematically investigated the comprehensive properties such 

as mechanical, optical and electrical of the hBN by using oxygen plasma treatment. 

I demonstrated that the characteristics of hBN can be controlled using our plasma 

process. For the first time, I observed a large PL spectrum range of defective hBN 

using a 325 nm laser. The DFT calculation revealed that the kinds of oxygen-

related defects fit well with the PL data. I also demonstrated that plasma-treated 

hBN's band gap was changed from 5.7 eV to 4.5 eV.  

2D materials are easily oxidized and degraded by moisture or oxygen in the 

atmosphere because the ultrathin has a high environmental sensitivity. Therefore, to 

fabricate 2D materials-based devices with high device stability and performance, 

clean interfaces of the 2D channel layer must be achieved through effective 

passivation. The hBN has been used as a passivation layer for 2D device. Therefore, 

hBN-encapsulated device requires contact process to connect metal electrode and 

channel. Various contact processes have been studied, such as edge contact, 

graphene etch stop, and transferred via contact. However, these process methods 

have disadvantages such as oxidation, physical damage of 2D channel during 
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device fabrication.  

In this thesis, I propose a new contact method for field-effect transistors (FETs) 

of 2D materials using conductive filament (CF) paths induced by defect. After 

oxygen plasma treatment on hBN, an electric field was repeatedly applied to form 

CF paths. As a result, the metal and the 2D channel (graphene and MoS2) were 

directly connected. The FETs with CF contacts showed low contact resistance and 

high stability. 
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Keyword: hBN, oxygen plasma, defect, 2D electronic device, conductive paths, 

van der Waals heterostructure  
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Chapter 1. Introduction 
 

1.1. Study Background 

 

 The two-dimensional (2D) layered-material has been studied in various research 

fields such as new physical phenomena and electro-optical devices. The two-

dimensional (2D) materials feature covalent bonding inside each sheet as well as 

van der Waals (vdW) interactions between layers. It can be physically exfoliated 

into mono- and few-layer nanosheets using the 'Scotch tape' technique. 

 Andre Geim and Konstantin Novoselov were awarded the Nobel Prize in 2010 for 

their work in separating monolayers in graphene using scotch tape.(1) Since then, 

research on various 2D materials, such as graphene, hexagonal boron nitride (hBN), 

phosphorene and transition metal dichalcogenides (TMDs), has attracted a lot of 

attention because of the intriguing physical phenomena.(2-5) In particular, research 

on electro-optical devices using defective 2D materials is under the spotlight. The 

2D materials and device performance are affected by defects including charged 

impurities, strain, vacancy, anti-sites, substitutions, edges and grain boundaries. 

(Figure 1.1) (6) 

  Many studies have focused on reducing of defects via encapsulation or synthesis 

condition control to improve device performance. However, optical and electrical 

qualities can be modulated by defects. Among the 2D materials, hBN has been 

used as an insulating and encapsulating substrate due to surface without any 

dangling bonds or charged traps, flatness, high thermal stability and high thermal 

conductivity.(7-9) The wide band gap of hBN, 5.5~6.0 eV, allow for the existence 

of various mid-gap states induced defects. Recently, hBN has been shown to host 

single photon emitter from point defects with room temperature and the fabrication 
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of resistive random access memory (RRAM) using conductive filament. It means 

that electrical and optical properties can be modulated by defects. 
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Figure 1.1 Schematic of defect type in 2D materials(6) 
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1.2. Purpose of Research 

 
Defects in 2D materials can give rise to novel physical phenomena and 

application possibilities for 2D device. Defect research is significant because 

defects are crucial elements in changing the electro-optical characteristics of hBN.  

The main topic of my thesis is to explore the modulation in the electro-optical 

properties of defective-hBN and to propose a new contact process by forming CF 

inside hBN. 

 

In chapter 3-1, I demonstrate the modulation of electro-optical properties 

through various measurement methods after artificially generating defects in hBN 

through mild oxygen plasma treatment.  

 

In chapter 3-2, I propose a novel process that direct contacts the metal with the 

encapsulated channel by forming CFs inside the hBN. Our research demonstrates a 

novel contact approach with considerable promise for high-performance 2D 

electronic devices. 
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Chapter 2. General background 

 

2.1. Two-dimensional materials 
 

2.1.1 Hexagonal boron nitride 

 
 Hexagonal boron nitride is a two-dimensional (2D) insulating material 

composed of boron and nitrogen atoms arranged in a honeycomb configuration 

(Figure2.1).(7, 10, 11) The hBN has a low dielectric constant, great chemical and 

thermal stability, a clean surface, a high breakdown voltage and a low defect 

density. Therefore, hBN has been used to fabricate van der Waals (vdW) 

heterostructures in field effect transistors as an insulating barrier and gate dielectric 

layer.(12-14)  

The surface of an oxide, such as SiO2 or Al2O3, modulates the intrinsic properties 

of the 2D material by the charge trap and scattering of charge carriers due to 

dangling bonds and rough surfaces. The hBN has attracted as a new substrate that 

compensates for the shortcomings of SiO2, Al2O3 substrates. Figure 2.2 shows the 

graphene device characteristics on SiO2 and hBN. It was shown that the roughness 

of graphene transferred on hBN was smaller than that of SiO2.(15) In addition, 

when fabricating graphene device using hBN, it shows improved carrier mobility 

compared to the SiO2 substrate, indicating that hBN is a suitable material for a 2D 

material-based insulating substrate.(16) 

Further, h-BN encapsulation can provide high device performance and stability 

of 2D materials-based devices. By encapsulating graphene with hBN, it protects 

graphene from the local environment and dramatically improves electron 

transport.(17) 

The hBN is a promising material for optical-electrical applications. Recent 
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studies have revealed that a hBN point defect shows single photon emission 

property from visible to infrared at room temperature.(18) The resistive random 

access memory (RRAM) device using the insulating property and conductive path 

of hBN has gained interest. Deji and co-workers reported the thinnest RRAM 

device with stable and large on/off ratio 10
7
. (19) 
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Figure2.1 Schematic illustration of a hBN monolayer.(18) 

 

 

 

Figure2.2 (A) AFM image of graphene on SiO2 and hBN substrates.(B) Histogram 

of the height distribution (C) Resistance versus applied gate voltage for monolayer 

graphene(15) 
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2.1.2 Transition metal dichalcogenides 
 

  Two-dimensional materials have been explored in a wide range of fields since 

the advent of graphene. Although graphene presents superior properties, the lack of 

a band gap limits the applicability of electro-optical devices.  

Accordingly, many studies on electro-optical devices using 2D materials with 

semiconductor properties, such as MoS2, WSe2, have been reported. Transition 

metal dichalcogenides (TMDCs) are semiconductor of the MX2 type, which are 

composed of a transition metal atom (M or W) and a chalcogen atom (S, Se or Te) 

as shown in Figure 2.3A. Each atom in these materials has a strong covalent bond, 

and the interlayer has a van der Waals (vdW) interaction.(20)  

TMDCs exhibit unique properties such as band structure transition on depending 

on its thickness, band gab, mechanical and strong spin–orbit coupling.  

The MoS2 is one of the most extensively studied TMDCs materials. MoS2 has an 

indirect transition characteristic in a bulk form and its band gap is 1.2 to 1.3 eV. 

However, when MoS2 is thinned down to monolayer thickness, its band gap is 

1.8~1.9 eV in direct band gap due to quantum confinement effect. (Figure 2.3B)(21) 

MoS2 FET device show high mobility (200 cm2/V•s) and on/off ratio 10
8
.(22) This 

results showed the possibility of application to electronic devices. 
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Figure 2.3 (A)Structure of monolayered TMDs.(purple: metal, yellow: chalcogen) 

(20) (B)Band structure of MoS2 according to thickness(23) 
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2.2. Van der Waals heterostructures 
 

2.2.1 Stacking techniques for van der Waals heterostructures 

 

 The family of 2D materials consists of semi metal, semiconductor and insulator. 

Owing to ultraclean interface, these materials can be combined to form vertical 

vdW heterostructures. This structure can show unprecedented characteristics or 

unique functionalities because the properties of each material are different. 

Therefore, stacking strategies for building van der Waals (vdW) heterostructures 

have been devised.. Here some techniques are introduced for transferring 2D 

materials.  

Wet transfer is the most commonly used method to transfer 2D materials. This 

method creates a vdW structure using PMMA and transfer film.(16) First, water 

soluble layer and PMMA are coated substrate (Si/SiO2), and then 2D flakes are 

exfoliated on it. Second, to separate the second substrate (Si/SiO2) from the 

PMMA/2D flake, dip the substrate slowly in water. The soluble polymer is 

dissolved and then the substrate (Si/SiO2) and PMMA/2D flakes are separated. 

During this process, PMMA serves to protect the 2D flakes from physical damage. 

PMMA/2D floats on water because of its hydrophobic properties. The PMMA/2D 

material on the water is scooped out with a PDMS-attached slide glass 

(2D/PMMA/PDMS/glass). This slide glass is aligned with different 2D flake 

positions using a microscope to make contact. PMMA is melted through an 

annealing process. Then, the PDMS is removed from the substrate (PMMA/2D/ 

another 2D/SiO2/Si), and finally, the heterostructure is immersed in the solvent to 

dissolve the PMMA. (Figure 2.4A) 
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The advantage of this technology is that it reduces mechanical damage to 2D 

materials. However, it is difficult to completely remove the PMMA remaining on 

the 2D material surface. This PMMA residue deteriorates the electro-optical device 

characteristics of the electronic device. To solve this problem, Dean et al proposed 

an improved dry transfer method.(24) This is a method of pick- up 2D materials 

one by one using a polypropylene carbonate (PPC) film and PDMS as a carrier film. 

To increase the adhesion of the PPC film and the vdW structure, it is maintained at 

40 degrees during the pick-up and transfer process. Then, the temperature is raised 

to 90 degrees to release the PDMS. Finally, the ppc film is removed by acetone to 

obtain a heterostructure. The TEM cross-sectional diagram of the structure to be 

made using this method, a very clean and sharp interface can be confirmed as 

shown in Figure 2.4B. This method is a method that can reduce the residue head on 

the surface of a two-dimensional material. 
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Figure 2.4 (A) Wet transfer method(16) (B) Dry transfer method(24) 
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2.2.2 Encapsulation effect by hexagonal boron nitride 

 

  Due to their superior electrical characteristics, such as high carrier mobility and 

improving the short channel effect, two-dimensional (2D) materials are intriguing 

candidates for next-generation materials for electronic devices.(25-27) However, 

2D materials occurs in unintentional doping or degradation by polymer residues 

during fabrication process and active species in ambient atmosphere.(28) Effective 

passivation of 2D materials is critical for clean channel layer interfaces in order to 

achieve high-performance and reliable devices.. Among the many passivation 

materials for 2D-based device, hexagonal boron nitride (hBN) of 2D insulator is an 

ideal material, as it has impermeability to water and oxygen, good thermal 

dissipation and boosting electrical performance of active layer.(29, 30) Accordingly, 

a 2D stacking technology that can construct the hBN-based van der Waals (vdWs) 

heterostructure has been developed, and the vdW heterostructure which can be 

integrated vertically has a high potential for application in nano-device.(31-34) 

Figure 2.5 shows the changes in Raman shift and PL when exposed to various 

environments to confirm the environmental stability of the hBN-encapsulated 

MoS2 device. As shown in Figure 2.5, there was almost no change in the air for 8 

months. These results show that hBN is an excellent passivation material.(35)  

The vdW heterostructure MoS2 device entirely encapsulated hBN layer shows 

the high device stability under ambient condition. Figure 2.6 shows the transfer 

curve of the MoS2 using encapsulated with hBN. Up to 2 months, MoS2 device 

performance is unchanged, while un-encapsulated MoS2 device shows 

significantly decrease of mobility.  

Figure 2.7 shows the charge inhomogeneity in graphene devices. When graphene 
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is on the hBN substrate, the charge inhomogeneity is significantly reduced 

compared to SiO2 graphene device because hBN has much better crystallinity than 

SiO2. Moreover, it can be seen that charge fluctuation is more effectively 

suppressed when graphene is completely encapsulated with hBN.(36) 
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Figure 2.5 (A) Raman and (B) photoluminescence (PL) spectra of monolayer MoS2 

over 8 months (35) 
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Figure 2.6 (A) Schematic of hBN-encapsulated MoS2 field-effect transistor 

contacted with graphene electrodes (B) Transfer curve of the hBN-encapsulated 

MoS2 device without degradation over 2 months (35) 
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Figure 2.7 Charge fluctuations of graphene on SiO2 and hBN(36) 
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2.2.3 Contact strategies for vdW heterostructure devices 

 Since the 2D material is sensitive to the external environment due to its thin 

thickness, it is necessary to encapsulation process with an excellent insulating 

material. As connection between metal electrode and embedded channel layer is 

essential in passivated vdW heterostructure, various contact methods have been 

proposed.  Here I introduce contact methods in various passivated device 

structures.  

Edge contact was invented, in which metal electrodes only make contact with 

the exposed lateral edges using lithography and etching.(37, 38) Edge contact 

based on graphene channel was reported for the first time, and it was developed as 

a hybrid contact in which the vdWs and edge contacts based on graphene electrode 

with transition metal dichacogenide (TMD) channel are combined.(24, 39) (Figure 

2.8) This contact method allows graphene and metal to contact in 1D through an 

etch process. Since graphene and metal are 1D contact, although carrier injection is 

a limit, it shows a notable low contact resistance. 

However, it has high contact resistance (Rc) due to oxidation on terminated edge 

during etching.(40-42) The edge contact technique still has many issues to solve 

such as challenging fabrication process, high Rc due to the small contact area and 

damage to the lower substrate via etching process.  

Another method is fluorinated graphene via contact using graphene etch stop 

(GES) technique with XeF2 gas, as described in Figure 2.9 (43) Although this 

technology was a first demonstration of 3D integration using 2D via contact, it is 

possible with only graphene rather than other 2D materials.  

  

Recently, transferred via contact, metal-predeposited hBN was transferred onto a 
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TMD, was demonstrated.(44). Figure 2.10 shows fabrication process for TVCs and 

conventional contacts. The technique with vdWs contact can suppress the Fermi-

level pinning effect and exhibited high hole mobility and low contact resistance 

through WSe2 FET. However, the transfer method is not easy to align concisely 

when implementing the nano-device. During the transfer process, the process was 

performed in a glove box to prevent oxidation of the metal.  

The contact methods have been introduced for encapsulated 2D device. However, 

there are still challenges to be solved. A new approach on contact method in 

passivated vdW heterotucture is required. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 ２０ 

 

 

 

 

 

 

 

 

Figure 2.8 Charge fluctuations of graphene on SiO2 and hBN(39) 
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Figure 2.9 (A) Graphene etch stop process (B) STEM image of the etched 

heterostructure (C) Schematic of a hBN-encapsulated graphene device with FG via 

contacts (D) Resistivity as a function of carrier density at room temperature(43) 
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Figure 2.10 (A) Fabrication process for transferred via contact (TVC) (B) Optical 

microscope image of WSe2 FET device using TVC contact (C,D) Electrical 

properties : output(C), transfer curve(D) (44) 
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* This chapter has been published in a journal. Manuscript is reproduced with 

permission from Na et al., 2D Mater. 8 (2021) 045041 

Copyright 2021 IOP Publishing Ltd. 

 

Chapter 3. Defect engineering for hexagonal boron 

nitride 

 

3.1. Modulation of electrical and optical properties of hBN 

 

3.1.1 Introduction 

 

Hexagonal boron nitride (hBN), a two-dimensional (2D) insulating material with 

a wide band gap (5.5-6.0 eV) has drawn much attention as used for the ideal 

insulating substrate and tunnel barrier for 2D materials transistor that are benefited 

by the absence of dangling bond, high crystalline quality, and thermal stability.(7, 

36, 45-47) Recently, defects of hBN have been used for electrical and optical 

devices, such as single photon emitters and memristors.(18, 19, 48, 49) Many 

studies have been conducted to characterize the devices employing hBN defects 

and induce them by various methods, such as laser ablation (50), ion/electron 

irradiation (51), and chemical etching (52). However, little attention has been paid 

to the study on the modulation of optical and electrical properties of hBN induced 

by defects in spite of the large effect of defects in the performance of 2D 

heterostructure devices. Here, I investigate how the plasma-induced defects of hBN 

modulate its intrinsic optical and electrical properties. The oxygen plasma 

treatment generates the oxygen-related defects in the crystal structure of hBN, 

which lead to the increased photoluminescence (PL) intensity depending on the 

energy levels and amounts of defects within the large band gap of hBN. The 
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insulating barrier of plasma-treated hBN decreases significantly due to the defect-

induced conductive paths. In addition, photoemission spectroscopy (PES) 

measurement exhibits a bandgap narrowing due to the disordered structure of 

plasma-treated hBN. 

 

3.1.2 Experimental procedure 

 

 Sample preparation: The hBN flakes were mechanically exfoliated on the 285 

nm-thick SiO2/Si substrates. Oxygen plasma treatment was carried out on the hBN 

flake using a reactive ion etch (RIE) mode (Femto Science, CUTE). The treatment 

parameters are as follows: RIE power (100 W), frequency (100 kHz), pressure (10-

1 Torr), O2 flow rate (20 sccm), and treatment time (1 - 31s). The as-exfoliated and 

plasma-treated hBNs were transferred onto Au-coated SiO2 substrates for the 

conductive atomic force microscopy (c-AFM), Kelvin probe force microscopy 

(KPFM), photo-emission spectroscopy (PES), and near-edge X-ray absorption fine 

structure (NEXAFS) measurements. 

 

 Material characterization: The as-exfoliated and plasma-treated hBNs were 

examined by Raman spectroscopy with a 325 nm He-Cd laser (Horribar Jovin 

Yvon, LabRAM ARAMIS). The AFM (Park System, NX-10) was used to measure 

the friction force microscopy (FFM), c-AFM and KPFM in ambient conditions. For 

contact modes (FFM and c-AFM) and non-contact mode (KPFM), a soft-tip coated 

by Pt (Nanosensor, PPP-CONTSCPT) was used under the fixed loading force of ~3 

nN. For the c-AFM measurements, a specimen was mounted on a metallic sample 

holder, and an external current amplifier (FEMTO, DLPCA-200) was used to 
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measure the extremely low current. The cross-section transmission electron 

microscopy (TEM) and electron energy loss spectroscopy (EELS) analysis was 

conducted using a Cs-corrected TEM (JEOL, JEM-ARM200F) at 80 kV. PES and 

NEXAFS spectra were measured at 4D and 8A beam line at Pohang Accelerator 

Laboratory. The NEXAFS spectra were obtained with partial electron yield at a 45 

low current. The cross-section transmission electron microscopy (TEM)  

 

 Computational method: To comprehend the PL, I performed the first-principles 

calculations based on density functional theory (DFT). I used a hexagonal unit cell, 

which is 8 × 8 ×1 supercell of the primitive unit cell of hBN. The lattice 

constant in the in-plane direction is 20.08 Å, and the vacuum between two planes 

is 10 Å. All the calculations are performed using the Vienna Ab initio Simulation 

Package (VASP) (53) with Perdew-Burke-Ernzerhof (PBE) (54) functional to 

optimize the geometric structures and the screened hybrid HSE06 functional to 

obtain the more accurate energy gaps between two defect states. The valence 

electrons were spanned by the plane-wave basis with the cut-off energy of 500 eV, 

and the projector augmented wave potentials were employed (55, 56). The 

Brillouin-zone was sampled only by the Γ-point and the positions of atoms are 

optimized with a force tolerance of 0.01 eV/Å. 
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3.1.3 Results and discussions 

3.1.3.1 Structure of plasma-treated hBN 

 

 The hBN flakes were mechanically exfoliated with a scotch tape on a SiO2 (285 

nm)/Si substrate. The conventional plasma tools operating at high frequency 

vigorously etch ultrathin 2D materials, which are too harsh to generate a small 

number of defects .(57) I used customized plasma equipment to gently generate 

defects of low density on the hBN surface. (58) Our plasma system (pressure = 0.1 

~ 1 Torr and adjustable working frequency = 100 kHz) enables us to precisely 

control the defect concentration of hBN due to minimized ion bombardment. To 

investigate the structural change of plasma-treated hBN, I used Raman 

spectroscopy with a high-energy laser of 325 nm wave length. Figure 3.1.1(a) 

displays the Raman spectra of plasma-treated hBN for different duration. The 

characteristic peak of hBN was observed at 1366 cm-1, which corresponding to the 

E2g phonon mode.(59) There was no recognizable change in position and full-

width-at-half-maximum (FWHM) of the Raman peak even after plasma treatment 

for 31 s as shown in Figure 3.1.1(b). The thickness and surface roughness of the 

plasma-treated hBN were measured by AFM in Figure 3.1.1(c). The thickness of 

the hBN was reduced by 0.4 nm after the oxygen plasma treatment of 14s, 

corresponding to etching rate of 1.7 nm/min. The roughness of both as-exfoliated 

and plasma-treated hBNs showed a comparable value of ~0.3 nm. To measure the 

friction of the plasma-treated hBN, I used FFM. Friction measurements of as-

exfoliated and plasma-treated hBN in Figure 3.1.2 show that the friction increased 

right after the oxygen plasma treatment regardless of treatment time due to the B-N 

bond breaking and oxygen chemisorption on the surface of hBN.(60) The longer 
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plasma treatment showed no increase in friction. Even though there is no 

recognizable change in Raman spectrum of plasma-treated hBN, there is clear 

change in the friction. This result implies that our plasma treatment induces a small 

number of defects in hBN. However, to verify the type and position of defects in 

hBN, I conducted further investigations as follows. 
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Figure 3.1.1 (a) Raman spectra of exfoliated hBNs before and after oxygen plasma 

time from 1s to 31s. (b) Variation of Raman peak position and full-width-at-half-

maximum (FWHM) as a function of plasma time. (c) Topography of as-exfoliated 

and plasma-treated 
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Figure 3.1.2 (a,b) Friction image of as-exfoliated and 14s plasma-treated hBN. (c) 

Profile of friction obtained along the white dashed line of (a,b), respectively. (d) 

Friction variation with oxygen plasma treatment time. The friction increases 

rapidly uo to 6s of plasma treatment time and saturated above 6s. 
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3.1.3.2 Photoluminescence from the midgap energy states 

 

 To investigate the defects-induced energy states, PL spectra of hBN after the 

oxygen plasma treatment were acquired using a laser of 325 nm wave length as 

shown in Figure 3.1.3(a). As the plasma treatment time increased, PL peaks 

emerged at 1.8, 2.3, 2.5 and 3.5 eV and gradually increased. To confirm the type of 

the defects responsible for the PL peaks, I performed the first-principles 

calculations based on the density functional theory (DFT). Figure 3.1.3(b) shows 

the structures of various defects, such as O substitution for nitrogen (ON), B 

vacancy (VB), B vacancy and ON (VBON), B vacancy saturated with two oxygen 

atoms (VBO2), and N vacancy (VN) and their in-gap states calculated by using a 

hybrid functional HSE06. I listed possible transition energy values, which are 

corresponding to the PL peaks. The first PL peak at 1.8 eV is associated with 

transition energy between the in-gap state of ON and the conduction band. The 

other three PL peaks at 2.3, 2.5 and 3.5 eV are comparable to the transition energies 

calculated from VB, VBON/VN, and VBO2, respectively. Therefore, the emerged PL 

peaks in the plasma-treated hBN are ascribed to the transitions within the midgap 

energy states of the defects. In order to generate the more defect-induced energy 

states, I measured PL spectra with longer oxygen plasma treatment time up to 76s. 

As shown in the Figure 3.1.3(c), PL intensity originated from the defects increases 

and is saturated around 30 s. This indicates that, as the hBN is etched 

simultaneously, total number of defects is maintained. Therefore, it is estimated 

that the band gap is constant after plasma treatment of 30 s. 
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Figure 3.1.3 (a) Photoluminescence (PL) spectra of the hBNs before and after 

oxygen treatment time from 1s to 31s. The PL peaks increased with the plasma 

treatment time. (b) Top view of the five defect structures ON, VB, VBON, VBO2 and 

VN, and in-gap states calculated by using a hybrid functional HSE06. Black (gray) 

arrows indicate spin up and down at occupied (empty) states. (c) PL spectra of the 

plasma treated hBN for different time. The PL intensity originated from the defects 

increases and is saturated around 30 s. 
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PES was measured to investigate the surface chemical composition of the 

oxygen plasma-treated hBN at hν=750 eV. For the as-exfoliated hBN, figure 

3.1.4(a) shows the main peak of B 1s and N 1s of core-level spectra that are located 

at 190.8 eV and 398 eV, respectively, which are in agreement with the previous 

reports of B-N bonding.(61-63) However, no O 1s peak was observed for the as-

exfoliated hBN. After the oxygen plasma treatment of 14 s, the main peak 

intensities of B 1s and N 1s decreased dramatically along with the increased peak 

width as shown in Figure 3.1.4(b). Unless noted otherwise, all samples used for 

analyses were treated by oxygen plasma for 14 s. The PES spectra were 

deconvoluted by using Gaussian fitting to extract the component peaks. The 

component peaks at 191.4 and 192.5 eV of the B 1s and 399.5 and 400.6 eV of the 

N 1s correspond to the BNxOy, B-O, BNxOy and N-O bonds, spectrum consisting of 

three component peaks emerged at 531, 533 and 534 eV after plasma treatment of 

14 s, which indicates that O-B-N complexes are generated.(64) From the PES 

results, it can be noted that the ionized oxygen breaks B-N bonds and induces 

various defects such as VB, VN and oxygen-related bonds in the plasma-treated 

hBN. Figure 3.1.5 shows the relative atomic ratio obtained by calculating the area 

of the PES peaks (the area of N is normalized to 1) before and after plasma 

treatments for 14 s. While the as-exfoliated hBN reveals boron-rich condition, the 

relative atomic ratio of boron decreased from 1.27 to 0.59 after plasma treatment. It 

means that boron is more susceptible to oxygen plasma compared to nitrogen. 

Although the previous theoretical studies have reported that the formation energy 

of VB is higher than that of VN (65, 66), VB was found to be generated more than 

VN from our experimental results. The dominant VB can be explained by the 
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threshold beam energies of boron and nitrogen. For the damage of hBN induced by 

energetic electron irradiation, the boron atom can be removed more easily due to its 

smaller threshold emission energy.(67, 68) It is important to note that the oxygen 

plasma process can generate dominant VB type defect in hBN lattice. As a result, 

oxygen plasma treatment generates VB more than VN, resulting in nitrogen-rich 

condition in hBN. In order to more correct quantitative chemical analysis. I 

conducted EELS for hBN before and after oxygen plasma treatment. As shown in 

the Figure 3.1.6, amounts of B and N decreased after plasma treatment, meanwhile 

the oxygen was not detectable. Furthermore, because the defects in the plasma-

treated hBN have complicated forms, such as VB, VBON/VN, and VBO2, it is 

difficult to exactly identify the defect type by using quantitative analysis of EELS. 
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Figure 3.1.4 Comparison of PES results of (a) as-exfoliated and (b) plasma-treated 

hBNs. After the oxygen plasma treatment for 14 s, the B-N-O complex was 

generated corresponding to the defects calculated by using a hybrid functional 

HSE06. 
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Figure 3.1.5  Relative atomic ratio of as-exfoliated and plasma-treated hBN. 

Atomic ration was calculated based on nitrogen. The boron relative atomic ratio of 

plasma-treated hBN decreased from 1.27 to 0.59. It means that boron is more easily 

removed by oxygen plasma than nitrogen 
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Figure 3.1.6. EELS analyses of the plasma-treated hBN. The Cs-STEM image (a) 

and EELS spectra (b) of the hBN before and after oxygen plasma. The blue and 

orange colored spectrums are as-exfoliated and plasma-treated of hBN, 

respectively. 
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 3.1.3.3 Insulating properties and band structure 

 

 I measured the tunneling current through the plasma-treated hBN to verify the 

insulating property. The hBN was exfoliated onto an Au-coated SiO2 substrate for 

c-AFM measurement. Figure 3.1.7(a) shows the I-V curves measured through the 

as-exfoliated and plasma-treated hBN with the thickness of 5.7 and 5.4 nm, 

respectively. The threshold voltage for tunneling of the as-exfoliated hBN was 0.8 

V/nm which is in agreement with previous reports (69), meanwhile the plasma-

treated hBN showed a smaller threshold voltage of ~0.23 V/nm. Nevertheless, 

there is no recognizable change of threshold voltage regardless of the applied 

sweep voltage (Figure 3.1.8). The layered structure of plasma-treated hBN was 

investigated by using a cross-section TEM as shown in Figure 3.1.7(b,c). The 

generated defects were observed mainly in the topmost layers and inside of plasma-

treated hBN. It is estimated that the defect paths in the plasma-treated hBN allow 

for the Poole-Frenkel tunneling at smaller bias(70). To measure the shift of work 

function, the surface potentials of the as-exfoliated and plasma-treated hBNs were 

measured by KPFM. Figure 3.1.9(a) and (b) shows the height and contact potential 

difference (CPD) maps of the as-exfoliated and plasma-treated hBNs, respectively. 

The CPD between the AFM tip and sample is given by 

 

𝑪𝑷𝑫 =  
∅𝒕𝒊𝒑 −  ∅𝒔𝒂𝒎𝒑𝒍𝒆

𝒆
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Figure 3.1.7 (a) Tunneling current of as-exfoliated and plasma-treated hBNs at 

varying tip bias (inset: logarithmic scale). (b) Cross-sectional TEM images of as-

exfoliated and plasma-treated hBNs. (c) Magnified TEM images of plasma-treated 

hBN. 
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Figure 3.1.8 (a,b) Thresold voltage of plasma-treated hBN as a function of sweep 

voltage. Below the I/V conditions, oxygen plasma-treated hBN was not deformed 

by I-V spectroscopy, regardless of current detection 
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where ∅tip, ∅sample, and e are the work functions of the Pt-coated tip and the hBN 

sample, and the elementary charge, respectively. The CPD of the as-exfoliated hBN 

shifted from 0.12 V to -0.31 V after the oxygen plasma treatment as shown in 

Figure 3.1.10. The work function of the Pt-coated tip was calibrated using a gold 

film (∅Au = 5.05 eV). As a result, the calculated work function of the plasma-

treated hBN is 5.44 eV as shown in Figure 3.1.9(b). This indicates that the Fermi 

level of the plasma-treated hBN moves closer to its valence band. Figure 3.1.11(a) 

shows the spectra of the valence band maximum (VBM) and conduction band 

minimum (CBM) of the as-exfoliated and plasma-treated hBNs measured by the 

PES and NEXAFS, respectively. The PES spectra show that the energy difference 

between the Fermi level and VBM decreased from 2.5 to 1.7 eV after the plasma-

treatment. It indicates that VBM of plasma-treated hBN upshifted toward the Fermi 

level, which agrees with the work function shift measured in Figure 3.1.11(b). In 

the B K-edge NEXAFS spectra (red line) of Figure 3.1.11(a), In the B K-edge 

NEXAFS spectra (red line) of Figure spectra show that the energy difference 

between the Fermi level and VBM decreased from 2.5 to 1.7 eV after the plasma-

treatment. It indicates that VBM of plasma-treated hBN upshifted toward the Fermi 

level, which agrees with the work function shift measured in Figure 3.1.9(b). In the 

B K-edge NEXAFS spectra (red line) of Figure 3.1.11(a), π* peak was observed at 

~193.7 eV, which is a characteristic feature of hBN. (71) After the oxygen plasma 

treatment, the intensity of the π* peak decreased significantly and downshifted by 

0.4 eV. V. Therefore, the band gap of the hBN was reduced from 5.7 to 4.5 eV due 

to increased defect states as depicted in Figure 3.1.11(b). This is probably due to 

the increased bonding length in the disordered crystal structure of hBN after 

plasma treatment. Our electrical measurements show that the electrical properties 
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of the hBN can be modulated by controlling the density of defects through the 

oxygen plasma treatment. 
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Figure 3.1.9(a) Thickness and contact potential difference (CPD) images before 

and after oxygen plasma. The dash line denotes the boundary between hBNs and 

Au substrate. (b) Work function variation of hBNs by oxygen plasma. 
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Figure 3.1.10.KPFM images and CPD of hBN flake before (a) and after (b) oxygen 

plasma. The CPD of the plasma-treated hBN demonstrates a remarkable reduction 

by ~ -0.31 eV. This shows the shift of the Fermi level of plasma-treated hBN. 
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Figure 3.1.11  (a) PES and NEXAFS spectra of as-exfoliated and plasma-treated 

hBNs. Blue and red lines indicate the VBM and CBM of as-exfoliated and plasma-

treated hBNs, respectively. Black arrow shows the shift of CBM. (b) Schematic of 

bandgap tuning by oxygen plasma of hBNs. 

 

 

 

 

 

 

 

 

 

 



 

 ４５ 

3.1.4 Conclusions 

 

 In this study, I demonstrated that the electrical properties were significantly 

modulated by various defects on the surface through the inside of hBN induced by 

the oxygen plasma treatment. Although the hBN is a representative insulator with a 

large bandgap, the oxygen plasma process modulates the electrical property of hBN 

by easily generated the defects and then the bandgap of hBN was reduced from 5.7 

eV to 4.5 eV. Raman spectroscopy showed the enhanced PL from specific defects 

states after certain duration of oxygen plasma, which indicates the increased 

density of defects. The DFT calculation elucidated that the types of oxygen-related 

defects are in good agreement with the PL data. Moreover, the PES analysis 

revealed that the defect types can be controlled by oxygen plasma via the 

generation of specific defects such as VB. Our results showed the optical and 

electrical properties of hBN can be significantly modulated by the oxygen plasma 

process, and it is an important factor to be considered in the manufacturing process 

of robust 2D electronic devices using hBN in the future. 
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3.2. Conducive filament contacts for van der Waals hetero-

structure devices 

 

3.2.1 Introduction 

 

Devices using two-dimensional materials are attracting attention as next-

generation materials because of their high carrier mobility and improved short-

channel effect.(25-27) However, 2D materials occurs in unintentional doping or 

degradation by polymer residues during fabrication process and active species in 

ambient atmosphere.(28) A clean channel layer in 2D devices can achieve high-

performance, stable devices. Among the many passivation materials for 2D-based 

device, hexagonal boron nitride (hBN) of 2D insulator is an ideal material, as it has 

impermeability to water and oxygen, good thermal dissipation and boosting 

electrical performance of active layer.(29, 30) Accordingly, a 2D stacking 

technology that can construct the hBN-based van der Waals (vdWs) hetrostructure 

has been developed, and the vdW heterostructure which can be integrated vertically 

has a high potential for application in nano-device.(31-34) 

 As connection between metal electrode and embedded channel layer is essential 

in passivated vdW heterostructure, various contact methods have been proposed.  

 Edge contact is a method of contacting only the side edge of a metal 

electrode.(37, 38, 72) Edge contact based on graphene channel was reported for the 

first time, and it was developed as a hybrid contact in which the vdWs and edge 



 

 ４７ 

contacts based on graphene electrode with transition metal dichacogenide (TMD) 

channel are combined.(24, 39) Moreover, the edge contact with TMD channel has 

been reported, but it has high contact resistance (𝑅𝑐)  due to oxidation on 

terminated edge during etching.(40-42) The edge contact technique still has many 

issues to solve such as challenging fabrication process, high 𝑅𝑐 due to the small 

contact area and damage to the lower substrate via etching process. Another 

method is fluorinated graphene via contact using graphene etch stop (GES) 

technique with XeF2 gas, as  described  in  our  previous  report.(43) 

Although this technology was a first demonstration of 3D integration using 2D via 

contact, it is possible with only graphene rather than other 2D materials. Recently, 

transferred via contact, metal-predeposited hBN was transferred onto a TMD, was 

demonstrated.(44) The technique with vdWs contact can suppress the Fermi-level 

pinning effect and exhibited high hole mobility and low contact resistance through 

WSe2 FET. However, the transfer method is not easy to align concisely when 

implementing the nano-device and the process was carried out in a glove box to 

prevent oxidation of the metal surface during transfer process. Therefore, a new 

approach on contact method in passivated vdW heterotucture is required. 

Here, I introduce the new contact method with irreversible conductive filament 

(ICF) in defective hBN using repeated forming processes to connect metal and 

embedded 2D channel layer such as not only graphene but also TMD. In memristor 

structure, diffusion of metal ions in an insulator results in the formation of 

conductive filaments, when a voltage is applied. These conductive filaments are 

reversible due to reset process with reverse voltage, which can dissolve the metal 

filament and return the device to off state.  
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3.2.2 Experimental procedure 

  Device preparation: Mechanical exfoliation of a bulk crystal onto a 285nm 

SiO2/Si substrate produced all flakes. I used atomic force microscopy to determine 

the thickness of the exfoliated sheet (AFM).The quality of the each sheets were 

investigated using Raman spectroscopy. The heterostructure were fabricated by 

stacking top hBN, graphene (or MoS2), and bottom hBN via the pick-up transfer 

technique using a polydimethylsiloxane (PDMS) stamp coated with polycarbonate 

(PC) film.(32) The stacked heterostructure was transferred to a SiO2/Si substrate 

after the PC film was released from the PDMS at temperatures over 180°C. After 

transfer of the heterostructure, the PC carrier film was dissolved in chloroform 

overnight. To fabricate metal electrodes, I designed the electrodes with e-beam 

lithography deposited metals (Cr/Pd/Au (1/30/40nm) and Ag/Au (30/30nm)) via e-

beam evaporation under ultrahigh vacuum condition of ~10
-7

 Torr. For generating 

defects, oxygen plasma treatments with a reactive ion etch (RIE) mode was carried 

out on the hBN using customized plasma equipment (FemtoScience, CUTE). The 

treatment parameters are as follows: RIE power (100 W), pressure (10
−1

 Torr), O2 

flow rate (20 sccm), frequency (100 kHz), and treatment time (30s). 

Electrical measurement: Semiconductor parameter analyzers were used to do a

ll electrical measurements (Keithley 4200A-SCS) at room temperature under 

ultralow vacuum of 10
-2 

Torr due to stable measurement. The heavily doped Si 

substrate serves as the global back-gate. The back-gate voltage (VBG) was ap

plied to modulate the electrical potential of the channel layer such as 

graphene and MoS2. 
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3.2.3 Results and discussions 

 
3.2.3.1 Formation of conductive filaments in hexagonal boron nitride 

 

To form ICF, I generated a defect paths in hBN through which metal can 

migrate easily using oxygen (O2) plasma treatment, as reported previous report. (73) 

When hBN is treated with O2 plasma, defective paths are generated in the topmost 

layer and inside of hBN. As the paths can serve as favorable metal ion migration 

paths, conductive filament can easily diffuse through defective paths in hBN. 

Therefore, conductive filaments can be generated irreversibly by several electrical 

forming processes, and a via contact based on ICF can be constructed that can 

connect to a channel and metal in a hBN-passivated heterostructure (see Figure 

3.2.1). 
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Figure 3.2.112. Mechanism of reversible and irreversible conductive filament 

formation in a vdWs heterostructure of hBN and graphene layer.  Schematic of 

formation processes for reversible and irreversible conductive filament by 

electrical switching processes. When the hBN is pristine, conductive filament in 

hBN by electrical set process is reversible. When the hBN has defective path using 

plasma treatment, conductive filament is irreversible. 
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 To demonstrate ICF contact device in figure 3.2.2 a, b, I fabricated a 

heterostructure of graphene FET encapsulated by hBN. The heterostructure was 

stacked with hBN1/Graphene/hBN2 structure on SiO2 (285nm)/Si using a dry pick-

up transfer technique.(32) (Figure 3.2.3,) Thickness of each stacked graphene and 

hBN is about 0.3~1nm and 3~6nm by measuring atomic force microscopy. (Figure 

3.2.4) In the heterostructure, the half of the graphene was covered by the top hBN 

(hBN1), in order to fabricate two types electrode for ICF contact (CF1 and CF2) 

and conventional top contact (G1 and G2) in divided regions by hBN1. (region 1: 

hBN1/Gr/hBN2, region2 : Gr/hBN2 region) The region1 (hBN1/Gr/hBN2) 

patterned by e-beam lithography was exposed to O2 plasma, generating defects in 

hBN1 for ICF contact. Raman spectra of the plasma treated regions showed no 

peak changes of graphene, indicating that the embedded graphene did not damage 

by the plasma treatment. (Figure 3.2.5) Then, 2nd e-beam lithography was carried 

out for additional metal leads in region2 (Gr/hBN2). Following direct deposition of 

Cr/Pd/Au metal by e-beam evaporation formed metal leads on hBN1 and Gr. In 

general, silver (Ag) ion is widely used in conductive filaments for memristive 

devices based on ion diffusion or oxygen vacancy. Since Ag has not only high 

mobility and low thermodynamic stability but also poor interaction with graphene, 

conductive filament of Ag can be easily rupture by reverse voltage for reset process. 

(74) So, I chose palladium (Pd) as ICF contact metal as it has low mobility and 

high thermodynamic stability. (75) 

 

 

 

 



 

 ５２ 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.2. Device geometry of hBN-encapsulated graphene FET with 

irreversible conductive filament contact and conductive filament formation in the 

hBN using electrical set process. (a) Schematic of the a vdW heterostructure of 

embedded graphene FET with ICF contact 
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Figure 3.2.3. Fabrication process of hBN-encapsulated graphene FET with ICF 

contact. Schematics of fabrication processes of the embedded graphene FET with 

ICF contact. A series of schematics, representing each fabrication steps of stacking, 

lithography, oxygen plasma treatment, 2nd e-beam lithography and metal 

deposition. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 ５４ 

 

 

 

 

 

 

 

 

 

Figure 3.2.4. AFM data of vdW heterostructure of hBN1/Gr/hBN2 for conductive 

filament the device. (a) AFM image of the heterostructure. The dotted yellow lines 

are AFM measured region. (b) AFM topography profile of the heterostructure. 
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Figure 3.2.5. Raman spectra of vdW heterostructure of hBN1/Gr/hBN2 before and 

after oxygen plasma treatment for irreversible conductive filament contact. There is 

no change in Raman peaks, indicating that hBN-encapsulated graphene wasn’t 

damaged by O2 plasma. 
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3.2.3.2 Conductive filament contacts for graphene and MoS2 devices 

 

I first attempted to understand defect effect in hBN on forming the ICF of the 

device. Each G and CF electrodes are used as electrodes to apply bias voltage and 

ground, and gate voltage is applied by Si back gate to accumulate electrons in 

graphene channel. Between the devices depending on defect formation by O2 

plasma treatment, Figure 3.2.6 a and b show a noticeable difference in current-

voltage (I-V) curves swept repeatedly in negative voltage (that is set process). The 

devices without plasma treatment exhibited no change in the shape of I-V curve 

(IG1-CF1-V G1-CF1), which maintained in tunneling behavior even after repeated set 

process – the tunneling current was slightly increased after several sweeps.  

However, dramatic curve change was observed in the device with plasma 

treatment after several set process. As the number of sweeping negative voltage 

increases, the shape of I-V curve (IG1-CF1-V G1-CF1) gradually changes from the 

tunneling behavior to an ohmic behavior. In figure 3.2.6 (e), shape of the I-V curve 

(IG1-CF1-V G1-CF1) before the forming process and after the 50 repetitions of forming 

process was measured markedly different, which means that O2 plasma treatment 

for defect generation is key requirement for formation of ICF. 
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Figure 3.2.6. (a) Output curve (IG1-CF1-VG1-CF1) of device at fixed VBG of 60V 

without plasma treatment. The 1st sweep curve (dark yellow curve) is comparable 

to 40th sweep curve (green curve) due to not forming conductive filament. (b) 

Output curve (IG1-CF1-VG1-CF1) of the device with multiple sweeps at fixed VBG of 

60V to form conductive filament. As the number of sweeps increases, the output 

curve shows more conductive. (c) Output curve (IG1-CF1-VG1-CF1) at fixed VBG of 

60V before (red curve) and after (blue curve) forming conductive filament. Before 

forming the conductive filament, the output curve shows non-linear tunneling 

behavior. After the conductive filament is formed, the output curve shows a linear 

ohmic behavior  
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After forming the conductive filament in hBN, I tested that our conductive 

filament is irreversible through additional 50 repetition of sweeping forward and 

reverse bias of switching process in memristors. As shown in figure 3.2.7(a), little 

change in I-V curve (IG1-CF1-V G1-CF1) was observed, indicating that conductive 

filament is irreversible. Figure 3.2.7(b) shows the electrical transport through a 

graphene channel with CF and G electrode. The transfer curve (IG1-CF1-VBG) was V-

shaped with no hysteresis and charge neutrality point shifted to zero voltage, which 

is similar to performance of hBN-encapsulated graphene. The gate current is about 

10
-11

A, indicating that the current flows through only conductive filament without 

leakage below substrate. As shown in Figure 3.2.7(c), the output curves (IG1-CF1-V 

G1-CF1) of the Gr FET with CF and G contact showed a linear behavior, indicating 

perfect connection between metal and graphene through conductive filament in 

hBN. By additionally forming to CF2 electrode via same set process as CF1 

electrode, I explored the performance of the ICF contacts using hBN-encapsulated 

graphene FET. (Figure 3.2.8) 
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Figure 3.2.7 Electrical characteristic of the graphene FET with ICF contact after 

forming conductive filament. (a) Output curve (IG1-CF1-VG1-CF1) of repeated 50 

cycle after forming process. After forming process, output curve during 50 cycles is 

nearly uniform. (b) Transfer curve (IG1-CF1-VBG) of the device at fixed VDS of 0.1V 

(c) Output curve (IG1-CF1-VG1-CF1) of the device varying with VBG 
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Figure 3.2.8 Conductive filament formation in hBN of embedded graphene device 

with CF2 electrode using electric field (a) Output curve (IG1-CF2-VG1-CF2) with 

multiple sweeps at fixed VBG of 60V to form conductive filament. As the number 

of sweeps increases, the output curve shows more conductive. (b) Output curve 

(IG1-CF2-VG1-CF2) at fixed VBG of 60V before (red curve) and after (blue curve) 

forming conductive filament. (c) Transfer curve (IG1-CF2-VBG) of the device at fixed 

VDS of 0.1V (h) Output curve (IG1-CF2-VG1-CF2) of the device varying with VBG 
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To verify universality of our contact with various channel, I fabricated another 

FET with MoS2 channel of n-type 2D semiconductor with the ICF contact of Ag 

metal. Although Ag has not good to form conductive filament due to high mobility 

and low thermodynamic stability, it was reported that Ag-MoS2 contact exhibited 

ohmic behavior with high current injection efficiency due to low work function of 

the Ag. (76) Figure 3.2.9(a) shows schematics and optical image of device structure 

of the hBN-encapsulated MoS2 FET with ICF contact. Similar to electrical forming 

process of ICF contact based on graphene FET, I-V curve (IM1-CF1-VM1-CF1) of MoS2 

FET changes to gradually conductive as the number of swept voltage increases, 

indicating that the ICF contact is also easily formed in MoS2 channel as shown 

Figure 3.2.9(b). Additionally, I compared in performance on MoS2 FET using ICF 

contact (CF1-CF2) and top contact (M1-M2). The transport of both MoS2 FETs 

using ICF and top contact showed n-type semiconducting behaviors observing at 

conventional MoS2 FET in Figure 3.2.9(c). The MoS2 FET with ICF contact 

showed a field effect mobility of 1.11cm
2
/Vs with excellent on/off ratio of 10

7
 and 

output curve of the device has schottky contact in figure 3.2.9(d). Top contacted-

MoS2 FET exhibited comparable performance of on-current and field effect 

mobility 1.57cm
2
/Vs to that of ICF contacted device. I used the Y-function method 

to obtain the contact resistance(Rc) of the ICF contact device. The contact 

resistance is 446 k Ωμm.(77) The hBN-encapsulated ICF contact device has a 

lower threshold voltage because the top contact is n-doped as a result of adsorbent 

material. This is similar to the top contact device (491 km).(78, 79)  
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Figure 3.2.9. n-type semiconducting transported MoS2 channel with ICF contact (a) 

Schematic of the a vdW heterostructure of embedded MoS2 FET with ICF contact 

and optical image of a corresponding heterostructure of the fabricated device. (b) 

Output curve (IM1-CF1-VM1-CF1) of the device with multiple sweeps at fixed VBG of 

60V to form conductive filament. (c) Transfer curve (IM1-CF1-VBG) at fixed VDS of 

1V. Transfer curve show n-type semiconducting transport behavior comparable to 

conventional MoS2 FET. (d) Output curve (ICF1-CF2-VCF1-CF) varying with VBG. The 

output curve shows a non-linear ohmic behavior, indicating ICF contact of MoS2 

channel is schottky contact.  
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3.2.3.3 Reliability of conductive filament contacts 

 

Figure 3.2.10(a and b) plots electrical properties of the graphene device with ICF 

contacts.  Transfer curve (JCF1-CF2-VCF1-CF2) showed the characteristic of graphene 

transport which is similar to that of graphene FET using ICF and G electrode in 

figure 3.2.10 (b). It means that device resistance is mainly contributed to channel 

resistance rather than contact resistance. Furthermore, no hysteresis is presented in 

hBN-encapsulated graphene devices because of the clean interface between 

graphene and hBN and free charge trap of hBN. (35, 80) In figure 3.2.10(b) The 

output curves (JCF1-CF2-VCF1-CF2) of the graphene FET with ICF contacts 

exhibited linear behavior at a wide range of gates, indicating the Ohmic contact at 

ICF contact.. As shown in figure 3.2.10.(c), the current density of graphene FETs 

with Pd-ICF contacts is significantly superior to than that with Ag electrodes. It is 

attribute to strong interaction between Pd and graphene, arising to small sensitive 

to the atomistic configuration of contact resistance.(81) In addition, the Pd-

graphene contact has a lower contact resistance than other metals in case of top 

contact. (82) 
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Figure 3.2.10. (d) Transfer curve (JCF1-CF2-VG2) of the device at fixed VDS of 

0.1V at as-fabrication and after 14 days. Transfer curve show V-shaped curve 

comparable to conventional graphene FET and the conductive filament is 

maintained over the time pass. (e) Output curve (JCF1-CF2-VCF1-CF2) varying with VBG. 

The output curve shows a linear ohmic behavior, indicating ICF contact is ohmic 

contact. (f) Output curve (JCF1-CF2-VCF1-CF2) of the device with ICF contact of Ag 

(dark red curve) and Pd metal (dark blue curve). The current density of Pd-ICF 

contact is superior to that with Ag-ICF contact 
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3.2.4 Conclusions 

I demonstrate new contact way using irreversible conductive filament for 

connecting metal and embedded active channel of 2D materials. Contrary to 

reversible conductive filament in pristine 2D materials, our work reveals defects by 

O2 plasma treatment are prerequisite for forming irreversible conductive filament 

because defects are favorable metal diffusion path. Based on the fact, the fabricated 

device using ICF contacts has compatible performance of that using conventional 

top contact. In addition, I believe that ICF contact performance could be improved 

with further works such as various engineering. So, this work reports useful contact, 

which has high potential for idealized 2D electronics device.  
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Chapter 4. Summary 

 

In this thesis, I introduce modulation of electrical-optical on defective hBN and 

new strategy for contact method using conductive filaments. The defects are useful 

for many fields such as quantum nanophotonic, memory device and neuromorphic. 

I summarize defect engineering of hBN for electronic applications. 

 

- I demonstrated modulation of hBN properties, such as optical and electrical, by 

defects generated using mild oxygen plasma. This method can generate various 

defects, such as VB , VBON , ON, , , VBO2 and VN, leading to emerged 

photoluminescence (PL) mainly at around 1.8 ~ 3.5 eV visible range. Also, band 

gap of plasma-treated hBN is changed from 5.7 to 4.5 eV.  Furthermore, as shown 

in the PES results, oxygen plasma can generate specific defects such as boron 

vacancies.   

 

-Novel contact method: I demonstrated fabrication technique of the ICFs in the 

encapsulated-hBN devices to electrically connect the channels inside the device. 

By treat the hBN with oxygen plasma, the ICF with high stability and low 

resistance can be fabricated by metal ions and vacancies present in the defect path 

formed in hBN. My results provide the intrinsic properties of hBN can be 

dramatically changed via oxygen plasma treatment leading to control of the type 

and density of defects systemically and new contact method for 2D vdW 

heterostructure device. In the future, these results will play an important role in the 

application of electro-optical devices using hBN. 
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Abstract in Korean (국문 초록) 

 

전자 소자 응용을 위한 육방정계 질화붕소의 결함 연구 

 

나윤성 

공과대학 재료공학부 

서울대학교  

 

 2차원 물질 중 넓은 밴드갭(5.5~6.0 eV)을 가진 육방정계 질화붕소는 우

수한 절연 특성 때문에 전기 광학소자의 기판과 배리어 층으로 많은 연

구가 진행되어 왔다.  최근에는 육방정계 질화붕소 내부에 존재하는 결

함을 이용하여 싱글 포톤 에미터나 멤리스터 같은 메모리 소자에 관한 

연구가 조명을 받고 있다. 이처럼 결함의 생성과 제어는 2차원 물질의 

전기광학적 특성을 결정하는데 중요한 인자이다. 그러나 결함이 재료 특

성을 결정하는 중요한 인자임에도 불구하고 결함에 의해 나타나는 육방

정계 질화붕소의 전기광학적 특성 변화에 대한 연구는 미흡하다.  

 본 논문에서는 산소 플라즈마 장비를 이용하여 육방정계 질화붕소에 결

함을 형성시켜 결함에 의한 전기적 광학적 특성변화를 다양한 측정 방법

으로 관찰하였다. 325nm 파장의 레이저를 가진 라만 측정 장비로 photo 

luminescence(PL)를 확인하여 다양한 종류의 결함의 생긴 것을 확인하였

다. DFT 계산을 통해 결함의 종류를 확인하고 PL 측정값과 매칭시켰다. 

또한, 산소 플라즈마에 의해 형성된 결함 패스는 hBN의 밴드갭을 5.7 eV

에서 4.5 eV까지 감소시켰다.  

   2차원 물질은 대기 중에서 산소와 수분 등에 의해 쉽게 산화되거나 

데미지를 받는다. 이런 이유로 2D 물질을 이용한 전기 광학소자는 소자

의 안정성을 위해 패시베이션 공정이 필수적이며 육방정계 질화붕소는 

2D 소자의 이상적인 패시베이션 재료로 사용되어 왔다. 패시베이션 공정
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으로 인해 2D 소자는 컨택 공정을 통해 메탈과 채널을 연결시켜야 한다. 

우리는 hBN으로 인캡된 그패핀과 MoS2 소자를 제작하여 전기특성을 확

인하였다. 산소 플라즈마 처리를 통해 hBN에 결함을 형성시키고 반복적

이 전압 인가를 통해 메탈과 채널 사이에 전도성 패스가 형성하였다. 결

과적으로 전도성 패스를 이용한 소자는 기존 보고된 소자와 동등한 전기

적 특성을 보여주었다. 우리의 연구 결과는 이상적인 2D 소자를 구현하

는데 있어 유용하고 새로운 컨택 공정을 제시하였다.  
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