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Abstract

Irradiation of energetic particle beams on two-dimensional transition metal 

dichalcogenides can generate various defects which may act as charge trap sites. In 

this thesis, electron beam irradiation has been used to create defects such as sulfur 

vacancy-related defects in monolayer molybedenum disulfide (MoS2). For the 

development of MoS2 based nano-electronics, a detailed understanding of the effect 

of generated defects on MoS2 field effect transistors (FETs) is essentially needed. 

In this study, intentionally generated defects by electron beams degraded the 

electrical properties of MoS2 FETs. However, the electrical properties of electron-

beam irradiated monolayer MoS2 FETs can be slightly improved by treating the 

devices with thiol-terminated molecules. It is likely that thiol molecule passivates

the structural defects of MoS2. The results of this study will enhance the 

understanding of the electrical properties of MoS2 FETs in terms of creating and 

passivating defects.

Keyword : Molybdenum disulfide, Electron beam irradiation, Chemical 
treatment, Electrical properties
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Chapter 1. Introduction

1.1. Promising semiconductor MoS2

Fig. 1 Schematics illustrating of monolayer MoS2 adapted from STEM@LPG homepage image 

galleries.

.

Two-dimensional transition-metal dichalcogenides (TMDCs), such as MoS2, WS2, 

MoSe2, and WSe2 have attracted significant attention due to their promising 

electrical and optical properties such as good electrical and optical properties, 

mechanical flexibility, and transparency [1-4]. The schematic image of MoS2 which 

is one of the TMDCs is shown in the Fig. 1. In particular, TMDCs have tunable 

band gap energy varies from indirect band gap of 1.2 eV to direct band gap of 1.9

eV as the number of MoS2 layers changes from bulk to monolayer [5,6].

Furthermore, due to the direct band gap energy and excellent transparency of 

monolayer MoS2 leading to strong photoluminescence, MoS2 promises to be used 

for photosensor applications [7-15].
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1.2. Defects of MoS2 FETs 

However, the advancement of MoS2-based nanoelectronics is still limited by 

various types of defects such as point defects, dislocations, and grain boundaries on 

MoS2 generated during the preparation process that are expected to affect the 

electrical and optical properties of MoS2. Especially, the structural defects on the 

MoS2 can act as charge trap-sites in MoS2 devices [16]. Because of this crucial 

importance of defects on the device properties, it is essential to characterize the 

defects on MoS2 for realizing high performance MoS2 device applications. In this 

regard, there have been many efforts to study the effect of the defects on the 

electrical and optical properties of MoS2 by intentionally creating the structural 

defects, for example, by utilizing high-energy electron-beam (e-beam) irradiation

[16], ions bombardment [17], or plasma treatments [18,19]. For example, Parkin et 

al. reported that the channel current in MoS2 field-effect transistors (FETs) 

decreased when the MoS2 channels were exposed to 200 keV e-beam in a 

transmission electron microscope (TEM) system [16]. They observed that the 

current decreased as increasing the dose amount of irradiated electrons. This 

current reduction was explained by the structural defects, for example, mono-sulfur 

vacancies that were intentionally created by high-energy e-beam irradiation in 

TEM and acted as charge-trapping sites in MoS2 channels. Similarly, Bertolazzi et 

al. exposed bombarded ion beams on MoS2 channel and observed electrically 

degraded channel properties by intentionally created sulfur vacancies and defects

[17]. Then, they treated the ion beam irradiated MoS2 devices with hexanethiol

(CH3(CH2)5SH) molecules, and observed that the reduced current in the ion-

irradiated MoS2 devices were recovered to about 90% of the original current. They 

explained that this current recovery was because the thiol molecules could

passivate the structural defects related to sulfur vacancies. Previously, our group 

also reported that the hexadecanethiol (CH3(CH2)15SH) treatment on the pristine 

MoS2 channel layer in FETs could decrease the current because the adsorbed thiol 

molecules passivated intrinsic sulfur vacancies which might act as electron donors

[20,21]. Although it is not thoroughly understood, the different behaviors of current 

changes after the molecular treatment [21] might be associated with the different 

origins of the structural defects (intrinsic defects and intentionally created defects).
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1.3. Electrical measurement of devices under different 
defects condition

In this study, we investigated the effects of the structural defects intentionally 

created by a relatively low energy e-beam irradiation and thiol molecular treatment 

on the electrical properties of MoS2 FETs. Low-energy e-beam irradiation with 30 

keV and dodecanethiol (CH3(CH2)11SH) treatments were done to generate and 

passivate the structural defects in monolayer MoS2, respectively. The created 

defects on the MoS2 surface working as trap sites could deteriorate the carrier 

mobility and carrier concentration with increasing the subthreshold swing value 

and shifting the threshold voltage. Moreover, the degraded transports properties of 

e-beam irradiated MoS2 FETs could be somewhat recovered by immersing them 

into dodecanethiol solutions which enabled chemically adsorption of thiol 

terminated molecules at the structural defects, for example sulfur vacancies. To 

support these results, Raman and x-ray photoelectron spectroscopy (XPS) were 

conducted on the MoS2 films.
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Chapter 2. Experiments

2.1. Properties of monolayer MoS2

Fig. 2 (a) Raman active peak and (b) photoluminescence of monolayer MoS2.

First, we transferred monolayer MoS2 flakes with a mechanically exfoliating 

method using a scotch tape from a bulk MoS2 crystal on 270 nm-thick SiO2 grown 

on a heavily doped Si substrate to be used as a back gate in FETs. A Raman system 

(Nanobase, XperFam 200) and atomic force microscope (AFM) (Park Systems, 

NX10) were used to confirm that the transferred MoS2 flakes were monolayer. The

Raman system that we used had a laser excitation power of ~0.5 mW, integration 

time of 2000 ms, and laser wavelength of 532 nm. We observed two active Raman 

modes of variation in MoS2, i.e., E1
2g mode (~384.3 cm-1) and A1g mode (404.6 cm-

1), as shown in Fig. 2(a). Here, E1
2g mode is the peak of in-plane vibrations of Mo 

atoms and S atoms in opposite direction, and A1g mode is the peak of out of plane 

vibrations of S atoms in opposite direction. The difference value (~20.3 cm-1) of 

A1g and E1
2g mode were observed, supporting that MoS2 flakes were monolayer 
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MoS2 [22-24]. Also, a strong resonance peak at about 670 cm-1 region in the 

photoluminescence (PL) supports the monolayer MoS2 (Fig. 2(b)). 

Fig. 3 Optical image and AFM image of monolayer MoS2 FET. Inset AFM graph shows that 

measured height was 0.9nm.

Fig. 3 shows the optical image of a fabricated MoS2 FET and the inset image 

shows the AFM image of the prepared MoS2 flake. A topographic cross-sectional 

profile along the line AB marked in the inset image is also shown in Fig. 3. The 

measured height of MoS2 flake was found to be ~0.9 nm which corresponds to 

monolayer MoS2

2.2. Fabrication of MoS2 FET

To fabricate MoS2 FETs, we defined the source and drain electrodes patterns on the 

transferred MoS2 flake using an e-beam lithography system (JSM-6510, JEOL). 

Double-layer resist, i.e., an electron resist polymer poly methyl methacrylate 

(PMMA) 950K (5% concentration in anisole) and a buffer layer methyl 

methacrylate (MMA) (8.5%), MAA (9% concentration in ethyl lactate) were used 

for the patterning process. After developing the resists, Au (45 nm thick)/Ti (5 nm 
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thick) layers were deposited as the source and drain electrodes using an e-beam 

evaporator (KVE-2004L, Korea Vacuum Tech.). Then, the fabrication of MoS2

FETs were completed. (See Fig. 4.)

Fig. 4 Schematics illustrating of the device fabrication procedures.

2.3. Electrical properties of Pristine MoS2 FET

Fig. 5 (a) Schematic image of the pristine MoS2 FET. (b) IDS-VGS curve measured at a fixed 
VDS=2 V with logarithmic scale. The inset shows IDS-VDS curves measured with VGS varying 
from 40 to -40 V.

We characterized the electrical properties of the pristine MoS2 FETs that were not 

treated with e-beams nor chemical treatments. The schematic image of the pristine 

MoS2 FET are shown in Fig. 5(a). Fig. 5(b) shows the transfer curve (source-drain 

current versus gate voltage, IDS-VGS) of the pristine MoS2 FET measured at a fixed 
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source drain voltage (VDS = 2 V), exhibiting typical n-type semiconducting 

behaviors. The inset of Figure 1(e) shows the output curve (source-drain current 

versus source-drain voltage, IDS-VDS) of the device measured with gate voltages 

varying from 40 to -60 V. The electrical measurement were done in a vacuum (~10-

3 Torr). The representative current on/off ratio and mobility of this MoS2 FET 

(Fig.5 (b)) was found to be ~108 and ~6.7 cm2/Vs, respectively.

2.4. Electron beam irradiation and thiol treatment

Fig. 6 Schematic images of the pristine, after electron beam irradiation and after dodecanethiol 

treatment of MoS2 FET.
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Fig. 7 (a) IDS-VGS curves on log scale measured with a fixed VDS=2 V at pristine, after electron 

beam irradiation and dodecanethiol treatment with electrodes were exposed in electron 

irradiation. (b) IDS-VGS curves on linear scale measured with a fixed VGS=40 V at pristine, after 

electron beam irradiation and dodecanethiol treatment with electrodes were exposed in electron 

irradiation.

After the pristine MoS2 FETs were characterized, we irradiated e-beam onto the 

MoS2 devices using SEM, as schematically illustrated in the middle panel of Fig. 6. 

Note that we irradiated e-beam only the MoS2 channel regions to avoid unwanted 

effects (see Fig. 7). Fig.7 is the electrical data of the other samples which not only 

channel but also electrodes (Ti/Au) were exposed in electron irradiation. This 

electrical data shows if electrodes were influenced by high dose electron beam, its 

physical properties were changed, so it can give injection improvement effect as 

shown is Fig.7 (a). We can see this injection effect definitely in log scale of 

transfer curve. Fig.7 (b) shows the linear scale of transfer curve which shows 

current reduction after electron beam irradiation, and recover process after 

dodecanethiol treatment. The e-beam irradiation was performed under a high 

vacuum (~10-6 Torr) in the SEM chamber with an acceleration voltage of 30 kV 

and a dose of 1 ´ 105 μC/cm2 condition. E-beam irradiation onto MoS2 produces 

mostly mono-sulfur vacancies which act as defect sites [16]. After producing 

defects on MoS2 by e-beam irradiation, we deposited dodecanethiol (denoted as 

C12) molecules onto the e-beam irradiated MoS2 FETs (bottom panel of Fig. 6)) by 

placing the samples in dodecanethiol solution for 22 h in a N2-filled glove box. The 

thiol (–SH) group of molecules tend to form a chemisorption bond with sulfur 

vacancy sites in MoS2 []. Pristine, e-beam irradiated, and C12-treated MoS2

channels were characterized with X-ray photoemission spectroscopy (AXIS Supr
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a) and Raman spectroscopy (XperRam 200, Nanobase Inc.). And, the electrical 

characteristics of pristine, e-beam irradiated, and C12-treated MoS2 FETs were 

measured using a semiconductor parameter analyzer (Keithley, 4200-SCS) in a 

vacuum probe station (Janis, ST-500)
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Chapter 3. Results and Discussions

3.1. Transfer curve and output curve of MoS2 FET

Fig. 8 (a) IDS-VGS curves on log scale measured at pristine, after electron beam irradiation and 

dodecanethiol treatment with a fixed VDS =2 V. The inset shows IDS-VGS curve with linear scale. 

(b) IDS-VDS curves measured at pristine, after electron beam irradiation and dodecanethiol 

treatment with a fixed VGS =40 V.

Fig. 8 (a) shows a series of transfer curves of a MoS2 FET measured at a fixed VDS

= 2 V. The transfer curves were sequentially obtained for a pristine MoS2 FET

device, then after the same device was irradiated with e-beam, and then after C12 

treatment. As shown in the figure, the source-drain current level dramatically 

decreased after e-beam irradiation process. This current reduction phenomenon 

could be explained by the defects created by e-beam irradiation process. After C12 

treatment, the current level increased although it didn’t fully recover to the original 

current level at the pristine condition. C12 molecules could passivate not only the 

intentionally generated defects by e-beam, but also the intrinsic sulfur vacancies 

which could behave as donor sites. After C12 treatment, some of the additional 

sulfur vacancies created by e-beam irradiation could be passivated via 

chemisorption of C12 molecules [17]. Therefore, the defect density in MoS2 could 
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be reduced after C12 treatment, which results in the current increase. At the same 

time, C12 molecules passivate the intrinsic sulfur vacancies which could behave as 

donor sites, which results in the current decrease. As a combined effects, the 

current of the MoS2 FET increased slightly, but was not fully recovered after C12 

treatment, as shown in Fig. 8(a). Fig. 8(b) shows the output curves of pristine, e-

beam irradiated, and C12 treated MoS2 FET measured at the fixed VGS of 40 V. 

Same tendency was observed in Fig. 8(b).

3.2. Electrical properties of MoS2 FET

Fig. 9 (a) Hysteresis of IDS-VGS curves on log scale measured at pristine, after electron beam 

irradiation and dodecanethiol treatment with a fixed VDS=2 V. (b) Mobility and SS value of a 

MoS2 FET calculated at pristine, after electron beam irradiation and dodecanethiol treatment. 

(c) Threshold voltage and carrier concentration measured at pristine, after electron beam 

irradiation and dodecanethiol treatment. 

Fig. 9(a) shows the hysteresis in transfer characteristics of a MoS2 FET for the 

three cases (pristine, after e-beam irradiation, and after C12 treatment). We 

investigated the hysteresis in IDS-VGS curves with a fixed source-drain voltage of 2 

V. Each cyclic voltage, sweeping from VGS = -70 V to 60 V and back to -70 V, was 

repeated for all the three cases in vacuum condition (~10-3 Torr). The magnitudes 

of the hysteresis window was extracted as the difference of the gate voltages in 

different sweeping directions at IDS = 1 nA. The values of hysteresis window (DV) 

in the transfer curves of pristine, e-beam irradiated, and C12-treated MoS2 FET 

were evaluated as ~13 V, 30 V, and 15 V, respectively. The hysteresis in the transfer 

curves could be affected by the charge trapping on the interface between MoS2 and 

SiO2 [25,26]. The intentionally generated defects could act as charge-trapping sites, 
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resulting in enlargement of the magnitude of hysteresis window [25] Also, 

decrement in the magnitude of hysteresis window after C12 treatment could be 

explained by the reduction of induced sulfur vacancy defects by C12 molecules and 

sulfur vacancies. Similarly, the current on/off ratio decreased after e-beam 

irradiation from ~108 to ~106, however it slightly increased after C12 treatment 

from ~106 to ~107. 

The density of defect sites is closely related to the carrier mobility and the 

subthreshold swing (SS) value of the FETs. Fig. 8(b) shows mobility (black 

symbols) and SS (blue symbols) values estimated from the transfer curves for the 

three cases. The mobility values of the MoS2 FETs were calculated by using the 

following formula: μ = �
����

����
� × [� (������)⁄ ], where L is the channel length 

(~2.4 μm), W is the channel width (~7.4 μm), VDS is the source-drain voltage (2 V), 

and �� = (����) �⁄ ≅ 1.3 × 10�� F/m2 is the capacitance between the MoS2 

channel and SiO2 per area where εr is the relative permittivity of SiO2 (~3.9), ε0 is 

the permittivity of vacuum (~8.85×10-12 Fm-1), and d is the thickness of the SiO2

layer (270 nm). Note that the value of mobility greatly decreased from 32.8 cm2/Vs 

to 0.4 cm2/Vs, as shown in Fig. 8(b). The intentionally created defect sites 

degraded the mobility of MoS2 FET after e-beam irradiation. On the other hand, the 

mobility slightly increased from 0.4 cm2/V to 6.7 cm2/Vs after the C12 treatment 

by passivating the sulfur vacancy defect sites. The SS value of the MoS2 FET 

increased (DSS = 3.15 V/dec) after e-beam irradiation (Figure 3(b)). Generally, the 

SS value of FET is proportional to the density of defects. The increased density of 

defects in MoS2 channel by e-beam irradiation increased the SS value of the MoS2

FET. Similar to the mobility, the SS value of the MoS2 FET improved after C12 

treatment (DSS = 1.89 V/dec). Fig. 8(c) show the threshold voltage (black symbols) 

and carrier concentration (blue symbols) for the MoS2 FETs for the three cases. 

Here, the threshold voltages were estimated as the x-axis intercept of a linear fitting 

of the transfer curves. The threshold voltage of the MoS2 FET shifted in the

positive gate voltage direction after e-beam irradiation and returned in the negative 

gate bias direction after C12 treatment. And, the carrier concentration decreased 

after e-beam irradiation and slightly recovered after C12 treatment. Here, the 

carrier concentrations were estimated at a VGS = 40 V with the formula:	�� =
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� �⁄ = ��|��� − ���| �⁄ , where CG is the capacitance of the SiO2 dielectric layer, 

VTh is threshold voltage of the FET devices, and the e is the elementary charge. We 

also observed similar behavior of the electrical properties with other devices 

(see Fig. 10)

Fig. 10 (a) IDS-VGS curves on log scale measured at pristine, after electron beam irradiation and 

dodecanethiol treatment with a fixed VDS=2 V. The inset curve shows IDS-VGS curves on linear 

scale. (b) IDS-VDS curves at pristine, after electron beam irradiation and dodecanethiol 

treatment with a fixed VGS=40 V. (c) Threshold voltage and carrier concentration measured at 

pristine, after electron beam irradiation and dodecanethiol treatment. (d) Mobility and SS value 

of a MoS2 FET calculated at pristine, after electron beam irradiation and dodecanethiol 

treatment. 

3.3 XPS and Raman data of MoS2

To verify that the defects in MoS2 channel were generated by e-beam irradiation 
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and passivated by C12 molecular treatment, we conducted the XPS and Raman 

experiments. Fig. 11(a) and Fig. 11(b) show the XPS data of pristine, e-beam 

irradiated, and C12-treated MoS2 flakes. Then, the atomic concentration of Mo and 

S for each case was evaluated from XPS data of each MoS2 flake sample. The 

calculated concentration ratio between Mo and S slightly decreased after e-beam 

irradiation. 

Fig. 11 XPS spectra. (a) XPS spectra of Mo 3d and (b) S 2p for pristine, after electron beam 

irradiation and dodecanethiol treatment cases.

Although 30 keV of irradiated e-beam has relatively low knock-on energy, it has 

enough ionization energy to create the structural defects including sulfur vacancies. 

Therefore, the e-beam irradiation introduced additional defects with decreasing the 

ratio between Mo and S and decreased the source-drain current of MoS2 FETs. 

After C12 treatment, C12 molecules passivated the sulfur vacancy defects and 

decreased the density of defect sites. Therefore, the evaluated ratio between Mo 

and S and the current slightly recovered after C12 treatment. Also, we observed 

that the characteristic peak positions of MoS2 shifted in low-energy direction after 

e-beam irradiation and slightly shifted back after C12 treatment due to their varied 

chemical environment, as shown in Fig. 11(a) and Fig. 11(b). We can confirm the 

chemisorption between sulfur vacancies and thiol molecules from the increased C-

C bonding after C12 treatment. Fig. 12 shows the XPS data of C 1s. The splitting 

of C 1s spectra indicates the presence of single bond, double bond and triple bond 
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of C with other atoms. Fig. 12(a) indicates C 1s peak of MoS2 before molecule 

treatment. And Fig. 12(b) shows C 1s peak of MoS2 after molecule treatment. As 

shown in figure, the C-C bonds were increased after molecule treatment. With this 

data, we can confirm that MoS2 and dodecanethiol molecule were chemically 

bonded

Fig. 12 (a) XPS data of C 1s peak of MoS2 before dodecanethiol treatment. (b) XPS data of C 1s 

peak of MoS2 after dodecanethiol treatment.

Fig. 13  Raman active mode peak for pristine, after electron beam irradiation and 

dodecanethiol treatment cases.
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Fig. 13 summarizes the positions of two characteristic Raman active modes, E1
2g

and A1g, of pristine, e-beam irradiated, and C12-treated MoS2 flake. For pristine 

MoS2 sample, the peak position of E1
2g and A1g mode were 385.2 cm-1 and 404.5 

cm-1, respectively. The peak difference of two active modes was calculated as 19.3 

cm-1, which is correspond to monolayer MoS2 [27-28]. As shown in Fig. 13, both 

modes of MoS2 flake were red shifted after e-beam irradiation and shifted back to 

high-energy direction after C12 treatment. If sulfur concentration of MoS2 is

reduced by e-beam irradiation and recovered by C12 treatment, the restoring force 

constant and the mass of the system will be influenced, therefore the Raman modes 

of MoS2 shifted after each treatment [16].

3.4. Energy band diagram

Fig. 14 (a) Band diagram for pristine case, (b) After electron beam irradiation and (c) After 

dodecanethiol molecule treatment.

Fig. 14 shows the energy band schematic of pristine, e-beam irradiated, and C12-

treated MoS2 FET. As we mentioned, the irradiated electrons creates defect sites. 

As shown in Fig. 14(b), these created defect sites can deteriorate the electrical 

properties of MoS2 FET in terms of the source-drain current, mobility, and carrier 

concentration. In addition, the defects increases the SS value of MoS2 FET and 

shifts the threshold voltage of the device in the positive gate voltage direction. 

After C12 treatment, the electrical characteristics of MoS2 FET was slightly 
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recovered due to the passivation of sulfur vacancy defects by C12 molecules, as 

shown in Fig. 14(c).
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Chapter 4. Conclusions

In summary, we fabricated monolayer MoS2 and confirmed by Raman peaks and 

PL peak position. Also we investigated electrical and optical effects for pristine, 

after e-beam irradiation, and after C12 treatment. After e-beam irradiation, we 

confirmed that electrical defects which act as trap site were generated from reduced 

current level. Also, from red shifted raman peaks and decreased atomic ratio of 

sulfur atoms from XPS data, we supported that the defects were generated from e-

beam irradiation. After the C12 treatment, we investigated current level increased 

from the chemical covalent bonding between sulfur vacancies and thiol molecules. 

Similarly the result of sulfur recovery in XPS data was investigated, and the Raman 

peaks were blue shifted. Although there had slight recovery from C12 alkanethiol 

treatment, we verify that generated defects could be mainly composed by sulfur 

vacancies. It is very important study for engineering the defects which can 

influence electrical or optical properties in low energy regime. 
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Appendix

1. The poster which was presented in ICME&D 2017, Seoul
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국문초록

전자 빔 조사와 싸이올 분자 처리에

따른 이황화 몰리브덴 전계 효과

트랜지스터의 전기적 특성

2차원 전이금속 화합물에 입자빔을 조사하면 전하 트랩 역할을 하는

활동성 결함이 만들어 질 수 있다. 본 학위 연구에서, 단분자층의 이황

화몰리브덴에 전자빔을 조사하여 황 공격자를 포함하는 다양한 결함을

만들어 내었다. 이황화 몰리브덴 기반의 전자소자 연구를 위해, 이황화

몰리브덴을 반도체 층으로 사용한 전계효과 트랜지스터에서 결함에 의한

전기적인 효과의 심도 있는 이해가 필요하다. 본 연구에서는 결함이 이

황화 몰리브덴의 전계효과 트랜지스터의 전기적 특성을 저하시킴을 확인

할 수 있었다. 하지만 전자빔에 조사된 단분자 이황화 몰리브덴을 싸이

올(-SH) 작용기를 가지는 알칸 싸이올 분자로 표면 처리를 하게 되면

전기적 성능이 약간 상승되는 것을 확인 할 수 있었다. 싸이올 분자가

황공격자를 포함한 다양한 결함을 막아서 단분자층 이황화 몰리브덴의

전기적 특성을 약간 회복시켰다. 이 연구 결과는 발생된 결함과 표면 처

리를 통해 회복되는 경향성을 통해 이황화 몰리브덴의 전계효과 트랜지

스터의 전기적 특성을 이해하는데 기여할 것이다.

주요어 : 이황화 몰리브덴, 전자빔 조사, 화학적 처리, 전기적 특성

학번 : 2015-20355
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