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1. Introduction

Two-dimensional (2D) transition metal dichalcogenides 
(TMD) that have an atomic layered structure have drawn 
significant attention as promising ultra-thin semiconductors. 
Graphene, single carbon atomic layer, which is a represen-
tative 2D layered material, has distinct limitations in that it 
does not have a band gap for use as a semiconductor or it has 
only a small band gap at best [1–3]. However, it has several 
other advantageous features as a 2D layered material, such 
as a high electric carrier mobility, optical transparency, and 
good mechanical properties [4, 5]. In contrast, TMD family 

materials have a finite band gap for use as semiconductors  
[6, 7]. TMD materials also have favorable physical character-
istics, such as good flexibility, reasonable mobility, high trans-
parency, and the availability of complex device structures due 
to their low-dimensional structure [7]. Molybdenum disulfide 
(MoS2), which is a TMD material, has been actively studied 
because of these advantages. MoS2 behaves as an n-type semi-
conductor and is well known to have a direct electric band 
gap of ~1.9 eV as a single-layer MoS2 and an indirect one of 
~1.2 eV as a bulk MoS2 crystal [8, 9]. Single-layer MoS2 also 
has good electrical properties, such as a high carrier mobility 
(~tens of cm2 Vs−1 or more) and a high current on/off ratio 

Journal of Physics: Condensed Matter

Tailoring the electrical properties of MoS2 
field effect transistors by depositing Au 
nanoparticles and alkanethiol molecules

Kyungjune Cho, Hyunhak Jeong, Tae-Young Kim, Jinsu Pak,  
Jae-Keun Kim, Barbara Yuri Choi and Takhee Lee

Department of Physics and Astronomy, and Institute of Applied Physics, Seoul National University,  
Seoul 08826, Korea

E-mail: tlee@snu.ac.kr

Received 29 August 2015, revised 31 October 2015
Accepted for publication 17 November 2015
Published 7 April 2016

Abstract
We fabricated and characterized MoS2 field effect transistors. First, we measured the electrical 
properties of MoS2 field effect transistors (FETs) that were made with mechanically exfoliated 
MoS2 flakes. Then, we deposited Au nanoparticles on the MoS2 channel and measured the 
electrical properties. We observed whether the source-drain current increased or decreased 
after the Au particles were deposited. The deposited Au particles either formed an extra 
current path and increased the current or behaved as charge-withdrawing sites and decreased 
the current. Next, we deposited alkanethiol molecules on the Au particles to reduce the work 
function of the Au. Alkanethiol molecules are known to form a self-assembled monolayer 
on the Au surface, and the electric dipole moment of the molecules causes the work function 
of the Au to decrease. Au particles can capture electrons from the MoS2 channel due to their 
high work function. However, the decreased work function of the Au particles subjected to 
alkanethiol treatment could cause captured electrons to be released from the Au particles to 
MoS2. Therefore, the current increased after alkanethiol treatment. This study may provide 
useful methods to utilize surface treatments with particles and molecules to tailor the electrical 
properties of MoS2-based FETs.
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(~105 or more). These excellent properties enable the use 
of MoS2 in transistors, memory, logic circuits, and sensor 
devices [10–18].

Although MoS2 already has good physical properties, con-
trolling its electrical properties is important for its application. 
The surface treatment of MoS2 channels can be an efficient 
method for this purpose [19, 20]. In this study, we fabricated 
and characterized MoS2 field effect transistors (FETs) with 
mechanically exfoliated MoS2 flakes. Then, we deposited Au 
nanoparticles on the MoS2 FETs and investigated how the 
deposited Au particles influenced their electrical properties. 
We then deposited alkanethiol (HS(CH2)n−1CH3) molecules 
on the Au particle surfaces. The alkanethiol molecule, which 
has an aligned electric dipole moment, can change the work 
function of Au by forming a self-assembled monolayer on the 
Au surface [21–24]. We applied the alkanethiol molecule to 
the Au particle-deposited MoS2 FETs and investigated the 
electrical properties. We compared the electrical properties of 
MoS2 FETs both before and after the Au particle deposition 
and before and after the alkanethiol treatment.

2. Experimental details

2.A. Device fabrication procedure

We fabricated five different MoS2 FET devices. First, we pre-
pared a SiO2/Si substrate with a heavily p-doped Si layer for 
use as a back gate. We transferred MoS2 flakes onto the SiO2 
layer (270 nm) of the substrate from a bulk MoS2 crystal by 
using a micromechanical exfoliation method. Then, using an 
optical microscope, we located MoS2 flakes that were suitable 
for fabricating the FET devices. Subsequently, we measured 
the height of those flakes using an atomic force microscope 
(AFM) system. We spin-coated a buffer layer polymer (MMA 
(8.5) MAA (9% concentration in ethyl lactate)) and an elec-
tron resist polymer (PMMA 950K (5% concentration in 
anisole)) to prepare electrode patterns using an electron-beam 
lithography system. After the spin-coating process, we pre-
pared source and drain electrode patterns. Finally, we depos-
ited 5-nm-thick Ti and 50 nm-thick Au as electrodes using an 
electron-beam evaporator.

2.B. Detailed experimental process

Figure 1(a) represents the schematic of the experimental pro-
cess. First, we fabricated an MoS2 FET device (Top). Then, we 
measured the electrical properties of the MoS2 FETs using a 
semiconductor parameter analyzer (Keithley 4200-SCS). The 
electrical measurements were done at a temperature- variable 
probe station (JANIS Model ST-500) under vacuum condi-
tions to prevent unwanted effects from oxygen and water. 
After the electrical measurements were taken, we deposited 
very thin Au (less than 1 nm thick) to prepare an Au particle 
structure on the MoS2 surface, as shown in the middle image 
of figure  1(a). With the small thickness of the Au film, we 
could prepare Au particles on the MoS2 surface. After the 
deposition, we measured the electrical properties of the MoS2 
FETs again and compared the data before and after the Au 

particle deposition. We then applied an alkanethiol molecule 
treatment to the devices. In this study, we used hexadecane-
thiol (HS(CH2)15CH3) molecules, which have 16 carbons in 
the alkane chain. The alkanethiol molecules tend to form a 
self-assembled monolayer (SAM) on the Au surface, as shown 
in the bottom of figure 1(a). We dipped the devices in a 5 mM 
hexadecanethiol solution for 15 h to form alkanethiol SAMs 
on the Au particles. These molecules, which have an aligned 
electric dipole moment, cause the work function of Au to 
decrease. We measured and compared the electrical proper-
ties of the devices before and after the alkanethiol molecule 
treatment.

Figure 1(b) shows the optical image and AFM image of 
one of the fabricated devices. Figure 1(c) displays the AFM 
images of the surface of MoS2 before and after the Au par-
ticle formation. When we deposited Au to prepare a particle-
like structure, the substrate was rotating in the electron-beam 
evaporator system, and the Au was deposited with a high 
evaporation rate (~1 Å s−1). For these reasons, the Au parti-
cles could have an oval shape aligned in a random particular 
direction, as shown in the image of ‘After’ Au deposition in 
figure 1(c).

3. Results and discussion

We measured the output characteristics and transfer character-
istics of the MoS2 FET devices. Figure 2(a) shows the output 
curves (source-drain current versus source-drain voltage, 
IDS–VDS) of one of the devices with various gate voltages 
from  −30 to 30 V with a step of 10 V. Figure  2(b) displays 
the transfer curve (source-drain current versus gate voltage, 
IDS–VG) of the same device with a fixed source-drain voltage 
of 0.5 V. The inset of figure 2(b) shows the transfer curve with 
a logarithmic current scale. The MoS2 devices exhibit typical 
n-type behavior, as is known. The threshold voltage (VTh) was 
found to be  −28.6 V, and the field effect mobility was found 
to be 11.5 cm2 Vs−1 for the data of figure 2(b). We determined 
the VTh from VG-axis intercept obtained from the linear fit-

ting of the VG–ID curves and the field effect mobility was cal-

culated by using following formula, ⎡
⎣

⎤
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where W is the channel width, L is the channel length and Ci is 
the capacitance per area between channel and gate.

Then, we deposited Au particles on MoS2 FET devices, as 
explained in the Experimental section, and we measured the 
electrical characteristics of the Au-particle deposited MoS2 
FETs. Figure  3 shows the transfer characteristics of MoS2 
FETs before and after the Au particle deposition and alka-
nethiol SAM treatment. Figure 3 shows that the representa-
tive electrical data of each case which were measured from 
different devices. The black curves in figure  3 were meas-
ured before the Au particle deposition, and the blue curves in 
figure 3 were measured after the Au particle deposition. We 
observed that the source-drain current increased (figures 3(a) 
and (b)) or decreased (figure 3(d) and (e)) after the Au par-
ticle deposition. Note that the devices may be affected by O2 
or water vapor while they are exposed to ambient during a 
series of treatments. O2 and water vapor capture the electrons 
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from MoS2 channel and cause the source-drain current of 
the devices to decrease only, but not to increase [25, 26]. 
Therefore, we think these environmental effects are not domi-
nant in this study. Schematic images explaining the observed 
phenomena are shown in the right side of figure 3. As one can 
see in figure 1(c), the oval shaped Au particles were aligned 
in a particular direction. If the Au particles are aligned along 
the channel direction (indicated by a red line in the figure 3(c) 
and in figure 1(c)), the Au particles can behave as additional 
current paths on the channel surface of MoS2 because of the 
high conductance of Au. In this case, the source-drain current 
level increases with the Au particle deposition (see the curves 

labelled ‘Pristine’ and ‘Au (as current path)’ before and after 
the Au particle deposition, respectively, in figure 3(a)). In con-
trast, if the particles are aligned perpendicularly to the channel 
direction (blue lines in the figure 3(f) and in figure 1(c)), the 
Au particles may behave as charge-withdrawing sites because 
of the high work function of Au. In this case, the deposited Au 
particles that have a higher work function than MoS2 cause 
electrons to transfer from MoS2 to the Au particles. Therefore, 
the source-drain current level decreased after the Au particle 
deposition (see the curves labelled ‘Pristine’ and ‘Au (as 
charge-withdrawing)’ before and after the Au particle deposi-
tion, respectively, in figure 3(d)). If the deposited Au formed 

Figure 1. (a) Schematic images of experimental process. (b) Optical image (left) and AFM image (right) of a fabricated device. (c) AFM 
image of MoS2 flake before and after Au particle deposition. Note that the Au particles are not scaled in (a).
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Figure 2. (a) IDS–VDS curves measured with various gate voltages from  −30 to 30 V. (b) IDS–VG curve measured at a fixed VDS  =  0.5 V.  
The inset shows the IDS–VG curve with a logarithmic scale.
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connecting film, the source-drain current only had decreased, 
rather than increased or decreased. Therefore, we could know 
that the Au particles were formed after Au deposition.

Then, we applied hexadecanethiol (denoted as C16) mol-
ecules to the Au-deposited MoS2 FET devices, as explained in 
the experimental section. The molecules with thiol end groups 
tend to form a self-assembled monolayer on the Au surface 
[21–24]. Because alkanethiol molecules have an electrical 
dipole moment (the dipole direction is from the thiol to the 
CH3 end), they cause the work function of Au to decrease. 
Therefore, electrons tend to be released from the Au particles 
to MoS2 as a result of the alkanethiol molecule treatment. 

This causes the source-drain current to increase, as shown 
in figure 3 (see the curves labelled ‘Au  +  C16’ in figure 3(a) 
and (d)). The current increased after the alkanethiol molecule 
treatment for both cases of Au particles (Au particles as cur-
rent path or charge-withdrawing sites).

In this study, we systemically studied the effects of Au 
particle deposition and alkanethiol treatment with 5 different 
devices. Figure 4(a) summarizes the ratios of the source-drain 
currents of the 5 MoS2 FET devices for each case (before 
and after the Au particle deposition and alkanethiol molecule 
treatment) at same gate voltage and source-drain voltage. 
Here, the current before any treatment was set to 1, and the 

Figure 3. IDS–VG curves with linear (a) and logarithmic scales (b) measured before and after the Au particle deposition and after the 
alkanethiol molecule treatment for the case when Au particles behave as an additional current path. The schematic images (c) explain 
that the Au particles behave as current paths. IDS–VG curves with linear (d) and logarithmic scales (e) measured before and after the Au 
particle deposition and after the alkanethiol molecule treatment for the case when the Au particles behave as charge-withdrawing sites. 
The schematic images (f) explain that the Au particles behave as charge-withdrawing sites. Note that the Au particles are not scaled in the 
schematics.

Figure 4. (a) Ratios of changed IDS before and after Au particle deposition and after the alkanethiol molecule treatment. (b) Work function 
of Ti/Au film before and after alkanethiol molecule treatment.

Pristine Au Au+C16

0.1

1

10

R
at

io
 o

f 
ch

an
g

ed
 I D

S

Ti/Au Ti/Au/C16

4.2

4.5

4.8

5.1

W
o

rk
 f

u
n

ct
io

n
 (

eV
)

~ 4.9 eV

~ 4.2 eV

(b)(a) Au as current path
Au as charge-withdrawing

J. Phys.: Condens. Matter 28 (2016) 184003



K Cho et al

5

ratios of the changed currents were plotted. The red data rep-
resent the case when the deposited Au particles behave as a 
current path on the MoS2 surface, and the blue data represent 
the other case, i.e. when the deposited Au particles behave 
as charge-withdrawing sites on the MoS2 surface. To confirm 
that the alkanethiol molecule decreases the work function of 
Au, we measured the work function of an Au(30 nm)/Ti(5 nm) 
film using a Kelvin probe force microscope system before and 
after the alkanethiol molecule treatment. The work function 
of the film was found to be ~4.9 eV and ~4.2 eV before and 
after the molecule treatment, respectively (figure 4(b)). The 
alkanethiol substantially decreased the work function of Au. 
Then, the thiol molecule-deposited Au particles release elec-
trons from Au to MoS2, thus causing the current to increase 
after the treatment (see figures 3 and 4).

We now explain the observed phenomena in terms of energy 
band diagrams. Figure 5 shows the energy band diagrams of 
the MoS2 active channel between the Ti source (S) and drain 
(D) electrodes. Figure  5(a) displays the energy level of the 
MoS2 channel and Ti electrodes. The MoS2 channel used in 
this study has a band gap energy of ~1.4 eV, a work func-
tion (ΦMoS2) of 4.6‒4.9 eV, and an electron affinity (χMoS2) of 
~4.0 eV. We used Ti/Au as source-drain electrodes that contact 
with MoS2. Ti layer with 5 nm-thick was used as an adhesion 
layer between Au and MoS2 contact. Although the work func-
tion of Ti (~4.3 eV) is lower than the work function of MoS2 
(4.6–4.9 eV), a small Schottky barrier is formed between Ti 
and MoS2 contact, as indicated in figure 5(a) due to structural 
defect of MoS2 [27–29]. Figure 5(b) displays the energy band 
diagram after the Au particle deposition. After the Au particle 
deposition, electrons transfer from MoS2 to the Au particles 
due to the work function difference. This can be depicted as a 
depletion barrier at the MoS2 channel, and these barriers cause 
the source-drain current to decrease. Figure 5(c) displays the 
energy band diagram after the alkanethiol molecule treatment. 
After the molecules adhere to the surface of the Au particles, 
they decrease the work function of the Au. Therefore, the elec-
trons tend to be released from the Au particles to MoS2, and 
as a result, the current increases after the alkanethiol molecule 
treatment.

4. Summary and conclusions

In summary, we fabricated MoS2-based field effect transis-
tors and measured their electrical characteristics. We depos-
ited oval-shaped Au particles on the MoS2 channel. The Au 
particles formed an additional current path that increases the 
source-drain current or withdrawing electrons from the MoS2 
channel and decreases the current compared with the MoS2 
FETs prior to the Au particle deposition. Then, we applied 
alkanethiol molecules onto the Au particle-deposited MoS2. 
The alkanethiol molecules formed self-assembled monolayers 
on the Au surface and reduce the work function of the Au, 
which caused electrons to be released from the Au particles 
to the MoS2 channel. Therefore, the source-drain current 
increased after the alkanethiol molecule treatment. Our study 
may provide insight into the usefulness of the surface treat-
ment of particles or molecules on MoS2-based nanoelectronic 
devices.
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