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Abstract
This work investigates the use of oxygen plasma (O2) treatment, applied as an inductively coupled
plasma, to control the thickness andwork function of aMoS2 layer. Plasma-etchedMoS2 exhibited a
surface roughness similar to that of the pristineMoS2. TheMoS2field effect transistors fabricated
using the plasma-etchedMoS2 displayed a higher n-type doping concentration than that of pristine
MoS2. The x-ray photoelectron spectroscopywas performed to analyze chemical composition to
demonstrate theminimum level of chemical reactions occurred upon plasma treatment.Moreover,
Kelvin probe forcemicroscopymeasurements were conducted to probe the changes in thework
function that could be attributed to the changes in the surface potential. Themeasuredwork functions
suggest themodification of a band structure and n-doping effect after plasma treatments that
depended on the number ofMoS2 layers. This study suggests that theO2 plasma can control the layer
number of theMoS2 aswell as the electronic properties of aMoS2film.

Introduction

The mechanical exfoliation of highly oriented pyroly-
tic graphite (HOPG) produces graphene, which has a
variety of desirable properties, including a high carrier
mobility, quantum Hall effects at ambient tempera-
tures, and ballistic transport [1, 2]. Although such
properties have enabled the use of graphene in
electronic devices, graphene devices cannot be turned
off due to the zero band gap that arises from the linear
dispersion relation at the K point [1–3]. Other two-
dimensional (2D) layered materials have attracted
attention for their sizable band gaps, high current on/
off ratios, and high photoresponsivity [4]. These
materials may be useful in transparent and flexible
electronics and optoelectronics [5, 6].

MoS2 is a layered transition metal dichalcogenide
that can be used in semiconductors, catalysts [7], and
hydrogen evolution processes [8]. MoS2 layers are

weakly held together by van der Waals forces between
adjacent layers, and the covalent bonds of the S–Mo–S
structures are characterized by a large intrinsic band
gap that depends strongly on the number of layers.
MoS2 has an indirect band gap of 1.2 eV in the bulk
configuration; however, single-layerMoS2 transits to a
direct band gap of 1.8 eV [9, 10]. An indirect-to-direct
band gap transition can enhance the photo-effi-
ciency [11].

The various researches for controlling thickness of
the MoS2 film have been conducted, e.g., removal of
MoS2 layers by using low-power argon (Ar) plasma,
Raman laser, XeF2 as the gaseous reactant, and ther-
mal annealing [12–18]. However, these researches
posed challenges in increased surface roughness and
generation of unwanted compounds such as MoO3.
Capacitively coupled plasma (CCP) etching is a typical
technique that damages graphene through the high
ion bombardment energy of the plasma. A previous
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study reported that inductively coupled plasma (ICP),
unlike CCP, can reduce polymeric residues by clean-
ing the graphene, as evidenced by the achievement of a
surface roughness similar to that of pristine graphene
[19]. For this reason, ICP was used to carefully remove
layers of MoS2 while suppressing the reactions
between the plasma andMoS2.

In this paper, we investigated the effects of O2

plasma treatment on the MoS2 surface by precisely
designing a process to control the thickness of MoS2
while ensuring that no reactions occurred between the
MoS2 and the plasma. X-ray photoelectron spectrosc-
opy (XPS) was performed for analyzing the surface
chemistry of a MoS2 film after plasma treatment. The
plasma-treated MoS2 displayed a gradual increase in
photoluminescence (PL) while maintaining a surface
roughness similar to that of pristineMoS2. In addition,
it showed a highly n-doped state after plasma treat-
ment displaying a tendency for the Fermi level to be
close to a degenerate level, resulting in a disappearance
of off current. Kelvin probe force microscopy (KPFM)
was used to investigate the origin of the high n-type
doping by measuring the surface potential of MoS2.
The work functions, which were estimated from the
measured surface potentials of the MoS2 field effect
transistor (FET), were found to depend on the number
of MoS2 layers. These results provide clues to the
effects of the plasma on theMoS2 surface and present a
promising approach to obtain single-layered MoS2
during the fabrication of 2D material based electronic
devices. This plasma process may be applied in a sim-
ple manner at low temperatures without using toxic
chemicals to achieve large-scale and low dimensional
MoS2 films.

Experimentalmethods

(A) Device fabrication. Few-layered MoS2 films,
mechanically exfoliated from a synthesized bulk 2H-
MoS2 purchased at 2D Semiconductors Inc., were
transferred onto a highly p-doped Si substrate covered
with an oxidized 285 nm SiO2 layer. The thickness and
the surface conditions of the samples were confirmed
using optical microscopy, atomic force microscopy
(AFM), and Raman spectroscopy. The Cr/Au (5/
50 nm) metal electrodes were formed via electron
beam lithography and evaporation, and the lift-off
process was performed in an acetone solution over 3 h.
The acetone solution was subsequently washed away
using an isopropyl alcohol (IPA) solution. The length
and width of the representative devices were 1.8 μm
and 3.78 μm, respectively.
(B) Plasma treatment. The plasma machine could be
operated under either the ICP or the CCP mode. We
used only the ICP mode to attain a high plasma
uniformity and reduce the damage to the MoS2
surface. The plasma reactor consisted of a four-turn
spiral coil with a 13.56 MHz radio frequency (RF)

power supply and a ceramic dielectric at the top of the
chamber. Prior to plasma treatment, an annealing
process was applied at 250 °C for 3 h using a forming
gas (Ar/H2) to remove water and oxygen molecules
from the MoS2 flakes. The precise plasma control of
MoS2 layer was achieved by generating an ICP
discharge using O2 gas and varying treating time, at a
pressure of 200 mTorr, a gas flow rate of 30 sccm, and
a power of 21W.
(C) Material and electrical characterization. AFM and
Raman spectroscopy were carried out to confirm the
material characteristics of the MoS2 film. Within
5 min after plasma treatments, all the measurements
were performed so as to minimize the reaction
between O2, H2O, and MoS2. The thickness and RMS
surface roughness were measured using AFM, and the
frequency differences were verified via Raman
spectroscopy, measured using a laser wavelength of
532 nm. The Raman data were analyzed using the
Gaussian formula for curve fitting. XPS (ESCALAB
205Xi in which x-ray spot size was 900 μm and its
lateral resolution was 20 μm) was also performed to
determine the chemical configurations of the bulk
MoS2 surface prior to mechanical exfoliation, before
and after plasma treatment. All electrical measure-
ments were conducted using a semiconductor para-
meter analyzer at room temperature under vacuum
conditions, where drain voltage was fixed at 0.5 V.
Photocurrent was measured using a dot laser illumi-
nating system with a wavelength of 532 nm and a
power intensity of 13 μW. A KPFM analysis was
performed to understand the surface and electronic
states after O2 plasma had been applied to the MoS2
sheet. A gold coated tip bias of 2 V was applied at a
resonant frequency of 17 kHz.

Results and discussion

MoS2 layer control usingO2 plasma
We investigated the atomic level etching ofMoS2 using
O2 plasma regulated via ICP discharge. The etching
conditions were optimized to remove a layer (1L) of
MoS2 including S–Mo–S bonds evenly and minimize
the chemical reaction. Once the atomic-layer etching
method had been developed, the MoS2 sample was
treated in 4 s intervals during the total treating time of
20 s in an effort to understand how the S–Mo–S bonds
were ruptured under a series of brief and divided ICP
processes.

Firstly, we plasma-treated the pristine MoS2 with
thickness of 2.7 nm for total treating time of 20 s with
4 s intervals. Figure 1(a) shows the linear decrease in
the thickness of MoS2, as confirmed by AFM. We cal-
culated the average thickness from five randomly
selected positions to verify that the surface had been
evenly etched. The average values of these points were
2.7, 2.3, 1.9, 1.6, 1.3 and 1.0 nm for 0, 4, 8, 12, 16 and
20 s plasma treating time, respectively. The adsorption
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of H2O from the air yielded a monolayer MoS2 thick-
ness of 1.0 nm, as displayed in figure 1(b), which
shows the AFM images before and after plasma treat-
ment. It should be noted that the thickness of each 4 s
treated MoS2 decreased by 0.3 ∼ 0.4 nm, which is
smaller than the 1L thickness of MoS2 (∼0.7 nm). Our
precisely controlled plasma treatment seems to etch
some portion of 1L MoS2 (e.g., S and Mo atoms or
Mo–S bonds). Thus, we can call it ‘intralayer etching’.
The etching speeds of the S atom and the remainder of
Mo atom or Mo–S bonding should be different
because the formation energy of the S vacancies is the
lowest among all types of defects; therefore, it is rea-
sonable that the S vacancies were generated firstly,
resulting in Mo-terminated state, and then the
remainder of the layer was removed [13, 14].

The RMS roughness of the plasma-treated MoS2
was indistinguishable from that of the pristine MoS2,
which indicates the minimized chemical reaction
occurred by plasma. The RMS roughness of the pris-
tineMoS2was 0.7 nm,whereas that of the treated sam-
ple were 0.7, 0.5, 0.6, 0.7 and 0.6 nm for 4, 8, 12, 16 and
20 s, respectively. The relatively higher RMS rough-
ness of the pristine samplemay arise from the polymer
residues formed during the fabrication or mechanical
exfoliation processes, rather than from the resolution
of AFM because the lower values (0.3 ∼ 0.4 nm) were
also obtained in another flake as shown in table S16.

These results indicate that the O2 plasma is advanta-
geous in that it provides a high-quality MoS2 surface
compared to the Raman laser thinning process [16]
where the roughness of the Raman laser-thinned
MoS2 was 3 times higher than the roughness of an
untreated monolayer MoS2. Furthermore, the uni-
form roughness regardless of plasma treatment sup-
ports the mechanism of our precise plasma etching
which is considered to be the top down etching (top
S-layer etched firstly, then followed by etching of Mo-
S bonds), rather than lateral propagation from defect
sites.

Figure 1(c) and its inset show the frequency differ-
ences between the E2g and A1g peaks in the Raman
spectra, which help to determine the number of layers,
obtained using a 532 nm laser [20]. The frequency dif-
ference for the pristine MoS2 was 24 cm

−1 indicating
that the sample is 4L, in agreement with the AFM
results. It decreased to 23 cm−1 after a 4 s plasma treat-
ment, which corresponds to 3 L MoS2. By conducting
same plasma treatments up to 20 s, the difference was
reduced to 19 cm−1 which corresponds to monolayer.
It is noted that the frequency difference showed step-
wise decrease, indicating the intralayer etching process
as observed in AFM results. Thus, the state of 8 and
16 s treated MoS2 might be Mo-terminated, and then
the remainder of Mo–S bonds was fully etched after 4,
12 and 20 s treatments. The pre-annealing perhaps
induced S vacancies for pristine 4LMoS2, resulting in
the direct thinning to 3L after 4 s plasma treatment
[18]. To confirm our measurements on the precise
control of layer thickness and roughness of MoS2, we
performed an additional 2D mapping on a MoS2 flake

Figure 1. (a)AFMresults showing the linear dependence of theMoS2 thickness as a function of plasma treating time. (b)AnAFM
image before and after plasma etching. (c)The frequency differences showing a stepwise decrease as the number of layers decreased.
Inset shows corresponding Raman spectra. (d) Illustrations for the atomic states ofMoS2 for showing atomic-level etching depending
on the two different plasma treatment processes.

6
See supplemental material. Figure S1 shows the 2D mapping

results of AFM on a MoS2 flake before and after each plasma
treatment, and table S1 summarizes our AFM results upon plasma
treatment based on figure S1. Figure S2 shows the schematic image
of plasma treatment on MoS2 and involved chemical reactions.
Figure S3 shows the photoresponses of a fabricatedMoS2 FET.
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byAFM.The results are shown in supporting informa-
tion figure S1 and table S1. For these measurements, it
should be noted that each plasma treatment for thin-
ning 1L requires 12 s plasma treatment, which is
longer than 4 s+ 4 s= 8 s as conducted in figures 1(a)
and (c) to etch 1L of MoS2. The following air exposure
after 4 s plasma treatment probably weakened the
Mo–S bonds, and then only 4 s additional time was
required to etch the remainder of 1L MoS2. When we
did not take samples out from ICP chamber, however,
a 12 s treating time was required to fully etch 1L of
MoS2. To help understand these two different plasma
treatment processes, we illustrated the each plasma
treatment process and corresponding atomic struc-
ture of MoS2 as shown in figure 1(d). Consequently,
we achieved the precise layer control of MoS2 between
1L and 4L by adjusting the plasma treating time.

Raman spectra and photoluminescence of the
plasma-treatedMoS2
It is known that O2 plasma is highly reactive and easily
forms MoO3, which is insulating and characterized by
a band gap of 3.2–3.8 eV. MoO3 is difficult to remove
due to its highmelting point of 795 °Cand its distorted
lattice structure [21, 22]. The chemical reaction
associated with MoO3 formation is

+  +2MoS 7O 2MoO 4SO2 2 3 2 [22–24]. Here, we
tried to determine the presence ofMoO3 using Raman
spectroscopy. It is known that theRaman spectroscopy
results show peaks at 800–850 cm−1 (especially
820 cm−1) [23] and 225 cm−1 [24], indicative ofMoO3

andMo–O bonds, respectively. These peaks were then
used to compare the samples before and after the final
plasma treatment. Figure 2(a) and its inset indicate
that MoO3 and Mo–O bonds were not present after
plasma treatment. In other words, our O2 plasma
treatment etched the top layers of MoS2 without the
need for additional chemical reactions due to the well
optimized power intensity. The possible chemical
reactions of MoS2 with O2 plasma were listed in the
supporting information figure S2.

Layered materials characterized by d-orbital elec-
tron interactions exhibit an increase in PL as the layer

thickness decreases to the monolayer level, at which
point the PL reaches a maximum due to the transition
from an indirect to a direct band gap. This PL trend
results from a decrease in the intraband relaxation rate
of the exciton states at higher indirect band gaps [11].
The PL, therefore, can be an important measure of the
layer number in the treated MoS2 samples. We carried
out PL measurements using the laser used to collect
the Raman spectra, at 532 nm. Figure 2(b) shows that
the PL spectra depended on the number of MoS2 lay-
ers, normalized by the Raman peaks. The two domi-
nant peaks at 677 and 627 nm are referred to as the A1
and B1 peaks, respectively. The A1 peak corresponds
to direct recombination of the photo-generated elec-
tron–hole pairs [11, 24]. Their energy difference resul-
ted from the energy splitting of the valence band spin-
orbital coupling in theMoS2 films on the SiO2/Si sub-
strates. For the PL measurements depending on
plasma treatment, we applied O2 plasma for 12 s with-
out taking sample out from ICP chamber to etch 1L of
MoS2. In the bulk and 3L pristine MoS2, the PL signal
intensity was low, however, the signal intensity
increased after the 1st plasma treatment because the
resultant film was a 2L MoS2 film, which is confirmed
by Raman spectroscopy and AFM. As the film became
a monolayer after the 2nd plasma treatment, two
peaks of PL reached its highest value and especially A1
peak was six times higher than the value of the 2L,
which means the MoS2 was changed to the material
with direct band gap. Figure 2(c) shows the optical
contrast before and after plasma treatment, revealing
that the etched region was uniform. As a result, the PL
and Raman results demonstrated that the 3L MoS2
changed to a monolayer via the plasma processes and
transitioned into a direct band gapmaterial.

Electrical characterization ofMoS2 FETs andXPS
analysis ofMoS2 surface afterO2 plasma treatment
The 3L MoS2 was prepared to investigate the effects of
the O2 plasma on the electrical properties of MoS2
FET. The inset of figure 3(a) shows an optical
microscopic (OM) image of our device. The length
and width of the gold (Au) electrodes formed on

Figure 2. (a)The absence ofMoO3 (820 cm
−1) andMo-Obond (225 cm−1, inset) peaks in Raman spectra. (b)PL spectra from the

bulk to themonolayerMoS2. (c)OM images of pristineMoS2 and afterO2 plasma treatment.
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chromium (Cr) were 1.80 and 3.78 μm, respectively.
Prior to O2 plasma treatment, the thickness of the
MoS2 filmwas confirmed usingAFM.

The output curve (ID–VD) was obtained in the
absence of an applied gate voltage (VG = 0), as shown
in figure 3(a). Although the measured ID decreased
slightly after plasma treatments, the electrical proper-
ties did not degrade significantly due to theminimized
chemical reaction. In addition, the transfer curve (ID–
VG) at a drain voltage of 0.5 V showed highly n-doped
state, which can be understood from disappearance of
off-current upon O2 plasma treatment, as shown in
figure 3(b). Here, we wish to mention that the reasons
of the slightly lowered current for thinner MoS2 devi-
ces can be explained by a decrease of channel thickness
and a carrier trapping by the defects generated by the

ion bombardment in plasma. However, we are con-
fident in the obtained high quality plasma thinned
MoS2 (at least comparable level to pristineMoS2) from
the very sound electrical and photonic performances
as shown in figures 3 and S3 (see footnote 6) as well as
surface properties. Fluorine or O-containing plasma-
treated MoS2 FETs have been reported to exhibit
ambipolar behavior that results from p-doping due to
the strong electronegativity of the F and O atoms [25].
In those cases, MoS2 was treated at a high RF power,
but the use of a relatively low-power plasma did not
produce p-doping in the MoS2 FET. This phenom-
enon indicates that the surface and electronic states
after plasma treatments differed from those of the
pristine material without forming chemical bonds.
The KPFM technique was used to measure the surface

Figure 3.Electrical characterization of the fabricatedMoS2 FETs andXPS analysis for pristineMoS2 and after plasma treatment. (a),
(b)The output and transfer curves, respectively. The inset shows anOM image of aMoS2 FET preparedwithCr/Au electrodes. (c)Mo
3d, (d) S 2p and (e)O1 sXPS spectra of pristineMoS2 and after plasma treatment.
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potential and to investigate the work function altera-
tions in later section. These results were intended to
elucidate themechanism responsible for then-doping.

The XPS analysis on the pristine and 12 s plasma-
treated MoS2 was conducted to determine the surface
chemical compositions. Figures 3(c)–(e) show the XPS
results of Mo, S and O, respectively, for the pristine
and plasma treated samples. TheMo 3d peak positions
at binding energies of 229.8 and 232.5 eV and S 2 s
peak at 227 eV were observed. A peak at 236 eV
(Mo+6) indicating the formation of MoO3 was not
observed after the plasma treatment [26]. Two peaks at
binding energies of 162.8 eV and 164.0 eV corresp-
onding to S 2p3/2 and 2p1/2, respectively, were
observed. The interesting change is that other spec-
trum was generated at 529.8 eV after plasma treat-
ment; it was documented that S–O bond of O 1s [27].
It is also supported by an additional doublet peak at
∼165 eV as S 2p spectrum, indicating the oxidation of
sulfur [28]. The oxygen atoms seem to substitute for
the etched Mo atoms, resulting in the S–O bonds as
described in figure 1(d). In addition, atomic percent-
age of S was measured to be 59.5% (Mo: 30.8% and O:
9.7%) and it changed to 53.4% (Mo: 31.0% and O:
15.6%) after plasma treatment. That is, the ratio
between Mo and S atom (S/Mo) was 2 for the pristine
MoS2; however it changed to 1.7 after plasma treat-
ment. The highly n-doped properties shown in ID–VG

after plasma treatment also infer the generation of S
vacancies as discussed previously. Hence, it is con-
cluded that MoO3 was not formed after plasma treat-
ment; however S–O bonds and S vacancies were
generated from the reaction of oxygen plasma with S
atoms and ion bombardment, respectively.

Operatingmechanismunderlying theMoS2 FET,
described using band energy diagrams
Prior to analyzing the effects of the plasma treatment
on the MoS2 FETs by KPFM, we interpreted the
electron transport using a band energy diagram. The
schematic diagram of our MoS2 device is shown in
figure 4(a). The horizontal axis of our MoS2 FET
reveals that theMoS2 is contacted with the Cr adhesive
layer underneath the Au layer, and the difference in
their work functions is illustrated in flat band condi-
tions, as shown in figure 4(b). The electron affinity for
MoS2 is 4.0–4.2 eV, and the work functions of Cr and
Au are 4.5 and 5.1 eV, respectively [4]. There have been
some reports on the formation of interlayer such as
Mo metal or CrSx mixed layers between MoS2 and Cr
[29, 30]. Although unintended interlayer could be
formed betweenMoS2 and Cr electrodes, ID–VG curve
of pristine MoS2 showed a well-known n-type semi-
conducting behavior as shown in figure 3(b), indicat-
ing that the work function of interlayer is close to the
conduction band edge of MoS2 and the influences of
this interlayer could be negligible. In this regard, we

included interlayer in the band diagram being close to
the conduction band edge ofMoS2.

Figures 4(c) and (d) reveals the band diagram
before and after plasma treatment with application of
a positive VD and a negative VG. As shown in the ID–
VG curve in figure 3(b), the pristine MoS2 showed off-
state at negative VG. It seems to be originated from the
high barrier height between source and drain electro-
des, which can disturb the electron flow as described in
(c). In contrast, the plasma-treatedMoS2 did not show
off-state, indicating that the highly n-doped state
resulting in the high field emission current despite the
negative VG was applied as described in (d). To corro-
borate our band diagram interpretation, we measured
the changes in surface potential and work function
after plasma treatment byKPFM.

Surface potential andwork function differences,
confirmed byKPFM
The KPFM technique is effective to measure the local
contact potential difference (CPD) between an AFM tip
and a sample. Figure 5(a) illustrates the KPFM setup
using aMoS2 sample and a grounded Au electrode. The
CPDbetween the tip and the sample can bedefined as:

D = - ( )e V W W , 1CPD tip sample

whereWtip andWsample are the average work functions
of the tip and the sample (e.g., HOPG or MoS2),
respectively, and e is the electronic charge. The surface
potential was measured by applying an AC voltage
amplitude of 2 V and a resonant frequency of 17 kHz
to the tip under ambient atmospheric conditions. The
tip was calibrated prior to probing the absolute values
of the surface potential and the changes in the work
function of MoS2 upon O2 plasma treatment. The
work function of the tip was obtained using HOPG as
awell-definedwork functionmaterial. Prior to collect-
ing the measurements, HOPG was annealed
(WHOPG= 4.6 eV) at 250 °C for 3 h under the forming
gas (Ar/H2) to remove the effects of humidity. The tip
calibration with HOPG yielded a work function of
4.91 eV for the Au-coated tip. This tip work function
was used to measure the surface potential of pristine
MoS2 in the tri-layer and bi-layer forms after O2

plasma treatment. The OM images in figure 5(b) show
the pristine film and the film after complete plasma
treatment, indicating that the etching process was well
defined. The CPD values of the 3L pristine MoS2,
MoS2 after the 1st treatment and 2nd treatment were –
0.294 eV, 0.001 eV and 0.078 eV, respectively, whereas
the CPD value of the 2L pristine MoS2 and MoS2 after
the 1st treatment were −0.192 eV and 0.108 eV,
respectively. The absolute values of the MoS2 work
function could be estimated as:

D = -( ) ( )e V W W4.91 eV . 2CPD tip MoS2

The work function of the 3L pristine MoS2
decreased from 5.20 eV to 4.91 eV for 2L and 4.83 eV
for 1L, and that for the 2L pristine film decreased from
5.10 eV to 4.80 eV. These changes are highlighted
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using color contrast in the images shown in figure 5(c).
In our work, the differences in the work function
depended on the layer number and weremuch higher,
especially for the 1st plasma treated MoS2 than those
reported previously. We summarized all the obtained
work functions with different thicknesses of the

pristine and plasma-treated MoS2 in table 1. As the
plasma treatment progressed, the work function ten-
ded to decrease for all MoS2, which infers the n-type
doping effect as we expected from band diagram.
Comparing with the specific values of the layer-depen-
dent work function without any treatment in [31, 32],

Figure 4. Schematic diagrams showing the structures and energy band diagrams of aMoS2 FET. (a)Cross-sectional diagramof the
MoS2 device. (b) Flat band conditions of theMoS2 device structure along the x axis. Energy band diagrams atVD> 0 andVG< 0 (off-
state) ofMoS2 (c) before and (d) after plasma treatment.

Figure 5.KPFMmeasurements showing the surface potential changes as a result of plasma treatment. (a) Schematic diagramof the
KPFM setup, withMoS2 and anAu electrode for grounding on the Si substrate. (b)OM images of the pristineMoS2 and theMoS2 after
total plasma treatment, indicating that theMoS2was uniformly etched. (c) Images of themeasured surface potentials byKPFMof the
pristineMoS2, theMoS2 after the 1st treatment, and theMoS2 after the 2nd treatment, respectively.
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our MoS2 revealed the larger differences, suggesting
that the local defects played a substantial role and
could give rise to individual differences. Plasma treat-
ment could be understood as generating S vacancies,
resulting in highly n-doped MoS2 properties. In gen-
eral, the n-type properties of MoS2 may be attributed
to the S vacancies; [25] therefore, the low plasma
intensity could be interpreted as inducing a high
n-doping effect with the formation of S vacancies as
well as layer thinning effect. As a result, Fermi level
shifts toward conduction band edge were observed
from KPFM results and ID–VG curve using plasma
processes.

Conclusions

O2 plasma treatment was explored as a method for
controlling the thickness and band structure of aMoS2
film, which could be adjusted using a low-intensity
ICP source with minimized chemical reactions on the
MoS2 surface. The fabricated MoS2 FET after plasma
treatment revealed a higher n-type doping, which was
attributed to the formation of S vacancies. The work
function of MoS2 was shown to decrease as the
number of layers decreased, and the obtained surface
potential by KPFM confirmed that Fermi level shifted
close to the conduction band upon plasma processes.
This study revealed a novel phenomenon associated
with O2 plasma treatment of MoS2 surfaces. Plasma
treated MoS2 FETs can induce effective n-type doping
and layer thinning effects, presenting a promising
approach to the development of future applications.
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