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Abstract

A few-layered molybdenum disulﬁde (MoS2) thin ﬁlm grown by plasma enhanced chemical
vapor deposition was etched using a CF4 inductively coupled plasma, and the possibility of
controlling the MoS2 layer thickness to a monolayer of MoS2 over a large area substrate was
investigated. In addition, damage and contamination of the remaining MoS2 layer surface after
etching and a possible method for ﬁlm recovery was also investigated. The results from Raman
spectroscopy and atomic force microscopy showed that one monolayer of MoS2 was etched by
exposure to a CF4 plasma for 20 s after an initial incubation time of 20 s, i.e., the number of
MoS2 layers could be controlled by exposure to the CF4 plasma for a certain processing time.
However, XPS data showed that exposure to CF4 plasma induced a certain amount of damage
and contamination by ﬂuorine of the remaining MoS2 surface. After exposure to a H2S plasma
for more than 10 min, the damage and ﬂuorine contamination of the etched MoS2 surface could
be effectively removed.
Keywords: molybdenum disulﬁde (MoS2), layer by layer etching, plasma treatment, CF4 plasma
(Some ﬁgures may appear in colour only in the online journal)
on/off switching ratios of ∼108, carrier mobility up to
200 cm2 V−1 s−1, and a suitable subthreshold swing of
∼60 mV dec−1 [2, 8, 9]. In addition, a band gap transition of
indirect to direct depending on layer thickness can be widely
applied to high performance electronic and optoelectronic
devices such as nano-scale FETs, photo detectors, photovoltaics, and light emitters. [3, 10–14].
For the fabrication of MoS2-based devices with high electronic performance, a mechanical exfoliation method has been
widely used. Small size 2D MoS2 layers are obtained by the
tape-off of bulk MoS2 crystal [15, 16]. Recently, synthetic
methods of large-area 2D MoS2 layers have been reported using
chemical vapor deposition (CVD) [17–21] and plasma enhanced
chemical vapor deposition (PECVD) [22] due to the importance
of wafer-scale application to electronic devices. However, for all

1. Introduction
Recently, two-dimensional (2D) materials with layered
structures such as graphene, hexagonal boron nitride, and
layered transition metal dichalcogenides such as molybdenum
disulﬁde (MoS2), tungsten disulﬁde (WS2), and tungsten
diselenide (WSe2) have attracted tremendous attention due to
their physical, electrical, and mechanical properties [1–5].
Among the 2D-based materials group, MoS2 has been
investigated most intensively due to its band gap properties
that depend on the layer thickness [6, 7]. Field effect transistors (FETs) based on exfoliated MoS2 exhibit high current
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patterned MoS2 etching by B Özyilmaz et al and they showed
the possibility of controlling the MoS2 layer down to a
monolayer without causing signiﬁcant damage to the surface
[26]. However, the MoS2 etching rate was not linear with
etching time due to heat dissipation during the chemical
reaction indicating difﬁculty in precisely controlling the MoS2
layer thickness.
Therefore, even though precise control of MoS2 layer
thickness is a critical issue for the fabrication of 2D-based
devices, etching methods for MoS2 investigated up to now
seem not to provide precise control of the MoS2 layer down to
a monolayer. In this study, a few layered MoS2 thin ﬁlm
grown by PECVD was etched using a CF4 inductively coupled plasma (ICP), and the possibility of controlling the MoS2
layer thickness more controllably and with repeatability to
monolayer MoS2 on a large area substrate was investigated. In
addition, possible damage to the remaining monolayer MoS2
surface after etching and a possible method for surface
recovery was also investigated.

2. Methods
2D MoS2 thin ﬁlms were synthesized in an ICP PECVD
(Plasmart) system by Mo sulfurization. First, Mo was
deposited onto SiO2/Si wafers using an e-beam evaporator.
Next, the Mo deposited SiO2/Si wafers were loaded in the
ICP PECVD system and were sulfurized by exposure to an
Ar/H2S plasma. 550 W of rf power was applied to the ICP
source in a H2S/Ar (1:2) gas mixture at 200 mTorr of operating pressure. For the synthesis of six-layer MoS2, the 1 nm
thick Mo deposited wafer was exposed to the plasma for
60 min while heating the substrate at 300 °C. Details of the
MoS2 synthesis conditions can be found in a previous
report [22].
The fabricated six-layer MoS2 sample was etched using a
separate ICP etching system. The ICP etching system used in
this experiment was an eight inch diameter commercial etcher
(STS PLC, UK). A one-turn inductive coil was wound around
the ceramic chamber wall, and a 13.56 MHz rf power supply
was connected to the coil through an L-type matching network. For the etching of MoS2, 100 W of rf power was
applied to the ICP source at 50 sccm of CF4 and an operating
pressure of 30 mTorr while the substrate was grounded. The
substrate was maintained at room temperature.
The ICP PECVD system used to synthesize the MoS2
was also used for the surface treatment of MoS2 surface
etched with the ICP etching system. After the etching of a few
layers of MoS2 using CF4 plasma, the remaining MoS2 layers
were treated with a H2S plasma to replace the ﬂuorine residue
on the MoS2 surface with sulfur. For the surface treatment,
300 W of ICP PECVD source power, 50 mTorr, and 50 sccm
of H2S were used while the substrate was kept at room
temperature.
The etched MoS2 samples were analyzed by Raman
spectroscopy (WITEC 2000, 532 nm wavelength) to estimate
the thickness of MoS2 layers and to investigate possible
damage to the MoS2 sample. The thickness of MoS2 layers

Figure 1. (a) The Raman spectra of six-layer MoS2 ﬁlms measured as a
function of plasma exposure time before/after etching using a CF4
plasma. (b) Raman shifts of E12g and A1g peaks and their gap differences.

of these methods, precise control of the fabricated MoS2 layer
is not an easy task. Because the electronic and physical properties of MoS2 are greatly dependent on the layer thickness,
the formation of a precisely controlled MoS2 layer on the
wafer-scale is essential for MoS2-based device applications.
To control the thickness of the MoS2 layers, in addition
to controlled growth methods, various etching techniques
have been investigated. A Castellanos-Gomez et al investigated layer etching of thin MoS2 nano-sheets down to
monolayer thickness using a laser thinning method [23];
however, since this method is a thermal ablation method, it is
not easily applicable to patterned wafers or to fabricate
nanoscale patterned MoS2 due to the optical diffraction limit
of the laser spot. X Lu et al showed that a MoS2 ﬂake can be
etched by thermal annealing up to 650 °C for an hour in a
CVD chamber [24]. They were able to etch MoS2 layers
without changing the MoS2 crystalline quality and without
roughening the surface; however, this method also requires a
high temperature and a long processing time. Recently, for the
controlled layer etching of patterned MoS2, layer etching of
MoS2 using Ar+ plasma has been investigated by Y Liu et al
but this method can cause physical damage to the surface due
to the physical bombardment of Ar+ ions [25]. Chemical
etching of MoS2 using XeF2 was also investigated for
2
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Figure 2. AFM images and step height of the photoresist patterned MoS2 ﬁlm after etching and removal of photoresist. The etching
conditions were the same as in ﬁgure 1. AFM step heights measured at etching times of (a) 40, (b) 60, (c) 80, (d) 100, (e) 120, and (f) 140 s.

Raman shift values of the A1g and E12g peak intensities and
gap distances in ﬁgure 1(a) were measured as a function of
etching time, as shown in ﬁgure 1(b). The results showed that
the gap distance at a 40 s etching time was related to one
MoS2 layer removal from the six-layer of MoS2, and the gap
distances after 60, 80, 100, and 120 s of etching time were
related to four-layer, tri-layer, bi-layer, and monolayer MoS2,
respectively.
The MoS2 etching caused by exposure to the CF4 plasma
is related to the high vapor pressure of ﬂuorides formed with
MoS2 (table 1). In the CF4 plasma, atomic ﬂuorine is formed
by dissociation of CF4, which reacts with MoS2 to form
ﬂuorides related to Mo and S. As shown in table 1, the boiling
points of ﬂuorides such as MoF6, SF4, and SF6 are high
indicating a high vapor pressure of those ﬂuorides formed
during exposure to CF4 plasma. Therefore, the MoS2 was
etched by the formation of volatile ﬂuorine compounds during exposure to CF4 plasma. During the etching of the ﬁrst
MoS2 layer, possibly due to an incubation time related to the
removal of MoOx on the surface of the MoS2 layer, it took
40 s to completely remove the ﬁrst MoS2 layer and, after
removal of the ﬁrst layer, it took 20 s to remove the next
single monolayer of MoS2.
Using AFM, the step height of the photoresist patterned
MoS2 was measured after etching and removal of the photoresist. The AFM step heights were measured at different
etching times of 40, 60, 80, 100, 120, and 140 s, and the
results are shown in ﬁgures 2(a)–(e), respectively. The
thickness of one monolayer MoS2 was 0.68–0.7 nm [28]. The
measured thicknesses after exposure to the CF4 plasma for 40,
60, 80, 100, 120, and 140 s were 0.74, 1.37, 2.11, 2.72, 3.38,
and 4.15 nm. (A sharp peak observed at the thickness

remaining after etching was also measured by patterning
MoS2 using a photoresist and by measuring the etching step
using an atomic force microscope (HR AFM, INOVA) after
removal of the photoresist. To remove the photoresist after the
etching, the etched MoS2 sample with the photoresist was
immersed in acetone for 10 min, followed by washing the
sample in a deionized water, and the sample surface was
slowly blown dry by using N2 gas. Chemical binding characteristics of the MoS2 sample before/after etching and after
the H2S plasma treatment were investigated by x-ray photoelectron spectroscopy (XPS, ESCA2000, VG Microtech Inc.)
using a Mg Kα twin-anode source.

3. Results and discussion
MoS2 composed of six layers grown by PECVD was etched
using CF4 plasma in the ICP etcher. For precisely controlled
etching of MoS2, at 50 sccm and 30 mTorr of CF4, 100 W of
13.56 MHz rf power was applied to the ICP source while
keeping the substrate at room temperature. For these etching
conditions, to measure the etch depth, the MoS2 samples were
measured with Raman spectroscopy before and after etching
every 20 s during the plasma exposure time of 0–140 s, and
the results are shown in ﬁgure 1(a). As shown in the ﬁgure,
two peaks at 382.5 cm−1 and 408.5 cm−1 related to the A1g
and E12g peaks of MoS2 were observed and, with increasing
etching time, the gap distance between the A1g and E12g peaks
decreased indicating a decrease in MoS2 layers and, at 140 s
of etching time, no peaks were found indicating complete
removal of MoS2 layers by the etching [16, 24, 27]. The
3
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Figure 3. XPS narrow scan data of (a) Mo 3d, (b) S 2p, and (c) F 1s after etching with CF4 plasma to analyze the chemical binding states of
the etched MoS2 ﬁlms.

etching times of 60–140 s were similar to the thickness of the
MoS2 layers indicating the controlled removal of one
monolayer of MoS2 for each 20 s of etching time. Slight
differences between the measured MoS2 thickness and the
ideal MoS2 layer thickness is believed to be related to photoresist residue and a H2O adsorbed layer on the un-etched
MoS2 surface during the step measurement as investigated by
Li et al [16].
To investigate possible MoS2 surface damage and contamination during the CF4 plasma etching, the chemical
binding states of MoS2 after etching at different etching times
were measured by XPS, and the results are shown in
ﬁgures 3(a)–(c) for Mo 3d, S 2p, and F 1s, respectively. In

Table 1. Boiling point of ﬂuorides related to Mo and S of MoS2.

Materials
Mo
S

Boiling Points (°C)
MoF6
SF4
SF6

34
−38
−63

boundary was ignored because it is due to photoresist residue
remaining after the etching.) Therefore, even though the
thickness measured after 40 s was a little higher than that of
one monolayer of MoS2, the thicknesses measured with
4
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XPS detection depth. Therefore, it is believed that the
increase of ﬂuorine percentage and the decrease of the S/Mo
ratio are related to the decreased MoS2 layers remaining on
the substrate. However, after etching, a certain percentage of
ﬂuorine deﬁnitely exists on the remaining MoS2 surface
through the formation of ﬂuorine compounds on the MoS2
surface.
To remove the remaining ﬂuorine and defects on the
MoS2 surface formed after etching, a H2S plasma treatment
was performed. The MoS2 sample used for H2S plasma
treatment was the MoS2 bilayer remaining from the six-layer
MoS2 after etching for 100 s. Figure 5(a) shows the Raman
spectroscopic data, and ﬁgures 5(b)–(d) show XPS data of
Mo, S, and F, respectively, measured as a function of H2S
plasma treatment time. For the H2S plasma treatment, 300 W
13.56 MHz of rf power was applied to the ICP source while
supplying 30 sccm of H2S gas and maintaining 50 mTorr of
operating pressure. The H2S plasma treatment time was varied from 5 to 20 min, while keeping the temperature at room
temperature. As shown in ﬁgure 5(a), H2S plasma treatment
did not change the gap distance between the Raman shift
values of the A1g and E12g peaks; therefore, the thickness of
the MoS2 layer remained the same after H2S plasma treatment
up to 20 min However, as shown in ﬁgure 5(b), an increase in
the H2S plasma treatment time decreased the peak at 236 eV
related to Mo6+ and increased the peak at 226.8 eV related to
S–Mo–S. Also, as shown in ﬁgures 5(b) and (c), the peak
positions of Mo 2d and S 2p blue shifted close to the values of
pristine MoS2 after treatment for 10 min Therefore, defects on
the remaining bilayer MoS2 surface appear to be repaired by
H2S plasma treatment for more than 10 min Also, as shown in
ﬁgure 5(d), the F 1s intensity decreased with an increase in
the H2S plasma treatment time indicating the removal of F
from the ﬂuorinated MoS2 surface by the formation of HF
(boiling point 19.5 °C) [30].
The relative atomic percentage of the bilayer MoS2 surface treated by H2S plasma in ﬁgure 5 was measured as a
function of H2S plasma treatment time, and the results are
shown in ﬁgure 6. As shown in the ﬁgure, the carbon percentage remaining was similar at about 10% regardless of the
plasma treatment. Therefore, the carbon on the MoS2 surface
is related to exposure to the air before XPS measurement
similar to the carbon content of the MoS2 surface observed
after etching. However, as shown in the ﬁgure, the ﬂuorine
percentage decreased with H2S plasma treatment time, and
the ratio of S/Mo increased from 1.72 before treatment to 1.89
after treatment for more than 10 min, while the Mo percentage
remained the same. Therefore, it is believed that the bilayer
MoS2 structure damaged and contaminated by CF4 plasma
etching was almost completely recovered by H2S plasma
treatment for 10 min
Figure 7(a) shows a schematic drawing of possible Mo/S
ﬂuorides and surface defects partially formed on the damaged
bilayer MoS2 after CF4 plasma etching, and ﬁgure 7(b) shows
a schematic drawing of the removal of ﬂuorine and defects on
the damaged MoS2 surface by dissociated H and S from the
H2S plasma through formation of HF and sulfurization of the

Figure 4. Relative atomic percentages of Mo, S, and C measured by
XPS on the MoS2 surface as a function of etching time using CF4
plasma conditions in ﬁgure 1. The atomic ratios of S/Mo are also
shown.

ﬁgures 3(a) and (b), for six-layer pristine MoS2, binding peak
energies of 229.7 and 232.9 eV related to Mo 3d3/2 and Mo
3d5/2 and 162.6 and 163.6 eV related to S 2p1/2 and S 2p3/2
were measured. In addition, a small peak at 226.8 eV that is
known to be related to the bonding of S–Mo–S was observed.
However, after the etching to monolayer MoS2, the binding
energies of Mo 2d and S 2p peaks were down shifted
approximately 0.4 eV to 229.3 and 232.5 eV for Mo 3d3/2 and
Mo 3d5/2, respectively, and to 162.2 and 163.2 eV for S 2p1/2
and S 2p3/2, respectively. In addition, after the etching, the
peak height related to S–Mo–S decreased and a peak at
236 eV related to Mo6+, which is known to be caused by
damage to the MoS2 bonding, was observed [29]. The red
shift of Mo and S peaks observed with the increase in etching
time appears to be related to damage to MoS2 due to breaking
of MoS2 bonds during etching and partial ﬂuorination. Partial
ﬂuorination of the MoS2 surface was observed using XPS by
observing the F 1s peak intensity on the etched MoS2 as a
function of etching time. As shown in ﬁgure 3(c), the F peak
intensity increased with the increase in etching time indicating
greater incorporation of ﬂuorine to the remaining MoS2
surface.
The surface composition of MoS2 with respect to etching
time observed by XPS using the etching conditions in ﬁgure 1
is shown in ﬁgure 4. In addition to Mo and S, F and C were
observed. In the case of C, as shown in the ﬁgure, about 10%
of the carbon percentage was observed for pristine MoS2,
which remained practically the same independent of the
etching time. Therefore, it is believed that carbon on the
MoS2 surface is related to air exposure and is not related to
contamination by etching. However, in the case of F, the
surface percentage increased with the increase in etching
time. In addition, the ratio of S/Mo on the surface decreased
from 1.86 for pristine MoS2 to 1.66 for monolayer MoS2. In
fact, the number of MoS2 layers remaining on the substrate
decreased with increasing etching time, and the XPS peak
intensities from Mo and S decreased with increasing etching
time due to the decreased amounts of Mo and S atoms in the
5
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Figure 5. (a) Raman spectra and XPS narrow scan data of (b) Mo 3d, (c) S 2p, and (d) F 1s before/after treatment using a H2S plasma as a
function of treatment time to investigate the recovery of damaged and contaminated MoS2 by etching. The MoS2 sample used for the H2S
plasma treatment was the MoS2 bilayer remaining from the six-layer MoS2 etching for 100 s.

Mo surface. As a result, it is believed that the layers of 2D
MoS2 can be controlled by plasma etching using a CF4
plasma, and damage and contamination of the remaining
MoS2 layer surface from CF4 plasma etching can be removed
by H2S plasma treatment to fabricate a controlled number of
MoS2 layers for various applications such as sensors and
electronic devices.

4. Conclusion
The possibility of controlled layer etching of six-layer MoS2
using a CF4 plasma was investigated using a plasma etching
technique, and it was found that MoS2 etching using a CF4
plasma can be a reliable method for controlling the layer
thickness of MoS2 thin ﬁlm. However, XPS data measured
after etching showed that the remaining MoS2 layers

Figure 6. Relative atomic percentages of Mo, S, and C measured by

XPS on the MoS2 surface as a function of treatment time using the H2S
plasma conditions in ﬁgure 5. The atomic ratios of S/Mo are also shown.
6
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Figure 7. Possible treatment mechanism of etched MoS2 using a H2S plasma after etching of MoS2 in a CF4 plasma. (a) Damaged and
contaminated MoS2 by CF4 plasma exposure before H2S treatment and (b) after H2S plasma treatment.

contained partial defects and contamination of the MoS2
surface from ﬂuorine radicals during exposure to the CF4
plasma. These defects and ﬂuorine contamination of the
MoS2 surface could be effectively removed by the formation
of HF and sulfurization after exposing the etched MoS2 surface to a H2S plasma for more than 10 min It is believed that
the plasma-based control of the number of 2D material layers
is a facile and promising method for fabricating devices utilizing 2D materials such as MoS2 and graphene, uniformly on
large area substrates.
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