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ABSTRACT

MoS2 thin films prepared via sulfurization of molybdenum films have attracted great attention due to their advantage for scalable synthesis
with a large area coverage. However, the MoS2 thin films are typically more resistive than their exfoliated and co-evaporation chemical vapor
deposition based counterparts. The ability to modulate the electrical property of MoS2 thin films will have a significant impact on scalable
device applications in electronics, sensors, and catalysis. Here, we report the tuning of electrical transport properties of large area MoS2 thin
films with different oxygen plasma exposure times. The electrical transport measurements of the pristine and plasma treated samples reveal
that with increasing oxygen plasma treatment, the resistance of the MoS2 thin films first decreases by almost an order of magnitude and then
increases again. The x-ray photoelectron spectroscopy measurements show that the S:Mo ratio continuously decreases with increasing
plasma exposure time. For a short plasma exposure time, the resistance decrease can be explained due to the creation of sulfur vacancies leav-
ing unsaturated electrons with molybdenum (Mo) atoms which act as electron donors. With increasing plasma exposure, more sulfur vacan-
cies and hence more Mo atoms are created, many of which get converted to insulating MoO3 resulting in an increase in the resistance of the
MoS2 thin film. The results presented here are a major step forward in realizing the overreaching goals of MoS2 thin films for practical device
applications.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0008850

Two-dimensional (2D) molybdenum disulfide (MoS2) has
attracted significant attention due to its potential opportunities for
designing unique device structures as well as for its potential applica-
tions in electronics, optoelectronics, catalysis, sensor, and energy stor-
age devices.1–8 A majority of the devices are made of mechanically
exfoliated flakes from an MoS2 single crystal due to its high crystalline
quality with excellent electrical properties. However, this method is
not suitable for scalable device fabrication due to the lack of control on
the size and thickness of MoS2 flakes resulting in a poor device yield.
Co-evaporation based chemical vapor deposition (CVD) using MoO3

and sulfur (S) precursors for Mo and S vapors has been used for large
scale synthesis of MoS2 which often yields 10–100lm size isolated
triangles and in some cases continuous films of limited size with
non-uniform thickness (mostly a combination of mono and bi-layer
regions).9–11 On the other hand, MoS2 thin films prepared via sulfuri-
zation of Mo or MoO3 thin films can be advantageous for scalable
device fabrication due to their large area coverage, controlled synthesis
in a wide range of thickness, and relatively easier cost-effective synthe-
sis process.12–18 However, thin films of MoS2 are typically more

resistive than their exfoliated and co-evaporation CVD based counter-
parts owing to the much smaller grain size, typically in the range of
10–100nm, which gives rise to significantly more grain boundaries
limiting their potential use in practical device applications.19 In addi-
tion, with increasing Mo film thickness, the orientation of MoS2 layers
changes from horizontal to vertical.20 The ability to control the electri-
cal property of the MoS2 thin films could be significant for many
important applications with optimum performance. For example,
more resistive samples could be useful for sensors while less resistive
samples could be useful for electronics. A useful approach to control
the electrical properties of the MoS2 thin films could be via post
growth modification. However, tuning the electrical properties of
MoS2 thin films through such an approach is yet to be demonstrated
which could open opportunities for scalable device applications in
electronics, optoelectronics, catalysis, sensor, energy storage, and
piezoelectric devices.

Here, we present a general strategy to tune the electrical proper-
ties of MoS2 thin films via oxygen plasma treatment with different
exposure times. The MoS2 thin films were prepared via low pressure
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sulfurization of the molybdenum film. We carried out electrical trans-
port measurements of MoS2 devices and found that the resistance of
the MoS2 device decreases by an order of magnitude with a short oxy-
gen plasma exposure time, but the long exposure of the plasma
increases the resistance of the sample. X-ray photoelectron spectros-
copy (XPS) measurements show a change of the sulfur to molybde-
num ratio and formation of molybdenum oxides with plasma
exposure time. For a short plasma exposure time, the sulfur to molyb-
denum ratio of the MoS2 sample decreases compared to the pristine
sample suggesting the formation of sulfur vacancies. The creation of
sulfur vacancies leaves molybdenum with unsaturated electrons which
act as electron donors. This will cause the increase in electronic car-
riers to the MoS2 device and decrease the resistance of the sample. For
the long plasma exposed sample, the formation of MoO3 was
observed. The insulating nature of the formed oxide increases the
resistance of the MoS2 film. With further increase in the plasma expo-
sure time, the amount of MoO3 also increases resulting in the forma-
tion of MoO3 patches which further increases the resistance of the thin
film.

The MoS2 thin film was grown via low pressure sulfurization of
the molybdenum (Mo) film inside a horizontal tube furnace equipped
with a 1-in. quartz tube. An Mo film of 6 nm thickness was deposited
on a Si/SiO2 substrate (250 nm thick thermal oxide layer) via electron
beam evaporation. The substrate was placed in the center zone of the
furnace and pumped down to a base pressure of �30 mTorr. The
chamber was then purged with argon (Ar) gas at 130 standard cubic
centimeter per minute (sccm) for the removal of any residual oxygen
and water vapor. The furnace was then heated to the growth tempera-
ture of 800 �C at a ramping rate of 15�/min and was maintained at
that temperature for 55min. Sulfur (S) powder was placed at the
upstream side of the furnace so that Ar gas can carry the S vapor to
the central zone of the furnace for the sulfurization process. After the
growth, the chamber was allowed to cool to room temperature natu-
rally. Figure 1(a) shows a digital image of an Mo film while Fig. 1(b)
shows a digital image of the same film after sulfurization. The change

of color indicates the Mo film was sulfurized to MoS2. The final MoS2
thickness is expected to increase by about 2–3 times that of the initial
metal thickness and the layers are expected to be vertically
oriented.16,17,20 Raman spectroscopy was used to confirm that the
prepared film was MoS2 [Fig. 1(c)]. The Raman spectra show two
prominent peaks at 386.1 cm�1 and 411.1 cm�1, corresponding to the
in-plane E12g and out of plane A1g vibrational peaks, respectively,
with a position difference of 25.0 cm�1, consistent with the reported
values of MoS2 films prepared by a similar method.21–25 For electrical
transport characterization, MoS2 devices of 100lm channel length
and 300lm channel width were fabricated by depositing 5 nm/35 nm
of Cr/Au using a shadow mask. Electrical transport measurements
were performed on a probe station in an ambient condition using a
Keithley 2400 source meter and a DL instrument 1211 current pream-
plifier interfaced with the LabView program. Figure 1(d) shows the
current–voltage (I–V) characteristics of a representative MoS2 device.
We have used highly doped Si as a back gate, however, no gate depen-
dence was observed similar to what has been reported in a few other
reports4,20,26 probably due to the vertical orientation of the layers. The
resistance calculated from the linear region of the I–V curve was
found to be 509 MX. We have measured a total of 27 MoS2 devices
that were fabricated on the same chip and the resistance varies from
475.0 MX to 540.0 MX with an average of 500 MX. This is consistent
with the reported resistance value of the MoS2 film prepared by a sim-
ilar method.4,20,26–28

All the samples were then treated in an oxygen plasma chamber
for various times (10 s–30min) and the transport measurements were
repeated after each oxygen plasma treatment. The plasma treatment
was carried out using a commercial (Plasma Etch, PE50) plasma
chamber at a power of 25W operating at 50 kHz. During plasma
exposure, the pressure within the plasma chamber was held at
200–250 mTorr and a gas mixture of oxygen (20%) and argon (80%)
was passed at a constant rate of 15 sccm. The total plasma exposure
time at a given step is the sum of all previous step(s) exposure time
plus additional exposure time of that step. Figure 2(a) shows the I–V
characteristics of the same MoS2 device that was presented in
Fig. 1(d), after different oxygen plasma exposure times. The resistance
was calculated from the linear fit of the I–V curve. After first plasma
treatment (10 s), the resistance of the sample significantly decreased to
191 MX. After an additional 20 s plasma treatment (total 30 s), the
resistance further decreased to 115 MX. The resistance continued to
decrease to 59 MX for 1min, 43 MX for 2min, and 37 MX for 5min
plasma exposure. We observed that the resistance continuously
decreased with increasing plasma exposure time until 5min.
Interestingly, after 10min of plasma exposure, the resistance started to
increase. For instance, the resistance of the MoS2 device was 66 MX,
377 MX, and 1.02 GX for 10 min, 20 min, and 30min plasma expo-
sure times, respectively. We have measured all the 27 MoS2 devices
after different plasma exposure times, and a similar trend of resistance
variation was observed. This trend is clearly shown in Fig. 2(b) where
we present the box plot of resistance at each plasma exposure time. It
is clearly seen that the average resistance of all the samples decreases at
first with a short oxygen plasma exposure time, remains almost con-
stant at intermediate exposure and eventually increases with a long
enough plasma exposure time (above 15min).

To explore the physical mechanism responsible for the observed
changes in the electronic transport properties, we performed x-ray

FIG. 1. Digital images of (a) Mo and (b) large area MoS2 films prepared after low
pressure sulfurization of Mo. (c) Raman spectrum of the pristine MoS2 thin film. (d)
Current–voltage (I–V) characteristics of a representative pristine MoS2 device.
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photoelectron spectroscopy (XPS) on the pristine and plasma treated
MoS2 samples. XPS measurements were performed using a Thermo
Scientific (Escalab Xi) XPS system with a monochromatic Al Ka radia-
tion source. MoS2 samples were prepared and treated with oxygen
plasma right before XPS measurement to minimize the ambient expo-
sure effect. A pass energy of 20 eV with a 0.1 eV scanning step was
used for photoelectron detection. XPS spectra were recorded onto the
sample surface with a scan area of 300 � 300 lm2. The carbon (C) 1s
reference line at the binding energy of 284.8 eV was used to calibrate
the charging effect. Figure 3 shows the experimental data (open sym-
bols) and convoluted spectra for the pristine, 1min (when resistance
significantly decreases), 5min (when resistance becomes minimum
and flat), and 30min (resistance increases to the highest value) plasma
treated MoS2 samples. Figure 3(a) presents the Mo 3d core level XPS
spectra of the pristine MoS2 film. The convoluted spectra show three
prominent peaks at 226.0, 228.9, and 232.0 eV which correspond to
binding energies (BEs) of S 2s, Mo4þ 3d5/2, and Mo4þ 3d3/2 electrons
of the MoS2 crystal, respectively. Figure 3(b) shows the S 2p core level

XPS spectra with peaks at 161.8 and 163.0 eV corresponding to the
2p3/2 and 2p1/2 spin–orbit split components of MoS2, respectively.

29

The ratio of the sulfur to molybdenum was 2.03:1 for the pristine
MoS2 sample and calculated by using the expression S: Mo ¼ AS/
(AMo4þþ AMo6þ), where AS, AMo4þ, and AMo6þ are the atomic per-
centages of sulfur, Mo4þ, and Mo6þ, respectively.

Figure 3(c) shows the Mo 3d core level spectra of the 1min
plasma treated MoS2 film. In addition to the peaks observed for the
pristine sample at the same BEs, two additional peaks at 231.2 and
235.2 eV were observed which correspond to the oxides of molybde-
num.30–33 In some report, the peak at 231.2 was associated with Mo
oxysulfide.34 Figure 3(d) shows the S 2p spectra for 1min plasma

FIG. 2. (a) I–V characteristics of a representative MoS2 device with different plasma
exposure times. (b) Statistics of resistance variation of MoS2 devices with different
plasma exposure times.

FIG. 3. Core levels XPS spectra of the MoS2 film. (a), (c), (e), and (g) are the Mo
3d core level XPS spectra of the pristine MoS2 film, after 1 min, 5 min, and 30 min
oxygen plasma exposure, respectively. (b), (d), (e), and (h) are the S 2p core level
XPS spectra of the pristine MoS2 film, after 1 min, 5 min, and 30 min oxygen
plasma exposure, respectively. The symbols are experimental data. The spectra
were convoluted using Gaussian–Lorentzian curves (solid lines).
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treated sample with peaks observed at the same BEs as the pristine
sample. Surprisingly, the sulfur to molybdenum ratio decreased to
1.81 compared to the pristine sample. This indicates that the oxygen
plasma removes sulfur and creates sulfur vacancies which decreases
the sulfur to molybdenum ratio.

The core level spectra of Mo and S for the 5min plasma treated
MoS2 film are presented in Figs. 3(e) and 3(f), respectively. All the
peaks corresponding to Mo 3d, S 2s, and S 2p were found at the same
BEs of the pristine MoS2 film, and an additional peak was observed at
a binding energy of 235.3 eV which corresponds to the Mo6þ peak due
to the formation of MoO3 in the MoS2 film. The percentage of MoS2
transformed into MoO3 was 6.2% and was calculated from the area
under the MoO3 peak using the expression: A(MoO3)/[A(MoO3)
þA(MoS2)] x 100%, where A(MoO3) and A(MoS2) are the areas
under MoO3 and MoS2 of XPS spectra, respectively. We also calcu-
lated the S:Mo ratio to further decrease to 1.33 for the 5min plasma
treated MoS2 film.

Figures 3(g) and 3(h) represent the XPS spectra of the 30min
plasma treated MoS2 sample. Interestingly, the Mo6þ peaks became
more prominent although all the peaks corresponding to the pristine
MoS2 film were also found. The significantly increased intensity of the
Mo6þ peak suggests that a large amount of MoS2 was converted into
MoO3. The amount of MoS2 transformed into MoO3 was calculated
from the area under the MoO3 curve and found to be 43%. These
results confirm progressive oxidation over the plasma exposure time.
Additionally, the S:Mo ratio for the 30min plasma treated MoS2 was
calculated to be 0.70.

The variations of the S to Mo ratio and percentage of MoO3

formation are clearly presented in Figs. 4(a) and 4(b), respectively. The

S to Mo ratio decreased by 15% with initial 1min plasma exposure to
the MoS2 film. On the other hand, 3% of the MoS2 was converted to
MoO3 with initial 1min plasma exposure which increased to 6% with
5min plasma treatment. Remarkably, the formation of MoO3 was sig-
nificantly increased to 43% with 30min plasma exposure time. The
formation of S vacancies (and creation of MoO3) is also consistent
with Raman measurements where we observed a decrease in intensity
and broadening of E12g and A1g peaks with increasing plasma expo-
sure time (see the supplementary material) signifying lattice distortion
in MoS2.

35 In addition, we observed weak Raman peaks at 223 and
284.7 cm�1 for pristine and 1min plasma treated samples. For the
30min sample, we observed an additional peak at 200 cm�1 with the
peak intensity at 223 cm�1 remaining unchanged while the peak at
284.7 cm�1 becomes more prominent. All these peak positions coin-
cide with the MoO3 Raman peaks.36 However, the peaks at 223 cm�1

have also been associated with Mo oxysulfide by some authors.29,37

This along with the presence of the Mo 3d5/2 doublet with a BE of
231.2 eV in XPS for the 1min plasma treated sample, suggests that we
cannot completely rule out Mo oxysulfide in the 1min plasma treated
sample. However, for a longer plasma exposure time, we rule out the
presence of Mo oxysulfide as no peak at 231.2 eV was observed in
XPS.34

Based on the XPS and Raman study, we propose the following
qualitative picture (depicted in Fig. 5) to describe the resistance varia-
tion of the MoS2 film with the plasma exposure time. With initial
exposure of the oxygen plasma to the pristine MoS2 film [Fig. 5(a)],
the energetic plasma removes S atoms from the MoS2 lattice creating
sulfur vacancies some of which get converted to MoO3 [Fig. 5(b)] and
possibly some to Mo oxysulfide as well. The existence of S vacancies in
MoS2 has been studied before and it was found that mono-S vacancies
are the most abundant.38,39 The creation of S vacancies leaves Mo
atoms with unsaturated electrons which act as electron donors.40–42

This causes an increase in the electron concentration and hence a
decrease in the resistance of the MoS2 film. Some studies suggested
that the formation of the S–O bond in an MoS2 flake with oxygen
plasma treatment decreases the resistance of the sample.31,43 We did
not observe S–O (164.8 eV)44,45 bond formation which rule out the
case. With further increase in the plasma exposure time, more sulfur
vacancies are created leaving more unsaturated Mo atoms and more
MoO3 gets created. This process continuous and MoO3 patches are
formed in the MoS2 film with a longer plasma exposure. Since MoO3

is insulating in nature, there is a competition between electron donat-
ing Mo atoms and insulating MoO3 at intermediate plasma exposure

FIG. 4. (a) S:Mo ratio of the MoS2 film with different plasma exposure times. (b)
Percentage of MoS2 transformed into MoO3 with different plasma exposure times.

FIG. 5. Schematic diagram illustrating the effect of oxygen plasma on the MoS2 thin film. With increasing plasma exposure time, sulfur vacancies and insulating MoO3 domains
are formed in the MoS2 thin film resulting in a decrease in resistance with a short plasma exposure duration and then an increase in resistance for a long plasma exposure.
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and the resistance of the MoS2 device remains almost constant for
2–15min of the plasma exposure time. However, with a long enough
plasma exposure time, the formation of MoO3 patches dominates
causing an increase in the resistance of the MoS2 film.

In conclusion, we show that the electrical transport properties of
the large area MoS2 thin film, prepared via low pressure sulfurization
of the Mo film, initially decrease by an order of magnitude and then
increase again with increasing oxygen plasma exposure time. The XPS
study shows that with mild plasma exposure, Mo:S decreases without
any significant formation of MoO3. With long plasma exposure, Mo:S
further decreases with significant formation of MoO3. We explain the
decrease in resistance due to the donation of electrons by Mo atoms
while the resistance increase is due to the formation of insulating
MoO3 patches in the MoS2 film with long exposure of oxygen plasma.

See the supplementary material for (a) Raman spectroscopy mea-
surements of pristine and plasma treated MoS2 films.
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