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wth of wafer-lever MoS2 films by
using ex situ heating sulfurization treatment

Mingling Xie, ab Chaoxin Yun,b Xiangqian Wang,b Kaizhou He,b Bin Liu,b Jijie Zhao,b

Xiaoping Gao,b Dongqiang Zhang*a and Guangan Zhang*c

Few-layer MoS2 films have garnered significant attention as promising materials for electronic devices and

sensors due to their exceptional carrier mobility and tunable bandgap. Although various chemical vapor

deposition (CVD) techniques have been employed to fabricate few-layer MoS2 films, there remains

a need for film homogeneity, continuity, and crystalline quality improvements. This research used the

TVS method to fabricate large-scale few-layered MoS2 films. The metal Mo films were sulfurized under

high vacuum conditions using both in situ and ex situ rapid heating techniques. The in situ treatment

method resulted in a mixed phase of MoO2–MoS2, whereas the ex situ approach produced uniform and

pure polycrystalline 2H-MoS2 films. By adjusting the thickness of the Mo film, a tri-layer 2H-MoS2 film

grown on a 2-inch sapphire wafer served as the channel material for a top-gate thin-film transistor (TFT).

Electrical measurements indicated an n-type semiconductor behavior with a field-effect mobility of 9.2

cm2 V s and an Ion/Ioff ratio of approximately 102. These results confirm that the ex situ rapid treatment

technique effectively grows high-quality, wafer-scale, and layer-controlled few-layer MoS2 films.
1. Introduction

Transition metal dichalcogenides (TMDs) have drawn tremen-
dous attention because of their remarkable chemical, elec-
tronic, and physical properties, which have resulted in their
potential application in lubrication, catalysis, electronic and
optoelectronic devices, sensors, and eld-effect transistors
(FET).1 Particularly, molybdenum disulde (MoS2), a represen-
tative semiconductor material with excellent catalytic activity,
high carrier mobility, and an adjustable bandgap,2,3 has been
extensively evaluated as a potential candidate for applications
in electronic devices, sensors, and related elds.4–6 These
applications have stimulated a high demand for the control-
lable synthesis of high-quality and large-area continuous few-
layer MoS2 lms.

Currently, some research is focused on the production of
large-scale continuous thin lms, including exfoliation tech-
nologies, chemical vapor deposition (CVD), and physical vapor
deposition (PVD).7–9 CVD has been demonstrated as the most
effective and convenient technology because of its accessibility
and controllable synthesis of MoS2 lm. This technology
includes thermal vapor deposition (TVD) and thermal vapor
sulfurization (TVS).10,11 A few researchers have reported that
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TVD method can be obtained on diversied substrates by
applying the solid vapor reaction of molybdenum trioxide
(MoO3) and sublimed sulfur (S) powders. However, few TVD
methods can obtain continuous bulk, monolayer, and multi-
layer MoS2 lm by gathering the triangular MoS2 domain on
a submicron scale.12 These gathering triangular domains
appear discretionary crystal orientation and a few large grain
boundaries, which affects the surface uniformity and electrical
properties, thereby limiting the device development.13 Further-
more, thermal vapor sulfurization (TVS) is also used to grow
MoS2 lm, which lies in the type of precursor containing the
chalcogen vapors and the pre-deposited transition metal or
oxide on substrates by diverse means.14 The nano-lms of MoO3

and Mo pre-deposited on the substrates play as the nucleation
sites for the crystal growth of MoS2 during the vulcanization
reaction.10 The layer of MoS2 lm is related to the thickness of
pre-deposition Mo lm. The MoS2 lm achieved by TVS
methods, exhibits good uniformity, high controllability, large-
scale, and crystallinity.

Recently, the process parameters including precursors and
pre-deposited means, reactant gas, pressure and temperature,
catalyst, and so on, have been reported as the accurate tuning
and optimized process to achieve superior performance for
MoS2 lms.15,16 The single and few-layer MoS2 lm achieved by
the sputtering-CVD reaction approach, exhibited a wide area of
150 mm × 150 mm and a high eld effect mobility of 12.24 ±

0.741 cm2 V−1 s−1, but the cross-section HRTEM of MoS2 lms
had a discontinuous layered structure at 600 °C.17 A multi-step
heating sulfurization approach was developed to sulfurize the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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pre-deposited Mo lm, which could achieve a continuous
layered MoS2 lm with a uniform structure. The procedure
included ve aim temperatures (500 °C, 600 °C, 700 °C, 800 °C,
900 °C).18 A higher annealing temperature can improve the
crystallinity of synthesis MoS2 lm. Moreover, Pradhan et al.
also indicated that hydrogen atoms play an important role in
the process of sulfurizing the sputtering Mo lm, and observed
that the crystallinity of the lms increased with the hydrogen
ow rate.11 While high crystallinity is advantageous for the
performance of electron devices, the surface unevenness and
purity of the synthesized MoS2 lm also signicantly inuence
its characteristics. The high quality of MoS2 lm has been
limited by surface homogeneity and purity of the MoS2 lms.

In the study, the TVS method was employed to fabricate
large-scale few-layered MoS2 lms. Firstly, an in situ heating
process was used to prepare MoS2 lm by sulfurization of pre-
sputtered Mo layers. The single MoO2 phase was nally
formatted in the process of the in situ heating treatment. To
avoid the formation of MoO2 phase, an ex situ heating method
was developed to synthesize the uniform and pure 2H-MoS2
lms on 2-inch wafers. A top-gate MoS2-based TFT device
arrayed on 2-inch sapphire wafer was used to explore the
semiconductor properties. This study aims to nd an effective
method for synthesizing the uniform and large-size MoS2 lm
that is compatible with micro-electromechanical fabrication
processes, which could serve as the groundwork for further
research and application of 2D-MoS2 in the eld of microelec-
tronic devices.
2. Experimental section
2.1. Preparation and characterization of MoS2

Firstly, metal Mo lms were pre-deposited on 300 nm SiO2/Si
and sapphire substrates (2-inch wafers) by DC magnetron
sputtering. Before the deposition of Mo lms, the substrates
were ultrasonically cleaned in acetone, alcohol, and deionized
water solutions, respectively. Subsequently, a two-inch target of
99.99% purity was employed to fabricate Mo lms with various
thicknesses, achieved by modulating the sputtering duration.
Before the sputtering process, the base pressure of the vacuum
chamber was assuredly maintained below 10−6 Pa. During
sputtering, the working pressure, Ar ow rate, and DC power
Fig. 1 Schematic diagram of TVS method for growing MoS2 films.

© 2025 The Author(s). Published by the Royal Society of Chemistry
were maintained at 1.0 × 10−3 Pa, 20 sccm, and 10 W respec-
tively. Thin lms of the metal molybdenum, with varying
thicknesses, were fabricated by adjusting the sputtering dura-
tion to 10 s, 60 s, 120 s, 240 s, and 480 s.

Secondly, MoS2 was synthesized by sulfurizing metal Mo
lms of varying thicknesses in a double-temperature zone
vacuum furnace, as illustrated in Fig. 1(a). The in situ heating
and ex situ heating methods were used to control the reaction
temperature. In brief, Mo lms and sulfur powder in quartz
boats were placed in C position and A position, which remain
unaltered within the vacuum tube. Heaters 1 and 2 are
employed to control the precursor reaction temperature and the
suldation reaction temperature, respectively. For the entire
duration of the experiment, Heater 1 remains stationary at
position A. Meanwhile, Heater 2 can be moved between posi-
tions B and C as necessitated by the experimental demands.
During the reaction process, the temperatures of Heater 1 and
Heater 2 were set to 230 °C and 700 °C, respectively. The in situ
heating and ex situ heating modes were used to control the
reaction temperature. Both experimental methods include four
distinct stages: purging, heating, reaction, and cooling. The
detailed experimental process was shown in Fig. 1(b). The
synthesis parameters and positions of the heaters are detailed
in Table 1. During these experiments, we utilized a gas-pressure
meter to monitor uctuations in the reaction chamber's pres-
sure. The alkaline spray device, positioned at the front end of
the tail gas outlet, was employed to mitigate pollutants
produced throughout the experiment.
2.2. Films characterization

The thickness of the Mo lms was measured using a variable
angle spectroscopic ellipsometer (J.A. Woollam Co., Inc., M-
2000U). The structure of the MoS2 lms was analyzed with X-
ray diffraction (XRD) using Cu Ka radiation (l = 0.154 nm) at
a 1° glancing angle (PANalytical B.V. Empyrean, NL). The
chemical structure of the MoS2 lms was studied with a laser
confocal micro-Raman spectrometer with a 532 nm excitation
wavelength (Renishaw in Via, UK). The morphology of the MoS2
lms was examined using high-precision optical microscopy
(Nikon, MM-400LU) and atomic forcemicroscopy (AFM) (Bruker
Dimension ICON).
RSC Adv., 2025, 15, 7472–7479 | 7473
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Table 1 Synthesis parameters and positions of the heaters in the process of in situ and ex situ heating methods

In situ heating method Ex situ heating method

Time/min Carrier gas (Ar, H2)/sccm Heater 2 position Time/min Carrier gas/sccm Heater 2 position

Flushing 30 80, 20 B 30 80, 20 B
Heating-up 240 80, 20 C 240 80, 20 B
Reaction 30 10, 2.5 C 30 10, 2.5 C
Cooling 120 80, 20 B 120 80, 20 B
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2.3. Device and electrical measurements

The MoS2 lms were patterned into a channel for a eld-effect
transistor (FET) using a UV lithography system (SUSS, MA/BA6
Gen4). Ion beam etching equipment (AVP Technology, RF350)
was then used to remove the unwanted portions of the MoS2
lms. A magnetron sputtering technique was employed to
deposit a Ti/Au/Ti multilayer lm (20 nm/150 nm/15 nm), which
served as the source, drain, and top-gate electrodes. Addition-
ally, a 20 nm thick SiO2 lm was fabricated to function as the
dielectric layer for the top-drain.
3. Results and discussion

The TVS method, which incorporates both in situ and ex situ
heating processes, was utilized to fabricate the large-scale few-
layered MoS2 lms. The samples derived from the suldation
of molybdenummetal lms, subjected to durations of 10 s, 60 s,
120 s, 240 s, and 480 s, were labeled correspondingly as S1, S2,
S3, S4, S5, respectively. Fig. 2 and 3 present the XRD and Raman
spectra of in situ sulfurized Mo lms under various carrier gas
conditions, respectively. In Fig. 2(a), a weak and broad peak
corresponding to the amorphous structure is observed in the
XRD spectra of the S1 sample, which demonstrate no discern-
ible peaks in the Raman spectra shown in Fig. 3(a). For samples
S2, S3, S4, and S5, only the characteristic peaks of MoO2 are
detected in the Raman spectra.19 The prominent peaks observed
in Fig. 2(a) are associated with the MoO2 phase, consistent with
the literature (JCPDS No. 32-0671).20,21 The formation of MoO2

phase is probably attributable to a minimal quantity of S vapor
adsorbed on the surface of Mo lms and residual oxygen within
Fig. 2 The XRD spectra of in situ sulfurized Mo films under different carrie
and 10 of sccm H2; (c) 80 of sccm Ar and 20 of sccm H2.

7474 | RSC Adv., 2025, 15, 7472–7479
the quartz tube. To facilitate the reaction between enough S
vapor and the Mo lms, the carrier gas ow rate was increased
to 75 sccm (60 sccm Ar and 15 sccm H2) and 100 sccm (80 sccm
Ar and 20 sccm H2). Despite the process adjustments, the phase
composition remains only minor alterations, as shown in
Fig. 2(b), (c), 3(b) and (c). Most of the diffraction peaks in
Fig. 2(b and c) are attributed to the MoO2 phase. Among the
samples, the XRD spectra of the S5 sample exhibited a peak
corresponding to the MoS2 phase at 49.5° under the carrier gas
ow rate of 100 sccm.22 The results were consistent with the
Raman spectra. There are two possible explanations for the
formation of the mixed phase. First, according to the Mo–O
phase diagram, metallic Mo transitions into MoO2 at approxi-
mately 500 °C in the presence of a small amount of oxygen.
Therefore, we assume that metallic Mo was already converted
into the MoO2 phase by heating up to ∼500 °C in situ. However,
the issue lies in the insufficient amount of sulfur available for
the sulfurization of MoO2. Additionally, the natural oxidation of
sputtered Mo lms in atmospheric conditions leads to the
formation of MoO3. A small fraction of MoS2 may be produced
by sulfurizing a mixed phase containing both Mo and MoO3.
However, as the reaction time increases, MoS2 may react with
MoO3 to form MoO2, as shown in the chemical reaction.22

MoS2 + 6MoO3 = 7MoO2 + SO2

To prevent the formation of the MoO2 phase during sul-
dation, an ex situ heating method was developed to produce
single-phase MoS2 lms. The detailed experimental process is
illustrated in Fig. 1. In this process, Heater 2 occupies the
r gas conditions, (a) 40 sccm of Ar and 10 of sccmH2; (b) 60 of sccm Ar

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The Raman spectra of in situ sulfurized Mo films under different carrier gas conditions, (a) 40 of sccm Ar and 10 of sccmH2; (b) 60 of sccm
Ar and 10 of sccm H2; (c) 80 of sccm Ar and 20 of sccm H2.

Fig. 4 Structural analysis of ex situ sulfurized Mo films (a) XRD spectra, (b) Raman spectra, (c) PL spectra.
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vacant space (position B) upon heating, and subsequently
relocates to the sample position (position C) during the reac-
tion. Fig. 4 presents the phase and crystallinity evaluation of
MoS2 lms prepared using the ex situ heating method. The XRD
spectra obtained aer the ex situ treatment are shown in
Fig. 4(a). The diffraction peaks observed at 2q values of 33.35°,
40.65°, and 58.85° correspond to the (101), (103), and (110)
lattice planes of the hexagonal MoS2 phase (ICDD 00-002-
0132),23,24 respectively, while the peak from the impurity phase
has disappeared.

In the Raman spectra, two characteristic peaks associated
with MoS2 are exclusively observed in Fig. 4(b), which corre-
spond to the A1g (in-plane vibrational) and E12g (out-of-plane
vibrational) modes, respectively.5 It is well known that the
thickness of MoS2 lms can be accurately assessed by
measuring the wavenumber difference between the A1g and
E1
2g peak. Specically, a wavenumber difference (Du) of

approximately ∼25 cm−1 suggests that the synthesized MoS2
lms are in the bulk phase. Conversely, a wavenumber differ-
ence below ∼25 cm−1 indicates a two-dimensional structure.7,25

The characteristic peaks of the S2, S3, S4, and S5 samples
located at ∼383.3 cm−1 and ∼408.9 cm−1. The wavenumber
difference between two typical peaks exceeds 25 cm−1, indi-
cating that the prepared MoS2 lms (S2, S3, S4, S5) have a bulk
phase structure. In Fig. 4(a), the E1

2g peak for the S1 sample is
observed at 383.3 cm−1, while the A1g peak appears at
406.3 cm−1. The wavenumber difference between these two
© 2025 The Author(s). Published by the Royal Society of Chemistry
peaks is 23.0 cm−1, which conrms the presence of a trilayer
MoS2 structure.8 Moreover, the intensity ratio of the A1g peak to
the E1

2g peak demonstrates a direct correlation with the thick-
ness of the lms. The results obtained from Raman spectra
align with the XRD data, thereby conrming the successful
synthesis of single-phase MoS2 lms via the ex situ heating
method.

Generally, the electronic structures of MoS2 have been
characterized using photoluminescence (PL) measurements.
The electronic properties of MoS2 are closely related to the
number of layers. For monolayer MoS2, a strong photo-
luminescence peak at approximately 652 nm (1.9 eV) corre-
sponds to direct excitonic transition energies.26 As the number
of MoS2 layers increases, there is a signicant reduction in the
energy of direct excitonic states and an elevation in the energy of
indirect excitonic transitions. This will manifest as a signicant
decrease in PL peaks in the bulk phase. In few-layer MoS2,
multiple emission peaks are observed, attributed to A and B
excitations at the K point of the Brillouin zone. The A peak
position corresponds to the emission peak of monolayer MoS2,
while the B excitation energy is approximately 150 meV higher
than that of peak A. With increasing layer number, these peaks
experience a redshi and broadening.21 Fig. 4(c) displays the PL
spectra of MoS2 lms prepared on sapphire using the ex situ
heating method, showing A and B exciton peaks at 655 nm and
624 nm, respectively. Additionally, a peak at 695 nm is attrib-
uted to the sapphire substrate.27 In the S1 sample, the
RSC Adv., 2025, 15, 7472–7479 | 7475
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photoluminescence (PL) peak intensity is on the order of 10−3,
with the A and B exciton peaks observed to redshi. For the S2
sample, the PL peak intensity signicantly decreases, and the
peak widths increase. In the S3, S4, and S5 samples, only a weak
A exciton peak at 655 nm is detected, with no B exciton peak
observed.

The surface topography and height prole of samples,
prepared by ex situ sulfurizing Mo lms with varying sputtering
times, were characterized using AFM and shown in Fig. 5. To
achieve distinct step features, the images obtained in tapping
mode over a 10 mm × 10 mm area were analyzed by protecting
part of the Si/SiO2 substrate with vacuum heat-resistant tape.
The lm thicknesses were determined by tting the surface
height prole curves with a step function. The MoS2 samples,
corresponding to sputtering times of S1, S2, S3, S4, and S5, were
found to have thicknesses of 2.0 nm, 10.0 nm, 17.0 nm,
40.0 nm, and 70.0 nm, respectively. The thickness of a mono-
layer MoS2 is approximately 0.65 nm.28 Therefore, the S1 sample
corresponds to approximately a trilayer, which aligns with the
Raman analysis results. The cross-sectional height of 10.0 nm
for the S2 sample suggests it has roughly 15 layers. For the S3,
S4, and S5 samples, the lm thickness exceeds 20 layers. The
crystalline structure, as conrmed by Raman, PL, and AFM
results, is consistent with the bulk phase for these three
samples.

The cross-sectional images and crystalline structure of the S1
sample were analyzed using high-resolution transmission
electron microscopy (HRTEM). In Fig. 6(a), continuous MoS2
lms with 3–4 stacked layers are presented. The inset image of
Fig. 6(a) shows a lm thickness of 2.07 nm (with a monolayer
Fig. 5 The surface topography and height profile of ex situ sulfurized M
sample.

Fig. 6 (a) Cross-sectional TEM images and (b) crystalline structure of S1

7476 | RSC Adv., 2025, 15, 7472–7479
thickness of approximately 0.69 nm), highlighting the structure
and formation of a trilayer MoS2. These results are consistent
with the AFM height analysis and Raman spectra ndings. The
crystalline structure of the S1 sample is depicted in Fig. 6(b),
where the d-spacing of the 2H-MoS2 phase in the inset image is
0.27 nm, corresponding to the (100) plane. The selected area
electron diffraction pattern in Fig. 6(b) includes the diffraction
rings of the (100), (103), and (110) facets, indicating a poly-
crystalline structure for the S1 sample. Consequently, the crys-
talline structure of the lm is characterized by the presence of
grain boundaries and S vacancy defects.

To characterize the electrical transport properties of the ex
situ sulfurized Mo lm (S1), top-gated thin-lm transistor (TFT)
devices were fabricated using standard photolithography and
etching processes, as illustrated in Fig. 7(a). As described in the
experimental section, the trilayer MoS2 lm grown on a 2-inch
sapphire wafer was used as the semiconductor active layer for
the top-gated TFT devices. The channel lengths (L) and widths
(W) of the MoS2-based TFT devices are 10 mm and 20 mm,
respectively. Ti/Au/Ti multilayers were employed for the source,
drain, and gate electrodes, while a SiO2 layer served as the
dielectric gate. Fig. 7(b) shows photographs of the FET array
devices on a 2-inch sapphire wafer, including an amplied
optical microscope image of a single TFT device. Although some
devices in the marginal regions (the area within 2 mm of the
wafer's edge) were non-functional, the majority in the middle
region exhibited a well-dened structure, as depicted in
Fig. 7(d).

Fig. 7(c) shows the transfer curves of the MoS2-based TFT
devices measured at a source-drain voltage of 0.3 V. The transfer
o films (a) S1 sample, (b) S2 sample, (c) S3 sample, (d) S4 sample, (e) S5

sample.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Schematic diagram of the top-gated MoS2 TFT device; (b) the photographs of the TFT array devices integrated on a 2-inch sapphire
wafer, and amplified optical microscope image of the single TFT device; (c) the typical transfer curves (IDS–VGS) of the trilayer MoS2-based TFT
device; (d) schematic diagram of wafer device array; (e) statistical plot for the performances of 100 test devices.
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curve shows that the trilayer MoS2 is a n-type semiconductor.
The drain current (IDS) is shown by the blue curve, which is
plotted on a logarithmic scale with respect to the gate voltage
(VGS). At a VGS of 7.5 V, the MoS2 TFT channel exhibits an OFF-
state current of approximately 1.6 × 10−8 A and an ON-state
current of approximately 3.8 × 10−6 A at VGS of 14 V. The Ion/
Ioff ratio of the TFT devices is about 2.3 × 102. The eld effect
mobility can be evaluated using the following formula:29

m ¼ LK
0

COXVDSW

where, K0: the slope of the linear region of the transfer curves;
VDS: source drain voltage (0.3 V); L/W (10 mm/20 mm): the ratio of
the gate length and gate width; COX: the gate capacitance, COX =

303r/tOX = 8.854 × 10−12 F m−1 × 3.9/20 nm = 1.73 × 10−7 F
cm−2. Consequently, the eld effect mobility was calculated to
be 9.49 cm2 V−1 s−1.

In total, 1768 thin-lm transistors were fabricated on a 2-
inch wafer. For the purposes of evaluation, 25 devices were
selected at random from each central region, resulting in a total
of 100 devices being tested. During the fabrication process, 27
devices were rendered inoperative due to the dislodgement of
source, drain, or gate electrodes. Consequently, these devices
were not suitable for standard electrical characterisation.
Nevertheless, the remaining devices exhibited commendable
TFT characteristics in their transfer attributes. However, the
switching current was noticeably low, suggesting a need for
further optimisation of the process to enhance device perfor-
mance. The mean and standard deviation values of Ion, Ioff, and
the ratio Ion/Ioff for the tested devices are depicted in Fig. 7(e).
© 2025 The Author(s). Published by the Royal Society of Chemistry
The device performance of MoS2 TFT are inuenced by
several factors, including the intrinsic material properties,
scattering effects, device architecture, and fabrication
processes. Under controlled processing and testing conditions,
however, the predominant factors affecting the electrical
performance of these devices are the inherent material prop-
erties, such as crystal defects, impurities, layer count, and
mechanical strain.4 The MoS2 used in these devices is typically
polycrystalline, with well-dened grain boundaries and vacan-
cies present within the thin lm. These grain boundaries act as
scattering centers for charge carriers, signicantly impeding
carrier mobility. Furthermore, the grain boundaries themselves
can introduce localized electronic states that trap charge
carriers, thereby reducing the material's overall conductivity.
Sulfur vacancies within the lattice can also generate localized
electronic states in the bandgap, which trap charge carriers and
further degrade carrier mobility.15 Consequently, these factors
contribute to a reduction in the electrical conductivity and
overall performance of the transistor devices.

4. Conclusion

In conclusion, the TVS technique was employed both in situ and
ex situ to synthesize wafer-scale 2D-MoS2 lms. During the in
situ heat treatment process, metal Mo lms are oxidized to form
the MoO2 phase, with only a minimal production of the MoS2
phase. In contrast, ex situ methods effectively inhibit the
formation of the MoO2 phase, resulting in the pure poly-
crystalline MoS2 phase. Upon chemical and physical property
characterization of the thin lm post ex situ suldation, it was
RSC Adv., 2025, 15, 7472–7479 | 7477
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noted that the lms can grow uniformly and continuously on
a 2-inch wafer surface. By adjusting the thickness of the Mo
lm, a controlled transition from the bulk phase to few-layer
MoS2 can be achieved. Electrical transfer measurements of
the top-gate TFT devices reveal typical n-type semiconductor
behavior for the trilayer MoS2, with a eld effect mobility of 9.2
cm2 V−1 s−1 and an Ion/Ioff ratio of 2.3 × 102. These results show
that the ex situ treatment approach can effectively produce high-
quality 2-inch wafer-level 2D-MoS2, making it suitable for
microelectromechanical fabrication processes and indicating
a promising future for microelectronic devices based on 2D-
MoS2 lms.
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