


large-area transition metal dichalcogenides of high quality.
Such a growth technique is ideal for high-turnover industrial
manufacturing of two-dimensional materials.
In our study, the step-by-step changes in MoS2 monolayers

were tracked from their initial degradation at 700 °C to the
complete evaporation of MoOx (x = 2−3) residues at
temperatures above 1000 °C. The changes were monitored
by optical microscopy (OM), scanning electron microscopy
(SEM), scanning tunneling microscopy (STM), X-ray photo-
emission spectroscopy (XPS), photoluminescence (PL), and
Raman spectroscopy. Although the optical properties of MoS2
crystals deteriorated to a large extent after annealing in
vacuum, it was found that they can be partially recovered via a
follow-up annealing treatment in a sulfur atmosphere. This
raises the possibility of healing any non-substantial defects via
a sulfur-annealing step during the fabrication of MoS2-based
devices.

2. EXPERIMENTAL METHODS

2.1. SrTiO3 Substrate Preparation. SrTiO3 single
crystals (7 × 2 × 0.5 mm3) doped with niobium (Nb) at
0.5% by weight were supplied by PI-KEM, U.K., with epi-
polished (111), (110), and (001) surfaces. SrTiO3 is an
insulator with a band gap of 3.2 eV at 25 °C.21 The Nb dopant
was included to generate sufficient electrical conductivity at
room temperature for STM imaging. The substrate surfaces
were studied using an ultrahigh vacuum (UHV)-STM, which
is a custom-built JEOL JSTM 4500s model (base pressure
10−8 Pa). SrTiO3 surfaces were prepared to terminate with
previously well-characterized reconstructions, requiring differ-
ent Ar+-ion sputtering conditions, annealing temperatures and
durations, and O2 partial pressures.22−24 The observation of

surface reconstructions ensures that crystalline, atomically flat,
and contaminant-free terminations have been achieved.

2.2. Growth of Monolayer MoS2. The atmospheric
pressure CVD method was used to grow monolayer MoS2
crystals on the reconstructed SrTiO3 substrates using the
precursors molybdenum trioxide (MoO3, powder, ≥99.5%,
Sigma-Aldrich) and sulfur (S, powder, ≥99.5%, Sigma-
Aldrich). The CVD setup is shown in Figure 1d. SrTiO3

substrates were placed at a fixed position downstream for
consistent results. The MoO3 (20 mg) and S (450 mg)
powders were loaded in a set of double-walled quartz tubes
with different diameters so that the reaction region was strictly
defined around the substrate surface, and their temperatures
were independently controlled by two separate furnaces. After
oxygen in the system was driven off by a 500 sccm argon (Ar)
flow for 30 min, the S vapor at 180 °C was preintroduced by
150 sccm Ar for 15 min. This created a sulfur-rich
environment, which was maintained by increasing the
temperature of S at a rate of 0.7 °C s−1 during the synthesis.
The substrates were heated up to 210 °C at the same time to
avoid S condensation. The MoO3 precursor and the
SrTiO3 substrates were then heated to 300 and 800 °C,
respectively. There were three stages in the MoS2 synthesis,
namely, nucleation (20 min with 150 sccm Ar), main growth
(25 min with 50 sccm Ar), and atom migration (15 min with 5
sccm Ar), completed by a rapid cooling process.

2.3. Thermal Annealing of Monolayer MoS2. Following
growth, the MoS2 samples were introduced into the UHV-
STM chamber for annealing. The samples were heated by
resistively passing a direct current through the substrates
(Figure 1c). The temperature was measured through a
viewport with an optical pyrometer. The temperature was

Figure 1. Crystal structures of MoS2 and SrTiO3, the UHV annealing setup, and the CVD system. (a) Cubit unit cell of SrTiO3. (b) Top view of a
monolayer triangular crystal of MoS2. (c) UHV sample holder for direct resistive heating for both SrTiO3 substrate preparation and the thermal
annealing of MoS2 crystals on SrTiO3. (d) Schematic diagram of the CVD setup for the synthesis of MoS2 crystals. The Si chip serves as a
substrate holder.
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ramped up and down at a rate of 2.5−5.5 °C min−1, and each
anneal lasted 0.5−5.5 h.
2.4. Characterization of Monolayer MoS2. Optical

microscope images of the MoS2 crystals were taken using
an Axioskop 2 MAT from Carl Zeiss Co., Ltd. SEM was
performed using a Zeiss Merlin and a Hitachi-4300, both at an
accelerating voltage of 3 kV. STM images were processed by
Smart Align,25,26 Gwyddion, and WSxM.27 PL and Raman
spectroscopy were conducted using a JY Horiba LabRAM
ARAMIS imaging confocal Raman microscope with a 532 nm
excitation wavelength and 12.5 mW laser power. The laser
spot size was ∼1 μm, and the acquisition times were 5 s for PL
and 35 s for Raman. XPS measurements were performed on a
Thermo Scientific K-Alpha XPS instrument equipped with a
microfocused monochromated Al X-ray source (1486.6 eV).
The source was operated at 12 keV, and a 400 μm spot size
was used. The analyzer was operated at a constant analyzer
energy of 50 eV. Charge neutralization was applied using a
combined low-energy/ion flood source.
2.5. Sulfur Annealing of Defective Monolayer MoS2.

The defective vacuum-annealed MoS2 samples and sulfur
powder were loaded in two quartz tubes (2 in. diameter) at
the centers of two furnaces so that their temperatures could be
controlled independently. After the system was flushed with a
500 sccm Ar flow for 30 min, MoS2 and S were heated to 300
and 200 °C, respectively. The S vapor was carried by a 500
sccm Ar flow downstream to the MoS2 sample. The S
atmosphere was maintained for 1 h, after which both the MoS2
samples and S were cooled down.

■ 3. RESULTS

Figure 1a shows a cubic unit cell of the substrate material
SrTiO3 with a Sr2+ ion (green) in the middle, Ti4+ ions (blue)
at the corners, and the O2− ions (red) along the cube edges.
Previously, we reported the distinct epitaxial behavior of MoS2
crystals on the (111), (110), and (001) substrate terminations

of SrTiO3
28 but here no distinct differences were noticed

between their thermal stabilities on the different SrTiO3
terminations. The terminations used in each case are specified
in the figure captions in the remaining images of this article.
Figure 1b shows the top view of a monolayer MoS2 crystal.
Figure 1c shows the UHV sample holder. This setup is used
for both the high-temperature substrate preparation and the
thermal annealing of MoS2 crystals in UHV. Figure 1d shows
the CVD system used to synthesize MoS2. The sulfur
annealing of defective MoS2 crystals was carried out using
the same setup without MoO3 in the inner quartz tube.

3.1. SEM and STM Experiments. MoS2 crystals on a
SrTiO3(111) substrate were annealed in UHV for 2 h with a
temperature gradient across the sample. The temperature was
700 °C at the cooler end, and 800 °C at the hotter end. SEM
images were taken after the sample was cooled down (Figure
2a.i,ii). The crystals at the cooler end (Figure 2a.i) are clear
and black; they look no different from the as-grown crystals.
Toward the hotter end, the crystals appear fainter (Figure
2a.ii). Figure 2a.ii was acquired soon after Figure 2a.i, with the
same brightness and contrast settings, which means that the
contrast between the MoS2 crystals and the substrate has
changed. Although the more detailed internal structure cannot
be resolved by SEM, we expect that the MoS2 crystals have
degraded through desulfuration. Figure 2b.i,ii shows another
pair of images demonstrating the effect of UHV annealing at
1150 °C for 3 h. This treatment further lowers the visibility of
the crystals, where they have clearly decomposed, with some
residues remaining in triangular shapes. Similar survivor traces
have been observed after a lift-off process of WS2.

29

STM studies can elucidate the structural transformations at
higher resolution than SEM. Below 700 °C, the samples are
only degassed; i.e., adsorbates and contaminants are removed.
Not much difference is seen after these gentle UHV anneals in
STM. The MoS2 layer is uniform and conforms well to the
substrate terraces with a thickness of 0.63 ± 0.06 nm (Figure
3a), which is typical of a monolayer.1,30 The atomic model of

Figure 2. SEM images of MoS2 crystals on SrTiO3 substrates after UHV annealing at (a.i) 700 °C and (a.ii) 800 °C for 2 h on SrTiO3(111) and
(b.i) before and (b.ii) after UHV annealing at 1150 °C for 3 h on SrTiO3(001). The contrast of (b.ii) is enhanced to show the residues.
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MoS2 overlaid shows the orientation of the triangular crystal,
and it also applies to the other panels in Figure 3. The
SrTiO3(111) substrate was processed to generate a (4 × 4)
reconstruction in UHV before the CVD growth of MoS2;

22,31

although the reconstruction would not have survived in an
ambient environment, the terraces still remain. Figure 3a.i,ii
shows two high-magnification images illustrating the typical
morphologies outside of and on top of the MoS2 monolayer,
respectively. There are clusters of small triangles aligned on
the substrate with a periodicity of 2.20 ± 0.05 nm (Figure

3a.i), and these islands are seen to raise the height of the MoS2
monolayer (Figure 3a.ii). These clusters are believed to be due
to an intermediate step during the high-temperature formation
of the SrTiO3(111)-(4 × 4) reconstruction and will not be
discussed further.
After being UHV-annealed at 700 °C, the MoS2 crystals

start to degrade and triangular etch trenches appear, as shown
in Figure 3b. The trenches are typically measured to be less
than 0.1 nm deep. The etch lines run in three directions along
the ⟨21̅1̅0⟩-type crystallographic directions of MoS2, which are

Figure 3. STM images of various stages of the thermal degradation of monolayer MoS2 crystals. (a) MoS2 monolayer with a smooth surface up to
600 °C, conforming well to the substrate terraces (Vs = 2.0 V, It = 0.05 nA). The monolayer has a typical thickness of 0.63 ± 0.06 nm. The atomic
model of MoS2 overlaid illustrates the lattice orientation, and it also applies to the other panels. (a.i,ii) Zoomed-in images of the morphologies of
the SrTiO3(111) substrate and the MoS2 monolayer, respectively (a.i: Vs = 2.0 V, It = 0.10 nA; a.ii: Vs = 2.0 V, It = 0.03 nA). (b) Triangular etch
trenches on the MoS2 monolayer on SrTiO3(111) formed during UHV annealing at 700 °C (Vs = 2.0 V, It = 0.11 nA). (b.ii) Details of the etch
trenches (Vs = 2.0 V, It = 0.11 nA). (b.i) Area similar to that in (a.ii), for comparison, except for a higher annealing temperature. A line profile
across a trench shows a dip of 0.09 nm (Vs = 2.0 V, It = 0.03 nA). (c) Degradation of the MoS2 monolayer into particles while partially retaining
the film upon UHV annealing at 800 °C. The substrate is SrTiO3(001)-c(4 × 2) with straight terraces (Vs = 2.0 V, It = 0.05 nA). The inset is a
high-magnification image (Vs = 2.0 V, It = 0.05 nA). (d) Residual particles left at 900 °C, which remain in the original triangular shape of the MoS2
crystal, on a SrTiO3(110)-(4 × 1) substrate (Vs = 2.0 V, It = 0.05 nA). The inset shows the details of the residues (Vs = 1.5 V, It = 0.20 nA). All
images are single scans except (a.ii) and (b.i), which are averaged over 16 and 22 frames by Smart Align,26 respectively.
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the sulfur-terminated edge directions of the triangular MoS2
crystal (cf. the atomic model of MoS2 in Figure 3a). The high-
magnification image in Figure 3b.ii shows that there are etch
dots as well as etch lines. Figure 3b.i shows an area similar to
that in Figure 3a.ii but annealed at 700 °C. It has a complex
morphology in which the clusters protruding from the
substrate are still visible and the triangular etch trenches
coexist with them. The etch dots and lines are likely to be due
to the preferential evaporation of sulfur from the MoS2
monolayers.
At UHV annealing temperatures above 800 °C, the MoS2

crystals decompose into particles. Figure 3c shows a MoS2
monolayer (on top of SrTiO3(001)-c(4 × 2) substrate
terraces) that has partially degraded into particles.24,32,33

When the annealing temperature exceeds 900 °C, the MoS2
crystals degrade entirely and only particle residues are
observed in place of the original triangular crystals (Figure
3d). Below the particles is the reconstructed SrTiO3(110)-(4
× 1) substrate.23,34,35 The residual particles are typically 2−5
nm high and 5−10 nm in diameter.
3.2. XPS Analysis. The pristine and thermally decomposed

products of MoS2 crystals were investigated by XPS. Figure 4
shows the core-level spectra from the Mo 3d and S 2p regions
of the samples. In each column, from top to bottom, the
spectra compare the compositions of differently treated
samples, as labeled in the top-right corner of each figure: as-
grown FL MoS2 crystals, as-grown ML MoS2 crystals, and
monolayer MoS2 crystals UHV-annealed at 700, 800, 900, and
1000 °C.
In the molybdenum spectra (Figure 4a), it can be seen that

Mo exists in both the Mo6+ and Mo4+ ionization states. Both
of these ionization states have a doublet peak in their 3d
spectra: 235.2 and 232.3 eV correspond to Mo6+ 3d3/2 and
Mo6+ 3d5/2, respectively, typical of MoO3, and

36 232.1 and
229.2 eV correspond to Mo4+ 3d3/2 and Mo4+ 3d5/2,
respectively, typical of MoS2 and MoO2.

37−40 It should be
noted that the Mo6+ 3d5/2 and Mo4+ 3d3/2 peaks are almost
coincident, giving rise to the characteristic three-peak shape of
Mo6+ and Mo4+.40 Along with the Mo peaks, another peak
observed at 226.3 eV belongs to S 2s.38 In the sulfur spectra
(Figure 4b), the S 2p peaks are observed at 163.2 and 162.0
eV, representing S 2p1/2 and S 2p3/2 orbital splitting,
respectively.41

Interpreting the XPS observations, we can infer that the as-
grown samples (marked as “FL” and “ML”) are MoS2 crystals
mixed with a small amount of the unreacted MoO3 precursor
and the intermediate product MoO2.

42 Sulfur completely
leaves the structure at a temperature between 700 and 800 °C,
when MoS2 is fully oxidized. At increasingly higher temper-
atures, the amount of Mo6+ increases because more MoO3 is
formed as MoS2 is oxidized by the SrTiO3 substrate.
Afterward, all of the molybdenum oxides evaporate at T >
1000 °C.
The relative amounts of MoO3, MoO2, and MoS2 in various

samples are estimated from the areas of the Gaussian curves of
Mo6+, Mo4+, and S2− and by using the relative sensitivity
values of the different elements reported in the literature.43

The results are plotted in Figure 5, with the errors estimated
from the uncertainties during peak fitting. The FL, ML, and
700 °C UHV-annealed samples have similar amounts of
MoO3, MoO2, and MoS2, where the oxides are the unreacted/
incompletely reacted precursor.42 The FL sample has slightly
more MoO3 than the ML sample because it had a larger

amount of precursors deposited. At 700 °C, there is a slightly
increased amount of MoO2 and a virtually unchanged amount
of MoO3 when compared to that of the ML pristine sample.
This means that at 700 °C a small but noticeable amount of
MoS2 has been converted into MoO2 (but not MoO3 yet). At
800 °C, the % MoS2 value rapidly decreases to a negligibly
small percentage and similar amounts of MoO2 and MoO3 are
present. At 900 °C, more than 75% of the residue is MoO3.
Therefore, the compositional change is likely to follow the

Figure 4. XPS spectra of the (a) Mo 3d and (b) S 2p core-level peaks
of the MoS2 crystals grown on SrTiO3 substrates. From top to
bottom: as-grown few-layered (FL) MoS2 crystals, as-grown
monolayered (ML) MoS2 crystals, and monolayered MoS2 crystals
UHV annealed at 700, 800, 900, and 1000 °C.
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route MoS2 → MoO2 → MoO3. At T ≥ 1000 °C, all of the
molybdenum compounds have evaporated and to indicate this,
the atomic percentages have been set to zero.
3.3. PL and Raman Spectroscopies. To gain further

insight into the thermal degradation of MoS2 crystals, PL and
Raman spectroscopies were carried out (Figure 6). Upon laser
excitation, the as-grown sample exhibits a strong PL peak at
the photon energy of 1.88 eV (black curve in Figure 6a),
characteristic of monolayer MoS2.

3,44−47 In the Raman
spectrum (black curve in Figure 6b), there are two peaks at
382.2 and 403.0 cm−1, corresponding to the in-plane E2g

1 and
out-of-plane A1g vibrational modes of MoS2, respectively.

48,49

The frequency difference of ∼20 cm−1 between the peaks is
the signature of MoS2 monolayers, whereas the difference for
thicker and bulk MoS2 is ∼25 cm−1.47−52 UHV annealing at
700 °C results in significantly decreased intensities of the PL
and Raman peaks (red curves in Figure 6), demonstrating the
deteriorated crystallinity of the MoS2 monolayers. When the
UHV annealing temperature reaches 800 °C, no PL or Raman
signals can be observed (green curves in Figure 6).
Both PL and Raman peaks have shifted after the samples

were UHV-annealed at 700 °C. Before the peak shifts are
discussed, it should be mentioned that strains form in the
MoS2 crystals during the fast cooling process in the CVD
reactor. This is due to the different thermal expansion
coefficients (TECs) of MoS2 and the SrTiO3 substrate.53

The TEC of the as-prepared 2H-phase MoS2 (αMoS2,a = 1.9 ×
10−6 K−1 and αMoS2,c = 8.65 × 10−6 K−1, 293−1073 K) is

approximately one order of magnitude smaller than that of
SrTiO3 (αSrTiO3

= 3.23 × 10−5 K−1, 300−1800 K).54,55 This
difference introduces compressive strain in the MoS2 layers on
SrTiO3. In addition, there are strains induced by the epitaxial
relationship on different terminations of SrTiO3 substrates,
which are compressive on SrTiO3(111) and tensile on
SrTiO3(001).

28 Overall, MoS2 crystals on SrTiO3(111) are
in compression and those on SrTiO3(001) are in tension.28

The post-annealing PL peak position of MoS2 on
SrTiO3(111) shifts to a lower photon energy (red shift), as
shown in Figure 6a. This is because the compressive strain in
the MoS2 crystals is partially released; the TEC-induced strain
is released by the low heating/cooling rates (2−5 °C min−1)
before and after the 700 °C UHV annealing, and the epitaxy-
induced strain is released by the degradation of the MoS2
crystal structure. The red shift could be additionally attributed
to more localized states,10 which in turn are associated with
structural defects.56

After being UHV-annealed at 700 °C, the Raman peaks of
MoS2 on SrTiO3(001) are both shifted to higher wavenumbers
(“stiffening” or blueshifts), accompanied by peak broadening.
This is again due to a release of strain, although the strain was
initially tensile in the case of a (001)-terminated SrTiO3
substrate.

3.4. Optical Microscopy (OM). UHV annealing up to
1000 °C does not appear to affect the MoS2 crystal shapes
when investigated using only OM. Above 1000 °C, the crystals
evaporate and can no longer be seen by OM. Figure 7 shows
some MoS2 crystals on SrTiO3(110) imaged by OM (a)
before and (b) after UHV annealing at 1000 °C for 5.5 h. As
previously shown, substantial changes occur in the internal
structure; the triangles in Figure 7a are pristine MoS2 crystals,
whereas those in Figure 7b are residual MoO3 nanoparticles
retaining the original triangular footprint. However, OM does
not show any apparent differences and care should therefore
be taken when using OM on its own to describe the quality of
MoS2 crystals.

3.5. Sulfur Annealing. To study whether we could heal
the defects formed in the MoS2 monolayers, we created a
sulfur atmosphere in the CVD reactor at an elevated
temperature and transported the sulfur vapor to the MoS2
surface by argon flow. As indicated by SEM, the 700 °C UHV-
annealed MoS2 crystals look similar before (Figure 2a.i) and
after (Figure 8a) sulfur annealing. On the other hand, the 800
°C UHV-annealed crystals (Figure 8b) become clear and

Figure 5. Atomic percentage of substances in the as-grown MoS2
crystals (few-layered and monolayered) and MoS2 monolayers UHV-
annealed at 700, 800, 900, and 1000 °C.

Figure 6. (a) PL spectra of monolayer MoS2 crystals on SrTiO3(111) and (b) Raman spectra of monolayer MoS2 crystals on SrTiO3(001): as-
grown (black), UHV-annealed at 700 °C (red), and UHV-annealed at 800 °C (green).
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black, with enhanced contrast when compared with the faint

triangles in Figure 2a.ii. This indicates partial recovery of the

structural degradation. The crystals look similar to the as-

grown crystals, although a few more holes are observed in the
larger crystals (indicated by red arrows).
The optical properties of the sulfur-annealed samples also

partially recover: Figure 9a shows that the PL intensity of the

Figure 7. Optical microscope images of MoS2 crystals on SrTiO3(110) (a) before and (b) after UHV annealing at 1000 °C for 5.5 h.

Figure 8. SEM images of (a) 700 °C and (b) 800 °C UHV-annealed MoS2 crystals on SrTiO3(111) substrates after sulfur annealing.

Figure 9. (a, b) PL and (c, d) Raman spectra of the sulfur-annealed MoS2 crystals compared to those before (i.e., as-grown) and after the UHV
annealing at (a, c) 700 °C and (b, d) 800 °C. (a, b) PL spectra are measured on MoS2 crystals supported on SrTiO3(111). (c, d) Raman spectra
are measured on MoS2 crystals supported on SrTiO3(001).
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700 °C UHV-annealed MoS2 crystal is enhanced and the peak
position is blue-shifted back to a higher photon energy, close
to that of the newly grown MoS2 crystals. The Raman signals
are also largely restored in terms of the peak intensities and
positions (Figure 9c). The peak position restoration is due to
the epitaxy-induced strains being reintroduced as the MoS2
crystallinity improves. The strains are compressive on
SrTiO3(111) and tensile on SrTiO3(001),

28 leading to the
blue shift of the PL peak in Figure 9a and the red shifts of the
Raman peaks in Figure 9c.
On the other hand, after sulfur treatment of the 800 °C

UHV-annealed MoS2 crystals, the recovery of the PL and
Raman signals is weak (Figure 9b,d). Also, the frequency
difference of 21.4 cm−1 between them indicates that the healed
MoS2 is a mixture of ML and FL crystals.48 Note that the
presence of FL MoS2 crystals is not obvious from the PL peak
position at 1.87 eV (Figure 9b), which corresponds to direct
excitonic transitions from ML MoS2 only.46 This is because
the PL signal strength of FL MoS2 is negligible compared to
that of ML MoS2.

3

4. DISCUSSION
We now have a deeper understanding of the UHV degradation
and healing mechanisms of SrTiO3-supported monolayer
MoS2 crystals, as summarized in Table 1. The structural

changes start at 700 °C, which is reflected by the
compositional change of the sample at 700 °C compared to
that of the pristine ML sample in XPS, where slightly less
MoS2 is present (Figure 5). The desulfurization is not visible
in SEM (Figure 2a.i), but the sulfur vacancies appear as etch
dots and lines in STM images (Figure 3b). The structural
defects are also observed in the decreased PL and Raman
intensities (Figure 6). For comparison, previous studies show
that when MoS2 is etched in air at lower temperatures of 300−
340 °C,16,17 triangular surface pits rather than etch lines are
the first sign of degradation, suggesting the oxidation of Mo
into MoO3 and the removal of S in a volatile state.15,18

After the 800 °C UHV annealing, XPS results (Figures 4
and 5) demonstrate that no sulfur remains and MoO2 and
MoO3 are formed as the oxidation products of the remaining
Mo. The structural change is visualized via the deteriorated
contrast in the SEM image (Figure 2a.ii). No PL and Raman
signals of MoS2 are observed any more (Figure 6). The

particles in the STM images (Figure 3c) are therefore MoOx
(x = 2−3) particles. At 900 °C, further oxidation occurs and a
larger proportion of MoO3 (> 75%) is detected by XPS
(Figure 5).
In the thermally assisted oxidation of monolayer MoS2

crystals in air, it has been previously reported that sulfur
escapes as SO2,

15,18 leaving oxidized Mo on the surface.13−18

The thermal degradation of MoS2 in UHV is likely to follow a
different route from that in an O2-rich environment. We
postulate that at 700 °C the thermal energy breaks the Mo−S
covalent bonds and releases the S atoms into the vacuum. This
bond-breaking process requires a higher activation temper-
ature compared to that of the oxidation of S in an ambient
environment.13−18 Upon higher-temperature UHV annealing
(> 800 °C), the SrTiO3 substrate can supply increasing
amounts of oxygen, which oxidizes the remaining Mo,
converting it into MoO2 and then into MoO3.
The high temperature applied to MoS2 breaks the Mo−S

covalent bonds, which are stronger than the van der Waals
(vdW) interaction between the MoS2 sheet and the substrate
by orders of magnitude. This explains the observation that the
thermal degradation behavior of MoS2 on different termi-
nations of SrTiO3 substrates is similar, as only their interfacial
vdW interaction with the substrate differs.
Finally, the sulfur annealing process partially heals the MoS2

crystals, as confirmed by SEM observations (Figure 8) and PL
and Raman spectroscopies (Figure 9). This recovery is due to
the sulfur vacancies in the MoS2 crystals being restored in the
hot sulfur atmosphere.10 However, the recovery is not full for
the 700/800 °C treated samples and the crystals that were
UHV annealed at 900 °C or above could not be healed by
sulfur annealing at all. This is because once any Mo has been
oxidized, it can no longer be sulfurized under the sulfur
annealing conditions, or specifically, at a substrate temperature
of 300 °C. The reason for this is that the conversion of MoO3/
MoO2 into MoS2 requires a higher reaction temperature of
650−800 °C, as in the CVD growth of MoS2.

10,42 Also,
MoO3/MoO2 has to be in the gaseous phase for the
sulfurization reaction to occur.10,42 Although there may be a
low vapor pressure of MoO3/MoO2 at 300 °C, the high Ar
flow rate of 500 sccm would quickly remove any vaporized Mo
oxides downstream in the furnace. Therefore, no sulfurization
of the Mo oxides occurred during the sulfur annealing and any
recovered MoS2 is due to the filling of sulfur vacancies only.
For this process to be possible, the Mo atoms need to have
largely remained in their original lattice positions of MoS2 so
that the sulfur atoms can easily fill the vacancies. This is true
for the crystals that were UHV annealed at 700 and 800 °C;
the former only lost a small amount of sulfur (Figures 4 and 5)
and remained as a film with some etch trenches (Figure 3b)
and the latter lost all sulfur (Figures 4 and 5) but survived
partly as a film (Figure 3c). The more the film structure that
survived, the stronger the recovery of the optical properties
(Figure 9). Also, after the 800 °C UHV annealing, because the
film has partially turned into granules, the recovered MoS2 has
some FL crystals mixed with it, as mentioned at the end of
Section 3.5. The partial recovery of the 700/800 °C UHV-
annealed samples also tells us that in these samples there is a
certain amount of MoS2 that has lost S but has not been
oxidized after UHV annealing. However, in the XPS
calculations that produced Figure 5, any Mo4+ without S was
attributed to MoO2. The calculations are hence not perfect but
remain a good estimate of the relative amounts of MoO3,

Table 1. UHV Thermal Degradation and Sulfur Annealing
Results of MoS2 Crystals on SrTiO3 Substrates

sample

UHV
annealing
time (h) morphology

substances
(excluding
unreacted

MoO3/MoO2)

recovery of
optical properties

upon sulfur
annealing

FL smooth
crystal

MoS2

ML smooth
crystal

MoS2

700 °C 0.5−2.0 crystal +
etch
trenches

MoS2 (mainly)
+ MoO2

near full recovery

800 °C 0.5−2.0 crystal +
particles

MoO2 + MoO3
(similar
amounts)

weak recovery

900 °C 0.5−1.0 particles MoO2 + MoO3
(mainly)

no recovery

1000 °C 2.0−5.5 particles/
evaporated

no recovery
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MoO2, and MoS2 given the XPS data available. A further issue
is that a proportion of Mo that may be present in the metallic
state in UHV will become oxidized during the ambient transfer
to the XPS chamber.

5. CONCLUSIONS
This study uncovers the thermal degradation behavior of
monolayer MoS2 in UHV because of sulfur loss, which begins
at 700 °C. The sulfur vacancies can be filled by annealing the
crystals in a hot sulfur atmosphere, and the optical properties
of monolayer MoS2 can nearly be fully recovered. At higher
UHV annealing temperatures, the remaining Mo is oxidized by
the SrTiO3 substrates into MoO2 and MoO3. The sulfur
annealing no longer takes effect when all of the Mo has been
oxidized, which happens at a temperature between 800 and
900 °C in UHV. The MoS2 crystal shapes are stable upon
annealing until the residual MoO3 particles evaporate at above
1000 °C. This infers that any triangular crystals that look
intact under low-magnification OM and SEM may not mean
pristine MoS2 and OM should be used with care. We conclude
that for retaining the properties of MoS2 it is important to
avoid desulfuration and its exposure to oxygen, including the
use of oxide substrates. The sulfur vacancies can be restored in
a vaporous sulfur environment, whereas the oxidation cannot
be reversed. This study provides helpful insights for expanding
the high-temperature applications of monolayer MoS2 crystals
in electronics and sensors.
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