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Abstract

The oxidation mechanism of atomically thin molybdenum disulfide (MoS,) plays a critical role
in its nanoelectronics, optoelectronics, and catalytic applications, where devices often operate in
an elevated thermal environment. In this study, we systematically investigate the oxidation of
mono- and few-layer MoS, flakes in the air at temperatures ranging from 23 °C to 525 °C and
relative humidities of 10%—60% by using atomic force microscopy (AFM), Raman spectroscopy
and x-ray photoelectron spectroscopy. Our study reveals the formation of a uniform nanometer-
thick physical adsorption layer on the surface of MoS,, which is attributed to the adsorption of
ambient moisture. This physical adsorption layer acts as a thermal shield of the underlying MoS,
lattice to enhance its thermal stability and can be effectively removed by an AFM tip scanning in
contact mode or annealing at 400 °C. Our study shows that high-temperature thermal annealing
and AFM tip-based cleaning result in chemical adsorption on sulfur vacancies in MoS,, leading
to p-type doping. Our study highlights the importance of humidity control in ensuring reliable
and optimal performance for MoS,-based electronic and electrochemical devices and provides
crucial insights into the surface engineering of MoS,, which are relevant to the study of other
two-dimensional transition metal dichalcogenide materials and their applications.

Supplementary material for this article is available online
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1. Introduction

Two-dimensional (2D) transition metal dichalcogenides
(TMDs) have received increasing research attention as
building blocks for the next generation of nanoelectronicsand
optoelectronics. Ultra-thin molybdenum disulfide (MoS,) is
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particularly promising because of its band gap of 1.8 eV, high
room temperature on/off current ratios of 1 x 10%, high
electron mobilities of up to 200 cem® V7! s7! [1, 2] and
superior bending rigidities [3]. These remarkable material
properties enable many applications, such as photovoltaics
and photodetectors [4, 5], chemical sensors [6, 7], and
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electrochemical catalysts [8—10]. However, nanoelectronics
fabrication typically involves thermal annealing to remove
contaminants or to tune the electrical properties [11, 12], and
operating nanoelectronics often generate Joule heating,
causing a temperature rise of up to ~250°C [13]. The
elevated thermal environment can have detrimental effects on
the electrical [14, 15] and mechanical properties [16] of the
material, which challenges the stability and reliability of
TMDs-based devices. On the other hand, thermal annealing of
MoS, is a facile and cost-effective approach for fabricating
p-type field effect transistors [17, 18], electrochemical sensing
applications [8, 19, 20], and electrocatalysts for hydrogen-
evolution reactions [9, 10, 21], etc. Therefore, a full
understanding of the thermal oxidation mechanism of MoS,
is essential to ensure the reliability and optimal performance
of MoS,-based devices.

Prior research on the surface oxidation of MoS, was
focused on creating more active sites (e.g. etch pits and
cracks) to modulate its electronic structural and electrical
properties through plasma-assisted etching [22, 23] and
thermal treatment in the air [24, 25] or in oxygen [26-28].
The oxidation threshold of MoS, was found in the range of
250 °C-400 °C, accompanied by the formation of triangular
etch pits [25, 27, 29], cracks [30], and molybdenum oxides
[31, 32]. The researchers directly heated the MoS, samples
to or above the oxidation temperature, but the morphological
and chemical structural evolutions at lower temperatures
were little explored. Other studies reported enhanced
photoluminescence by the physical adsorption of O, and
H>O molecules on MoS, flakes, which can be reversed by
vacuum pumping [30, 33, 34]. Energy dispersive x-ray
spectroscopy (XPS) measurements and Auger electron
spectroscopy studies have detected substantial amounts of
physically adsorbed oxygen on the surface of MoS, flakes
after annealing in the air [35]. Nevertheless, the effects of the
physically adsorbed substances on the oxidation of MoS,
remain elusive.

In this study, we systematically investigate the oxidation
of mono- and few-layer MoS, under a wide temperature range
of 23°C-525°C in the air using atomic force microscopy
(AFM), Raman spectroscopy, and XPS measurements. We
reveal, for the first time, the formation of a uniform
nanometer-thick physical adsorption layer and nanoparticles
on the basal plane of atomically thin MoS, in the air with a
relative humidity (RH) of ~60%, and their evolution with
increasing annealing temperature. Our study shows this
physical adsorption layer acts as a thermal shield of the
underlying MoS, lattice to enhance its thermal stability.
Finally, we investigate the formation mechanisms of the
physical adsorption layer by repeated AFM tip-based cleaning
and thermal annealing in humid (~60% RH) and dry (~10%
RH) air. Our finding suggests a facile and effective method to
modify the surface properties of atomically thin MoS,. Our
study provides insights into the surface engineering of MoS,
that are relevant to the study of other 2D-TMDs and their
applications.

2. Results and discussion

2.1. Physical adsorption on MoS,

To observe the evolution of the oxidation process of pristine
MoS,, mechanically exfoliated MoS, flakes supported on
Si0,/Si substrate were step-wise heated at an increment of
50 °C. Figures 1(a)—(d) shows the morphology evolution of a
MoS, flake that contains monolayer (1L), bilayer (2L), and
trilayer (3L) regions (referred to as 1L-3L MoS, flake) by
non-contact mode (NCM) imaging. The 1L-3L MoS, flake
maintains its global morphology at up to 300 °C in air (see
figure S1(g) in the supplemental information), but undergoes
severe sublimation and forms triangular etch pits at 400 °C.
These results are generally consistent with prior annealing
studies of MoS, crystals [11, 27, 29]. However, contrary to a
report that MoS, crystals remain intact at 350 °C [36], our
high-resolution AFM measurements reveal clear oxidation
signs, such as the noticeably enlarged crack gap (indicated by
the red arrow in figures 1(a)—(c)) and sublimation along the
flake boundary and layer steps (figures 1(c) and S2).

Figures 1(e)—(f) reveals the formation of nanoparticles on
the surface of the MoS, flake, which may initiate at a
temperature as low as 150 °C (also see figure S2(d), figures
S3(k)—(1)). They grow in volume and density with increasing
annealing temperature and reach the maximum surface
coverage after 250°C, then start to shrink at 300 °C, and
finally vanish at 350°C (figures S2 and S3). These
nanoparticles formed below 300 °C are deemed as physical
adsorbates and can be easily removed using an AFM tip,
which is discussed in a later section. The larger nanoparticles
found at step edges of the 1L to the 2L region and the 2L to
the 3L region at 400 °C, which are indicated by the red and
blue dashed lines in figure 1(c), are likely residuals of
molybdenum oxides (MoO,) caused by inadequate sublima-
tion [23]. While these MoO, particles grow in size and
quantity under extended annealing (figure 1(d)), they may
survive even a temperature of 525 °C (figure S4) and are
difficult to remove using an AFM tip.

Furthermore, in contrast to a prior report that the
thickness of atomically thin MoS, does not change after
oxidation treatment below 340 °C [27], figure 1(g) shows that
the thickness of the 1L, 2L, and 3L regions increases by 1.06,
1.19, and 1.23 nm, respectively, after annealing at 350 °C.
These noticeable height increases are likely because of the
physical adsorption of ambient moisture, which forms a
uniform nanometer-thick layer on top of the MoS, flake. Two
observations support that hypothesis: (i) the full width at half
maximum (FWHM) and the Raman peak intensities of this
flake remain nearly unchanged as the annealing temerature
ramps up to 350 °C, indicating that the crystalline structure of
the MoS, flake remains intact after annealing at 350 °C
(figure S5); (i) the NCM phase image shows phase contrast
changes with increasing annealing temperature, which
indicates the changing surface properties (figure S6).

Figure 1(h) shows that the step height from the 1L to the
2L regions increases by ~25.5% after annealing at 350 °C,
whereas the step height from the 2L to the 3L regions



Nanotechnology 34 (2023) 405701

Y Jiang et al

400°C_1h

—
w
~—

3.5nm

3.5nm

> 1L 2L 23°¢ 5°0°¢
—l— ——
= 4 } adsorbate
£ | —e— 3L MoﬁS2 /
= T
< 2 = N— |—
o 3 -y
2 | i M
0 e - e —
MDDOODOOOE OO0 O0O0OO0O0OO C
Nm?ﬁ?’uﬁ%%?on N“Eﬁﬁﬁ%%?;x substrate substrate
Temperature (°C) < Temperature (°C) 2

Figure 1. Morphology and layer-thickness (height) evolution of one 1L-3L MoS, flake before (23 °C) and after annealing (50 °C—400 °C) in
the air with ~60% RH. Selected AFM topography images of the flake (a) before annealing, after annealing at (b) 350 °C and (c) 400 °C for
15 min, and (d) after annealing at 400 °C for 1 h. Scale bar, 3 ym. (e) and (f) zoom-in scans before annealing and after annealing at 150 °C for
15 min Scale bar, 500 nm. (g) The evolution of the layer-thickness for the monolayer (1L), bilayer (2L), and trilayer (3L) regions. (h) The
evolution of the step height between the neighboring domains. (i) A schematic diagram of the layer-thickness evolution due to physical
adsorption. The error bars represent the standard error of at least four independent measurements for each type of specimen.

increases by ~8.2%. The noticeable difference in step height
increase can be explained using the simplified model shown
in figure 1(i). The adsorption layer is thinner on the 1L region
because of the passivation effect of the substrate [37]. The
adsorbed substances on the 2L and 3L regions have nearly the
same build-up rate and thus thickness, as compared with the
slower adsorption rate on the 1L region. Therefore, the height
difference between the 2L and 3L regions remains almost
unchanged, while the step height between the 1L and 2L

regions substantially increases with the annealing
temperature.
Complementary to the morphology and thickness

evolutions, the effect of annealing on the MoS, crystal
structure was investigated through ex siftu Raman

spectroscopy, with a focus on crystalline quality, doping
level, and tensile strain. As figure 2 shows, the Aj, mode
upshifts and narrows with increasing annealing temperature
above 200 °C. This is consistent with a prior study on oxygen
treatment of MoS, [27]. Figures 2(a)-(c) shows that the
maximum upshifts for the A;, peak for 1L, 2L and 3L MoS,
are 0.48, 1.03 and 0.29 cm ™', respectively. Correspondingly,
the decrease in FWHM, shown in figures 2(d)—(f), is 0.31,
1.2, and 0.69 cm™ ', respectively.

The mechanically exfoliated MoS, flakes often contain
naturally occurring sulfur vacancies [38], which act as
electron donors, resulting in the n-type doping of MoS, [1].
These electron donors interact strongly with the phonon of the
A, mode, leading to the softening and broadening of the
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Figure 2. The ex situ Raman spectra of the 1L-3L MoS, flake shown in figure 1. (a)-(c) Raman peak frequencies of the A;, (black markers)
and Elzg (red markers) modes, (d)—(f) Full width at half maximum (FWHM) of the two modes for the 1L (square markers), 2L (diamond
markers), and 3L (circle markers) regions as a function of annealing temperature. Error bars are quantified as standard derivation calculated

from three to five measurements for each region.

mode [39]. Thermal annealing can accelerate the chemical
adsorption of oxygen atoms on the sulfur vacancies, leading
to the depletion of electrons and resulting in p-type doping
[40]. Therefore, the stiffening and narrowing of the A;, mode
with temperature can be attributed to annealing-induced
p-type doping of MoS,. In contrast, the Elzg mode is less
sensitive to doping [39], but more sensitive to applied strain
[41]. Thus, the slight down-shifting of the Elzg mode
(~0.4cm ™) is a result of stress relaxation (figures 2(a)—(c)).

The flake height and the upshift of the A;, band peak
after annealing at 350 °C. After heating at 400 °C for 15 min,
the heights of the 1L-3L flake decrease to their original
levels, while the FWHM of the A;, mode decreases below its
original level. These results indicate that the physical
adsorption layer that causes the height increase of MoS,,
can be removed by annealing in air at 400 °C for 15 min or
less, while the chemical adsorption, which leads to p-type
doping, cannot be reversed by thermal annealing.

To better understand the physical adsorption phenom-
enon, we conducted two rounds of thermal annealing at
240 °C, each followed by an AFM tip-based cleaning, and
then final annealing at 400 °C for 3 h on a 2L.-3L MoS, flake.
The AFM topography image of the flake after each process is
shown in figures 3(a)—(e). Figure 3(f) illustrates the AFM tip-
based cleaning process. By scanning the surface of the
annealed MoS, flakes with an AFM tip in contact mode, the
tip breaks the continuity of the physical adsorption layer,
causing the adsorbates to be pushed away and pile up on the

substrate along the scan direction, as evidenced by the tall
(white) features around the edges of the dashed boxes in
figure 3(b). Figure 3(g) shows that thermal annealing at
240 °C increases the height and surface roughness of the 3L
and 2L regions, while the AFM tip-based cleaning restores
them. More discussions comparing the tip-cleaned and
uncleaned MoS, regarding its topography, phase contrast,
and lateral force response can be found in figures S7-S9.

The integrity of the 3L MoS, crystal lattice is preserved
after annealing and tip-based cleaning, as shown by the intact
Raman peak positions (figure 3(h)) and similar optical
contrast between the cleaned and uncleaned regions (inset
in figure 3(d)). However, the FWHM of the A;, mode
decreases by 5% and 12% after the first- and second-round
AFM tip-based cleaning, respectively, likely because of the
filling of pre-existing or newly formed sulfur vacancies by
oxygen atoms through chemical adsorption, resulting in
p-type doping of the MoS,. The tip-based cleaning of the
adsorption layer on MoS, can result in more sulfur vacancies,
as sulfur atoms can be removed along with adsorbates [41].
On the other hand, the Elzg band is unaffected, indicating
negligible residual strains in the MoS, flake.

The results obtained from the repeated thermal annealing
and tip-based cleaning processes indicate that (i) a uniform
nanometer-thick physical adsorption layer forms on the basal
plane of MoS, when annealed in humid air at 240 °C, and (ii)
AFM tip-based cleaning is capable of removing this physical
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Figure 3. Sequential thermal annealing of a 2L-3L MoS, flake at 240 °C and 400 °C in the air under ~60% RH and AFM tip-based cleaning
of the physical adsorption layer. AFM topography images of the flake after (a) the first annealing at 240 °C and (b) AFM tip-based cleaning,
after the second (c) annealing at 240 °C and (d) tip-based cleaning, (e) after annealing at 400 °C for 3 h. The green and red dashed boxes in
(b) and (d) mark the 3L and 2L regions cleaned by the AFM tip, respectively. The inset in (d) shows an optical image after the second tip-
based cleaning. Scale bar, 1 um. (f) Schematic of the AFM tip-based cleaning process of the physical adsorption layer on MoS,. (g) Height
changes of the 2L and 3L regions after sequential annealing and tip cleaning. The error bars represent the standard deviation of measurements
taken on three different regions with an average area of ~60 ym?. (h) Raman spectra of the 3L region recorded after each annealing or

cleaning procedure.

adsorption layer and altering the surface properties of MoS,
by introducing more sulfur vacancies.

2.2. Ice-like dendritic features

A pristine 2. MoS, flake is burned out with large MoO;
particles as residual ashes after annealing at 400 °C for 3 h
(figures S10(a)—(c)). In comparison, for a pre-annealed 2L-3L
MoS, flake at 240 °C that is subjected to the same annealing
conditions, a ~0.8 nm thick layer remains on the substrate
(figures S10(d)—(f)). This suggests that the presence of the
uniform physical adsorption layer on the pre-annealed MoS,
flake acts as a thermal protection layer for the underlying
MoS, crystal lattices.

Figures 4(a)—(c) shows that a pre-annealed 2L. MoS,
flake is free of visible etch pits after annealing at 330 °C for
10 h, which contrasts with prior reports that a fresh 2. MoS,
is entirely thinned down to 1L under the same annealing
condition [29] and numerous etch pits formed on the 1L-4L
MoS, flakes after annealing at 320 °C for merely 3 h [27].

The Raman spectra on the center of the flake do not show
visible changes after annealing at 330°C for 10 h
(figure 4(g)), indicating that the central region of the 2L
MoS, flake remains intact. After a total of 14 h annealing
(figure 4(d)), the intensities of both Raman modes reduce
drastically and the corresponding peak frequency difference
reduces from 21.7 to 20.4 cm ™" (figure 4(g)), suggesting that
the 2L region is thinned down to 1L. It is noted that the
Raman peak difference for the thermally-thinned 1L MoS,
remains larger than that of a pristine monolayer MoS,
(~18 cmfl) [42, 43], likely because of the slight blue shift of
the Aj, mode that is caused by oxidation-induced p-type
doping [25, 29, 44]. The findings of the intact structure
without noticeable signs of structural damages (e.g. etching
pits) and the prolonged survival time at 330 °C suggest that
the physical adsorption layer acts as a thermal shield for the
underlying MoS, crystal lattice and slows etch site growth,
improving the stability and durability of the MoS, flake.
Figures 4(c)-(e) shows ice-like dendritic features and
MoO, particles on the flake. After annealing for 10 h and 14 h,
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Figure 4. Thermal annealing of a 2L MoS, flake in the air under ~60% RH and AFM tip-based cleaning. AFM topography images of the
flake after annealing at (a) 240 °C, (b)—(d) 330 °C for (b) 6 h, (c) 10 h, (d) 14 h, (e) after the AFM tip-based cleaning of the region marked by
red dashed boxes (inset shows the optical image), (f) after annealing at 400 °C for 3 h. Scale bars, 1 zm. The light blue dashed lines in (d), (e)
mark the original edge of the flake while the red dashed line in (e) marks the edge of the remaining MoS, flake. (g) Selected Raman spectra
recorded around the center of the flake. (h) Flake height profiles along the dashed lines in (a)—(f).

the heights of these dendritic features are measured to be about
0.7 nm and 1.1 nm, respectively (figure 4(h)). Those dendritic
features and nanoparticles are mechanically robust and adhere
well to the substrate, and cannot be removed by blowup with
compressive air or using an AFM tip with an applied normal
force of up to 20 nN (figure 4(e)). In comparison, the AFM tip-
based cleaning can remove a layer of materials of about
0.71 nm in thickness from the thermally thinned-down MoS,
region (indicated by red arrows in figures 4(d)—(h)), Our phase

images further confirm that the AFM tip-based cleaning
removes an adsorption layer formed during cooling (figure
S11). The Raman spectra of the cleaned region (figures S12,
S13) show that the Aj; band downshifts and broadens,
suggesting disordering or amorphization of the MoS, crystal
[45]. This observation suggests that the AFM tip removes the
loosely bonded p-type dopants (i.e. MoO,) from the MoS,
surface [46, 47]. The optical image (inset in figure 4(e)) and the
Raman spectra on the dendritic features (figure S12) show
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optical contrast and spectrum of monolayer MoS,, respec-
tively. These results indicate that some 1L MoS, remain
underneath the dendrites (MoO,) and is not removed by the
AFM tip.

Lastly, we annealed the partially cleaned flake at 400 °C
for 3 h. As depicted in figure 4(f), the tip-cleaned regions (red
dashed boxes in figure 4(e)) of the flake have been fully
burned out, except for the flake edge and some residual
nanoparticles. In contrast, a uniform layer with a thickness of
~0.8 nm (figures S10(g)—(i)) remains in the untouched region
after annealing. Similarly, the ribbon edge of the remaining
flake, which is between the red dotted line and the light blue
dashed line (figure 4(d)), has an average height of ~0.8 nm.
This value corresponds well with the thickness of monolayer
MoO; crystal [48]. All of the flakes annealed at 400 °C for 3 h
in our experiment are not visible through optical microscopy
but are observable through AFM imaging (figure 3(e),
figure 4(f)), in accordance with the pronounced chromism
property of MoO; [49].

To provide direct proof of the resultant chemical
composition changes of the annealed MoS, flakes, we
conducted XPS measurements on both unannealed MoS,
flakes and flakes that were first annealed at 240 °C for 3 h and
then at 330 °C for 14 h. As shown in figures 5(a)—(c), the XPS
spectra for all samples show the strong doublet of Mo*"
(shaded in pink) from MoS,, which can be deconvoluted into
Mo** 3d3/ (232.6 £ 0.1 €V) and 3ds;» (229.5 £ 0.2 eV)
peaks [50, 51]; the peaks are highlighted in pink. For samples
annealed at 240 °C, a weak Mo’ state (shaded in purple) at
234.9 eV (3ds») and 231.8 eV (3ds2) in the Mo 3d core line
appears, suggesting the formation of the oxygen-deficient
MoOs_, [31, 52] or molybdenum oxysulfide MoO,S, [53,
54]. The Mo®" species (shaded in red) at 236.2¢eV (3d3,»)
and 233.2eV (3ds;») show up in the sample annealed at
330 °C for 14 h, indicating that MoS, is partially oxidized.
The percentage of the Mo®" species is only about 22%, which
is much lower compared to the values of the MoS, sample
that was directly heated to 330 °C for 10 h [29] and heated at
320°C for 10 min [47]. These findings suggest that the
physical adsorption layer formed after annealing at 240 °C for
3 h contains little or no molybdenum oxides and with this
layer on top, MoS, flakes become more stable under harsh
annealing conditions. Additionally, the sulfur concentration
acquired from the XPS spectra decreases from 67% (pristine)
to 51% (240°C 3h) and to 38% (330 °C 14 h), suggesting
that the density of sulfur vacancies increases with extended
thermal annealing. Figures 5(d)—(f) demonstrates that the S 2p
spectra remain almost unchanged between the pristine and
annealed samples, but shift slightly to lower binding energies
by about 0.1 eV, which may be attributed to the slight p-type
doping [23]. This result is in good agreement with the
observations from the Raman characterization that extended
thermal annealing will increase the p-type doping level
in MoS..

It is worth noting that the oxidation sensitivity of MoS,
depends on its crystalline structure. The mechanically
exfoliated MoS, are monocrystalline, while the chemically
grown MoS, using chemical vapor deposition (CVD)

methods are polycrystalline with more S vacancies and grain
boundaries. Mechanically exfoliated MoS, is thermally more
stable than CVD-grown MoS,, of which full oxidation
reportedly occurs at 280 °C [55]. The use of a surface
covering as a protective shield for the underlying TMD
crystal against oxidation degradation is also reported for
MoTe, [56].

2.3. Adsorption and oxidation of MoS; in dry air

With a better understanding of the role of the physical
adsorption layer in the oxidation of MoS,, we aim to
understand its formation conditions. Pristine MoS, crystals
are expected to thicken because of moisture adsorption in
humid air [57, 58]. Hence, to confirm whether the height
increase and formation of dendritic features result from the
adsorption of ambient moisture, we tracked the morphology
and layer thickness of thin MoS, flakes that were initially
exfoliated during the summer (~55%—-65% RH), stored in the
open air for over six months (during which the humidity
decreased to ~10% RH in the winter), then subjected to
various annealing periods at 330 °C and multiple AFM tip-
based cleanings.

After exposure to humid air for two months, the height of
the 2L region increases by approximately 0.6 nm compared to
the average height of a freshly annealed 2L flake (table S1),
which is consistent with previous studies [57, 58]. However,
the height decreases by 0.34nm after being stored in
relatively dry air. The evolution of the morphology, layer-
thickness, and Raman spectra are shown in figures S14-15.
Figures 6(a)—(c), (g) show that thermal annealing of this flake
at 330°C in dry air for 1 h and the following tip-based
cleaning do not alter the flake thickness, in distinct contrast to
the results obtained on flakes of the same number of layers,
but annealed in the humid air. The Raman spectra in figure
S15 show that the tip-based cleaning decreases the intensity
and increases the FWHM of the A, and El2g modes,
indicating disordering or amorphization of the MoS, crystal.
Moreover, figure 6(f) shows that A;, peak upshifts and
narrows after the tip-based cleaning and annealing, suggesting
more S vacancies induced by the annealing and cleaning.
Figures 6(c)—(d) demonstrates that annealing at 330 °C for an
extended duration severely oxidizes the flake that signs of
sublimation and etching pits are visible on the 1L and 2L
regions. Notably, the triangular etching pits appear after
annealing at 330 °C for merely 6 h, in contrast to the 2L flake
annealed in humid air that remains intact even after annealing
for 14 h (figure 4(d)). The formation of etching pits might
develop from the S defects generated by tip-based cleaning.
These results suggest that, in the absence of the protection of
the physical adsorption layers and the dendritic features,
MoS, is prone to oxidation at 330 °C in dry air. Additionally,
the tip-based cleaning results in an accumulation of MoS, and
molybdenum oxides debris at the end of each scan line
(figure S16).
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annealed at 240 °C for 3 h, 330 °C for 14 h in air with ~60% RH.

3. Conclusions

In summary, the oxidation of mono- or few-layer MoS, flakes
in the air under a wide range of annealing temperatures and
humidities is investigated. Our findings reveal, for the first
time, the formation of a uniform nanometer-thick physical
adsorption layer on the basal plane of atomically thin MoS,
through moisture adsorption during low-temperature thermal
annealing. The physical adsorption acts as a thermal shield for
the underlying MoS, lattices and does not induce straining,
thus having no direct effect on its electrical properties.
Furthermore, the physical adsorption is fully removable using
facile annealing at 400°C or through AFM tip-based
cleaning. Chemical adsorption of oxygen molecules on sulfur
vacancies leads to p-type doping of MoS, and phase
transformation from MoS, to MoO,, and the resulting ice-
like dendritic features are hard to remove by either thermal
annealing or AFM tip-based cleaning.

The findings of the physical and chemical adsorption
phenomena provide critical insights into the oxidation

mechanism of atomically thin MoS, and highlight the
importance of humidity control in ensuring reliable and
optimal performance for MoS,-based devices. These findings
have important implications for the understanding and
ultimately a full command and control of fundamental
physical and chemical properties of MoS,, which are critical
to the pursuits of its applications. For example, the protective
role of the physical adsorption layer is instrumental to the
preservation of the pristine crystal lattice structure of MoS,
and its intrinsic physical properties from contamination or in
harsh thermal environments. This surface engineering
approach is, in particular, important to their electronics
applications, where elevated thermal heating is often involved
in the manufacturing and operation of the device. The
induction of S-vacancies in MoS, by AFM-tip cleaning is a
promising and facile venue for controllable defect engineering
in 2D-TMD that can be used toward strain engineering,
bandgap engineering, and electrochemical catalyzing [8—10].
The reported experimental findings may help stimulate further
theoretical study to better understand the physi-chemisorption
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phenomena in the thermal oxidation of MoS,, in particular, at
the atomistic level with the aid of advanced computational
tools, such as molecular dynamics simulations and density-
functional theory calculations [59-61]. These advances are
also relevant to the study of other TMDs (e.g. MoTe, and
MoSe, [56, 62] that are sensitive to the ambient environment
and ultimately contribute to the development of the next-
generation cutting edge 2D-TMD based electronics and
devices with optimal design and performance.

4. Methods

4.1. Preparation of mono- and few-layer MoS; flakes

Mono- and few-layer MoS, flakes were mechanically
exfoliated from bulk MoS, crystal (SPI supplies) onto a Si
substrate with a 285 nm SiO, layer (Graphene Supermarket),

using Scotch tape as the transfer media. No heating or post-
annealing was involved during mechanical exfoliation or for
removing tape residue.

4.2. Thermal annealing

Thermal annealing was conducted on stand-alone mechani-
cally exfoliated MoS, flakes on SiO,/Si substrates (5 mm by
5mm) in a ceramic crucible of a TS1500 heating stage
programmed by a T96 system controller (Linkam Scientific
Instruments). The temperature of the sample was monitored
using a PT100 platinum sensor with a resolution of 0.01 °C.

The humidity was monitored by a temperature-
compensated humidity sensor (Model 554, Electro-Tech
Systems, Inc.). After the characterization of the MoS, flakes
at room temperature, the sample was heated to 50 °C with a
ramp rate of 5 °C min !, held for 15 min, then cooled to room
temperature at the same rate, followed by Raman and AFM
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measurements. Subsequently, the same sample was heated to
a temperature 50 °C higher than the former one using the
same procedure, followed by the same characterization
routine.

4.3. Characterizations

All AFM measurements and tip-based cleaning were
conducted using a Park XE 70 AFM (Park Systems). The
scanners were calibrated, and the details are shown in figure
S17. The topography of the MoS, flakes before and after
annealing was inspected by NCM AFM with a regular silicon
cantilever (Tap300Al-G, Budget Sensors) which had a
nominal spring constant of 40Nm~'. The measurement
configuration of the NCM imaging is discussed in figure S18.
For contact mode imaging, we used a soft cantilever (csg01,
NT-MDT spectrum instruments) with a spring constant
ranging from 0.003 to 0.130Nm™', to eliminate the tip-
induced scratches on the sample. Tip-based-cleaning was
conducted with a contact mode cantilever (csgl0, NT-MDT
spectrum instruments) with a spring constant ranging from
0.010 to 0.500 N m™". The spring constant of each cantilever
was calibrated by using the Sader method [63].

Raman spectroscopy measurements were performed with a
Renishaw inVia Reflex Raman microscope equipped with a
532nm laser excitation with 2400 lines/mm grating. The
spectra were collected through a 100X objective lens with an
N.A. of 0.85. The laser power was kept below 0.5 mW to avoid
the heating effect. Raman spectra were calibrated by using a
bulk monocrystalline Si to peak position at 520.5 cm ™.

X-ray photoelectron spectroscopy measurements were
conducted with PHI VersaProbe II. All spectra were taken
using monochromatic Al Ko radiation (hv = 1486.6eV at
48.3W) with a beam diameter of 200 um. Adventitious
carbon C 1s (C—C and C-H at 284.8 eV) was used for charge
correction referencing. Curve fitting was performed using a
mixed Gaussian-Lorentzian function after a Shirley back-
ground subtraction. An area ratio of 3:2 between the Mo 3d3»
and 3ds,, was used in the fitting.
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