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Ultraviolet-Ozone (UVO) treatment has potentially promoted the long-term stability and the high performance of
two-dimensional-material-based devices. However, the detailed evolutions of materials upon UVO treatment are
less reported and unclear. Herein, we have systematically investigated the evolutions of morphology and elec
tronic properties of the UVO treated few-layered MoS2. A weak p-doping effect on a 1-hour-UVO-exposed bulk
MoS2 is revealed by photoelectron spectroscopy, being attributed to the charge transfer from MoS2 to the newlyformed MoOx. Optical microscopy, atomic force microscopy, Raman and PL mapping measurements reveal an
inhomogeneous change of MoS2 morphology after UVO treatment. The oxidation is initiated at intrinsic defect
sites and dislocations, and then expands in-plane from dislocations to both sides to form one dimensional
standing-wave-like features. The dangling-bond-free surface regions remain smooth, being attributed to the
higher energetic barrier for O2 dissociation and chemisorption. A model is proposed to explain the mechanism of
inhomogeneous oxidation. The rather different oxidation behavior of MoS2 compared with MoSe2 and MoTe2 can
be attributed to the difference in the in-plane chemical bonds. Our findings remind that the device design with
UVO oxidation need to take the microstructure changes after treatment into account instead of only taking notice
of the doping effect for performance improvement.

Introduction
Two-dimensional (2D) materials, especially transition metal dichal
cogenides (TMDCs), have expanded rapidly for the platform of lowdimensional physics and various applications [1–3]. Despite broad
prospects, lots of 2D materials suffer poor stability under ambient en
vironments compared to their 3D counterparts, since they are highly
prone to chemical degradation [4]. In a few hours, BP and metallic
TMDCs (e.g., 1T-TiSe2) exhibit noticeable changes in surface
morphology [5,6]. Besides, mechanically exfoliated monolayer hightemperature superconductor Bi2Sr2CaCu2O8+δ degenerated soon to be
insulating due to water vapor induced corrosion and rapid oxygen
dopant loss [7]. Worse still, illumination in minutes under ambient
conditions results in few-layered ferromagnetic semiconductor CrI3

flakes into liquid [8]. Natural oxidation of 2D materials has adverse
effects on their performance and hampers investigating their intrinsic
properties [9].
Several methods have been employed to improve the air stability,
such as surface encapsulation, avoidance of light and surface dense
oxides [9–13]. Surface encapsulation using h-BN or ALD-Al2O3 can
alleviate degeneration as well as improve device interface quality and
carrier mobility [10,14,15]. However, large-cost and time-consuming
are required. Very recently, a photoinduced oxidation process of
monolayer WS2 in ambient has been reported [12]. Avoidance of light
illumination is required for some easily oxidated 2D materials.
Controlled surface oxidation has earned attention via exposing 2D
materials to oxygen atmosphere [16–18]. Upon exposure in air, spon
taneous oxidation of InSe takes place and the inner layer can be oxidized
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owing to the loose surface oxides [16]. A dense In2O3 capping layer can
be formed on top of few-layered InSe flakes via a dry-oxidation process.
The corresponding FETs show a high mobility of 423 cm2/V⋅s and an
enhanced device lifetime over one month in environment, being
attributed to the effective unpinning of the Fermi level at the interfaces
of metal-semiconductor contacts and the passivation of capping layer
[16]. For exposure to oxygen atmosphere, in spite of the enhanced
performance, the doping is unstable and uncontrollable owing to the
weak adsorption of newly formed oxides to 2D materials. Although
oxygen plasma treatment can result in oxide layers rapidly, the induced
possible structural defects and uncontrollability hamper the application
in TMDCs [18].
In recent years, Ultraviolet-ozone (UVO) treatment has been
demonstrated as an efficient, controllable, and common surface oxida
tion means for enhancing the stability and performance of TMDCs
[19–23]. As we previously reported, UVO treatment causes the forma
tion of uniform and dense oxide layer with high work function in a layerby-layer mode on top of MoSe2 (MoTe2) [19–21], which can hinder
further oxidation and improve the air stability and can lead to p-doping
via surface charge transfer method to build p–n MoSe2 homojunctions
with high photovoltaic performance [20] as well as to a huge
improvement in electrical performance of MoTe2 by lowering Schottky
barriers [21]. MoS2, one of the most extensively studied TMDCs, is less
susceptible to oxidation compared with MoSe2 and MoTe2. The theo
retical calculations show that the barrier of O2 dissociation at the MoS2
edge is 0.31 eV and that at the basal plane is 1.6 eV, interpreting that O2
can easily decompose into O atoms at the MoS2 edge but not on the MoS2
basal plane [24]. However, the oxidation barrier is reduced to 0.8 eV
when S vacancy exists on the MoS2 basal plane, which makes oxidation
easy [24]. Therefore, in experiments, it is possible to have different
oxidation behaviors at the basal plane, S vacancies and edges of MoS2,
which may be different to MoSe2 and MoTe2. The possible difference of
UVO on MoS2 calls for more experimental investigations.
In this letter, mechanically-exfoliated few-layered MoS2 flakes with
different UVO treated duration have been systematically investigated
via Optical microscopy (OM), atomic force microscopy (AFM), Raman
and PL spectroscopy. A weak p-doping effect is observed on a 1-hourUVO-exposed bulk MoS2 via X-ray/ultraviolet photoemission spectros
copy (XPS, UPS) measurements, and attributed to the charge transfer
from MoS2 to the newly-formed MoOx. Raman, PL and AFM measure
ments demonstrate an inhomogeneous morphology change, indicating
that the oxidation is initiated at intrinsic defect sites and dislocations,
and then expanded in-plane from dislocations to both sides to form one
dimensional standing-wave-like features. The dangling-bond-free sur
face regions remain smooth due to the higher surface activation energy
for O2 dissociation. The difference in the in-plane chemical bonds
compared to MoSe2 and MoTe2 is the main reason for the rather different
UVO oxidation process of MoS2. Our findings indicate that the device
design with UVO oxidation can not only take notice of the doping effect,
but also need to take the microstructure changes after treatment into
account.

at a high confocal mode with a ~0.8 um laser spot size and 0.5 um step
[25]. For PL measurements, a grating of 600 lines/mm was used. The
laser power was set well below 0.1 mW to avert any destructions to
MoS2. The morphologies of the flakes were monitored by OM (Leica
DM2500, Germany) and AFM (Agilent 5500, US) in a tapping mode
[26]. The thickness was firstly identified via optical method and further
verified by high confocal Raman method. UPS and XPS characterizations
were carried out in a SPECS system [27]. All the measurements were
performed at room temperature.
Results and discussions
Due to the limitation of the large light spot in milimeter scale, a bulk
MoS2 sample is used for photoemission spectroscopy measurements. To
study the evolutions of MoS2 surface electronic states and compositions
upon UVO exposure, XPS measurements were carried out. The Mo 3d, O
1s and S 2p core level spectra of pristine and 1-hour-UVO-treated MoS2
are shown in Fig. 1a, b and c. For pristine sample, the Mo 3d spectrum
consists of three peaks located at around 227.4, 230.1 and 233.3 eV,
corresponding to S 2s (orange), and spin-orbital interaction induced
Mo4+ 3d5/2 and 3d3/2 (blue) doublet of pristine MoS2 [28], respectively.
For exposed sample, extra doublet peaks (green) located at 232.8 and
236.0 eV are correspond to Mo6+ 3d5/2 and 3d3/2 components of non
stoichiometric molybdenum oxide (MoOx with x < 3). Fig. 1b also
suggests that the oxidation product is MoOx. Similarly, in the S 2p
spectra, except for the doublet peaks of pristine MoS2, additional
doublet peaks appear at 165.1 and 166.3 eV arising from S-O bonding
[29]. Peak broadening is evident after UVO treatment, indicating the
change of surface chemical order. Substoichiometric MoS2− x caused the
S 2p doublet characteristic broadening, indicating the removal of sulfur
atoms from the surface [30]. MoS2 related Mo 3d and S 2p doublet peaks
are slightly downshifted by ~0.27 eV after UVO treatment, indicating
the downshift of Femi level toward the VBM, confirming that the ndoping level of MoS2 is weakened. The smaller intensity ratio IMo6+ /IMo4+
confirms that the oxidation process is self-limited at topmost several
layers or inhomogeneous.
Fig. 1d and e show the corresponding UPS results. The valence band
(VB) edge of the pristine bulk MoS2 (the black plot in Fig. 1d) is 1.18 eV
below the fermi level. Considering the band gap of ~1.29 eV [31], bulk
MoS2 is n-type. The secondary electron cutoff in Fig. 1e shows the work
function (WF) of bulk MoS2 measured to be 4.65 eV. These results are in
good agreement with previous literatures [32]. Upon exposure, the
MoS2 related features disappeared and a new VB edge emerged at 3.18
eV (Fig. 1d, red), which is comparable to the band gap of 3.27 eV for
MoO3 [33], also suggesting the formation of MoOx on MoS2. However,
the WF only increases by 0.43 eV to 5.08 eV, smaller than that (6.8 eV)
for MoO3 [33], which indicates that the oxide layer is inhomogeneous or
quite thin via a self-limited oxidation process at topmost several layers.
Owing to the higher WF of the newly formed MoOx [34], charge transfer
from MoS2 to it is expected. Fig. 1f shows the band diagrams at MoOx
/MoS2. Except for the 0.27 eV upward band bending, a surface dipole of
0.16 eV pointing to the surface is formed at the interface. We have
previously reported that for both bulk MoTe2 and MoSe2 treated using
the same method but for less duration the band can upshift by up to
~0.75 eV [20,21]. To reveal the possible underlying mechanism, we
have systematically explored the physical effects of UVO exposure on
mechanically exfoliated few layered MoS2 flakes at nanometer scale.
Fig. 2a shows an optical image of the as-exfoliated MoS2 flake consist
of single layer (1L), bilayer (2L), and trilayer (3L) with different
contrast. Corresponding AFM image in the black solid square in Fig. 2b
shows a smooth surface with a root-mean-square (RMS) of 0.2 nm. The
inserted line profile reveals a ~1.0 nm step height, higher than that of 1L
MoS2 [35], which may be attributed to the effect between tip and
samples. Fig. 2c shows the typical Raman spectra of 1–3 L MoS2,
respectively. Two characteristic Raman peaks can be observed in 1L

Experimental setup and sample characterization
The bulk MoS2 crystals were purchased from Shanghai Onway
Technology Co., Ltd. The MoS2 flakes were mechanically exfoliated onto
300 nm SiO2/Si substrates, and then exposed to UVO with the power
density of 14.76 mW/cm2 (one centimeter distance from the UV lamp)
generated via commercial equipment (Bioforce UV/Ozone Procleaner
TM Plus) [21].
Raman and PL measurements were performed on a confocal microRaman spectroscope (Renishaw inVia Qontor, UK) with a solid-state
laser at 532 nm. The Raman signals were collected through a 100x
objective (NA = 0.85) and dispersed by a grating of 1800 lines/mm
ensuring a high spectral resolution of ~1.0 cm− 1 and a fitted peak po
sition accuracy of 0.1 cm− 1. The Raman and PL mapping were measured
2
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Fig. 1. XPS and UPS characterizations of bulk MoS2 before and after exposing to UVO for 1 hr: Mo 3 d (a), O 1s (b) and S 2p (c) core level spectra. White dots are
experimental data. Blue, green and orange curves are the corresponding fitting curves, respectively. Valence (d) and secondary electron cutoff (e) regions of UPS
spectra. (f) The band diagrams of MoS2 after treatment. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

MoS2 located at 384.9 (E12g ) and 404.2 cm−

1

Especially for 1L MoS2, it became rougher with discontinuous pro
trusions. The insert in Fig. 3b shows a close-up AFM image. The corre
sponding Raman and PL spectra show no MoS2 related peaks (Fig. S1a
and b). Moreover, no MoO3 related peak can be observed. Thus, 1L MoS2
has been entirely oxidized into Raman-inactive MoOx, consistent with
above XPS results.
In thicker regions (≥2 layers), rather than homogeneous oxidation as
on MoSe2 and MoTe2 [19,20], the oxidation takes place inhomoge
neously, as shown in Fig. 3c and d. This inhomogenoeous oxidation is
widely observed in MoS2 as shown in Fig. S2. Triangular etching pits
[41] were observed neither in single-layer nor multilayer MoS2 samples.
This can be attributed to that the produced MoOx could not volatize at
ambient conditions and agglomerate together to form larger 3D clusters
on the base plane of MoS2 in various sizes around step edges and dis
locations, due to the dangling-bond-free surface of MoS2 with higher
activation energy [42]. Oxidation occurs more intensively where the
clusters are larger, as evidenced by Raman and PL results shown in
Fig. S1c and d. The Raman (PL) intensity in large cluster regions (red
square region in Fig. 3c) is weaker (much stronger) than in small cluster
regions (blue triangle region in Fig. 3c), indicating that the large cluster
regions have been fully thinned into 1L MoS2 while the smaller cluster
regions remain at least 2L MoS2. The redshift of Raman peak A1g (2.7

(A1g), respectively. The

insert in Fig. 2c shows the A1g, E12g phonon modes shift oppositely and

their frequency difference increases with the number of layers as 19.3,
21.8, and 23.6 cm− 1 for 1L-, 2L-,3L-MoS2 respectively. Such trend can be
attributed to the interlayer vdW interactions and the corresponding
dielectric screening [36–39]. Due to the transition from indirect to direct
gap with the thickness decreasing from bulk to monolayer [31], PL is a
facile method to judge the number of layers of TMDCs. Fig. 2d displays
the PL spectra of 1L- to 3L-MoS2, respectively. There are two prominent
peaks at ~1.85 (A) and ~2.05 eV (B) from the direct gap transition at K
(K′ ) point [31,40], and their energy difference is the spin-orbital inter
action induced valence-band splitting. Peak A becomes stronger as the
number of layers decreasing. The weak PL peak (I) related to the indirect
band gap transition is detected for 3L- and 2L-MoS2 but not for 1L-MoS2
[31]. All the results in Fig. 2 reveal the high quality of our mechanically
exfoliated samples.
The morphology and corresponding optical properties of above MoS2
flakes upon 6 min UVO exposure were characterized using OM, AFM,
Raman and PL spectroscopy, respectively. Compared to pristine sample
(Fig. 2a), the 1L regions disappeared (Fig. 3a). AFM image in Fig. 3b
from the white square in Fig. 3a shows obvious morphology changes.
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Fig. 2. Characterizations of mechanically-exfoliated MoS2 on SiO2/Si. (a) Optical image of the as-prepared MoS2 flake containing various number of layers. (b)
Corresponding AFM image in the black solid square in (a). Raman (c) and Photoluminescence (d) spectra of as-prepared 1–3 layered MoS2 at room temperature. The
insert in (c) shows variation of the A1g, E12g phonon modes and their frequency difference with the number of layers.

cm− 1 for large cluster regions VS 0.2 cm− 1 for small cluster regions)
indicates the P doping in MoS2 flakes, consistent with above XPS results.
It is well known that the TMDC surface is more reactive along with
the chalcogen varies from S to Se and then to Te. While the atomic radius
increases as X changing from S to Te, the interaction between sp orbital
of X and the d band of Mo becomes weaker. According to a RMS
roughness research, the values of MoS2 are relatively low (~0.2–0.4 nm)
and almost constant over 27 days; MoSe2 had a value of 27 nm after 9
days of preparation; surface features of MoTe2 were undetectable after 3
days [43]. The order of instability can be largely attributed to the
electronegativity of the nonmetallic elements. The larger the electro
negativity of the X atom, the more electrons are transferred from M to X;
and stronger M–X bonds are formed [44]. The different UVO oxidation
process of MoS2 with that of MoSe2 and MoTe2 can be attributed to the
difference in the in-plane chemical bonds.
Fig. 4a shows a series of UVO exposure time dependent OM images
(0, 8, 16, 24 min) of a large scale 3L MoS2 flake to display the
morphology evolution with exposure time. Fig. S3 shows more details at
fewer intervals. The darker the contrast is, the thicker the MoS2. The
pristine 3L MoS2 flake appears uniform. Upon 8 min UVO exposure,
some cracks (lighter lines) appear, attributed to the oxidation induced
thinning as for 2L MoS2. Previous results of oxidative etching on MoS2
reveal that oxidative etching starts at edges, grain boundaries and
intrinsic atomic defects where unsaturated S atoms are abundant. The
etching prefers to propagate along the crystallographic directions
of< 1010 > with weak bond strengths and generated extra zigzag Mo
edges in the domains [45,46]. We attributed the formation of the cracks
here to the same mechanism. Such cracks connected to each other and

became wider as exposure time increase to 16 and 24 min while the
density had no obvious change, confirming the oxidation initiated along
dislocations whose number is a constant for a given flake and expanded
in-plane to both sides.
The AFM image in Fig. 4b clear displays the final morphology and
further confirms above discussion. The corresponding OM image is
inserted. Similar to Fig. 3c, three typical features can be observed. Large
but scattered 3D clusters with an averaged diameter of 330 ± 50 nm and
a height of 25 ± 5 nm in the cracks are labeled as region C. Small but
dense protrusions in parallel lines spaced 145 ± 45 nm on the both sides
of cracks and inner sides of step edges or concentric circles on the basal
plane with a major height of 6 ± 4 or 14 ± 4 nm are labeled as region B,
as evidenced by the zoomed-in AFM image in Fig. S4 and by the statistic
results in Fig. S5. It is reported that a linear defect in 2D materials will
generated a series of parallel wavelike ripples. In suspended pristine
MoS2, a quasi-periodic structure with all ripples nearly parallel to each
other and with height variations up to tens of nanometers has been re
ported [47]. The parallel ripples bring about a periodic compressive
field and considerably reduce the activation energy of the mono
vacancies diffusion. Recently, in-situ ADF-STEM results suggest that S
vacancies tend to migrate to the tip of linear defect rather than the side
to elongate the linear defect, which also results in the formation of 2D
voids and attached Mo clusters [48]. The linear features in regions B
were proposed to arise from such ripples in MoS2, although a direct
evidence is absent. Such ripples also give rise to the intercalation of O2 in
between MoS2 layers. The inner regions surrounded by regions B with
smoothest surfaces are labeled as regions A, which are inert to UVO and
appear almost as before in both OM and AFM images.
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Fig. 3. Different layers (1–3) MoS2 upon 6 min
treatment. (a) Optical image showing vanished
contrast in monolayer regions. (b) AFM image in the
white dash square in (a). Insert: a close-up AFM
image with the scale bar of 200 nm. (c) AFM image in
the black solid square in (a). (d) Zoomed-in AFM
image around the grain boundary from the yellow
solid square in (c). (For interpretation of the refer
ences to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 4c and d present PL and Raman (A1g peak) intensity maps from
the white solid square in Fig. 4a, respectively. A zoomed-in AFM image
is overlapped on panel d with 65% transparency. At a glance, regions A
have weaker PL emission but stronger Raman intensities thanks to the
multilayer nature and corresponding in-direct band gap. Although the
zoomed-in AFM image in Fig. S4a shows weak contrast in regions A, the
crystal lattice keeps intact. On the contrary, Regions C have much
stronger PL emission but weaker Raman intensities, indicating single
layer nature due to oxidation induced thinning effects and correspond
ing indirect to direct band gap transition. Several regions (D) in regions
C with almost disappeared PL emission and Raman signals can be
attributed to the degraded 1L MoS2, where direct excitonic recombina
tion is inhibited by the defect-induced midgap states [49]. This suggests
that the newly formed oxides layer delay the oxidation speed in the outof-plane direction. The detailed distribution of such four regions is
highlighted in the same PL intensity map in Fig. S6.
Interestingly, the strongest PL emission is observed in regions B,
where the Raman intensity are stronger than regions C but weaker than
regions A. To understand such a phenomenon, typical PL and Raman
spectra from regions A, B, C, D are plotted in Fig. 4e and f. In regions D,
both Raman and PL intensities are much weaker than the others. In
regions A, the Raman intensity is strongest and the Raman peak differ
ence is 23.4 cm− 1, confirming the 3L nature. Consistently, PL spectrum
in regions A shows an indirect transition, as shown in Fig. S7a. The in
tensity of PL peak A is slightly enhanced relative to the pristine 3L MoS2,
attributed to the physical adsorption of O2 on MoS2 base plane [50]. In
regions B and C, the Raman peak differences are both ~21.1 cm− 1, close
to that of modified 1L MoS2 [46,51], indicating higher S vacancy density
than as-exfoliated samples. This implies that the UVO starts interacting
with buried MoS2 layers and takes off some S atoms. However, the

Raman intensity in regions B is about twice of that in regions C, indi
cating more 1L MoS2 illuminated by the laser. Given the laser spot size a
constant, the most likely reason is that electronically coupled bilayer
becomes to two decoupled 1L MoS2 due to the UVO-induced insertion of
oxygen [28,52]. One other possible reason is that due to the electron
transfers from underlying MoS2 to newly formed MoOx layers, an
effective electric field perpendicular to the base plane of MoS2 is built.
Such an external electric field can turn electronically coupled bilayer to
decoupled [53]. Such decoupling will result in indirect-to-direct band
gap transition and PL enhancement, contributing the strongest PL
emission in regions B.
The asymmetric PL peak broadening in regions C can be related to
the existence of extra defects induced phonons deriving from oxide
centers in UVO-treated MoS2 [54]. Thus, PL emission intensity in regions
C is not as strong as as-exfoliated 1L MoS2. The PL peak A blueshift of
~25 meV in regions C relative to that in regions B could be associated
with UVO-induced p-type doping [22], consistent with the Raman peak
A1g blueshift in Fig. S7b. For the same reason, a slight blueshift and a
lower ratio of X-/X is observed in regions B compared to pristine
monolayer MoS2 [55], shown by the corresponding deconvoluted PL
spectra in Fig. S7c.
To intuitively depict the inhomogeneous oxidative process, a carton
in Fig. 5 is proposed. The oxidation is initiated at the grainboundaries
along <1010 > direction of MoS2 and extends in-plane to both sides of
them upon UVO exposing, as shown in the perspective view in the upper
panel. Four different degree of oxidation regions revealed in Fig. 4 are
displayed in the side view in the lower panel. Regions A are almost intact
3L MoS2. The upper layer of regions B is 1D periodic parallel MoOx
beneath which is two decoupled 1L MoS2 with insertion of oxygen. The
upper layer of regions C is discrete large clusters of MoOx.
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Fig. 4. 3L MoS2 upon different treatment time. (a) Optical images of 3L MoS2 with the representive 0, 8, 12 and 24 min treatment. (b) AFM image after 24 min
treatment, the insert is the corresponding optical image. PL (c) and Raman A1g peak (d) intensity images corresponding to the white solid square in (a). PL (e) and
Raman (f) spectra extracted from locations #A, #B, #C and #D in (c).

Conclusion

depicting the detailed inhomogeneous oxidation process has been pro
posed, which is rather different with the uniform one for MoSe2 and
MoTe2 and can be attributed to the difference in the in-plane chemical
bonds. Our findings can explain the worse effect of UVO exposure on the
MoS2 performance improvement. The inhomogeneous oxidation process
in MoS2 indicates the device design with UVO oxidation can not only
take notice of the doping effect, but also need to take the microstructure
changes after treatment into account.

In summary, we have systematically demonstrated the evolutions of
morphology and electronic properties of the UVO treated exfoliated fewlayered of MoS2. The XPS/UPS characterizations reveal a newly-formed
MoOx induced weak p-doping effect on account of charge transfer from
MoS2 to it. OM, AFM, Raman and PL mapping results demonstrate an
inhomogeneous oxidation which is initiated at intrinsic defect sites and
dislocations, and then expanded in-plane from dislocations to both sides
to form one dimensional standing-wave-like features. However, the
dangling-bond-free surface regions remain smooth due to the higher
kinetic barrier for O2 dissociation and chemisorption. A carton clearly
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Fig. 5. Schematic diagram of the oxidation process of 3L MoS2 exposed to UVO. (a) top view of the oxidation process which is initiated at grainboundaries and then
expanded in-plane from grainboundaries to both sides. (b) side view of the oxidation process displays A, B, C and D regions.
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