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Two-dimensional molybdenum disulfide (MoS,) is a semiconductor that could be used to build scaled transistors and other
advanced electronic and optoelectronic devices. However, the material typically exhibits strong n-type doping, low photolumi-
nescence quantum yields and high contact resistance with metals, behaviour that is often attributed to the presence of donor
states induced by sulfur vacancies. Here we show that oxygen-incorporated chemical vapour deposition can be used to pas-
sivate sulfur vacancies and suppress the formation of donor states in monolayer MoS,. First-principles calculations and spec-
troscopy measurements are used to reveal the formation of molybdenum-oxygen bonding at the sulfur vacancy sites and the
absence of donor states in oxygen-incorporated MoS,. Compared with MoS, fabricated via chemical vapour deposition without
oxygen, oxygen-incorporated MoS, exhibits enhanced photoluminescence, higher work function and improved contact resis-

tance with a lower Schottky barrier (less than 40 meV) at the metal/MoS, interface.

tronic and optical properties of semiconductor crystals—

without degrading performance—using techniques such as
doping', stoichiometry?, defect engineering® and interfacial effects®.
Transition metal dichalcogenides (TMDs), such as monolayer
molybdenum disulfide (MoS,), has been proposed as an alternative
semiconductor to silicon due to their bandgap (1.8—1.9eV), moder-
ate carrier mobility and atomically thin body (6.5 A), which is ideal
for gate electrostatic control and device downscaling®. However, the
thinness of TMD monolayers also makes them highly susceptible to
intrinsic and extrinsic defects and impurities®’. It has, in particular,
been theoretically predicted and experimentally observed that the
electron transport and excitonic transitions of MoS, are strongly
affected by defects”, strain’ and substrate effects'.

Sulfur vacancies (V) are the most commonly observed natural
structural defects in MoS, due to their lower formation energy com-
pared with other structural defects'""?, and typical densities of Vj
in monolayer MoS, can be up to 10 cm™ (ref. *). These vacancies
induce defect states localized below the conduction band minimum
(CBM) of MoS, (refs. '*'*) and can be detrimental to the performance
of electronic and optoelectronic devices, acting as scattering centres
that limit carrier mobility”*, and mediating non-radiative recom-
binations that reduce the photoluminescence (PL) efficiency'*".
In addition, V; can function as electron donors due to unsaturated
bonds, resulting in strong electron (n-type) doping in monolayer
MoS, (ref. '®). As a result, PL intensity is decreased due to quench-
ing of the optical transitions of neutral excitons and formation of
charged excitions (trions) in electron-rich environments'”"”. When
in contact with metals, Vs-induced defect states in the bandgap

| he semiconductor industry relies on engineering the elec-

cause Fermi-level pinning, resulting in high Schottky barriers'***-*,
The Schottky barrier height (SBH) at metal/MoS, interfaces is typi-
cally in the range of 100—400 meV (refs. *-%’), which impedes elec-
tronic transport and results in poor electrical contact resistance
(Re)- Thus, to improve the performance of MoS,-based electronic
and optoelectronic devices, approaches to passivate the Vg in the
material are required.

Doping and defect engineering in MoS, are, however, challeng-
ing due to its low dimensionality. The V can be physically passiv-
ated through surface modification, such as superacid treatment'®,
thiol chemistry modification®® and oxygen physio-adsorption®>*.
These physical treatment methods can repair the Vg and reduce
the density of trap states, thus enhancing the exciton emission
efficiency and electron mobility in MoS,. Though surface modifi-
cations by molecules and ions can locally alter the electronic and
optoelectronic properties, these treatments suffer from chemical
instability and incompatibility with device fabrication processes.
Several chemical treatment approaches have also been developed,
such as high-temperature annealing in a sulfur-rich or oxygen-rich
environment®>’’, laser-irradiation-assisted oxygen adsorption”, and
ion radiation and plasma treatment™ . These methods are more
stable than surface modification, but crystallinity and uniformity
are inevitably compromised.

In this Article, we report a scalable oxygen-incorporated chemi-
cal vapour deposition (O,-CVD) technique that can suppress the
formation of donor defect states in monolayer MoS,. Using den-
sity functional theory (DFT) calculations, the presence of oxygen
at the Vj sites is shown to passivate the V-induced donor energy
levels and reduce undesired n-type doping, as well as preserving
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the electronic band structure and carrier mobility. Electron deple-
tion of the passivated MoS, is confirmed by Raman, PL, X-ray
photoelectron spectroscopy (XPS) and electrostatic force micros-
copy (EEM), as well as by the shift in the threshold voltage of MoS,
transistors. We also show enhanced PL emissions due to reduced
non-radiative recombinations and electron depletion, reduction in
Schottky barrier (<40 meV) and improvement in contact resistance
at the metal/MoS, interface (1kQ pm), which is due to suppression
of the defect-induced Fermi-level pinning effect. Gate-dependent
PL measurements at low temperature show an absence of
donor-defect-bound excitons in the oxygen-incorporated MoS,,
compared with CVD-grown MoS, without oxygen incorporation.

Deposition of monolayer MoS, with oxygen

To study the effects of oxygen in the growth environment on the
performance of MoS,, three conditions are designed and used to
obtain three distinct types of monolayer MoS, crystal, namely,
oxygen-incorporated MoS, (O-MoS,), MoS, grown under the
sulfur-mild condition (SM-MoS,) and MoS, grown under the
sulfur-excess condition (SE-MoS,). Typical optical microscopy
images are shown in Fig. 1a—c. These three types of MoS, crystal are
deposited on 300 nm SiO,/Si substrates at 625 °C for 3 min through
the sulfurization of molybdenum trioxide (MoO,) powder using
our previously reported perylene-3,4,9,10-tetracarboxylic acid tet-
rapotassium (PTAS)-molecules-assisted CVD method®. Besides
the carrier gas of Ar, an additional flow of oxygen gas is introduced
during deposition to provide the oxygen source. The experimen-
tal CVD setup and detailed growth conditions are provided in
Supplementary Section 1. For typical CVD of MoS, grown without
oxygen, triangular shapes are dominantly present at the optimized
sulfur-mild condition (SM-MoS,; Fig. 1a) (O,, 0s.c.c.m.; S, 20 mg;
MoO;, 20mg), whereas a sulfur-rich condition (O,, 0s.c.cm.; S,
40 mg; MoO,, 20mg) yields concave MoS, crystals whose edges
are inwardly curved (SE-MoS,; Fig. 1b), reflecting the mismatch
of the growth rate at the crystal edges owing to the highly unbal-
anced precursor ratio during the growth”. These two flake types
represent the most common MoS§, crystals obtained through CVD
methods7,36,3874l'

According to the Mo-O-S ternary phase diagram (Fig. le),
the presence of moderate amounts of oxygen in the O,-CVD sys-
tem could offer a chemical path to obtain partially oxidized MoS,
(referred to as O-MoS, in this work). Additionally, PTAS-assisted
CVD allows the growth of O-MoS, crystals at a lower temperature
with a shorter deposition time*, which avoids the anisotropic oxi-
dative etching of MoS, previously reported (850°C, >30 min)*. We
note that the presence of oxygen tends to shape the crystals into a
convex geometry (Fig. 1¢c; O,, 0.2s.c.c.m.; S, 20mg; MoQ,, 20 mg),
which has not been revealed in a previous study*, indicating a dif-
ferent growth regime in our study. Supplementary Fig. 2 shows that
the crystal geometries undergo a clear evolution from triangular to
hexagonal and then to circular as the flow rate of oxygen increases.
Within our proposed process windows, no etching effects on the
as-grown crystals are observed. Previous theoretical work has shown
that these convex crystal geometries are more energetically favour-
able in a sulfur-deficient growth condition because the formation
energies of various edge configurations such as Mo zigzag edge, S
zigzag edge and armchair can be nearly equivalent in such a growth
environment, whereas S zigzag edges have less formation energies in
a sulfur-rich environment, resulting in a triangular shape®. A thick-
ness below 1 nm characterized by atomic force microscopy confirms
that the as-grown O-MoS, crystals are monolayer (Supplementary
Fig. 3d). Second-harmonic generation measurements reveal that
the individual O-MoS, domain is single crystalline without grain
boundaries (Supplementary Section 2 provides further details)*. To
clarify the structure of monolayer O-MoS,, transmission electron
microscopy (TEM) characterization is carried out (Fig. 1f,g). The
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selected-area electron diffraction pattern for the as-grown mono-
layer O-MoS, (Fig. 1g) shows a set of sixfold-symmetric diffraction
points, corresponding to the monolayer hexagonal lattice structure
of MoS, (ref. ). In addition to O-MoS,, layered MoO, can also be
formed when a high flow rate of oxygen (O,, 2s.c.cm.; S, 20mg;
MoO;, 20 mg) is introduced (Fig. 1d). The lack of gate dependence
and high conductivity shown in Supplementary Fig. 4b,c reveal the
metallic nature of these CVD-grown layered MoO, crystals.

XPS measurements confirm the presence of Mo-O bonds and
less n-type doping in the as-grown O-MoS,. The peak located at
530.3eV in the O 1s spectra as well as the two well-pronounced
MoO,-related peaks at 232.3 and 235.4eV for Mo(VI) 3d;, and
Mo(VI) 3d,,, in the Mo 3d spectra®**® (Fig. 1h,i), respectively, sig-
nify the existence of covalent Mo-O bonds in the O-MoS, sample.
These Mo-O bonds may originate from either oxygen-passivated
sulfur vacancies in MoS, or residual clusters of MoO, during
growth; therefore, before XPS characterization, the O-MoS, sam-
ple is carefully rinsed by deionized water and isopropyl alcohol to
remove MoO, on the surface. Importantly, the XPS data of O-MoS,
exhibit a redshift in binding energies for both Mo(1v) 3d;, from
229.7 t0 229.4eV and S 2s from 226.7 to 226.4eV (Fig. 1h). Similar
shifts are also observed for the S2p peaks (Supplementary Fig. 8).
The binding-energy redshifts can be translated to a downward
shift of 0.3 eV of the Fermi level in O-MoS,, that is, the Fermi level
moves towards the valence band maximum, indicating less n-type
doping®’. These observations suggest the electron depletion of the
as-grown monolayer O-MoS, crystals as compared with regular
CVD Mos§, crystals.

Reduction in n-type doping of O-MoS,
The first effect of oxygen on the as-grown O-MoS, crystals is PL
enhancement. Figure 2a compares the room-temperature PL spec-
tra of three types of monolayer MoS,. The distinct PL peaks at 1.8—
1.9eV and the absence of indirect emission peaks at lower energies
confirm that the as-grown MoS, crystals are monolayer*®. Similar
to previous studies on surface-defect-passivation treatment's,
p-type chemical doping" or electrostatic hole doping'” of MoS,, the
O-MoS, crystals also exhibit an enhanced PL with a higher peak
energy of 1.87eV. In contrast, the PL intensity decreases and PL
peak shifts towards a lower energy with an increased amount of
sulfur involved during the growth (1.85 and 1.83eV for SM-MoS,
and SE-MoS,, respectively). The PL of MoS, at room temperature
is mainly attributed to the radiative optical transitions of neutral
excitons and trions and is highly sensitive to doping and impuri-
ties'”'**, The blueshift in the PL peak in O-MoS, suggests that the
neutral excitons are much more populated than trions in the crys-
tals'”"?, a common sign of less n-type doping and fewer defect states.
This also results in the suppression of non-radiative recombination
and enhanced PL intensity. The emission energy difference between
O-MoS, and SM- or SE-MoS, samples can be observed more clearly
on the PL mapping results, where the O-MoS, flake (Fig. 2a,c) has a
PL emission energy of 1.87 eV, corresponding to neutral A-exciton
emission*’, whereas both SM-MoS, and SE-MoS, crystals exhibit
lower PL emission energies at around 1.84 and 1.82 eV, respectively
(Fig. 2a,d,e), indicating their trion-dominated characteristics.
Raman spectroscopy is carried out to quantitatively characterize
the doping concentration. The distributions of doping concentra-
tion and strain can be simultaneously extracted from the Raman
shifts of the two vibrational modes (Supplementary Section 4)'***.
As shown in Fig. 2b, the as-grown O-MoS, exhibits a blueshift in
the A,, vibrational mode as opposed to those in both SM-MoS, and
SE-MoS,, which can be translated into a lower electron concentra-
tion'*"". The spatial distributions of change in electron concentra-
tions extracted from the Raman shifts are shown in Fig. 2f-h. For
the MoS, crystals grown in typical CVD environments without oxy-
gen (namely, SM-MoS, and SE-MoS,), high levels of n-type doping
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Fig. 1| Deposition of monolayer MoS, with and without oxygen incorporation. a, Optical image of a typical monolayer MoS, crystal grown without oxygen
under the sulfur-mild condition, showing a triangular shape. b, Optical image of a monolayer MoS, crystal grown without oxygen under a sulfur-excess
condition. The crystal shows inward curved edges (concave shape). ¢, Optical image of a monolayer MoS, grown in an oxygen-mild environment. The
crystal shows outward curved edges (convex shape). d, Optical image of a metallic layered MoO, flake obtained at a high flow rate of oxygen. Scale bars,
10 um (a-d). e, Ternary phase diagram of MoS,, indicating the possible reaction routes for CVD growth of MoS,. The star symbols represent the products
obtained in this work. f, A TEM image of O-MoS,. g, A selected-area electron diffraction pattern of the monolayer O-MoS, film. The sixfold-symmetric
diffraction points correspond to the hexagonal lattice structure of monolayer MoS,, indicating the highly crystalline nature of the as-grown crystals.

h,i, XPS data of Mo 3d (h) and O 1s (i) for a typical CVD MoS, film grown under the sulfur-mild condition and an O-MoS, film, showing the presence of
Mo-0 bonds in O-MoS,. The dashed lines highlight the shift in binding energies. The redshifted binding energies in the O-MoS, film indicate the less
n-type doping in O-MoS,. The weak intensity of Mo-O peaks in a typical CVD MoS, film is likely to be associated with the physisorption of oxygen in the
environment®® or MoO, clusters deposited onto the substrate during the growth.

are observed, which is consistent with previously reports results'’.
In contrast, this unintentional n-type doping is substantially sup-
pressed in the O-MoS, sample. This observation is also consistent
with the trend found in the PL spectra. A detailed discussion on the
strain distributions in these three types of as-grown MoS, crystal
and its effects on PL are provided in Supplementary Section 4.

DFT calculations are performed to understand the effects of
V; and oxygen dopants on the monolayer MoS, samples. Figure 3
shows the atomic structures and local density of states (LDOS) of
defective and oxygen-incorporated monolayer MoS,. Compared
with perfect monolayer MoS, (Fig. 3a), the presence of Vj intro-
duces donor defect states within the bandgap of MoS, (Fig. 3b).
These states increase the electron concentrations and decrease the
work function of MoS, (Supplementary Fig. 11a). On the other
hand, when the V; sites are bound to one or two oxygen atoms, such
donor defect states are eliminated, giving rise to the depletion of
electrons and an increased work function in O-MoS, (Fig. 3¢,d and
Supplementary Fig. 11b). This theoretical observation agrees with
previous experimental results™ and can explain the electron deple-
tion effect discussed above, as well as the transport properties of

30

O-MoS, transistors (discussed later). There are additional features in
the DFT calculation results that are related to the low-temperature
spectroscopic characteristics induced by oxygen passivation, which
will also be discussed later.

Improved performance of monolayer O-MoS, transistors

The removal of the donor state in O-MoS, crystals can greatly alter
the device performance. We fabricate field-effect transistors (FETSs)
based on three types of MoS, sample (Fig. 4a) and characterize the
transport properties. The electrical characterization of transistors
is conducted in a high-vacuum environment (~10~°torr) to avert
other extrinsic doping effects induced by air or moisture. As evident
in Fig. 4b, a clear shift in the threshold voltage (V) is observed in the
O-MoS, FET with respect to the other two samples, which suggests
lighter n-type doping in the O-Mo§, channel. A statistical analysis of
V., shifts and field-effect mobilities (u) for these three types of MoS,
FET is shown in Fig. 4b, inset, and Supplementary Fig. 15. The V.
values for the SE-MoS, and SM-MoS, transistors lie in —17.0+9.7V
and 2.8+4.9V, respectively, whereas the transistors based on
the electron-depleted O-MoS, monolayers exhibit a ‘normally
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Fig. 2 | Reduction in electron doping of monolayer O-MoS,. a, Typical PL spectra of O-MoS,, SM-MoS, and SE-MoS, flakes grown on SiO,/Si substrates
acquired in an ambient environment, showing PL enhancement of O-MoS.. b, Typical Raman spectra taken from these three types of MoS, monolayer. The
blueshift in A,, for O-MoS, suggests lower electron doping. c-e, Mapping of PL energy for the three types of MoS, flake. The electron-depleted domain of
0-MoS, () shows a PL peak energy close to the neutral excitonic transition. In contrast, SM-MoS, (d) and SE-MoS, (e) crystals grown without oxygen
display lower PL energies, corresponding to charged exciton (trion) transition. f-h, Mapping of the change in carrier densities extracted from the A, shifts
for O-MoS, (f), SM-MoS, (g) and SE-MoS, (h). A significant reduction in electron doping is observed in O-MoS,.

off” characteristic with a positive V. of 21.0+4.6 V. The V. differ-
ence among these three types of transistor can be attributed to the
Fermi-level shift in the MoS, channels, which are in accordance with
the doping concentration difference observed in the PL and Raman
measurements and the work-function shifts from DFT calculations.
No mobility degradation is observed in the O-MoS, samples. The
electrical characteristics and PL spectra of O-MoS, are consistent in
both vacuum and air (Supplementary Figs. 25 and 26), suggesting
the stable chemical bonding, rather than physisorption, of the oxy-
gen dopants to the MoS, lattice.

The work functions of monolayer MoS, FET channels with and
without oxygen incorporation are experimentally characterized via
EFM. The insets in Fig. 4c show the scans of the EFM phase of MoS,
(top-left inset) relative to the grounded Au electrode (bottom-right
inset) for the same tip voltage. The striking phase contrast difference
between O-MoS, (top) and SM-MoS, (bottom) suggests a difference
in their electrical properties, and their work functions extracted
from a series of EFM scans at different tip voltages are shown in
Fig. 4c (Supplementary Fig. 9b). More details about the extrac-
tion of work function from EFM is provided in Supplementary
Section 6. Figure 4c demonstrates that O-MoS, indeed exhibits a

higher work function than SM-MoS,. This increase in work function
with oxygen incorporation is consistent with experimental observa-
tions from PL, Raman and electrical characterization. Taking the
work function of Au electrodes as the reference (5.2eV)*, O-MoS,
has a work function of 5.45+0.05eV, which is higher than the
reported values for MoS, treated with physically absorbed oxygen
and plasma-treated MoS, (ref. ****). This work function is also dis-
tinct from that of SM-MoS,, which is 5.19 +0.05eV. These results
are in good agreement with the DFT calculations (Fig. 4c and
Supplementary Fig. 11).

The incorporation of oxygen into monolayer O-MoS, also
reduces the contact resistance of MoS, devices. Figure 4d and
Supplementary Fig. 12 show the room-temperature output charac-
teristics (Ing—Vps) of three types of monolayer MoS, transistor with
Ni contacts. The O-MoS, FETs exhibit ohmic-like characteristics
at room temperature, whereas the SM-MoS, and SE-MoS, tran-
sistors show nonlinear, Schottky characteristics. This linear I—
Vs response for the O-MoS, transistors suggests that the energy
barrier at the Ni/O-MoS, interface is relatively small. To inves-
tigate the energy barrier at the contact interface, the thermionic
emission model is applied to extract the Schottky barriers at the
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Fig. 3 | Atomic structures and DFT calculation results of the effect of oxygen healing. a, LDOS as a function of the electron energy (E) relative to the
Fermi level E; of pristine monolayer MoS,. Inset: atomic structure of monolayer MoS, (purple, molybdenum atoms; yellow, sulfur atoms). b, LDOS of
defective monolayer MoS, possessing V. Donor-like states emerge below the conduction band edge. The V. site is highlighted by the dashed circle shown
in the inset. ¢,d, LDOS of monolayer MoS, with a single oxygen atom (red atom in the inset) (¢) and two oxygen atoms (red atoms in the inset) (d) bonded
to the V sites. The presence of oxygen dopants heals the Vs-induced donor defect states and introduces additional acceptor-like states near the valence
band edges. Insets, corresponding atomic structures obtained from the DFT calculations.

Ni/MoS, junction (Supplementary Section 10). Supplementary
Fig. 17 shows the extracted effective energy barriers at various gate
voltages for these three typesoftransistor. The SBHin the O-MoS, FET
at the flat-band condition is extracted to be 40 meV (Supplementary
Fig. 17d), which are much lower than those extracted from both
SE-MoS, and SM-MoS, devices (namely, 100 and 200 meV, respec-
tively; Supplementary Fig. 17e,f). Such a low contact barrier is con-
firmed in several O-MoS, FETs (Supplementary Fig. 18). Note that
the SBH observed in O-MoS, FET is also smaller than those charac-
terized from different types of contact to MoS, devices in previous
reports (100-400 meV)*-%". For a high-SBH device such as SE-MoS,
and SM-MoS, FETs, the drain current (Ip) significantly drops
with decreasing temperature, which is due to the reduced therm-
ionic emission current across the Schottky barrier (Supplementary
Fig. 14b,c). We note that I ;s in the O-MoS, FET shows lower sen-
sitivity to the decrease in temperature (Supplementary Fig. 14a),
reflecting the nature of the lower energy barrier at the contact inter-
face, although its I~ Vps curves still turn to nonlinear characteris-
tics at a low temperature due to the presence of the small Schottky
barrier (Supplementary Fig. 13).

Given that SBH is supposed to be equal to the energy difference
between the work function of the metal contact and the electron
affinity of the semiconductor in an ideal case (Schottky-Mott limit),
such inconsistency in SBHs for these three types of FET implies the
presence of different extents of Fermi-level pinning at the Ni/MoS§,
interfaces (Fig. 4gj). There are two possible origins of Fermi-level
pinning: pinning by metal-induced gap states (MIGS)*, in which
the electron wave functions of the metal ‘leak’ into the semicon-
ductor at the interface, resulting in a broad continuum of states in
the bandgap of the semiconductor, and giving rise to Fermi-level
pinning somewhere within the bandgap; in defect-state pinning,
the Fermi level is pinned at the energy level with the highest den-
sity of defect states™. Neither of these two pinning mechanisms
is necessarily correlated with the energy difference between the
metal work function and electron affinity of the semiconductor.
Generally speaking, these two pinning mechanisms compete at the

metal/semiconductor interface, and the Fermi level is fixed at the
overall charge neutrality level. Given the abundant V states below
the CBM in SM- or SE-MoS,, and the absence of any deep donor
states in O-MoS, as predicted by the DFT calculation results (Fig.
3 and Supplementary Fig. 10), we believe that the SBHs in SM- or
SE-MoS, and in O-MoS, are dominated by defect-state pinning and
MIGS pinning, respectively, in which the Fermi level determined by
MIGS may be closer to the CBM of MoS,, allowing for a lower SBH.

The R value for a semiconductor device is determined by the SBH
at the interface. We extract the R value of the three types of MoS,
FET through the transfer length method**”’. As expected, SM-MoS,
and SE-MoS, FETs exhibit high R. of around 3.9 and 7.8kQum,
respectively, due to their high SBHs (Fig. 4e and Supplementary Fig.
19b). Compared with typical CVD MoS, grown without oxygen,
the low SBH of the O-MoS, transistor yields a lower R value of
~1kQpum at the same carrier density (1) of 4x10>cm (Fig. 4e
and Supplementary Fig. 19b,c). Figure 4e summarizes the resulting
SBH and R for the three types of monolayer MoS, FET. It is worth
mentioning that the improved R value for the O-MoS, FETs is also
lower than previously reported Ni*”*%, van der Waals and interlayer
contacts (R~ 3kQ pm)*>*, as summarized in Fig. 4f.

The monolayer O-MoS, FETs exhibit an average field-effect
electron mobility of ~15cm?V-'s (Fig. 4b, inset), comparable to
those in typical CVD MoS, in this work and in previous studies®*'.
This suggests that oxygen incorporation in MoS, lattices does not
lead to severe mobility degradation caused by either dopant scat-
tering or changes in carrier effective mass (that is, the curvature
of CBM of O-MoS, is nearly unchanged; Supplementary Fig. 10).
It is worth mentioning that although O-MoS, monolayers possess
an increased work function, the devices still show n-type conduc-
tion. This is because Ni contacts used in this study still yield a lower
SBH for electron injection (Fig. 4g,i), but rather higher SBH for
holes, even after oxygen passivation. One should note that to realize
high-performance p-type MoS, FETs, two factors must be simulta-
neously satisfied: first, a channel with a high work function; second,
alow SBH at the metal/MoS, interface for hole injection. Our results
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and open triangles) represent the work functions of O-MoS, (SM-MoS,) acquired from experimental EFM and theoretical DFT, respectively. d, Output

characteristics (Ips versus drain voltage V) of a monolayer O-MoS, transistor. e, R. versus SBH. The R. values are extracted at n,, of 4x102cm2. f, R¢
versus thickness of MoS, transistors with Ni contacts (light blue and yellow) and van der Waals contacts (orange) and one example of Si fin field-effect
transistors (finFETs; purple) from the literature?>’=>°%3, The O-MoS, monolayers exhibit an improved R. for Ni-contacted MoS, FETs. g h, Band diagrams
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illustrate the feasibility of enlarging the work function and eliminat-
ing the defect-state pinning of the MoS, channel through a one-step
CVD process. Further investigation on various metal contacts to
monolayer O-MoS, would be a promising direction for the develop-
ment of p-type monolayer MoS, FETs.

Defect-state-bound excitons in monolayer MoS,

To further investigate the evolution of defect states induced by the
proposed oxygen-incorporated defect-healing process, PL spec-
troscopy measurements are carried out at low temperature. The
temperature-dependent PL measurements for the three types of
MoS, sample are summarized in Supplementary Fig. 22, and the
temperature dependence of the observed free-exciton emissions
is in accordance with previous studies**®. At lower temperatures
(<160K), besides the free-exciton emissions located at around
1.95eV, additional PL emission peaks emerge at lower photon

energies (from 1.65 to 1.85eV). These PL emission peaks have been
widely observed in previous studies on MoS, produced by either
mechanical exfoliation or CVD growth and treated with or with-
out O, plasma’*’. Sublinear power dependence of these low-energy
PL emission peaks at 77K is observed (Supplementary Fig. 23),
which is in accordance with previous studies™. We, thus, attribute
the low-energy PL emissions to the radiative recombination of exci-
tons bound to localized defect states. By fitting the power depen-
dent bound-exciton PL emissions with a power law, that is, I, & P,
where P is the incident light power, we notice that the power factor
a for O-MoS, and SM-MoS§, samples are 0.72 and 0.88, respectively
(Supplementary Fig. 23c). Such a discrepancy in a suggests that the
bound exciton states in O-MoS, and SM-MoS, may originate from
different defect states.

To gather more information about the exciton states in MoS,, we
take gate-dependent PL measurements. The PL spectra of O-MoS,,
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SM-MoS, and SE-MoS, with different gate voltages (V) are shown
in Fig. 5a,b and Supplementary Fig. 24a—c. The free-exciton PL
emission at higher photon energies (from 1.85 to 2.00eV) can be
fitted with two Gaussian functions, denoted as X, and X,. The
bound-exciton PL emission at lower energies (from 1.65 to 1.85eV)
can be fit with two additional Gaussian functions, denoted as Bl
and B2. The gate-dependent peak energies and peak intensities for
the negatively charged excitons (or trions, X,) and neutral exci-
tons (X,) for the three different types of MoS, sample are plotted in
Supplementary Fig. 24d-h, which are in good agreement with pre-
vious studies. More importantly, it is also observed that both peak
energies and peak intensities of the Bl and B2 bound exciton emis-
sions vary with gate voltage (Fig. 5¢-f).

The trends in exciton peak energy and intensity can be sum-
marized for the three flake types. The peak intensities of both Bl
and B2 bound exciton emissions decrease with increasing Vi for
all three types of MoS, samples. This trend is more evident if we
plot Iy/(I;+1;) as a function of Vi (Fig. 5g), where I; and I, are
the accumulated PL intensities for bound excitons (B1 and B2) and

34

free excitons (X, and X,), respectively. The intensity drop can be
understood by considering the free-carrier screening of the charged
impurity in MoS,. The probability of bound exciton formation is
determined by the Debye length of ionized impurity scattering®’ that
is screened by the carriers in MoS,, given by Ly = (k.£oks T/q*n,p)'?,
where «; is the relative permittivity, €, is the vacuum permittiv-
ity, ky is the Boltzmann constant, T is the temperature and g is
the elementary charge. Evidently, L, is negatively correlated with
electron density due to screening of the Coulomb potential around
the charged impurity, which, in turn, influences the population of
bound excitons.

The peak energies of Bl and B2 emissions are also tuned by V.
Specifically, when the gate voltage increases, there is a redshift in the
B1 peak in the SM- and SE-MoS, samples, whereas the Bl peak in
the O-MoS, sample undergoes a blueshift. Meanwhile, a blueshift is
observed in the B2 peak in all the three types of sample. These shifts
in peak positions can be explained by the exciton recoil effects'>**,
For a charged exciton (defect-bound exciton), since there is an addi-
tional electron or hole, the dissociation of these quasiparticles must
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accompany an emission of this extra carrier, which consumes extra
energy depending on the Fermi level. The directions of shifts in the
peak position are opposite for a negatively charged exciton (donor
bound) and for a positively charged exciton (acceptor bound). We,
thus, identify the B1 state in the O-MoS, sample and the B2 state in
all the three types of sample as acceptor-bound exciton states; fur-
ther, the B1 state in the SM- and SE-MoS, samples is a donor-bound
exciton state. The disappearance of the donor-bound exciton state
and the emergence of a new acceptor state happen simultaneously as
oxygen is incorporated into the MoS§, lattices (Fig. 5h).

The LDOS values have shown that the presence of V generates
defect states below the CBM of MoS, (Fig. 3b), whereas they are suc-
cessfully eliminated in O-MoS, (Fig. 3¢,d). Accordingly, these defect
states can be associated with the donor-bound exciton state that is
only observed in the SM-MoS, and SE-MoS, samples. On the other
hand, the absence of the donor-bound exciton state in O-MoS,
again evidences that such donor defect states have been effectively
healed. Note that both defective and oxygen-incorporated MoS,
exhibit native acceptor-like states close to the valence band mini-
mum (VBM) (Fig. 3b-d and Supplementary Fig. 10), which may
be the origin of the B2 acceptor-bound exciton state observed in
all three types of MoS,. Because the emergence of an additional
acceptor-bound state (B1) takes place only in O-MoS,, but not in
SM-MoS, or SE-MoS,, we speculate that B1 is likely to be associ-
ated with the acceptor states that are partially contributed by the
O orbitals near the VBM (Fig. 3d). Another important observation
is that there are additional O-orbital-contributed states near both
CBM and VBM. These shallow defect states behave like effective
donors and acceptors, respectively, and thus are mostly complemen-
tary to each other. This may be the reason why only less n-type dop-
ing—rather than p-type doping—is achieved for O-MoS, samples,
as shown in Fig. 4.

Conclusions

We have reported an O,-CVD technique for fabricating monolayer
MoS, that passivates Vg and suppresses the formation of detrimen-
tal donor states. Raman, PL and XPS measurements demonstrate
the presence of Mo-O bonds and the resulting electron depletion
effect in MoS,. The as-grown O-MoS, crystals, in comparison to
typical CVD MoS,, exhibit a higher work function (5.45eV) and
enhanced PL intensity. Oxygen incorporation also lowers the SBH
(<40meV) and consequently results in a low R (1kQpm) at the
metal/semiconductor heterojunction. These features are desir-
able for the development of high-performance MoS, transistors
through O,-CVD and other defect engineering approaches. The
defect-healing process based on a one-step CVD strategy could also
potentially open a route to modulate the electronic and optoelec-
tronic properties of other 2D TMDs, in an approach that should be
scalable and compatible with complementary metal-oxide-semi-
conductor processes.

Data availability
The data that support the findings within this paper are available
from the corresponding author upon reasonable request.
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