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MoS, and related transition metal dichalcogenides (TMDs) have recently
been reported as having extensive applications in nanoelectronics and
catalysis because of their unique physical and chemical properties.
However, one practical challenge for MoS,-based applications arises
from the easiness of oxygen contamination, which is likely to degrade
performance. To this end, understanding the states and related ener-
getics of adsorbed oxygen is critical. Herein, we identify various states of
oxygen species adsorbed on the MoS, surface with first-principles
calculations. We reveal a “dissociative” mechanism through which a
physisorbed oxygen molecule trapped at a sulfur vacancy can split into
two chemisorbed oxygen atoms, nhamely a top-anchoring oxygen and a
substituting oxygen, both of which show no adsorbate induced states in
the bandgap. The electron and hole masses show an asymmetric effect
in response to oxygen species with the hole mass being more sensitive
to oxygen content due to a strong hybridization of oxygen states in the
valence band edge of MoS,. Alteration of oxygen content allows
modulation of the work function up to 0.5 eV, enabling reduced
Schottky barriers in MoS,/metal contact. These results show that oxygen
doping on MoS; is a promising method for sulfur vacancy healing,
carrier mass controlling, contact resistance reduction, and anchoring of
surface electron dopants. Our study suggests that tuning the chemical
composition of oxygen is viable for modulating the electronic properties
of MoS; and likely other chalcogen-incorporated TMDs, which offers
promise for new optoelectronic applications.

Introduction

Molybdenum disulfide (MoS,), an emerging two-dimensional
(2D) material consisting of a Mo monolayer sandwiched
between two S monolayers, has recently attracted extensive
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Unraveling energetics and states of adsorbing
oxygen species with MoS, for modulated work

Hejin Yan, Hongfei Chen, Xiangyue Cui, Qiye Guan, Bowen Wang and

New concepts

MoS, has been extensively explored for integration into advanced electronics
and is leading the trend of next-generation semiconductor devices. However,
the low formation energy of sulfur vacancies leads to intrinsic n-type doping
character and degrades the original material performance. Furthermore, the
existence of ubiquitous oxygen species, likely to be introduced during
manufacturing, processing, or ambient exposure, emphasizes the need for
investigation of the atomic-scale mechanism of oxygen doping. Here, we
discover a “dissociative” mechanism of molecular oxygen trapped at sulfur
vacancies to facilitate single-atomic oxygen doping in MoS,, setting the
foundation for forming molybdenum oxy-sulfide. Density-functional theory
calculations show that there exist two favorable states of single-atomic
oxygen: the top stacking and bottom substituting states. Interestingly, the
oxygen doping induces a lattice strain field which competes with the
stoichiometry to tune the carrier mass. Furthermore, we demonstrate
modulation of the work function and accordingly the Schottky barrier in
MoS,/metal contact with varying oxygen concentrations. This sets the
foundation of oxygen doping engineering of MoS, for sulfur vacancy
healing, contact resistance reduction, and anchoring of surface electron
dopants for a plethora of applications.

attention due to its high mechanical flexibility and intriguing
electronic properties.'™ Monolayer and few-layer MoS, are being
intensively explored for field effect transistors,” sensors,®’
photocatalysis,® energy harvesting,”"' and other advanced
optoelectronics.'>™* Extraordinary performance was obtained
by depositing MoS, on high-dielectric oxides leading to carrier
mobility up to 200 ecm> V™' s7! and a high switching ratio of
~10%, making it a substitute for classical silicon semiconductors
for miniaturization."

Thus far, extension of Moore’s law by continually scaling down
silicon-based integrated circuits has encountered a dilemma."® As
a 2D alternative, MoS, is a promising material for balancing
device minimization and performance optimization.'” Its atomic
level thickness and moderate carrier mobility are favorable for
gate controllability."®'® Nevertheless, the semiconducting charac-
ter and weak dielectric screening make monolayer MoS, extremely
sensitive to intrinsic defects, extrinsic adsorbates, and strain.
Indeed, as the most common natural defect, sulfur vacancy (Vg),
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at a typical defect density of 10"* cm™2, degrades carrier mobility
due to defective bandgap states and lifting of Schottky barriers
through Fermi-level pinning.>®*!

Owing to their atomically thin character and high surface-to-
volume ratio, MoS, nanostructures are subjected to environ-
mental doping by molecular adsorbates which has a pro-
nounced effect on their electronic and optoelectronic
properties.”*** On the other hand, it has been widely recog-
nized that molecular adsorbate doping is an effective technique
for defect passivation in 2D electronics.”»*> Among various
possible adsorbates, oxygen species must be the most prevalent
impurity source after or during growth of 2D materials.
Unintentional uptake of O species in a MoS, layer may arise
from (1) synthesis due to incomplete sulfurization of MoO; or
the presence of oxygen using chemical vapor deposition;*®™°
(2) introducing oxide substrates, normally Al,O; or SiO,, and
high-dielectric capping layers like HfO, or ZrO, during device
integration, where oxygen vacancies in the oxides, generated by
gate voltage or temperature gradient, can be formed and the
depleted O atoms are susceptible to recapture by the MoS,
layer;*'* (3) exposing MoS, layers to atmospheric adsorbates in
ambient conditions during application.® Other processes with a
high possibility of introducing O impurities include adopting
an ionicliquid gate, liquid-phase exfoliation, plasma-assisted
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nano-printing, and synthesizing MoS,-based nanohybrids.>**** Com-
pared with a perfect surface, the adhesion and effect of O species
should be more prominent if the layer is partially reduced by forming
Vs in the basal plane or dissected for ribbons or nanoflakes due to
abundant dangling bonds. In contrast to the well-understood effects
of O on graphene (bandgap opening and formation of graphene
oxide) and boron nitride (BN), a clear picture of O species evolution
in MosS, is still absent; to be specific, the energetics and kinetics of O
species and the impact of adsorbed O species on structural modifica-
tion and electronic properties of MoS, are still unclear,**** although
their pronounced effects on healing of vacancy sites and reducing the
MoS,/metal contact barrier have been recognized.***

In this work, we present a theoretical investigation of the
surface affinity of MoS, toward O species based on a first-
principles study. We identify the possible adsorbing states and
types of oxygen atoms on MoS,. A dissociative mechanism of
molecular oxygen adsorbing at a Vg into two atomic species, a
substituting oxygen and a top oxygen, is revealed. We demon-
strate substantial atomic displacements and gradient strains
surrounding each single oxygen dopant. Through the uptake of
more oxygen atoms, lattice strain is developed and scaled with
the oxygen content. We show an opposite effect on electron and
hole mass with this chemical functionalization, but the elec-
tron mass is less sensitive to the oxygen content than the hole
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(a) Sulfur chemical potential (us) determined the formation energy for various O adsorbates on MoS,. The s in the S-rich condition is equal to that

in the Sg molecular crystal, and in the extreme S-poor limit us is bounded by the formation of Mo in the film. (b) Activation energy for Orq diffusing above
the MosS; layer. (c) Activation energy for Oysup) decomposing into a (Orep, Os) pair. The green, yellow, and red spheres represent Mo, S, and O atoms,
respectively. The insets in (b) and (c) are the structure of the initial state (IS), transition state (TS), and final state (FS).
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mass. Finally, a surface decoration modulated work function is
also demonstrated with implication for reducing the Schottky
barriers.

Results and discussion
Energetics, dynamics and states of adsorbed oxygen species

In the graphene case, more than one type of oxygen species is
involved in modifying the properties.*> Here, energetics and stability
of O species on a MoS, monolayer are quantitatively evaluated by
considering the following potential adsorption configurations
(Fig. 1(a)): oxygen adsorption above the anionic plane sitting atop
a S atom (Or,p), OXygen atom substituting a S atom (Og) which is
equivalent to the oxygen atom occupying the S vacancy, and
molecular O, substituting a S atom which is equivalent to formation
of peroxide species or oxygen molecule trapped by a S vacancy
(Os(suby)- Other possible adsorptions states, like O occupying above
the hollow position defined by the equilateral triangle formed by
three S atoms, are unstable (Fig. S1 and Table S1, ESIY). The
formation energy (Ef) for the O, is —1.2 eV with an O-S bond
length of 1.483 A. For the O case, this state shows the lowest E¢ of
—3.25 eV under the S-poor condition. This indicates that the
substituting O species is very likely to occur in the MoS, layer,
especially for films after reducible gas treatment, e.g., a hydrogen
plasma increases the Vg on the MoS, basal plane.*®*” The substitut-
ing O atom relaxes about 0.412 A toward the middle Mo layer with
an O-Mo bond length of 2.052 A. For the Oy (sub) structure, E is still
negative but higher than that of the Og type. The O-O bond length is
elongated to 1.374 A compared with 1.211 A of a free O, molecule,
implying a strong activation of the O-O bond by populating the 2n*
antibonding orbital of the O, molecule.

Binding of an O, molecule above the anionic basal plane of
perfect MoS, is unstable and shows very weak physisorption on
the monolayer. However, for multi-layer or bulk MoS,, oxygen
molecules may be trapped inside the van der Waals (vdWs) gap,
denoted as Oy(sorn)- As shown in Fig. 1(a), the adsorption is an
endothermic process with a positive E; of 1.7 eV. In this meta-
stable configuration, one of the O atoms forms a chemical bond
with a S atom in one MoS, layer, while the other is tilted toward
the gap above the center of a triangle formed by S atoms of
the same MoS, layer. The O-O and the O-S bond lengths are
1.465 A and 1.591 A, respectively. Additionally, the much longer
0-0 bond in Oy(serp) Within the vdWs gap than that in Oygyp)
trapped at the vacancy suggests higher amounts of electrons
transferring to occupy the 2n* antibonding orbital of the O,
molecule, probably due to a denser electron density in the
vdWs gap. Therefore, through thermal activation under finite
temperature, we can still expect the entry and adsorption of O,
molecules in bulk or multi-layer MoS, despite the ultraweak
adsorption above the basal plane of the surface. Fig. 1(b) shows
activation barriers calculated by the climbing image nudged
elastic band (CI-NEB) method for the O species diffusing on the
surface. For Or,p species, the barrier for O jumping along the
neighboring lattice is around 2.4 eV. For Oysyp), there is likely
to be a dissociative process via O,(sup) = Orop + Os, where the
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protruding O atom moves to the top of its neighboring S atom
simultaneously breaking the O-O bonding and the activation
energy is around 1.2 eV, much lower than that of the Orgp
species. This indicates a viable way of filling Vs through mole-
cular oxygen while forming oxygen decoration. Notably, the low-
temperature preparation of MoS, below 100 °C is plagued by the
increased adsorption of water, serving as an additional oxygen
contamination source, and the related H,O molecule adsorption
and dissociation on MoS, have been reported.”®*° Here, the
energy barriers for O, dissociation in bulk-phase MoS, are also
considered (Fig. S2, ESIt). This barrier height is correlated with
the stability of bulk-phase MoS,, as the diffusion and dissocia-
tion of O, molecules change the interlayer vdWs interactions and
promote the exfoliation of the MoS, monolayer.

Atomic displacement and gradient strain surrounding oxygen
dopants

Fig. 2(a) and (b) illustrate the relaxation of periphery S/Mo
atoms around the single Or,, and Os dopant centers in the
supercell, respectively. The introduction of O species in the
MoS, monolayer causes gradient strains, leading to the host
lattice expansion (for Or,p) and contraction (for Og). For the
Orop species, the three nearest Mo atoms relaxed outward by
about 0.029 A. The magnitude of the strain field, indicated by
the length of orange arrows, decays rapidly away from the
oxygen species; for instance, the second-nearest-neighbor S
atoms relax only outwardly by about 0.003 A. For the Og, there
is a strong compressive field around the substituting dopant
center with stronger O-Mo binding and a shorter O-Mo bond
length, due to a smaller atomic radius and a lower electro-
negativity of the O atom than that of the S atom. The three
neighboring Mo atoms move inward 0.129 A, and the next-
nearest S species relaxed inward 0.065 A with appreciable strain
even extends to about 4 or 5 nearest neighbors. In a word, we
identify a sizable strain field associated with a substitutional
oxygen dopant in MoS,. This is expected to be true in other 2D
materials. With the lack of a continual lattice in 3D crystal, 2D
materials are prone to generate a larger area of buffering region
with the formation of gradient strain around the dopant.

We next examine the effect of varying the content of oxygen
dopants. To simulate the ambient condition where oxygen
sources largely access one surface of MoS,, the other side
would be blocked due to the substrate. In this extreme condi-
tion, all O atoms are modeled to adsorb on one facet of the
S-Mo-S layer. As for the case of O adsorbing on both facets, all
the O species are uniformly distributed with maximized separa-
tion, and the more complicated oxygen cluster formation on
the surface is not considered (see Fig. S3 and S4 for the
optimized structures, ESIt). Notably, the uptake of O atoms
does not induce any dangling bonds, which is favorable for
keeping planeness and speed of transporting carriers.”®

Highly concentrated O-doped MoS, becomes molybdenum
oxy-sulfide (MoS,0,), and here the evolution of the lattice
constant of two types of molybdenum oxy-sulfide (MoS,O,
containing Or,p, and MoS,_,O, containing Og with x being
the content of oxygen normalized to normal chemical formula)

Nanoscale Horiz., 2025, 10, 359-368 | 361
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Fig. 2 Doping-induced strain field by single Ot (@) and Os (b). The
orange arrows denote displacements of atoms from their original positions
in a pristine lattice to positions in a defective lattice, with the arrow lengths
representing the magnitudes of the adjustments. For visualization pur-
poses, the length of the displacement vectors in (a) is doubled. The dashed
black line represents the simulation supercell box. (c) Lattice strain inten-
sity (expansion for Ot and shrinkage for Og) as a function of oxygen
content. The 5 x 5 x 1 supercell of molybdenum oxy-sulfide is used to
account for the lattice evolution.

layer with different stoichiometry is calculated and shown in
Fig. 2(c). For the Or,, case, the lattice constant increases
gradually, and the strain (0)-O content (x) relation scales as
0 = C x x with C fitted to be 1.32, consistent with the previous
expansive strain field around the dopant center shown in
Fig. 2(a). For the Os case, introducing Os causes significant
compressive strain on the lattice. The —x relation also follows
0 = C x x with C fitted to —6.36, showing a much larger
distortion of the MoS, host lattice than the Or,, case. For
instance, for the O content with x of 0.24, the induced lattice
strain is 0.3% for Or,p and —1.5% for Og. While here the results
are only calculated for single-layer MoS,, similar scaling beha-
vior of the lattice constant with oxygen dopant would be true for
multi-layer MoS, and for adsorption evenly at both basal planes
of MoS, (Tables S2 and S3, ESIt). For the latter, due to the
intercalation of O or O, species (Fig. 1) in the vdWs gap, the
lattice constant normal to the atomic plane would also increase
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with the O content. From an experimental perspective, Burrns
et al. used high-resolution transmission electron microscopy
(HR-TEM) to detect local strain fields induced by vacancies in
MoS,. They suggest that O atoms adsorbed on a vacant S site,
denoted as Og in our work, lead to the lattice contraction at high
irradiation fluences.>" This phenomenon aligns with the trend in
Fig. 2(b). Recently, Kumar et al. found the combination of tensile
strain and the absence of charged oxygen adatoms, denoted as
Orop in our work, triggering a drastic photoluminescence (PL)
redshift of ~130 meV for MoS,.>* These findings suggest that
surface oxygen dopants and induced lattice strain field have
profound effects on modifying the electronic properties.

Modulation of band structure, effective mass and work
function

We next show the evolution of the electronic structures of MoS,
after surface oxygen treatment. Fig. 3(a) shows band structures
of the Or,p and Og cases, where the contribution of O atoms
is projected out and their components are scaled by the size of red
circle markers at each & point and band. In contrast to the bandgap
opening of graphene oxide,> there is no strong modification of
bandgap with mild O decoration. The bandgap of the oxygen-
decorated MoS, monolayer decreases almost linearly with the
oxygen content varying from 0.04 to 0.24 for O, and Og oxygen
species (Fig. 3(c)). As an iso-valent dopant, the addition of oxygen,
either the substitutional Og or the top Orgp, does not induce any
defective levels in the bandgap, thus trapping of carriers by these
two types of O species is unlikely to be prominent. However, there
is evident modification of the valence band edge through orbital
hybridization, while modulation of the conduction band edge is
tiny as there is negligible O hybridization with Mo atoms.

Since band edges are critically important in terms of effective
mass of carriers and deformation energy of the frontier orbitals,
the adsorption of O species may influence the performance of the
MoS, layer such as mobility of carriers, especially for holes.
Fig. 3(b) presents the partial density of states (PDOS) for Orop,
Os, and Oysyb)- For Orep and Og, the O states spread over the
whole valence band and no defective states occur in the gap. In
contrast, for O,(syp) adsorption, the clamped O, at the S vacancy
site induces new states above the valence top. From the plot of
surface charge density of valence band maximum (VBM) and
conduction band minimum (CBM) shown in Fig. S5a and c (ESI),
these O states are strongly localized, suggesting relatively
weak hybridization of the molecule with the MoS, substrate.
The additional peak located ~ 0.3 eV above the VBM corresponds
to the m orbital of surface O,. According to these results, the
shallow defective level would have a weak effect on carrier
mobility, as Oysyp) is metastable and has a tendency to transfer
into the O, and Og states.

Fig. 4 shows the evolution of electron/hole effective mass
with the content of O species. Electron (hole) mass of pristine
MoS, monolayer is 0.46 m. (—0.60 m.), consistent with a
previous report of 0.47 m. (—0.60 m.).>* Upon uptake of O
species, for Or,p, cases (Fig. 4(a)), the magnitude of hole mass
increases steadily from —0.60 m. for zero oxygen content to
—0.75 m with O content x of 0.24. In contrast, the trend for the

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Electronic structures in oxygen-decorated MoS,. (a) Oxygen contribution projected band structure of O, and Os. The size of the red circle
markers indicates the contribution from oxygen orbitals. (b) Partial density of states (PDOS) of Ovep, Os, and Ousup). The red arrow denotes the in-gap

states in O,sup). (€) Bandgap as a function of oxygen content.

Og case (Fig. 4(b)) starts with a plateau occurring at the onset
corresponding to the dilute doping limit, the hole mass then
decreases with increasing O content and levels off at —0.22 m,
at x equal to 0.12 m,.. For both cases, the value of electron mass
fluctuates around ~ 0.50m,, and the adsorption of O species
has a weaker effect on electron mass than on hole mass.
According to Fig. 3(a) and (b), this is due to a weaker hybridiza-
tion of O states with Mo orbitals at the CBM while a strongly
coupled O component at the VBM (also see Fig. S6 and S7,
ESIt). Similar results also hold true for oxygen species distri-
buting on both facets of sulfur in MoS, (Fig. S8 and S9, ESIY).

In fact, such doping-level-controlled carrier mass is a syner-
getic effect of chemical variation and strain modification after
introduction of O species. For the Or,, case, the adsorption
only leads to a tiny strain within the range of O content

This journal is © The Royal Society of Chemistry 2025

x < 0.24; thus the increasing hole mass is solely attributed to
the chemical variation of the top O atoms above the S atoms.
However, for Os, as shown in Fig. 2(b), it induces significant
strain on the host lattice. To decouple the effect of the chemical
modification of O atoms from strain field and identify domi-
nant factors affecting the carrier mass, we performed addi-
tional calculations with a frozen lattice where the lattice
constant is kept the same for all the O content to exclude the
strain effect. The lattice constants of the Or,, and Os models
with varied oxygen content are fixed to the same lattice values
as their 0.04 oxygen content cases, respectively (see Table S2
and S3 for details, ESIT). The x-electron/hole mass relationship
for the frozen lattice is represented by the dashed lines
in Fig. 4(a) and (b). For Or,yp, the lines associated with holes
for the frozen lattice are nearly overlapped with those for the

Nanoscale Horiz., 2025, 10, 359-368 | 363
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relaxed lattice. This is reasonable considering the moderate
structural relaxation of the host layer with O uptake. For O,
both trends of with/without strain are similar, showing a lighter
hole mass with greater oxygen incorporation. However, there is
a clear deviation of the hole mass between the relaxed and fixed
cases. For x between 0.08 and 0.2, the hole mass of frozen
lattice is linearly correlated with x indicating the substituting O
decreases the hole mass (violet dashed line in Fig. 4(b)). While
for the relaxed lattice, the slope of the line continually
decreases, and the hole mass levels off to —0.22m, at a doping
content of 0.12 (violet solide line in Fig. 4(b)). Therefore,
compressive strain induced by dense Os tends to promote the
hole mass.

A similar strain effect has also been found in other types of
sulfide semiconductor.®® In a word, upon introduction of O,
while the chemical modification decreases the hole mass, there
is a concomitant increase of hole mass due to the compressive
strain, thus decreasing the slope of the x-hole mass profile in
the relaxed lattice case. This inherent strain accompanied by
the O doping would play an important role in affecting the
electronic properties and accordingly carrier transport behavior
in field effect transistors (FETs). Our study shows that creating
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Os species with an appropriate O content may effectively
decrease the hole mass thus promoting the hole mobility,
whereas the electron mass is less affected. Compared with the
Vs-induced flat defect states (Fig. S10b, ESIt) for trapping and
scattering charge carriers, the adsorbed oxygen atoms somehow
heal the vacancies and mitigate the defect effect on carrier
mobilities. Indeed, Wei et al fabricated oxygen-doped MoS,
monolayer at the wafer scale, and the final FET device shows
high mobilities with an average of 78 cm® V' s, being greater
than that of intrinsic MoS, FETs of 48 cm® V' s~ ".°° Tang et al.
also suggested that moderate oxygen doping significantly
improves the carrier mobilities of MoS, by removing Vs.*’
Next, we demonstrate that by controlling the type and
content of O species, the work function (W) of the hybrid
MoS, O, layer can be tuned, which is highly desired for electro-
nic devices to control band alignment with metal electrodes.
Several metals have been proven to form a Schottky contact at
the MoS,/metal interface, and an effective strategy for reducing
the Schottky barrier height (SBH) is the shifting of W of
MoS,.>7%° In Fig. 4(c), W is calculated by subtracting the Fermi
energy from the electrostatic potential in the middle of the
vacuum layer (eqn (5)).°"°> W of the MoS,0, layer increases

This journal is © The Royal Society of Chemistry 2025
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monotonically from 5.3 to 5.6 eV for O, species with x
increasing from 0 to 0.24. In contrast, W decreases gradually
with increasing Og content, implying overall effective surface
positive charges with the presence of Og species. The modifica-
tion from 5.6 eV (for Or,p) to 5.15 €V (for Og) at an O content of
0.24 indicates a large modulation space of W (around 0.5 eV)
with the addition and control of O species in the film. Due to
the larger electronegativity of an oxygen atom than that of a
sulfur atom, the oxygen is negatively charged, and the sulfur is
positively charged. A dipole is induced associated with the
oxygen-sulfur pair with the dipole direction pointing inwardly
from the adsorbing oxygen atom to its bonded sulfur atom (see
the inset in Fig. 4(c)). On the O, surface, the exterior negatively
charged oxygen inhibits electrons escaping from the surface and
promotes W. While for the Og surface, the reversed dipole direc-
tion is favorable for surface electron escape, hence reducing W.
Fig. 4(d) shows the comparison and alignment of W of pristine
MoS, monolayer and common metal electrodes. By considering
the variance of W induced by different types and varying content
of oxygen as shown in Fig. 4(c), Au, Co, Ni, and Pt are predicted to
be suitable for contact with the MoS,0, layer due to a low SBH.
For comparison, Gupta et al. used Kelvin probe force microscopy
(KPFM) to measure W of MoS,, for which the existence of MoOs_,
phase alters W from 4.98 to 5.56eV.%® In fact, such dopant-
controlled electronic structures were also observed in other TMDs.
Oberoi et al. adopted a self-limiting oxidation method to convert a

Fig. 5
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top-layer WSe, channel to WO,Se, alloy, achieving high-
performance p-type FETs with a 5-fold improvement in the on-
state performance and a 9-fold reduction in the contact resistance.**

Due to the relatively wide bandgap of MoS, and thus an
enlarged SBH, the contact resistance of the MoS,/metal junc-
tion is supposed to be much larger than that of the graphene/
metal junction.®® A variable W of the MoS, layer is highly
important for tuning the SBH. The demonstrated tunable range
of Wof ~0.5 eV by O doping is large compared to the intrinsic
bandgap of the monolayer (1.8 eV). Therefore, surface modifi-
cation can significantly modulate the barrier of carrier injection
at a metal/MoS, contact and may even allow control of carrier
polarity in the film by tuning the content and the type of O
species in the monolayer. For silicon or other oxide as the
channel material, the energetic alignment at the interface can
be controlled by dopants or defects.®® However, unlike gra-
phene, the presence of a finite gap of MoS, may create in-gap
states upon doping which will trap the charges and affect the
carrier mobility. Here we prove that the introduction of iso-
chemical species like substituting O, being free of in-gap levels,
is highly important for tuning the properties of MoS, for
various applications. The strain-chemical-property relation-
ships inherent in the O modification can be tuned by control-
ling the adsorbing states of O species on the MoS, monolayer,
enabling a synergetic effect of strain and chemical functiona-
lization. Moreover, due to the more electronegative O species,

MoS,0, ., /\ BV dopant
0.4
=
0.2 @/
S
0.0
‘ 02

15

10
Z (A

(a) Schematic of device setup of MoS,O, FETs after surface BV doping. The monolayer MoS,0g 04 serves as a gate layer and contact with Au

electrode. (b) Charge redistribution across BV/Mo0S,Qq o4 interfaces by DFT-calculated differential charge density with an iso-surface of 7 x 10> e. The
charge accumulation and dissipation regions are represented by pink and cyan colors, respectively. (c) Planar-averaged differential charge density Ap and
transferred charge AQ along the out-of-plane direction (c axis). The dashed black line in (c) is used as a guide to the eye.
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this 2D MoS,-O hybrid layer can act as a host for assembling
with positively charged nanoclusters or particles.*”

Finally, we demonstrate a proof-of-concept device based on
the physicochemical properties of the MoS, O, layer in this work.
Fig. 5(a) shows the device structure of benzyl viologen molecule
(BV)-doped MoS,0, FETs with Au layer as contact metal. BV is a
common n-type dopant with strong reductant ability for
nanomaterials.*>®”*® Fig. 5(b) shows the M0S,0,,04/BV interface
model, where a BV molecule interacts with M0S,0g 04 through
the stretched oxygen site, and it can be seen that the BV molecule
loses electrons (cyan surface for electron loss) which transfer to
the Mo8S,0, ¢4 side (pink surface for electron gain). To quantify
the interaction between the surface O species and BV molecules,
the planar-averaged differential charge density Ap and trans-
ferred charge AQ are considered, defined as:

PBV (1)

Ap = PMo0S,0, 0,/BV — PMo0S,0,,, —

20(:) = | Ap: @
where pumos,0, ,,/Bvs PMos,0,,, a0d pey are the planar-averaged
charge density of the entire interface system, isolated M0S,0¢ o4
flake, and isolated BV molecule, respectively, and z is the
vertical distance from the bottom. In Fig. 5(c), the maximum
AQ value of ~0.5e at the vdWs gap denotes the transferred
electrons from each BV molecule to MoS,0q 4. This large
transfer value indicates the strong anchoring of BV molecules
on the oxygen site (Orqp).

Conclusions

To summarize, the ubiquitous presence of oxygen species in the
environment and synthesis processes renders a high possibility of
oxygen uptake in MoS, samples. Here based on DFT calculations,
we reveal the energetics, forms, and effects of oxygen adsorbates
and dopants in MoS,. We identify the two most stable forms of
oxygen, surface atomic adsorbate Or,, and substituting oxygen
Os, both of which are electronically inert and free of in-gap
dopant-induced states despite appreciable local strains around
the dopants. These dopant states would occur through a disso-
ciative mechanism of O, trapped at the Vg overcoming an energy
barrier of ~1.2 eV. We predict that the hole mass is more
sensitive to the oxygen content than the electron mass, due to
less hybridization of oxygen with CBM. Controlling the oxygen
stoichiometry allows modulation of the work function up to ~0.5 eV,
which is favorable for reducing the SBH and contact resistance with
metal electrodes. Our study elucidates the mechanism for controlling
oxygen dopants on the MoS, monolayer to achieve modulated carrier
mass and work function, motivating further study of emerging
optoelectronic devices based on 2D materials.

Methods

The Vienna ab initio simulation package (VASP) with the
projected augmented wave (PAW) potential is adopted for
density functional theory (DFT) calculations.®® Exchange and
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correlation energy of electrons are considered through the
generalized gradient approximation (GGA) with the Perdew-
Burke-Ernzerhof (PBE) functional.”” The DFT-D2 method of
Grimme is used to describe the vdWs interactions, this correc-
tion having been widely adopted for multiple low-dimensional
materials.”" The energy cutoff is set to 450 eV and sampling of
the Brillouin zone is performed by using a uniform 3 x 3 x 1
dense k-point grid. Energy and forces are converged until 10> eV
and 0.01 eV A™", respectively. A slab model is based ona 5 x 5 x
1 supercell with a vacuum space with a thickness of 15 A to avoid
interactions from periodic replicas. The vacuum layer thickness
is tested for the coverage of work function (see Fig. S11, ESIT).
Spin polarization is considered in all calculations. The lattice
constraint values are calculated by comparing the lattice con-
stants of oxygen-adsorbed systems and those of the pristine
MoS, monolayer. The chemical potential (1) should be consid-
ered for the formation of MoS, film. Here, the energy values
based on DFT results are used for estimating the formation
energy of O adsorbates on MoS, within the allowed crystal
growth conditions with the chemical potential of sulfur species
(ps) varying from S-poor to S-rich conditions. The stability of
these O adsorbates is estimated by judging E¢ defined as:

Er = E(O:MoS;) — E(MoS;) — Y mi; 3)

where E(O:MoS,) and E(MoS,) are the total energy of the O-
adsorbed system and the equivalent MoS, supercell, respectively.
The doped system is formed by either adding (positive) or
removing (negative) n; atoms for the i type of atom with a
chemical potential of u;, with i being S (sulfur) or O (oxygen).
By assuming the chemical potential of Mo and S are in thermal
equilibrium with MoS,, v, and pg satisfy the relation:

Hnos, = 2Us t Uo (4)

where ivos, represents total energy of MoS, per formula unit.
For the S-rich limit condition, the source of sulfur is from
gaseous Sg molecules during chemical vapor growth; therefore
Sg is chosen as the reference state for determining uso,max = Es,
where Eg_ is the total energy of molecular crystal Sg per atom
obtained from DFT calculation. Under the Mo-rich limit (in the
meanwhile S-poor limit) condition, fiye,max = Emo, and Ey is the
energy of bulk Mo bcc phase metal crystal per atom from DFT
results, while figmin = (mos, — Hmomax)/2 as required by the
assumption of equilibrium-growth condition. The chemical
potential of O atom (uo) and O, molecule (i) are the energy
of isolated O atom and O, molecule, respectively. Dipole correc-
tion is added for all structures along the out-of-plane direction to
avoid deviation of the total energy, atomic forces, and electro-
static potential.”> W is extracted from the following formula:

W =Eyac — Er (5)

where E,,. is the vacuum energy level and Ey refers to the Fermi
level. W of metal electrodes are referred to experimental
values.” The diffusion energy barriers for oxygen atom diffu-
sion along certain paths over the MoS, surface are calculated
though the CI-NEB method.”* Part of data postprocessing is

This journal is © The Royal Society of Chemistry 2025
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conducted by the Vaspkit code, and Vesta software is used for
atomic structure visualization.”>”®
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