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Precise and damage-free doping of two-dimensional semiconductors is essential for advancing their use
in nano-electronic and optoelectronic devices. Here, we present a controllable strategy for n-type doping
and phase engineering of monolayer MoS, by tuning sulfur vacancy formation using energy-controlled
Ar* ion treatment. This method enables selective top-layer sulfur removal without disrupting the underlying
lattice, leading to enhanced n-type conductivity. Extended plasma exposure induces a phase transition from
the semiconducting 2H phase to the metallic 1T phase, as confirmed by Raman, photoluminescence, and
X-ray photoelectron spectroscopy. Doped devices exhibit improved electrical and optoelectronic perform-
ance, including higher on-current, carrier mobility, and photoresponsivity. Additionally, selective formation of
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1T contacts at the source/drain regions further reduces contact resistance and boosts injection efficiency.
Al,O3z encapsulation is shown to suppress surface oxidation during O, plasma exposure, maintaining device
stability. This work demonstrates that plasma-assisted defect and phase control offers a practical and scalable
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Introduction

Molybdenum disulfide (MoS,), a two-dimensional transition
metal dichalcogenide (2D TMD), has emerged as a key
material for next-generation nano-electronic and opto-
electronic devices due to its high field-effect mobility, tunable
bandgap (~1.9 eV for monolayer and ~1.3 eV for bulk), and
strong light-matter interaction."™ In particular, MoS, syn-
thesized by chemical vapor deposition (CVD) enables uniform
fabrication over large areas, ensuring high compatibility with
conventional semiconductor processes.””” To apply these
promising properties to practical devices, reliable and precise
doping control is essential. Just as n-type and p-type doping
are critical in silicon-based field-effect transistors (FETSs),
doping in TMD-based devices plays a central role in modulat-
ing carrier injections, contact resistance, and threshold
voltage.®® However, due to the atomic thickness and structural
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pathway to tailor the electronic properties of 2D semiconductors.

sensitivity of 2D materials, achieving stable and reproducible
doping remains a significant challenge."’

Recently, defect engineering, which refers to the
intentional introduction and control of atomic-scale defects,
has gained attention as a promising strategy to achieve doping
effects in MoS,. MoS, is known to host a variety of defects
such as point defects (e.g., sulfur vacancies), anti-site defects,
dislocations, and grain boundaries, all of which can signifi-
cantly influence its electronic properties."'™® These
defects can induce Fermi level pinning, reduce contact resis-
tance, and even lead to phenomena such as band inversion
and magnetism. However, randomly formed defects in MoS,
can degrade device performance by transforming the material
into a compensated semiconductor. Therefore, precise control
over the type, density, and spatial distribution of defects is
crucial.

To induce sulfur vacancies in MoS, for n-type doping,
various approaches including chemical plasma treatments,
thermal annealing, and solution-based methods have been
applied."”™° However, these methods often suffer from critical
limitations such as the use of toxic reagents, difficulty in con-
trolling doping concentration due to time-sensitive transitions
(e.g., from n-type to p-type), and the requirement of high pro-
cessing temperatures, which can cause thermal stress and
interfacial diffusion. These factors may limit the stability and
scalability of the process, especially for applications in flexible
or thermally sensitive electronic platforms.
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To overcome these limitations, we propose a room-tempera-
ture, low-damage, and chemically inert plasma-based defect
engineering method for CVD-grown MoS,. Using an ion beam
etching (IBE) system with precisely controlled ion energy, we
demonstrate the selective removal of only the top-layer sulfur
atoms without damaging the underlying Mo lattice. Since the
process involves only physical sputtering by inert Ar' ions
without reactive gases, it avoids chemical damage or contami-
nation of the MoS, surface. This allows the controlled for-
mation of sulfur vacancies, enabling precise n-type doping,
and, as the defect density increases, also facilitates a phase
transition from semiconducting 2H to metallic 1T phase.?°

These doping and phase transition processes were systema-
tically analyzed using Raman spectroscopy and X-ray photo-
electron spectroscopy (XPS) and further examined through
structural and electrical characterizations using scanning
transmission electron microscopy (STEM) and I-V measure-
ments. The transfer characteristics obtained from the I-V
characteristics confirmed significant improvements in device
performance, including enhanced on/off ratio and carrier
mobility. This study demonstrates that ion-assisted defect
engineering using inert Ar gas offers a precise approach to
modulate the electronic structure of MoS, and may serve as a
promising platform for future high-performance 2D nano-elec-
tronic devices.

Results and discussion

A schematic illustration of the 3-grid ion beam extraction
system used in this study is shown in Fig. 1a. The system con-
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sists of an inductively coupled plasma (ICP) source and a tri-
grid structure for controlled ion acceleration. This configur-
ation allows for precise tuning of the Ar' ion energy, enabling
directional bombardment of the MoS, surface with minimal
lattice disruption. Through energy-controlled ion exposure,
selective removal of top-layer sulfur atoms can be achieved
without damaging the underlying molybdenum or bottom
sulfur atoms. The top-view atomic structure of monolayer
MoS, before and after Ar’ ion treatment is presented in
Fig. 1b. In the untreated state, Mo and S atoms form a well-
ordered hexagonal lattice. Upon exposure to Ar' ions, sulfur
vacancies are generated predominantly at the top sulfur sites,
while the Mo framework remains intact. The formation of
these vacancies introduces donor-like defect states, effectively
shifting the Fermi level and resulting in n-type doping behav-
ior. This observation is consistent with previous reports
demonstrating the electron-donating characteristics of sulfur
vacancies in TMD materials."”"™® A schematic process flow of
n-type doping in MoS, via Ar' ion treatment is depicted in
Fig. 1c. During the treatment, Ar' ions in the plasma selec-
tively interact with the top-layer sulfur atoms, leading to their
partial removal and the formation of controlled vacancy con-
centrations. The doping level can be modulated by adjusting
the plasma exposure time. The created sulfur vacancies serve
as electron donors, thereby enhancing the n-type conductivity
of the MoS, channel. This controlled sulfur depletion strategy
confirms the viability of defect engineering for tuning elec-
tronic properties in two-dimensional materials.

Fig. 2a shows the evolution of Raman spectra of a mono-
layer MoS, under varying Ar' ion treatment duration. From 20
to 90 seconds of ion exposure, the overall Raman peaks gradu-
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Fig. 1 Schematics and process flow of Ar* ion induced n-type doping in MoS,. (a) Schematic illustration of the 3-grid ion beam system used for
plasma generation. (b) Top-view schematic of the MoS, atomic structure before and after sulfur vacancy formation. (c) Process flow diagram of

n-type doping in MoS; using Ar* ion treatment.
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Fig. 2 Raman and photoluminescence (PL) characterizations of MoS, under varying Ar* ion treatment duration. (a) Evolution of Raman spectra of
MoS; with increasing Ar* ion exposure time (0-300 s), showing shifts in peak positions and intensity changes over time. (b) Comparison of Eg and
A1g Raman modes between the reference and doped MoS, samples (60 s Ar* ion exposure) indicating changes in vibrational characteristics due to
doping. (c) Photoluminescence spectra of reference, doped (90 s Ar* ion exposure), and 1T-phase MoS, (300 s Ar* ion exposure) samples, showing a
reduced PL intensity in the doped sample and further suppression in the 1T phase.

ally red-shift, which suggests slight modifications in the
crystal structure, such as charge doping or the formation of
minor lattice distortions. These changes reflect the initial
stages of material alteration before any significant phase tran-
sition occurs.”® When the plasma exposure time is extended to
120 and 300 seconds, the Raman peaks begin to blue-shift,
indicating a structural transformation from the semiconduct-
ing 2H phase to the metallic 1T phase.>**? In addition, new
Raman peaks appear in the 150-350 cm™" range specifically at
120-300 seconds, which further supports the formation of dis-
torted vibrational modes characteristic of the 1T phase—fea-
tures that are absent in the pristine 2H lattice.>>***® Fig. 2b
provides a comparative analysis of the E,; and A;; Raman
modes between the reference and doped sample (90 s Ar' ion
exposure). The A;, mode, associated with out-of-plane
vibrations of sulfur atoms, exhibits red-shift and noticeable
peak broadening in the doped sample. This behavior is attrib-
uted to increased free carrier concentration and enhanced
electron-phonon coupling, consistent with electron doping.**
In contrast, the E,; mode, corresponding to in-plane vibrations
of Mo and S atoms, undergoes a slight red-shift primarily due
to increased lattice disorder and defect formation rather than
doping.>**® These distinct responses of the two modes high-
light their respective sensitivities to doping and structural
defects. Fig. 2c presents the photoluminescence (PL) spectra of
reference, doped (90 s Ar' ion exposure), and 1T-phase MoS,
(300 s Ar' ion exposure) samples. The doped sample exhibits a
red-shifted PL peak along with significantly quenched inten-
sity, indicative of n-type doping and reduced radiative recombi-
nation due to excess free carriers.”® For the 1T-phase sample,
the PL signal is almost entirely suppressed, consistent with the
loss of direct bandgap transitions in the metallic phase.*

This journal is © The Royal Society of Chemistry 2025

Fig. 3a shows the XPS spectra of the Mo 3d and S 2p, and O
1s core levels in MoS, under varying Ar' ion treatment dur-
ation. As the exposure time increases up to 90 seconds, both
the Mo 3ds, and S 2ps, peaks shift slightly toward higher
binding energies, which is typically associated with increased
electron density near Mo atoms, indicating n-type
doping.'%?*”*% At longer exposure duration of 120-300 seconds,
the peaks shift back to lower binding energies, suggesting
changes in the electronic structure, such as a transition to the
metallic 1T phase.>® Fig. 3b presents the quantitative evolution
of the binding energies. The Mo 3ds,, peak reaches its highest
energy at 90 seconds, while the S 2p;, peak gradually
increases and then drops after extended exposure, implying an
electron doping-dominant regime in the early stage, followed
by structural phase transformation. This trend corresponds
well with the results from Raman and PL spectroscopy in
Fig. 2, which show peak shifts in the initial stage, and upon
longer treatment, definitively confirm the phase transition
through the emergence of new 1T-specific peaks (Fig. 2a) and
the quenching of the photoluminescence signal (Fig. 2c).
Fig. 3c illustrates the evolution of the S/Mo atomic ratio calcu-
lated from the XPS peak areas. This ratio steadily decreases
with increasing ion treatment time, indicating the progressive
depletion of sulfur atoms from the MoS, surface. With further
treatment, the S/Mo ratio stabilizes; this plateau is attributed
to a self-limiting etching process where the removal of the top
sulfur layer exposes the more strongly-bound Mo layer, leading
to a saturation of vacancy creation.*® The observed initial
sulfur loss is consistent with the formation of sulfur vacancies,
which act as electron donors and are responsible for the n-type
doping behavior. Subsequently, however, the high, saturated
concentration of vacancies serves as the thermodynamic
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Fig. 3 XPS analysis of MoS, samples treated with Ar* ion for varying duration. (a) X-ray photoelectron spectroscopy (XPS) spectra showing the Mo
3d and S 2p, and O 1s core-level peaks of MoS, as a function of Ar* ion exposure time (0-300 s). (b) Binding energy shifts of the Mo 3ds/, and S
2p3/2 peaks with increasing ion treatment time, indicating changes in the chemical environment due to sulfur vacancy formation. (c) Evolution of the
S/Mo atomic ratio extracted from XPS spectra, showing a steady decrease with longer ion exposure duration.

driving force for the 2H-to-1T phase transition, as supported
by a theoretical work showing that the 1T phase becomes ener-
getically favorable beyond a critical vacancy concentration.®
To address the potential for oxidation, the O 1s spectrum was
also investigated (Fig. 3a). While no distinct Mo®" peak is seen
in the Mo 3d spectrum, a minor Mo-O peak in the O 1s spec-
trum suggests that the created sulfur vacancies are reactive
sites susceptible to oxidation upon air exposure.’> This
inherent instability, which leads to long-term device degra-
dation (Fig. S3), highlights the necessity of the protective
encapsulation strategy that will be discussed in Fig. 6. Fig. 4
presents a comprehensive overview of the electrical, opto-
electronic, and structural properties of a monolayer MoS,
before and after the doping by Ar' ion treatment. In Fig. 4a,
the transfer characteristics of MoS, field-effect transistors
(FETs) show a noticeable increase in on-current with longer
ion exposure, indicating enhanced channel conductivity due to
electron doping. This trend is further supported by the linear-
scale transfer curves presented in Fig. S1, where the progress-
ive increase in current is clearly resolved. Additionally, the
threshold voltage shifts progressively in the negative direction,
which is a typical indicator of n-type doping induced by
increased electron concentration in the channel.>'%'7*°

Fig. 4b and c display time-resolved photocurrent responses
under periodic illumination with red (4 = 650 nm) and blue (4
= 450 nm) light, respectively. In both cases, the doped (90 s)
devices exhibit a clear enhancement in photocurrent com-
pared to the reference. The mechanism for this enhancement
is attributed to the improved separation of photogenerated
electron-hole pairs, facilitated by the Ar'-induced sulfur
vacancies. Sulfur vacancies can act as effective trapping
centers for photogenerated holes, which suppresses carrier
recombination and increases the lifetime of photogenerated

24776 | Nanoscale, 2025,17, 24773-24781

electrons, thereby boosting the net photocurrent.*® This is con-
sistent with studies showing that a higher density of sulfur
vacancies leads to an enhanced n-doping effect, which is
directly correlated with a significant increase in photo-
response.®* This improvement is further quantified in Fig. 4d,
which shows that photoresponsivity increases significantly
after doping (90 s) under both red and blue illumination.
These results demonstrate that the doping by Ar’ ion treat-
ment not only improves the electrical transport properties of
MoS, but also enhances its optoelectronic performance.
Finally, Fig. 4e shows high-resolution STEM images of the pris-
tine and doped (90 s) MoS, samples. In the doped sample,
multiple sulfur vacancies—highlighted by red dashed circles—
are clearly observed. These defects are directly linked to the
doping mechanism and are considered the primary source of
the observed electrical and optical changes. The atomic-scale
structural transition accompanying vacancy formation is
further detailed in Fig. S2, where high-resolution STEM
imaging and intensity profiling confirm the transformation
from the 2H to the 1T phase.

Fig. 5a compares the transfer characteristics of monolayer
MoS, FETs fabricated with conventional 2H-phase contacts
(reference) and with contact regions selectively converted to
the 1T metallic phase. The 1T-contact device exhibits a signifi-
cantly higher on-current, steeper subthreshold swing, and
improved transfer characteristics, confirming that 1T phase
engineering at the source/drain contacts effectively reduces
contact resistance and enhances carrier injection efficiency.
Fig. 5b shows the impact of n-type doping applied to the
channel region. A significant negative shift in the threshold
voltage is observed, which directly indicates a substantial
increase in the electron concentration due to effective n-type
doping by sulfur vacancies. While the on-state current also

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Electrical and optoelectronic performance of MoS; before and after doping by Ar* ion treatment. (a) Transfer characteristics (/-V curves) of
MoS, FETs with varying Ar* ion treatment duration. (b) Time-resolved photocurrent measurements under red light illumination (1 = 650 nm),
showing a clear increase in photocurrent after the doping (90 s). (c) Time-resolved photocurrent measurements under blue light illumination (1 =
450 nm), also indicating a significant rise in photocurrent for doped sample (90 s) compared to the reference sample. (d) Comparison of photo-
responsivity for red and blue light between reference and doped samples (90 s). (e) High-resolution STEM images of reference and doped (90 s)
MoS, samples, where sulfur vacancies (indicated by red dashed circles) are observed in the doped sample.

contact 1T

G @ @ 5 @ @ s S 40 @ o B @

Ve (V) Ve (V)

60 40 20 0 20 40 60

VG (V)

Fig. 5 Effect of 1T-phase contact on the electrical characteristics of
MoS, FETs. (a) Transfer characteristics of a reference CVD-grown mono-
layer MoS, back-gated FET and a device with 1T-phase converted
contact regions, showing improved current levels due to reduced
contact resistance. (b) Transfer curves of reference devices with and
without channel doping, indicating increased current with longer
doping regions. (c) Transfer curves of devices with 1T-phase contacts,
showing further current enhancement when combined with channel
doping (doping short: 40 s and doping long: 90 s).

This journal is © The Royal Society of Chemistry 2025

increases, the change is rather modest. This is because the on-
state current is a function of both carrier concentration (n) and
mobility (4). Sulfur vacancies form localized states within the
bandgap that can trap charge carriers and induce hopping
transport.>® This indicates that the vacancies, while acting as
donors to increase, also serve as scattering centers that limit
the carrier mobility (u). Therefore, the observed modest
increase in on-state current is a result of the trade-off between
the increased carrier density and the mobility limited by
defect-induced hopping. Fig. 5c presents the corresponding
transfer characteristics for devices with 1T-phase contacts.
When channel doping is additionally applied to the 1T-contact
devices, further improvement in device performance is
observed. Compared to the reference, the overall enhancement
in electrical behavior including higher on-current and steeper
slopes-highlights the synergistic effect of metallic contact for-
mation and doping-induced conductivity modulation. These
results collectively demonstrate that converting the contact
region to the 1T metallic phase is a highly effective strategy for
minimizing contact resistance and improving FET perform-
ance in 2D semiconductors.

Nanoscale, 2025,17, 24773-24781 | 24777
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Fig. 6 investigates the effects of O, plasma-induced oxi-
dation on MoS, FETs with and without Al,O; encapsulation.
While other van der Waals materials like h-BN can provide a
more pristine, damage-free interface, our choice of ALD-Al,O3
is motivated by its wafer-scale uniformity, CMOS compatibility,
excellent barrier properties, and its nature as a high-k dielec-
tric, which is advantageous for future top-gated device appli-
cations.®® As shown in Fig. 6a, a schematic of an unencapsu-
lated device subjected to an O, plasma treatment is presented.
It is well-known that oxygen plasma can actively modulate
TMD properties, and recent studies have shown that mild O,
plasma can enhance device performance through controlled
oxidation or phase transitions.>**® In contrast, the O, plasma
in our study is not used as a primary treatment for perform-
ance enhancement. Instead, it serves as a harsh oxidative test
designed specifically to evaluate the stability of our Ar'-treated
devices and the effectiveness of the Al,O; encapsulation. The
corresponding transfer characteristics in Fig. 6b reveal a sig-
nificant degradation in performance after oxidation, including
a reduction in on-current and a noticeable shift in threshold
voltage. This degradation is attributed to surface oxidation and
the formation of Mo-O bonds, as supported by the XPS
spectra shown in Fig. 6c. After the O, plasma treatment, a dis-
tinct increase in the Mo®"-related peak is observed in the Mo
3d region, indicating the generation of MoOj; species on the
surface.”® In contrast, Fig. 6d shows a device that was encapsu-
lated with an Al,O; layer after the primary Ar' ion treatment.
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As shown in Fig. 6e, the encapsulated device demonstrates dra-
matically improved stability under harsh O, plasma conditions
compared to the unencapsulated device (Fig. 6b). The minor
negative shift in the threshold voltage observed after encapsu-
lation is consistent with previous reports, which attribute to
n-doping effects in ALD Al,O; to defects such as fixed positive
charges, oxygen vacancies, or carbon impurities within the
oxide.**™*? However, since excellent characteristics such as a
high on/off ratio were maintained, this can be considered as a
manageable electrical effect rather than significant device
degradation. Crucially, this result proves that the Al,O; layer
encapsulation successfully fulfilled its function as an excellent
protective barrier against oxidation. The XPS spectra in Fig. 6f
confirms this observation: the Mo®" peak is significantly sup-
pressed in the encapsulated sample, suggesting that the Al,O;
layer effectively blocks oxygen diffusion and protects the MoS,
surface from oxidation. Importantly, this protective effect of
Al,O; encapsulation is also evident under milder yet realistic
conditions such as ambient air exposure. As shown in Fig. S3,
Ar' ion treated MoS, devices without encapsulation undergo
noticeable electrical degradation after just 5 days in air,
whereas the devices with Al,O3 encapsulation retain their per-
formance, confirming its effectiveness in suppressing slow oxi-
dative degradation during storage or operation in air. These
results highlight the critical role of surface passivation in pre-
serving the electrical properties of 2D semiconductors during
the processing.
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Fig. 6 Effects of O, plasma oxidation on MoS, FETs with and without Al,Os encapsulation. (a) O, plasma treatment. (b) Transfer characteristics
showing reduced on-current and threshold voltage shift after oxidation. (c) Mo 3d XPS spectra of reference, and Ar* ion pretreated and O, plasma
oxidized samples, showing increased Mo®* peak due to surface oxidation. (d) Schematic of a MoS, FET with Al,Os encapsulation during an O,
plasma exposure. (e) Transfer characteristics of the encapsulated device showing better current retention and minimized degradation. (f) Mo 3d XPS
spectra of the encapsulated sample, where Mo®* peak growth is significantly suppressed, indicating effective protection by Al,Os.
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Experimental
Preparation of CVD MoS,, and device fabrication

Monolayer MoS, samples (1 cm x 1 cm) were purchased from 6
Carbon Co., Ltd. For the transfer process, the CVD-grown MoS,
was first coated with poly(methyl methacrylate) (PMMA). A
thermal release tape (TRT) was then attached to the PMMA layer.
The entire stack was submerged in water to delaminate the TRT/
PMMA/MoS, film from the original growth substrate.
Subsequently, the film was transferred onto a new target substrate
(a 300 nm-thick SiO,/p"*-doped Si). The TRT was removed by
applying heat, and the PMMA support layer was then dissolved
using acetone and ethanol. After transfer, source and drain elec-
trodes were patterned by photolithography and deposited using
electron-beam evaporation of chromium (5 nm) and gold
(50 nm). The resulting device structure was used for subsequent
doping and electrical characterization.

Ar' ion treatment

The controllable n-type doping was performed using a 3-grid
inductively coupled plasma (ICP) ion beam system (a sche-
matic is shown in Fig. 1a), which is composed of three grids.*’
A positive DC voltage is applied to the 1st grid to accelerate Ar"
ions from the plasma source through the grid holes, and a
negative DC voltage is typically applied to the 2nd grid to form
a parallel ion beam. The 3rd grid and the sample holder are
grounded. In this study, the ion energy was controlled by
applying 25 V to the first grid, while no voltage was applied to
the second grid. This setup provides a low-energy Ar" ion bom-
bardment of ~25 eV sufficient for the selective removal of only
sulfur atoms without causing significant damage to the under-
lying MosS, film.

0, plasma oxidation treatment

O, plasma oxidation was conducted using a remote inductively
coupled plasma (ICP) system equipped with dual crossed-hole
grids to eliminate energetic ion bombardment on the sub-
strate. The O, plasma was generated at a pressure of
100 mTorr and an RF power of 200 W. All plasma treatments
were carried out at room temperature without external sub-
strate heating. The process was used to evaluate the oxidation
stability of MoS, surfaces with and without Al,O; encapsula-
tion, as described in the main text.

Atomic layer deposition of Al,O; encapsulation layer

This passivation layer was deposited onto the devices after the
primary Ar' ion treatment process to evaluate its protective
effect during subsequent stability tests. ALD-Al,O; films were
deposited using trimethylaluminum (TMA) precursor and H,O
reactant, serving as passivation layers for the channel in
bottom-gate FETs. Based on previous studies, the purging time
was reduced to improve film coverage on the MoS, surface by
suppressing precursor desorption.** Each ALD cycle consisted
of TMA/N,/H,0/N, injections of 1 s/2 s/5 s/3 s, resulting in a
deposition rate of 1.4 A per cycle. The final film thickness was
~10 nm, measured on HF-cleaned and co-processed Si sub-
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strates using a spectroscopic ellipsometer (SE MG-1000UZ,
located at the MEMS Sensor Platform Center of Sungkyunkwan
University, NANO-VIEW).

Characterization methods

Raman and photoluminescence (PL) spectra of the MosS,
samples were measured using a confocal Raman microscope
(WITec Alpha 300 M') with a 532 nm excitation laser. X-ray
photoelectron spectroscopy (XPS, MultiLab 2000, Thermo VG,
Mg Ko source) was employed to analyze the chemical states
and composition, with the binding energy calibrated to the C
1s peak at 284.8 eV. HR-TEM (HR-STEM, JEOL JEM-ARM200F)
was used to observe atomic-scale structural changes after
plasma treatment. The electrical measurements of MoS, field-
effect transistors were carried out using a semiconductor para-
meter analyzer (Keysight B2912A) in a vacuum probe station.
Transfer curves were used to extract the field-effect mobility,
and threshold voltage shifts were monitored under varying
doping conditions. Photoresponse measurements were per-
formed under red (650 nm) and blue (450 nm) light illumina-
tion, and photoresponsivity was calculated as R = Iphoto/Piea-

Conclusions

In this study, we demonstrated a controllable and damage-free
approach for n-type doping and phase transition in large-area
CVD-grown MoS, by engineering sulfur vacancies using a pre-
cisely modulated Ar * ion treatment. By precisely tuning the
ion energy and exposure time, we achieved selective formation
of top-layer sulfur vacancies that act as electron donors,
thereby enhancing n-type conductivity. With extended Ar" ion
treatment duration, a structural phase transition from semi-
conducting 2H to metallic 1T was also realized, as confirmed
by Raman, PL, and XPS analyses. The resulting doped MoS,
devices exhibited improved electrical and optoelectronic per-
formance, including enhanced on-current, photoresponsivity,
and electron mobility. Furthermore, we demonstrated that
contact engineering through selective 1T-phase conversion at
source/drain regions significantly reduces contact resistance
and enables further device performance enhancement,
especially when combined with channel doping. In addition,
the use of Al,O; encapsulation was shown to effectively
prevent surface oxidation during an O, plasma exposure, pre-
serving device integrity and electrical stability. These results
demonstrate that plasma-assisted defect and phase engineer-
ing is a practical and scalable approach to tailoring the elec-
tronic properties of two-dimensional semiconductors, offering
promising potential for future applications in nanoelectronics
and optoelectronics.
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