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Featured Application: Two-dimensional materials-based devices and sensors.

Abstract: Molybdenum disulfide (MoS2) has been actively explored as a direct bandgap semiconduc-
tor in the monolayer (ML) limit for various applications due to its prominent physical properties and
stability. In order to broaden its application range further, diverse treatments have been developed to
modulate the properties of ML-MoS2. The native point defects, such as S vacancies, are known to
activate surface charge transfer doping in ML-MoS2. Unlike conventional semiconductors, ML-MoS2

shows distinct excitonic transitions that can be exploited for controlling its optical, optoelectronic, and
electric characteristics via coupling with defect-driven doping. Here, the ambient photoluminescence
(PL) of ML-MoS2 could be increased by ~1500% at the center of focused-laser irradiation (FLI). Ex-
pectedly, the PL intensity varied spatially along with exciton–trion transitions across the irradiation
spot due to the Gaussian profile of laser intensity. Then, nano-Auger electron spectroscopy (n-AES)
revealed that the spectral fraction of exciton PL increased by ~69.2% while that of trion PL decreased
by ~49.9% with increasing S deficiency up to ~13.4 ± 3.5%. Cryogenic PL and field-effect transistor
experiments were also performed to understand the defect-related phenomena comprehensively.
This novel experimental combination of FLI with an n-AES probe provides a facile, effective, and
cost-efficient approach for exploring defect effects in two-dimensional structures.

Keywords: two-dimensional semiconductors; molybdenum disulfide; Auger electron spectroscopy;
focused-laser irradiation; defects; photoluminescence; field-effect-transistor; doping effects

1. Introduction

Two-dimensional (2D) molybdenum disulfide (MoS2), one of the semiconductor mem-
bers of the 2D layered transition-metal dichalcogenide (TMDC) group, has been paid
attention for fundamentally interesting phenomena such as indirect-to-direct crossover
of the band structure in the monolayer (ML) limit, deep excitonic energy levels, strongly
coupled valley, spin degree of freedoms, etc. [1–3]. Besides the basic scientific interests,
as a promising alternative to conventional semiconductors in contemporary electronics
for overcoming the fundamental limit of down-scaling, diverse electronic device applica-
tions have been developed actively from elementary device elements to complex digital
circuits [4,5]. Moreover, the direct bandgap of ML-MoS2 enables miniaturizing photonic
and optoelectronic integrated circuits [6]. In addition, 2D MoS2 structures are expected to
be suitable for sensor applications since they show, as surface states themselves, extremely
high surface area-to-volume ratio, outstanding sensitivity to the environment, and excellent
chemical and mechanical stability [7–10]. Moreover, integrating the interactive 2D MoS2
layer into hetero-structures composed of other 2D layers or functional materials of other
dimensions realizes novel synergetic applications such as flexible electronics and sensors,
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memory devices, and energy conversion systems [11–15]. However, it is still challenging to
replace conventional materials whose synthesis, doping, and device fabrication processes
are well-established in the modern industry. Therefore, for feasible applications, it would
be required to enhance the functional capability of 2D MoS2 by tuning its properties control-
lably. For these purposes, various approaches have been developed: substitutional doping,
nanostructure decoration, mechanical strain application, chemical surface functionalization,
organic material coating, plasma and laser thinning, etc. [10,16–22].

One of the traits that make several TMDC MLs, including MoS2, WS2, MoSe2, and
WSe2, distinguishable from conventional semiconductor materials such as Si is that ex-
citonic transitions are active even at room temperature (RT) in ambient conditions due
to extraordinarily huge binding energy and long lifetime of excitons [2,7,23]. In the case
of ML-MoS2, its optical and optoelectronic properties can be governed by the transition
between neutral excitation (A) and negatively charged exciton (A−), also referred to as
trion [2,7,23]. The effects of the A–A− transition are controllable by charging/discharging
ML-MoS2 via various methods such as electrostatic gating, interplay with phase change
materials, gas molecule physisorption, metal nanoparticle coating, etc. [2,7,20,24]. Further,
the charge transfer between ML-MoS2 and physisorbed gas molecules could occur more
actively with defects [7,25,26]. The sulfur (S) vacancies are known to exist in ML-MoS2 as
one of the primary native point defects based on the direct observation of transmission
electron microscopy (TEM) as well as theoretical calculations [27–29]. These point defects
tend to transfer electrons to physisorbed reactive molecules such as O2 and H2O and
specific organic molecules, including single-layer titanyl phthalocyanine, leading to p-type
doping as well as the transition from A− to A in ML-MoS2 [7,25,26,29–31].

Therefore, defect engineering, specifically controlling the amount of S vacancies, could
be an efficient method to alter the optical, optoelectronic, and electrical properties of
ML-MoS2 and also sensitivity to environmental conditions [25,27,28,32–39]. The defects,
including S vacancies, have been shown to be created in diverse ways: thermal annealing,
plasma treatment, irradiation with electrons, ions, and laser, etc. [25,32,33,35–38]. Above
all, laser heating has been broadly employed for materials processing including deposition,
selective melting, microstructural modification, fusion, etc. [40–42]. Specifically for 2D
layered structures, laser irradiation would be a facile and versatile tool that can activate
surface reactions such as atomic dissociation and substitutional doping as well as achieve
structural modification from gentle thinning to sharp patterning [18,20,22,32,36–38,43,44].
Further, by employing a focused-laser beam, defects can be created locally, probably
relevant to miniaturized devices or sensor applications [32,36–38]. Moreover, the detailed
adjustment of laser processing parameters enables the subtle control of defect concentration
minimizing the radiation and heat-induced damage [32,36].

However, to understand the defect-related effects fully, it would be necessary to per-
form a chemical analysis. Since 2D structures are surface themselves, the surface chemical
analysis should be employed to probe their chemical state precisely. There are many options
for surface chemical analysis on 2D materials: Auger electron spectroscopy (AES), x-ray pho-
toemission spectroscopy (XPS), secondary ion mass spectroscopy (SIMS), etc. [17,43,45–47].
On a TEM, the crystal structure of 2D materials can be observed directly in atomic resolu-
tion, and elementary chemical analysis can also be carried out by energy-dispersive X-ray
spectroscopy (EDS) using the electron beam as a radiation source [17,21,48].

In this work, nano-AES (n-AES), the high-resolution version of AES, was employed
for the chemical analysis of ML-MoS2 for several advantages. As described in Figure 1a,
the n-AES is equipped with a field emission gun (FEG) scanning electron microscope (SEM)
as an electron beam source, which enables sub-micron lateral resolution of ~10 nm, much
higher than those of XPS and SIMS. Moreover, a sample can be measured as it is on the
n-ASE system without any additional laborious and costly sample preparation process that
may result in damage and contamination. In addition, since the n-AES system is equipped
with the SEM imaging capability, micro-size mechanically exfoliated ML-MoS2 flakes
and even their internal structures can be accessed for spectra acquisition in the accuracy
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of sub-micron. The chemical properties of a variety of low-dimensional materials and
nanostructures were probed by n-AES previously [25,32,49,50]. As displayed in Figure 1b,
the Auger electrons are ejected by a two-step and three-electron process called the Auger
effect. First, the core hole is created by the incidence beam of electrons (or photons for other
cases). Then, an electron fills the core hole by the internal transition losing an amount of
energy. If the transition energy is large enough to release another electron at the second
outer shell, the electron can be ejected. The ejected electron, called the Auger electron, has
the kinetic energy (E) as E = Ecore − E1 − E2, where Ecore is the core hole energy level and
E1 and E2 are the binding energies of the first and second outer shells, respectively [45].
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Figure 1. (a) Illustrative diagram of the nano-Auger electron spectroscopy (n-AES) system equipped
with a field emission gun (FEG), a hemisphere energy analyzer, an ultra-high vacuum (UHV) chamber,
a sample stage, etc. (b) Schematic views of the two-step Auger electron emission process. Vac indicates
the vacuum level.

While the focused-laser-assisted defect engineering and relevant phenomena were
studied previously by several research, the combinational approach of focused-laser irradi-
ation (FLI) and nano-Auger probe has not been reported yet to my knowledge [32,37,38].
Here, the FLI was demonstrated for creating defects in ML-MoS2 locally and tuning ambient
optical and electrical properties of ML-MoS2 via defect-assisted p-type doping. The Gaus-
sian laser intensity profile could build up a temperature gradient around the irradiation
spot, resulting in the spatially varying degree of S deficiency in ML-MoS2 in a few microns.
As such, microscale gradations of optical and electrical properties could be realized as
well. Then, the varying local S deficiency was probed across the irradiation center by
performing the high-resolution n-AES successively. Therefore, the detailed relationship
between the ambient micro-photoluminescence (micro-PL) characteristics and defect state
could be acquired in the wide range of S deficiency from only one sample by a one-off
FLI process. Therefore, this approach provides a facile, effective, and cost-efficient way to
explore defect-related phenomena in 2D structures.

In addition, cryogenic micro-PL spectroscopy and field-effect transistor (FET) device
studies have also been carried out to comprehensively understand and validate the effects
of the FLI-driven defect engineering on the physical properties of ML-MoS2. The cryogenic
micro-PL experiments confirmed that, as approaching the irradiation spot, the defects
were formed more actively in terms of the defect-related PL peak intensity. It was also
observed that as ML-MoS2 was irradiated harder, the sensitivity of ML-MoS2 with air gas
was enhanced. In the use of FET devices based on ML-MoS2 channels, the electrical FET
device characteristics were also shown to be controllable by the FLI process showing p-type
doping behavior consistently with the micro-PL characterization results.

2. Materials and Methods
2.1. MoS2 Monolayer Preparation

MoS2 flakes were prepared on 300-nm-thick SiO2/Si substrates by mechanical exfolia-
tion with MoS2 single crystals (SPI Supplies, West Chester, PA, USA). Contact-mode atomic
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force microscopy (AFM) (Veeco Multiprobe system, Plainview, NY, USA) was conducted
on the exfoliated MoS2 flakes to measure the thickness precisely as well as to monitor the
surface topographical change by the FLI process.

2.2. Optical Characterization of MoS2 Monolayers

Both micro-PL and Raman spectroscopy experiments were carried out on ML-MoS2
flakes using a 100× objective lens (HC PL APO, 1.4 NA, Leica Microsystems Ltd., Wetzlar,
Germany) on a confocal micro-Raman/PL system (invia Raman microscope, Renishaw,
Wotton-under-Edge, UK) equipped with a motorized x–y axis stage, and a continuous-wave
Ar-ion laser of the ~488 nm wavelength at RT in the ambient conditions. On the same
system, low-temperature micro-PL spectroscopy was also performed on a sample loaded
in a cryostat (ST-500, Lake Shore Cryotronics, Inc., Westerville, OH, USA) whose chamber
was kept at the temperature of 77 K using liquid nitrogen as the coolant. The laser could
be focused on a spot of the sample for the spectra acquisition in the use of a 50× long
working distance objective lens (SLMPlan, 0.45 NA, Olympus Corp., Tokyo, Japan). The
position of the spot could be located precisely by moving the whole cryostat on a manual
x–y axis stage. The cryostat was pumped to ~10−6 Torr by a turbo pump system at 77 K.
For comparison, the PL spectra of ML-MoS2 flakes in the cryostat were also measured at
RT both in vacuum (~10−5 Torr) and air. The laser power was set in the range of 0.1–1 µW
properly depending on the laser scan time and the number of scans to avoid any local
damage and overheating in the samples. The laser spot sizes were ~0.4 µm and ~1.3 µm for
the ambient micro-PL and cryogenic micro-PL characterization, respectively.

2.3. Focused-Laser Irradiation Process

The FLI process was performed in the home-built system equipped with a multichan-
nel gas panel, a vacuum chamber, a dry pump system, a microscope, and a high-precision
XY stage. The vacuum chamber was pumped to ~10−4 Torr and then filled with Ar gas
maintaining the chamber pressure at ~400 Torr during the FLI process. A highly stable
continuous wave 532 nm laser (diode-pumped solid-state laser, Lighthouse Photonics, San
Jose, CA, USA) was focused onto a sample at the laser power of 250 W for 1 min. The
laser beam was delivered through a 10× objective lens (Plan Apo, Mitutoyo, 0.28 NA,
Kanagawa, Japan) with a laser spot size of ~2.3 µm. The laser irradiation conditions set
in this work are the optimal parameters for maximizing the PL modulation given in the
previous study [32]. No irradiation effect was activated at the laser power below 200 W.
While the ambient PL intensity of ML-MoS2 increased as the laser power increased in
the range of 200–250 W, it decreased at the laser power above 250 W. Finally, significant
decomposition was detected on ML-MoS2 irradiated at the laser power of 300 W by the
contact-mode AFM [32]. Further, to understand the irradiation process on MoS2 and other
2D materials more deeply, the effects of laser process parameters on laser absorption should
also be considered carefully [51].

2.4. Nano-Auger Electron Spectroscopy

The local chemical properties of irradiated ML-MoS2 flakes were investigated by
performing n-AES using a nano-Auger system (Oxford, Abingdon, UK/Scienta Omicron,
Uppsala, Sweden) equipped with a FEG, which enables a spatial resolution of ~10 nm, as
depicted schematically in Figure 1a. An ML-MoS2 flake was observed first at the proper
magnification by SEM (Figure S1). The position of a spot was determined based on the SEM
images, and then the electron beam was focused on the spot to acquire a spectrum. The
spectra of ML-MoS2 were obtained in the constant retard ratio (CRR) mode with the retard
ratio of 5. The nano-Auger system was operated at the accelerating voltage of 3 kV and
under the ultrahigh vacuum (UHV) of <10−10 Torr. To avoid any damage or overheating
by the electron beam, each spectrum was taken only for 7 secs.
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2.5. Field-Effect Transistor Device Fabrication and Electrical Characterization

FET devices composed of ML-MoS2 channels and Ti/Au metal contacts (thickness:
10 nm/70 nm) were built up by a series of conventional fabrication processes of electron
beam lithography (EBL), electron beam evaporation, lift-off process, etc. The ML-MoS2
channels underwent the FLI process prior to the fabrication process. Back-gated FET
devices were characterized with the heavily doped p-type Si substrate as the bottom
electrode on a probe station equipped with two programmable electrometers (617, Keithley,
Cleveland, OH, USA) in the ambient conditions. By using the ST-500 cryostat, the back-
gated FET measurements were also performed in the vacuum (~10−5 Torr) at RT. The FET
devices were annealed gently at ~400 K for 4 h before the measurements in a vacuum
to remove physisorbed molecules and contaminants on the ML-MoS2 surface or in the
ML-MoS2/substrate interface.

3. Results and Discussion
3.1. Ambient Photoluminescence Characterization

As shown in the optical microscopy (OM) image of Figure 2a, several MoS2 flakes
were prepared on a SiOx/Si substrate by the mechanical exfoliation method, and one of
the MoS2 flakes was chosen for the FLI process. By comparing the contact mode, AFM
images scanned from the region of the MoS2 flake, including the irradiation spot before
and after the FLI process, as shown in Figure 2b,c, respectively, the surface of the MoS2
flake was found to be not damaged without any sign of significant decomposition of MoS2.
Previously, J. Ru et al. demonstrated that the MoS2 films could be thinned by FLI [18].
In this work, by the gentle FLI process, only the contaminant residue along the edges of
the flakes was observed to be removed, probably along with the creation of defects that
is discussed later. In Figure 2d, the line profile across the MoS2/SiOx boundary extracted
from the AFM image in Figure 2c shows that the MoS2 flake is ~0.6 nm thick and, therefore,
ML-thick [2].

In Figure 2e, the representative Raman spectrum measured from the pristine ML-MoS2
flake before the FLI process shows the typical Raman aspect of ML-MoS2, validating the
crystal structure quality. Moreover, in Figure 2f, the PL spectra measured from the pristine
ML-MoS2 flake in the ambient conditions showed a strong PL peak with a peak position of
~1.84 eV, representing the direct bandgap feature of the ML-MoS2 not shown from thicker
MoS2 sheets. As described in Figure 2f, the Lorentzian curve fitting resolves the PL peak
into three subsidiary peaks which originate with the radiative recombination processes of
A (~1.89 eV), A− (~1.84 eV), and spin-orbit interactions (B) (~2.01 eV), respectively.

First, the area-selective modulation of ambient PL by the FLI process and relevant
mechanisms is discussed. Figure 3b,c show the maps of the total integrated PL intensity,
ITotal, acquired from the MoS2 flakes shown in Figure 3a before and after the FLI process
in ambient conditions. The area-selective enhancement of ambient PL intensity is clearly
observed around the laser-focused irradiation spot on the ML-MoS2 flake. The shape of
the PL-enhanced area is shown to be irregular, probably because the laser-driven heat
was not transferred uniformly in all directions from the irradiation spot due to structural
imperfections, surface adsorbates, interfacial contaminants, etc. Moreover, the flake edges
could be heated more intensively than the flake interior due to the difficulty in heat
dissipation, as observed from the strong PL signal along the edge near the irradiation center
in Figure 3c. The well-shaped PL-enhanced area was found in the other sample and will
be discussed later. Figure 3d includes the Raman spectra measured before and after the
FIR process at d = 6.0 µm near the irradiation center, where d is defined as the distance
from the origin 0 to a measured spot along the white dashed line in Figure 3c. In Figure 3d,
as observed from the electron-irradiated free-standing ML-MoS2 by W. M. Parkin et al.
and explained by their first-principles density function theory calculations, the red shift
of the E2g peak by ~1.61 cm−1 indicates probably the partial absence of S including the
formation of S vacancies, while the A1g peak does not show any obvious shift [33]. A.
Bera et al. reported a similar red shift of the E2g peak of ML-MoS2 by FLI; however, they
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also observed that the A1g peak was blue-shifted clearly [36]. This discrepancy may be
due to the fact that the peak shifts are also affected by other factors, including the change
in the mechanical strain induced by substrates and the removal of surface and interface
contaminants by FLI [10].
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Figure 2. Surface morphology and optical characteristics of MoS2 monolayer (ML) prepared by the
mechanical exfoliation method: (a) An optical microscopy (OM) image to show the ML and bilayer
(BL) regions of MoS2 flakes on 300-nm-thick SiO2/Si substrates Sub. The red dashed circle indicates
the spot on the ML region treated by the focused-laser irradiation (FLI). The images of atomic force
microscopy (AFM) were taken (b) before and (c) after the FLI process. The region of the red dashed
rectangular (a) was scanned for the AFM images. (b,c) are presented in the same scales. (d) The
AFM line profile was scanned along the green segment marked in (a,c) to confirm the irradiated
MoS2 flake to be ML-thick (~0.6 nm). (e) Typical ambient Raman and (f) photoluminescence (PL)
spectra measured from the pristine ML-MoS2 flake before the FLI process. The spot for spectrum
acquisition is marked with the yellow cross in (a). In (f), based on the Lorentzian curve fitting,
the PL spectrum can be de-convoluted to three subsidiary peaks (sub-peaks) contributed from the
radiative recombination processes involved with neutral excitons (A), negatively charged excitons
(also referred to as trions) (A−), and spin-orbit interactions (B), respectively.
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focused laser beam: (a) An OM image of the ML-MoS2 flake, including the red dashed circle, indicates
the spot for the selective FLI process on the ML region. The maps of the total integrated PL intensity,
ITotal, obtained from the ML-MoS2 (b) before and (c) after the FLI process. (a–c) are presented in the
same scale, and (b,c) are drawn in the same color scale for the integrated PL intensity. (d) The Raman
spectra were measured before and after the FIR process at d = 6.0 µm near the irradiation center.
The parameter d is the distance from the origin 0 to a measured spot along the white dashed line in
(c). (e) A series of representative ambient PL spectra were measured by moving the focused-laser
spot from the origin 0 to the spot of d = 7.0 µm across the irradiated region. (f) The variation in
the integrated PL intensities of A and A− peaks, IA and IA− , and their sum, IA+A− , with d. For a
comparison, (e,f) include the data measured from the pristine ML-MoS2 before the FLI process.

A set of PL spectra were successively measured with the interval of 0.5 µm along
the white dashed line in Figure 3c, moving the focused-laser spot from the origin 0 to the
spot of d = 7.0 µm across the irradiated region. In Figure 3e, the representative PL spectra
indicate that the ambient PL intensity was enhanced up to ~1500% in the vicinity of the
irradiation center. The variation in the integrated PL intensities of A and A− peaks, IA
and IA− , and their sum, IA+A− , are plotted with varying d in Figure 3f. As expected, the
substantial enhancement of the ambient PL intensity by the FLI process was likely to be
caused by the defect-assisted evolution of A radiation represented by the sharp increase in
IA near the irradiated spot, consistently with a similar laser process as well as other various
defect creation methods, including global annealing, irradiation with alpha particles and
electrons, etc. [7,25,26,32,33,36–38]. Further, in terms of the spectral fractions of A and A−

peaks given in Figure 3f, the competitive contributions from A and A− radiations to the
ambient PL could be evaluated (Figure S2). In the un-irradiated region (d < 2.5 µm) at some
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distance away from the irradiation spot, the A− radiation was dominant with the average
spectral fraction of A− peak of ~71.5%, well consistently with that measured before the FLI
process of ~74.9%. However, once the laser-treated region was reached with increasing
d, the spectral fraction of A peak increased abruptly, indicating the transition of A− to A.
The average spectral fraction of A in the irradiated region (d ≥ 2.5 µm) was found to be
~87.6%, much larger than that of the pristine ML-MoS2 of ~18.4%. On the contrary, A− peak
shows an average spectral fraction of only ~12.1% in the irradiated region, while ~62.0%
in the pristine ML-MoS2. These results verify that the contribution of A recombination
became overwhelming as the irradiation center was approached. The point defects, such as
S vacancies, may interact with O2 and H2O molecules in the air resulting in the electron
transfer from ML-MoS2 to the gas molecules [7,25,26,37]. Therefore, the increase in the
amount of S vacancies by the FLI process leads to the augmentation of p-type doping
effects accompanied by the active conversion from A− to A, consistently with previous
defect engineering studies on ML-MoS2 [7,25,26,32,33,36–38]. The slight shift of the PL
peaks to the lower energy is observed in the highly defective region of ML-MoS2, such as
micro-cracks [26]. As shown in Figure 3e, the slight red-shift of the ambient PL peaks by
~0.04 eV was observed, indicating that the highly defective area was created area-selectively
by the FLI process.

3.2. Chemical Analyses by Nano-Auger Electron Spectroscopy

Although the variation in optical properties of ML-MoS2 by the FLI process has been
well-studied previously, often in terms of irradiation time, chemical analysis was usually
missing or not in detail enough to correlate optical properties with defect states [32,36–38].
In this work, on the same locally irradiated ML-MoS2 sample, sub-nanoscale chemical
analyses were conducted with the use of the n-AES technique. The n-AES spectra were
measured successively by moving the focused electron beam along the white dashed line in
Figure 3c from the origin 0 to the spot of d = ~6.41 µm with the interval of ~0.53 µm across
the irradiated region (Figure S1). Figure 4a includes a set of representative n-AES spectra
in the derivative form of E(dN(E)/dE) vs. E, where E is the kinetic energy of detected
Auger electrons, as designated previously, and N is the number of detected Auger electrons
dependent on E, respectively. The strong peaks are related to the S LMM Auger transitions,
while the two other peaks originated with the Mo MNN Auger transitions [45]. Since the
peak-to-peak intensity, Ipp (i.e., the difference between the maximum point of the up peak
and the minimum point of the down peak), is proportional to the number of elemental
atoms related to the corresponding Auger transition [45]. Therefore, in this study, the Ipp
of S LMM Auger transitions at E = 150.0 eV, Ipp_S, and that of Mo MNN Auger transitions
at E = 186.5 eV, Ipp_Mo, were used for chemical analyses [45].

In Figure 4b, the variations in two representative optical and chemical parameters,
the IA+A− of ambient PL and Ipp_S, respectively, with d, are shown to be closely related
to each other. As expected, when the Ipp_S decreased (i.e., the S deficiency increases),
IA+A− is enhanced, and vice versa. The plot of IA+A− vs. Ipp_S normalized to the value at
d = 0 is also shown in Figure 4c. Since the two data sets were measured almost along the
same white dashed line in Figure 3c but with different intervals, to match them with the
same d values, Ipp_S corresponding to the d values for the IA+A− data were determined
approximately by linear interpolation. The ambient PL was observed to increase effectively
when the normalized Ipp_S is lower than ~0.873, demonstrating that even the un-irradiated
region of the ML-MoS2 flake not close to the irradiation spot has the fluctuation of the
detected amount of S atoms as ~93.7 ± 6.0%, probably due to the existence of nanoscale
defects such as nano-voids and nano-cracks, and local structural distortion by surface and
interfacial contaminants [26]. Therefore, based on the plots of normalized Ipps of S and
Mo elements in Figure 4d, the actual S deficiency is determined to be ~13.4 ± 3.5% in the
region around the irradiation center (d > 3.5 µm), and similarly, the actual Mo deficiency is
estimated to be ~6.4 ± 4.8%. By the FLI process, Mo defects seemed to be formed to some
degree, although the Mo deficiency is not large like that of light S atoms. It is worth noting
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that the nanoscale fluctuation of the detected amount of atoms on ML-MoS2 revealed in
this work should be considered carefully when 2D materials are analyzed by a chemical
analysis tool of a relatively lower spatial resolution. Moreover, from Figure 4c, the PL
intensity was found to be almost saturated below the normalized Ipp_S ~0.778.
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Figure 4. N-AES analyses on the ML-MoS2 irradiated area selectively using a focused laser beam:
(a) A set of representative n-AES spectra in the derivative form of E(dN(E)/dE) vs. E where E and
N are the kinetic energy and the number of detected Auger electrons, respectively. These spectra
were measured successively by moving the focused e-beam along the white dashed line in Figure 3c
from the origin 0 to the spot of d = ~6.41 µm across the irradiated region. (b) The variations in
IA+A− and the peak-to-peak intensity of S LMM Auger signal, Ipp_S. (c) The data plot of IA+A−

vs. Ipp_S normalized to the value at d = 0. To match the two sets of data set for the same d values,
Ipp_S corresponding to the d values for the IA+A− data are given by linear interpolation. Note
that the red-dashed curve is drawn only for guidance. (d) The changes in normalized peak-to-peak
intensities, Ipps, of S LMM (150.0 eV) and Mo MNN (186.5 eV) Auger signals with d. For a comparison,
(a,b) include the data measured from the un-irradiated region of pristine ML-MoS2.

3.3. Cryogenic Photoluminescence Characterization

In order to elucidate the defect-driven effects more clearly, a set of low-temperature
micro-PL experiments were also carried out on another area-selectively irradiated ML-
MoS2 flake displayed in the OM image of Figure 5a. As shown in Figure 5b, the map
of ITotal of the ambient PL acquired on the ML-MoS2 flake after the FLI process shows
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the local enhancement of PL, similar to the previous results. The five positions a-e in
Figure 5b were measured as the ML-MoS2 sample was loaded in the cryostat. In Figure 5c,
the two pairs of PL spectra were measured in positions a (almost pristine region) and d
(close to the irradiation spot) at RT in air and vacuum after gentle annealing at ~400 K,
respectively. In a vacuum, both the two positions showed very low PL intensity with similar
PL characteristics since the A radiation was suppressed in the absence of the interplay
between S vacancies and O2 and H2O molecules in the air, as also observed in the previous
studies [7,26,32,37]. However, once the ML-MoS2 was exposed to air, both two positions
showed the augmentation of PL intensity but by different amplitudes. The variation in PL
modulation in terms of IA+A− was observed to be much large in position d than in position
a by 2.5 times. The reason why the un-irradiated region also showed the modulation of
PL as environment conditions would be the existence of thermodynamically native point
defects such as S vacancies [7,25]. These results imply that the defect engineering by the
FLI process may be available for enhancing the air gas sensing capability of ML-MoS2 as
well as tuning its electronic state and optical properties.
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Figure 5. Low-temperature micro-PL characterization of the area-selectively irradiated ML-MoS2:
(a) An OM image of the ML-MoS2 flake, including the red dashed circle, which indicates the spot for
the selective FLI process on the ML region. (b) The map of ITotal acquired after the FLI process. (c) Two
pairs of PL spectra measured in the positions of a (d = 0) and d (d = 3 µm) at room temperature (RT)
in air and vacuum (Vac). (d) A series of PL spectra measured at 77 K in vacuum in the five different
positions a–e along the white dashed line in (b) across the irradiated region. The positions b, c, and
e are located at d = 1, 1.5, and 4.5 µm, respectively. For comparison, the PL spectra measured in
position d at RT in (c) are also drawn together. (e) The variations in IA+A− at RT in air and at 77 K
in vacuum and the integrated intensity of defect-activated peak (D), ID, with d. For a comparison,
(e) includes the ambient IA+A− measured from the pristine ML-MoS2 before the FLI process at RT.
Note that in (d), the peak height of the PL spectrum of the position d measured at RT in air is divided
by 5, and in (e), IA+A− at RT in air is divided by 10. Only the series of IA+A− measurements at RT in
air in (e) was carried out in the ambient, while all the other PL experiments were conducted on the
sample in the cryostat.
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As summarized in Figure 5d, a collection of PL spectra was measured at 77 K in
a vacuum focusing the laser beam into the five different positions of the ML-MoS2 in
the cryostat along the white dashed line in Figure 5b across the irradiated region. For
comparison, the PL spectra measured in position d at RT in the air are also plotted together.
At the low temperature, the defect-activated PL peak (D peak) was revealed clearly, and its
PL intensity was observed to be stronger near the irradiation spot. Simultaneously, the main
PL peaks were observed to be blue-shifted, possibly due to the temperature-dependent
band structure of ML-MoS2 [25]. Moreover, its intensity became stronger in comparison
to the PL at RT in a vacuum, probably due to the suppression of thermal effects such as
phonon scatterings which hinder the radiation process [25]. In Figure 5e, the variations in
IA+A− at RT in air and at 77 K in a vacuum and the integrated intensity of D peak, ID, were
plotted as a function of d. Considering that both the defect-activated excitation in the low
temperature and the defect-driven PL emission of A become more active with the higher
concentration of defects, the strong correlation between IA+A− and ID shown in Figure 5e
are naturally accepted. These results also imply that the enhancement of air gas sensitivity
is caused by the increase in S-deficiency via the FLI process. In addition, the profile of
IA+A− at RT in air in Figure 5e shows the well-defined peak shape. By the Gaussian fitting,
the full width at half maximum (FWHM) of the fitted peak curve is determined to be
~2.4 µm, which is quite consistent with the laser spot size for the FLI process of ~2.3 µm.
This agreement indicates that the distribution of defects related to the PL emission would
follow the Gaussian profile of the laser beam intensity (Figure S3) [32].

3.4. Field-Effect Transistor Device Characterization

Lastly, the electrical characterization of FETs was also carried out in conjunction with
the FLI experiments to demonstrate the area-selective modulation of electrical properties
of ML-MoS2 channel-based FETs via laser-assisted defect engineering. As visualized in
Figure 6a, the four FET devices (Dev1–4) were fabricated on a single partially irradiated
ML-MoS2 with the same channel length (L) and width (W) as ~0.5 µm and ~3.5 µm,
respectively. While the ML-MoS2 channel of Dev1 could be regarded to be almost pristine,
that of Dev4 was irradiated intensively in the middle. Figure 6b shows a set of the drain
current vs. gate voltage (Idrain vs. VG) plots measured from all devices in the range of VG
from −100 V to 100 V at the drain-to-source voltage, VDS, of 50 mV in ambient conditions.
Following from the Idrain − VG data, the devices behaved like the typical n-type channel
FET with the large hysteresis, probably resulting from the surface adsorbates and interface
contaminants [52]. The relatively low on–off ratio of ~103 of the Dev1 indicates that native
point defects such as S vacancies may exist even in the un-irradiated channel leading to the
p-type doping consistently with the PL results and could be improved if the physisorbed
O2 and H2O molecules are removed by vacuum annealing [7,25]. The vacuum annealing
effects on the FET devices based on the pristine and laser-irradiated channels can be found
elsewhere (Figure S4 and Table S1). By the gentle vacuum annealing at 400 K, the hysteresis
was observed to shrink significantly and then expand back slowly in the air. The on–
off ratio was shown to be enhanced up to >104 (Figure S4). As shown in Figure 6c, the
Idrain − VSD curves were also measured at VG = 0 V for monitoring the variation in channel
conduction by the FLI process as well as evaluating the performance of metal-ML-MoS2
contacts. It was clearly observed that the channel conduction decreased as the channels
were irradiated more strongly, consistently with the trend of Idrain − VG behaviors shown
in Figure 6b. Further, the linearity of Idrain− VDS plots verify that the Ohmic contacts were
formed across the metal-ML-MoS2 interfaces with negligible Schottky barrier during the
FET device operation.
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Figure 6. Variations in field-effect transistor (FET) characteristics of ML-MoS2-based FET devices by
the area-selective FLI process: (a) An OM plan-view image of the four FET devices (Dev1–4) based
on a single ML-MoS2 flake. The red dashed circle indicates that the irradiation center was located
inside the Dev4 channel. (b) The drain current vs. gate voltage (Idrain vs. VG) curves measured from
the devices at the drain-to-source voltage (VDS) of 50 mV. (c) The set of Idrain vs. VDS plots of the
four devices at VG = 0. From the Idrain vs. VG data in (b), the following important device parameters
and electronic properties of the ML-MoS2 channels can be extracted: (d) channel conductivity
(σ) at VG = 100 V, (e) subthreshold voltage (Vth), (f) electron mobility (µ), and (g) electron carrier
concentration (n2D). The distance d in (d–g) indicates the locations of the Dev1–4 along the dashed
line parallel to the channel length from the origin 0 in the center line of the Dev1 channel as described
in (a). Note that in (g), the n2D values should be multiplied by 1012.

The locations of the Dev1-4 are expressed by the d, which is defined as the distance
from the origin 0 located in the center line of the Dev1 channel along the dashed line
parallel to the channel length, as described in Figure 6a. Then, the irradiation effects on
device parameters and properties of the ML-MoS2 channels are discussed based on the
analyses of the Idrain− VG data below. The on-state channel conductivity (σ) for the 2D
system is defined as σ = GL/W where G is the conductance at VG = 100 V [53]. As the
irradiation spot was approached from Dev1 to Dev4 (with increasing d), σ was observed
to decrease monotonically by more than one order of magnitude from ~0.19 µS (Dev1) to
~0.014 S (Dev4), as shown in Figure 6d. In Figure 6e, the subthreshold voltage (Vth) was
determined as the VG-axis intercept value of a linear fit to a Idrain − VG curve in the linear
regime [54]. The shift of Vth to the direction of positive VG can be seen as the influence of
irradiation becomes more significant with increasing d. These results can be interpreted as
the p-type doping induced by the FLI process. The electron mobility (µ) is given by the
field-effect mobility, which is defined from the linear region of a Idrain − VG curve with
a slope of gm as µ = gm(L/W)(1/CoxVDS) where Cox is the oxide capacitance per unit
area [53]. Figure 6f shows that µ decreased from ~0.15 cm2/V·s (Dev1) to ~0.03 cm2/V·s
(Dev4) as the irradiation effects were applied more significantly probably since the defect
created by the FLI process may play a role as a scattering center or a carrier trap [55]. The
relatively low RT µ is probably due to the interfacial charge traps between the MoS2 channel
and substrate and is expected to increase with decreasing temperature by suppressing
phonon scattering [53]. The µ could be enhanced by improving the metal/ML-MoS2
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contacts, optimizing interface and surface states, and adopting the device design suitable
for high-mobility devices [53,55–57]. Moreover, by gentle annealing, µ could be improved
up to ~0.40–0.50 cm2/V·s in the case of pristine channels (Figure S4).

More importantly, Figure 6g shows that the electron carrier concentration (n2D) for
the 2D system calculated from n2D = σ/eµ decreased from 7.74 × 1012 cm−2 (Dev1) to
2.87 × 1012 cm−2 (Dev4) by ~62.9% with the irradiation intensity increases (with increasing
d) [53]. The n2D value in the pristine state (Dev1), quite consistent with the literature
value of ~1013 cm−2, may justify these analyses based on the FET characterization [58].
Accordingly, it is verified that the p-type doping effects based on the interaction between
point defects and gas molecules could be amplified by the FLI process [25,26,32]. Moreover,
it should be noted that σ was degraded rapidly by the FLI process since both µ and n2D
decreased simultaneously. These results show that the FLI process enables tuning electrical
device properties of ML-MoS2-channel-based FETs exploiting defect-assisted p-type doping
effects, consistently with the results of ambient PL experiments. Via the advanced post-
fabrication annealing process, it would be possible to improve the device performance of
FLI-treated FET channels further in terms of hysteresis and µ.

4. Conclusions

In summary, the focused-laser-assisted defect engineering in ML-MoS2 was demon-
strated, and its effects on the optical, chemical, and electrical properties of ML-MoS2 were
investigated systematically. The gradations of ambient PL were created by the non-uniform
distribution of irradiation intensity. The enhancement of ambient PL intensity along with
the exciton–trion transitions was observed as the irradiation center was approached. These
area-selective and controllable p-type doping effects are likely to be caused by the defect
modification assisted by the focused laser beam. These defect-related doping phenomena
were analyzed by probing the local elemental deficiency of ML-MoS2 flakes using the n-ASE
technique, and their mechanisms were also corroborated by the cryogenic PL experiments
and FET device characterization. Moreover, the augmentation of air gas sensibility was
also achieved by activating the interactions between S vacancies and air molecules by
this method.

In addition, large-area synthesis of various 2D materials has been researched ac-
tively [59]. In the case of the 2D TMDC group, including 2D MoS2, chemical vapor
deposition (CVD) enables even wafer-scale epitaxial monolayer film growth [60]. The
size and shape-related issues during focused-laser irradiation, such as overheating along
flake edges and irregular heat transfer, are expected to be avoided on the continuous
large-scale TMDC monolayer films. Therefore, applying this approach to CVD-grown 2D
films would lead to performing more accurate and systematic defect studies as well as
developing more practical device and sensor applications [59–61]. Further, beyond 2D
materials, this approach based on the unique combination of experimental characterization
techniques would be of high usefulness for exploring fundamental defect-related phenom-
ena in reduced-dimension material structures as well as optimizing defect chemistry for
the relevant applications.
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ambient photoluminescence (PL) peaks contributed from the radiations of exciton (A) and negatively
charged exciton (A−), also referred to as trion; Figure S3: The Gaussian profile of the ambient PL
emission profile; Figure S4. Vacuum annealing effects on the field-effect transistor (FET) devices
based on the pristine and FLI-treated ML-MoS2 channels; Table S1. Electronic characteristics of the
pristine and irradiated ML-MoS2–based FET channels in vacuum and in air.
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