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ABSTRACT: Atomically thin (1L)-MoS, emerged as a direct band gap semiconductor with potential optical applications. The
photoluminescence (PL) of 1L-MoS, degrades due to aging-related defect formation. The passivation of these defects leads to
substantial improvement in optical properties. Here, we report the enhancement of PL on aged 1L-MoS, by laser treatment.
Using photoluminescence and Raman spectroscopy in a gas-controlled environment, we show that the enhancement is
associated with efficient adsorption of oxygen on existing sulfur vacancies preceded by removal of adsorbates from the sample’s
surface. Oxygen adsorption depletes negative charges, resulting in suppression of trions and improved neutral exciton
recombination. The result is a 6- to 8-fold increase in PL emission. The laser treatment in this work does not cause any
measurable damage to the sample as verified by Raman spectroscopy, which is important for practical applications. Surprisingly,
the observed PL enhancement is reversible by both vacuum and ultrafast femtosecond excitation. While the former approach
allows switching a designed micropattern on the sample ON and OFF, the latter provides a controllable mean for accurate PL
tuning, which is highly desirable for optoelectronic and gas sensing applications.
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B INTRODUCTION

Atomically thin transition-metal dichalcogenides (TMDs)
exhibit unique optical and electronic properties due to their
2D electronic structure.'~* Specifically, monolayer MoS, and
WS, are direct gap semiconductors, and therefore, their
photoluminescence (PL) is stronger compared to indirect gap
multilayer materials.”® However, due to both intrinsic defects’
and aging-related degradation® in these materials, PL efficiency
reduces considerably. A significant amount of research is
focused on characterization of the defects”'® and improving
the optical properties by defect passivation in 2D materi-
als."' ™" The chalcogenide (S and Se) vacancies are the
primary sources of defects.'” These vacancies facilitate
interaction of 2D materials with ambient reactants and
promote oxidation. Several different methods have been
utilized to control the oxidation state of defects. These include
superacid treatment,">'® electrical gating,'” and chemical
doping.'®*” These treatments remove the surface adsorbates
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and passivate defects, which in turn lead to high PL quantum
efficiency.

Existence of defects also increases the sensitivity of 2D
materials to ambient conditions, as they interact with
molecular and atomic adsorbates.”’ Specifically, ambient
oxygen is capable of forming strong bonds at defect sites."”
Numerous experimental studies have been performed to
investigate the impact of oxygen adsorption on optical and
electronic properties of monolayer (1L) TMDs.”*~** Whether
the interaction of oxygen molecules with defect sites enhances
the optical properties'” or degrades the sample permanently”®
is ambiguous. In this communication, we report a highly
controllable and reversible enhancement of the PL of aged 1L-
MoS,, using laser irradiation. Our results show that sufficient
laser heating in the presence of oxygen removes surface
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contaminants on the aged sample, exposing existing sulfur
vacancies’’ to ambient. Subsequent adsorption of oxygen at
defect sites depletes excess negative charges in the material,
suppresses trion”® formation, and increases neutral exciton
recombination efficiency. We demonstrate that such oxygen
adsorption is a reversible process. Both introduction of vacuum
and ultrashort pulse excitation are capable of removing the
oxygen from the defect sites. While the former method may be
utilized to hide a micropattern carved on sample’s surface
temporarily, the latter approach leads to fast modulation of
optical and electronic properties of monolayer MoS,, which is
highly demanded in optoelectronic applications such as gas
sensing.

B RESULTS

1L-MoS, was synthesized, transferred on quartz substrates (see
Methods for details), and kept in room temperature and under
an ambient condition undergoing normal aging. 6—18 month-
aged samples were used for all PL and Raman measurements.
All optical measurements were performed on samples located
in a chamber with gas control. To treat the samples, a diode-
pumped solid-state laser beam at 532 nm was focused at a 1.1
pum spot on monolayer MoS, using a S0X objective. During the
treatment process, the chamber was filled with oxygen gas at
1.5 atm. Figure 1a shows the PL spectrum evolving over a span
of 30 s during laser treatment. A fixed 22 mW laser beam (1.8
MW/cm?) is exciting the sample. The incident light plays a
double role, as a mean for laser treatment and as an excitation
source for PL measurements. It can be seen that the intensity
rises almost immediately once the laser is incident on the
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Figure 1. (a) Laser treatment of the sample: Time evolution of
photoluminescence spectra on aged 1L-MoS, at constant photo-
excitation using 532 nm CW laser with a power of 22 mW. The inset
shows how the peak intensity changes while laser treatment taking
place. (b)Comparison of fresh andaged samples PL spectra before and
after laser treatment. These excitation power is 38 yW.. The inset
shows normalized PL of aged sample before and after the treatment,
depicting the PL spectral shape narrowed due to laser treatment.
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sample. As shown in the inset of Figure la, after a fast rise, the
PL evolution ceases and gradually reaches saturation. Figure S1
(see the Supporting Information) demonstrates that while the
laser treatment is taking place, the PL spectrum narrows and
the peak blue shifts. To confirm the role of oxygen in the
process, we performed gas-controlled experiments under
vacuum, Ar, N,, and ambient air conditions. Figure S2 shows
that laser treatment does not occur in Ar, N, or vacuum but
sets off once air is released in the experimental chamber. The
slower PL evolution in air demonstrated in Figure S3 (see the
Supporting Information) compared to the same process in
pure oxygen (Figure la) confirms the dominant role of oxygen
in the observed phenomenon.

We then analyzed the spectral changes of PL to infer
modifications incurred to the material. Figure 1b shows
comparison of the PL spectrum on fresh and aged samples
before and after the treatment. Excitation power of 38 yW (3.1
kW/cm?) is chosen low enough such that local heating effects
are safely neglected. Compared to a fresh sample, aged 1L-
MoS, shows almost 50% weaker PL intensity. The laser
treatment, however, enhances the PL by factor of 9.
Comparison of the normalized PL before and after laser
treatment shown in Figure 1b inset signifies the reduction in
spectral width after laser treatment. Such a change is direct
indication of defect passivation. As a result, the trion density
reduces and the emission is dominated by exciton recombi-
nation."?

To quantify the contribution of trion and exciton
recombination to the PL, we fit A and B exciton’’ PL features
to a convolution of Gaussian and Lorentzian lineshape
functions (Voigt). For the trion (A™) feature, we used a
Gaussian convolved with an exponential decay on the lower
energy side.’ Figure 2a,b shows the fit curves for the PL
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Figure 2. Spectral analysis performed on PL measured with 38 yW
excitation power (a) before and (b) after laser treatment. Each
spectrum comprises of three components: A~, A% and B peaks.
Convolution of Gaussian and Lorentzian (Voigt function) is used to
fit A’ and B exciton peaks and exponentially modified Gaussian on its
low energy tail used for the A~ peak. (c) Comparison of the spectral
weight of A%, A™, and B peaks before and after treatment. Normalized
fit curves for (d) A™ and (e) A° peaks before and after treatment. The
insets compare the low energy exponential tail length and Gaussian
FWHM.
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Figure 3. Comparison of (a) Raman and (b) PL spectra in various ambient conditions before and after the laser treatment performed in oxygen
ambient. (c) PL spectrum in various ambient conditions before and after laser treatment performed in vacuum. In all panels, blue and red curves
correspond to spectra obtained before laser treatment while the sample is in oxygen and vacuum, respectively. Black and green curves are related to
the spectra after treatment was performed keeping the sample in oxygen and vacuum, respectively. The pink curve in panels (a) and (b)
corresponds to releasing the oxygen back into the chamber following the vacuuming performed after laser treatment. The measurements were
performed consecutively starting from the untreated sample in oxygen and ending with reoxygenated, treated sample. Treatment was performed

only once before collecting black curve data.

spectra before and after treatment, respectively. Both spectra
show the B exciton at 2.00 eV, neutral A exciton peak (A°) at
1.86 eV, and A™ peak at 1.82 eV. The spectral weight of each
feature is calculated by dividing the integrated PL intensity of
fit curves by the integrated total PL intensity. As can be seen in
Figure 2c, 33.3% contribution of the A™ is almost reduced to
17.3% after laser treatment. On the other hand, A°
recombination became the dominant radiative mechanism
after laser treatment, contributing to more than 80% of the PL
spectral shape.

The suppression of trions has been previously reported and
explained based on oxygen adsorption occurring on defect
sites.'” Sulfur vacancies create excess free electrons. Oxygen
molecules depletes these electrons, hence p-doping the
material.'"® More detailed spectral analysis of neutral exciton
and trion line shapes further reveals the p-doping nature of the
treatment process. Figure 2d,e shows the normalized fit curves
before and after treatment for A~ and A’ respectively. The
low-energy exponential tail in the A~ line shape originates from
the recombination of the nonzero momentum trions and is an
indicator of their thermal distribution,*® while the full width at
half-maximum (FWHM) of the A® Gaussian is directly related
to the local temperature and thermal distribution of the neutral
excitons. As shown in the inset of Figure 2d, the exponential
tail length of trions is decreased after the laser treatment,
demonstrating lower local temperature generated by incident
laser excitation. This justifies less trion formation since their
recombination tends to locally heat the sample via Auger
processes. Lower local temperature is also reflected in the
reduced Gaussian FWHM of the A% as can be observed in the
inset of Figure 2e. Both parameters verify the p-doping
occurred and suppression of trions as a result of laser
treatment.

Previous studies have shown that p-doping of 1L-MoS,
affects its Raman vibrational modes.” Figure 3a shows the
Raman spectra for E’ and A’; modes before and after treatment
in various ambient conditions. As expected, before laser
treatment, the change in the ambient gas does not modify the
Raman spectrum (blue versus red curve in Figure 3a). Laser
treatment blue shifts the A’} mode as long as the sample is kept

in oxygen (black curve in Figure 3a); meanwhile, the E' mode
red shifts (see Figure S4a for details, Supporting Information).
The stiffening of the A’, mode observed in the Raman
spectrum after laser treatment and in the presence of oxygen is
in full agreement with the p-doping effect’” expected from
oxygen adsorption. On the other hand, the change in the E’
mode reflects the variation in the tensile strain among
crystalline atoms.” The change in strain is expected to occur
if a sulfur vacancy is created in a spot or inversely, an existing
sulfur vacancy is filled with adsorption of a compensating
atom.'’ It is also important to note that after laser treatment,
the peak intensities for both A’; and E’ are reduced. To
confirm the intensity reduction is not due to laser induced
damages,” we vacuumed the chamber and repeated the
Raman measurement. The Raman spectrum reaches to the
initial value (green curve in Figure 3a) upon vacuuming, clearly
verifying no measurable damage occurred to the sample. The
change in the Raman spectra is reversible, that is, introduction
of oxygen back into the chamber reverts both modes to their
previous intensity levels and spectral positions (see Figure S4,
Supporting Information).

Similar to the Raman spectrum, the PL intensity is very
sensitive to the ambient gas after performing the laser
treatment. Figure 3b shows that after the sample is laser
treated in oxygen ambient, PL increases (black curve),
subsequent vacuuming reduces the PL (green), and
reintroducing the oxygen increases the PL (pink). This
reversible change in PL and Raman spectra by mere
introduction of vacuum illustrates that p-doping of the sample
is due to physisorbed oxygen molecules, which can be removed
from the surface relatively easy.

B DISCUSSION

The presented results clearly show laser treatment of
monolayer MoS, in oxygen ambient conditions, which reduces
free charges and trion recombination and therefore improves
PL efficiency. One potential explanation for these observed
phenomena is introduction of more sulfur vacancies to the
sample via laser irradiation, hence increasing the chance of
oxygen adsorption. It has been previously reported that defect
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density on monolayer MoS, can be increased by various means
including laser irradiation.”*® However, such processes take
place in a considerably longer time scale than what we
observed in our experiments. On the other hand, our results
could not be reproduced on fresh samples (Figure SS),
confirming the underlying mechanism to be more than only
creating extra defect sites on the sample.

Figure 3c shows the laser treatment of the sample in
vacuum. Here, the PL does not improve, even if the oxygen is
introduced after treatment. This suggests that laser irradiation
alone is not only removing the contaminants from the 2D
material’’ but instead there is a chemical reaction taking place.
Earlier works showed that oxygen interacts with defects via
both chemisorption and physisorption.’*~*’ Chemisorption
requires splitting of oxygen molecules into atoms and forming
strong Mo—O bonds in the lattice. On the other hand,
physisorption forms by weak van der Waals interaction
between O, molecules and sulfur vacancies. Computational
studies suggest that oxygen dissociation at the MoS, defect
sites requires overcoming a potential barrier around 1 eV.**~*
According to kinetic theory, this energy can be provided at 450
K.* In our experiments, local heating due to laser excitation
can facilitate dissociation of O,. We used Raman spectroscopy
to estimate the local temperature under 22 mW photo-
excitation (see section 4, Supporting Information). Our
temperature evaluation reveals that the local temperature
rises up to 440 K, which is in perfect agreement with
previously reported values required to overcome oxygen
dissociation barrier at defect sites."

We note that the formation of stable chemisorbed oxygen
bonds is in direct contrast of reversibility of PL under vacuum.
Furthermore, the tensile strain due to formation of Mo—O
bonds, which can be observed as the red shift of the E’ mode
in Raman spectra (black curve in Figure 3a), should not
change under vacuum, but it does. Therefore, oxygen
chemisorption cannot fully explain our experimental results,
although it might take place as a secondary process. Previous
studies show that chemisorption of oxygen occurs much slower
than oxygen physisorption.”* We conclude then that during the
laser treatment, oxygen catalyzes the removal of other
adsorbates from the surface. This exposes the already existing
sulfur vacancies to oxygen molecules as schematically
demonstrated in Figure 4a. Such a cleaning process prepares
defect sites for efficient O, physisorption while oxygen
chemisorption may occur at a lower rate (see section S,
Supporting Information).

Since removal of oxygen has a dramatic effect on PL, it can
be used to switch or tune the optical properties of monolayer
MoS,. Enhancing the PL on 1L-TMDs by laser irradiation is a
promising tool to generate desired micropatterns on the
surface of the sample.”**> However, controlling the intensity of
the emitted light does not seem to be possible in previously
reported methods, and created patterns stay bright compared
to the adjacent area. Figure 4b shows the PL image (see
Methods for details) of a 1L-MoS, flake, where the letter “N” is
generated using the laser treatment as described earlier. As
illustrated in Figure 4c, subsequent vacuuming makes the
pattern almost invisible. However, the treated spots stay highly
reactive, and as shown in Figure 4d, reintroducing oxygen into
the chamber brightens up the treated spots. Fine-tuning the
PL, on the other hand, is possible via removing oxygen
molecules from defects temporarily by applying ultrashort
femtosecond (fs) laser pulses. Figure S shows the effect of fs

b In Oxygen

(¢}

Aged 1L-MoS,/Quartz

$9)LQIOSPY 2ILLING

minl_ I max

Laser Treated Aged 1L-MoS,/Quartz PL Intensity

Figure 4. (a) Schematic demonstration of laser treatment process on
aged 1L-MoS,. On the top, there is a view of the aged sample with a
sulfur vacancy. At the bottom, surface cleaning + oxygen
physisorption on the defect site facilitated by laser treatment is
depicted. The PL image of a monolayer flake is shown where the
letter “N” is produced using laser treatment (b) in the presence of
oxygen, (c) in vacuum, and (d) after reintroducing the oxygen.

excitation on the PL spectrum of the laser-treated sample. The
PL is measured with 38 pW of continuous wave (CW)
excitation. To control the PL intensity, we excite the same spot
with fs pulses (see Methods for details) at different excitation
fluences. The narrow and enhanced PL of the treated sample
(red curves) can be tuned (black curves) down to the PL of
the untreated sample (blue curves). Once the fs excitation is
ceased, the PL rises again (green curves). The recovery time of
the PL depends on fs excitation fluence used. At higher
fluences, it takes longer for the PL to reach back to the treated
sample PL intensities (see section 6 for details, Supporting
Information).

B CONCLUSIONS

In this letter, we investigated the laser treatment process, which
helps recovering and further enhancing the PL on the aged 1L-
MoS,. We observe that irradiating the sample with the CW
laser beam cleans the 2D material surface and exposes already
existing sulfur vacancies to oxygen molecules. This process
facilitates physisorption and eventually chemisorption of
oxygen at defect sites, giving rise to depletion of negative
charges, hence suppressing trion formation and enhancing
neutral exciton recombination. The p-doping due to
adsorption of oxygen molecules is confirmed by our PL
spectral analysis and Raman spectroscopy measurements. The
reversibility of the PL enhancement in vacuum enables turning
ON and OFF of a designed pattern on the sample’s surface.
Furthermore, we showed that introducing fs laser pulses to the
treated sample promotes fast, reversible, and broad range
modulation of the PL. Other than accurate and reversible
modulation of the PL, the laser treatment of aged 1L-MoS,
provides high sensitivity to oxygen adsorption. Room-temper-
ature operation, along with high responsivity, and fast recovery
time are remarkable features achieved by introducing ultrafast
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Figure S. Reversible PL tuning by applying fs laser pulses on laser treated 1L-MoS,. In all panels, blue and red curves are the PL before and 10 s
after treatment, respectively, with CW excitation only. Black curves correspond to PL measured with simultaneous CW and fs excitation at (a) 3,
(b) 6, (c) 9, (d) 12, and (e) 15 pJ/um? pulse energy. Green curves are PL collected by CW only excitation after 10 s of blocking fs pulses. 38 yW
power used for all CW excitation. Treatment was performed only once before collecting red curve data. The measurements were performed
consecutively starting from the blue curve and ending with the green curve.

laser pulses to the treated sample, making it a promising
approach for gas sensing applications.**™*

B METHODS

Sample Preparation. Two-dimensional (2D) layer MoS2 was
grown on a sapphire substrate by chemical vapor deposition.’
Monolayer MoS2 was manually transferred onto the quartz substrate
suing a surface energy-assisted method.’’ The two samples under
study (12 and 18 month aged) were kept at room temperature in an
ambient condition.

PL Measurements. For CW only excitation, a diode-pumped
solid state laser (Verdi, Coherent) beam at 532 nm was used along
with variable neutral density filters to adjust the laser power. A glass
thickness-compensated ultralong working distance 50X objective lens
(NA = 0.5) was used to focus the laser on the sample. The power was
measured before the objective using a power meter (Thorlabs
S121C). The PL was collected by the same objective and passed
through a dielectric 550 nm long-pass filter to block the fundamental
532 nm line. The light was then focused onto the slit of the
spectrometer using a 2X lens. The PL was spectrally resolved by a
spectrometer (Acton SP2300) with a 300 grooves mm™* grating and
imaged by a deep cooled CCD camera (PIXIS).

For fs + CW excitation experiments, the CW 532 nm laser light
described above was coupled to fs pulses using a 50—50% beam
splitter. Fs laser pulses were generated by a Ti—sapphire ultrafast laser
system (Mira 900, Coherent + Rega 9000, Coherent). The amplified
fs pulses were sent to an optical parametric amplifier (OPA 9400,
Coherent), and 532 nm pulses with 100 fs pulse width at 250 kHz
output from the OPA were selected. The choice of 532 nm
wavelength from the OPA was merely to match in focus after the
objective lens for both CW and fs beams, since different wavelengths
have slightly different focal points.

To take PL images, CW 532 nm laser light was focused on the
sample at 45° angle with respect to normal using a 7S mm lens. This
created an almost uniformly illuminated area around 500 um?® Power
(700 uW) was chosen to avoid any disruption on the laser-treated
spots. The PL was then collected normal to the sample using the same
geometry explained for CW only excitations above.

Raman Measurements. The same setup was used as in PL
measurements, except the long-pass filter being replaced by a 533 nm
notch filter with 17 nm FWHM (Thorlabs NF533-17), which allowed
the acquisition of both Stokes and anti-Stokes scattered light
simultaneously and switching the grating to a 1200 grooves mm™'
one.
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