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1 Introduction

Photoluminescence of monolayer MoS,
modulated by water/O,/laser irradiationf

Chao Hou,? Jingwen Deng,? Jianxin Guan,® Qirong Yang,? Zhihao Yu,? Yilin Lu,”
Zihan Xu,“ Zefan Yao® and Junrong Zheng (=) *®

The low photoluminescence (PL) quantum yields of transition metal dichalcogenide monolayers have
been a limiting factor for their optoelectronic applications. Various and even inconsistent mechanisms
have been proposed to modulate their PL efficiencies. Herein, we use PL/Raman microspectroscopy and
the corresponding in situ mapping, atomic force microscopy, and field-effect transistor (FET)
characterization to investigate the changes in the structural and optical properties of monolayer MoS,.
Relatively low power density (<4.08 x 10° W cm™2) of laser irradiation in ambient air can cause a slight
PL suppression effect on monolayer MoS,, whereas relatively high power density (~1.02 x 10° W cm™2)
of laser irradiation brings significant PL enhancement. Experiments under different atmospheres reveal
that the laser-irradiation-induced enhancement only occurs in the atmosphere containing O, and is
more remarkable in pure O,. In addition, physically adsorbed water can also induce PL enhancement of
monolayer MoS,. FET devices suggest that the adsorbed water produces a p-doping effect on MoS,,
and the laser irradiation in ambient air generates an n-doping effect, and both types of doping can
enhance the PL intensity. The island-shaped defects caused by laser irradiation can be stabilized by
oxygen atoms and act as trapping centers for excited trions or electrons, thus reducing the non-
radiative recombination ratio and enhancing the PL intensity. The physically adsorbed water works in a
similar way. A low power density of laser irradiation can sweep away the originally adsorbed H,O on the
surface, thus reducing the PL.

separation and transport. It has been shown that the density of
surface defects (e.g., vacancies, impurities, dislocations, and

Atomically thin transition metal dichalcogenides (TMDCs) have
drawn increasing attention due to their unique properties.’
Compared to the conventional semiconductors, the reduced
screening and strong electron-hole interactions in monolayer
MoS, and its analogs (MoSe,, WS,, WSe,, etc.) make them
spectrally robust and amenable to various optoelectronic
devices such as field-effect transistors,” light-emitting
devices,® and solar cells.* Monolayer MoS, and its heterostruc-
tures with other two-dimensional (2D) monolayers are also
emerging as novel platforms for studying many-body
effects.”® The interactions among phonons, photons, and
charged quasiparticles determine their fundamental proper-
ties, e.g., photoluminescence (PL), heat generation, and charge
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grain boundaries) on exfoliated MoS, reaches 8% of the total
area, which causes variations in conductivity, Fermi level posi-
tion, and stoichiometry across very small areas.”” On the as-
grown monolayer MoS, via the chemical vapor deposition
(CVD) method, more defects may appear due to the complex
chemical reaction process. The abundant defects, acting as
efficient electron traps, affect its electron mobility and optical
properties.'®

Although MoS, monolayers have many excellent properties,
its low PL quantum yield (typically much smaller than 1%),
which originates from the slow spontaneous radiative recom-
bination of optically generated electrons and holes,’* has
severely limited its optoelectronic applications. Recently, var-
ious approaches have been developed to enhance the PL
performances of TMDC monolayers, including chemical
treatment,'>"® thermal annealing,'®"® chemical doping,'® sur-
face plasmonic effects>**" and laser irradiation.*>* However,
the reported enhancement effects vary significantly and some-
times are inconsistent even when using the same method.”>?®
Many mechanisms have been proposed to explain the PL
enhancement. One popular interpretation is repairing sulfur
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vacancies by laser modification,”>***” or by some chemical
molecules, such as super acid,'>>° hydrohalic acid,*®
methanol,* and thiol-group-containing molecules,*® which
can eliminate the defect-mediated nonradiative recombination.
Another interpretation is the n/p-doping on the monolayers
through the adsorption of solution-based n/p-type chemicals'®
and through the thermal-'*'” or laser->**® assisted charge
transfer from O, and H,O in the atmosphere, which switches
the dominant PL process from trions with a low radiative
recombination rate to the neutral excitons with a high radiative
recombination rate. The PL enhancement was also reported to
be implemented by a simple electrostatic doping method.>®
The enhancement of PL by plasmonic nanostructures is
proposed due to the plasmon-enhanced adsorption of the
excitation laser as well as the charge transfer between the metal
and TMDC monolayers.”®*! Besides, the quenching of PL
intensity by oxygen plasma treatment is believed to be asso-
ciated with the creation of MoO; disordered defects leading to a
direct-to-indirect bandgap transition.*’

Herein, we systematically explore the PL modulations of
monolayer MoS, by 532 nm laser irradiation under well-
controlled conditions, aided with characterization methods
such as PL/Raman microspectroscopy and atomic force micro-
scopy (AFM) imaging, and field-effect transistor (FET) devices.
Owing to different defects at different sites on the same sample
and the sensitivity of the optical properties of monolayer MoS,,
we use in situ treatment and measurement in the PL/Raman
characterization to guarantee the accuracy of the results.
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2 Experimental
2.1 Sample preparation

Monolayer MoS, triangular domains were grown in a two-
temperature-zone furnace through the CVD method. MoO;
powder (Alfa Aesar, 99.999%, 0.01 g) as the precursor was
placed downstream with 30 cm from sulfur powder (Alfa Aesar,
99.999%, 0.3 g). A clean Si wafer with a 285 nm SiO, top layer
was placed face down at 3 cm downstream from the crucible
containing MoO; powder. 300 sccm Ar gas was utilized as the
carrier gas. After purging Ar gas for 20 min, the temperature for
MoO; and sulfur powders was increased to 650 °C and 180 °C,
respectively. Then the monolayer MoS, triangles were obtained
after 7 min of growth.

2.2 PL/Raman microspectroscopy and spectra acquisitions

In this work, we used our home-built PL/Raman microspectro-
scope to control and measure the optical properties of mono-
layer MoS, accurately. As displayed in Fig. 1a, there is a partial
overlap between the optical microscope path and the signal
acquisition path. The overlapped optical microscope path
includes an LED, a convex lens and a beam splitter, which will
be flipped down when acquiring signals via flip mount adap-
ters. The PL/Raman signals were collected using a liquid-
nitrogen-cooled EMCCD camera through the monochromator
(Andor Shamrock SR-303i). We used a shutter to precisely
control the laser irradiation time. The effect of the atmosphere
on the optical properties of MoS, was investigated using our
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Fig. 1 (a) Optical setup of the home-built PL/Raman microspectroscope. (b) Optical image of the as-grown monolayer MoS, on the SiO,/Si substrate.
(c) Symmetry and normal displacements of the three optical vibration modes discussed in this work for monolayer MoS,. (d) PL and (e) Raman signals of
monolayer MoS, before (black curve) and after (red curve) laser irradiation for two minutes with various laser powers. (f) PL and (g) Raman signals of
monolayer MoS, before (black curve) and after (red curve) laser irradiation with 50 mW for different times. Spectra in (d—g) are taken with an excitation
power of 5 mW for 10 s. Raman signals in e and g are normalized to the peak at 520 cm™ of the Si/SiO, substrate.
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own designed atmosphere controllable cell shown in Fig. S1
(ESIT). In order to maintain the focus state of the laser on the
sample unchanged, we adapted a flexible hermetic bag to build
the atmosphere controllable cell. Air with high humidity (H,O
atmosphere) was created by using a humidifier. PL and Raman
single point spectra for the MoS, were acquired in a stable air
environment (17-20 °C, with humidity 10-30%). A solid-state
laser diode (532 nm) was used as the excitation and laser
treatment source. The laser was focused through a 50x long-
working-distance objective lens (0.7 NA) providing a spot size of
about 2.5 pm. The typical excitation power was 5 mW, and the
integration time was 10 s. We used 600 gr mm™ " grating and
300 pm slit to obtain PL spectra but used 1800 gr mm ' grating
and 50 pm slit to acquire Raman spectra.

2.3 PL/Raman mappings and AFM measurement

PL and Raman mappings were obtained by using a commer-
cially available confocal Raman microscopic system (HR Evolu-
tion, HORIBA Jobin Yvon) equipped with a 532 nm laser and
100x objective lens. The focused laser spot size on the sample
was around 0.6 pm. Gratings of 600 gr mm ™' and 1200 gr mm "
were adapted for PL and Raman mappings, respectively. The
mapping step size is 0.5 um with swift-on mode, and the
integration time on each point is 0.5 s. All mappings were
achieved using 10% laser power at room temperature in ambi-
ent air. The thickness and topographical variations in the
samples were examined with the tapping mode by using a
commercial atomic force microscope (AFM, NSK, SPI3800/
SPA400).

2.4 Fabrication and characterization of FET devices

Polymethyl methacrylate (PMMA, Microchem, 495 K, A6) was
first spin-coated onto the sample as the mask. High-resolution
electron beam lithography was then conducted to expose an
area designed by Auto CAD to remove the samples within
200 x 200 pum area around the desired MoS, single domain.
Next, the exposed areas were etched through a precise oxygen
plasma etching process, followed by a subsequent rinse with
acetone to remove the top PMMA layer. Similarly, second
lithography was performed to create the source and drain
electrode patterns. Subsequently, Cr/Au (5 nm/45 nm) electro-
des were thermally evaporated onto the substrate, and the
PMMA mask was removed. Finally, the device was annealed
in a vacuum at 200 °C for 3 h to eliminate PMMA residuals and
any moisture. The electrical characterization of MoS, FET
devices were carried out in ambient air at a probe station using
a Keithley 4200 SCS as the parameter analyzer.

3 Results and discussion

3.1 Laser irradiation can suppress or enhance the PL of
monolayer MoS,

Fig. 1a illustrates the layout of a home-built PL/Raman
microspectroscope, which is the primary characterization tool
in this work. It provides better flexibility for controls under

This journal is © the Owner Societies 2021
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experimental conditions than a commercial counterpart. The
samples used in the experiments are single-crystal monolayer
MoS, (Fig. 1b). The triangular-shaped MoS, monolayers have a
uniform size of ~45 pm. The unit cell of monolayer MoS,
consists of three atoms with nine normal phonon modes (three
acoustic and six optical modes) at the I" point in the Brillouin
zone. In this work, we monitor the in-plane optical vibrational
mode E’, out-of-plane optical mode A,’, and the in-plane
acoustic mode E’(LA/TA), which are described in Fig. 1c to
evaluate the structural change in monolayer MoS, upon laser
and gas molecule treatments.

Fig. 1d displays the PL spectra of the MoS, monolayer before
(black curves) and after (red curves) 532 nm laser irradiation for
two minutes with different powers in ambient air. The PL
spectrum has two broad peaks A and B. After irradiation with
low power (e.g., 10 and 20 mW, with a focus spot of ~2.5 um),
the intensity of peak A decreases slightly. When the laser power
increases to 50 mW, the PL intensity increases sharply by about
three times. The prominent peak (peak A) position blue-shifts
about 50 meV and its line shape becomes narrower. However, if
the laser power continues to increase to 100 and 150 mW, the
intensity of peak A starts to diminish with its central energy
remaining at the blue-shifted position. The perplexing power
dependent PL modulation suggests that the laser-irradiation-
induced modification is not monotonic and is the comprehen-
sive result of several molecular mechanisms playing their roles
together.

The in situ Raman measurements of the monolayer MoS,
before (black curves) and after (red curves) laser irradiation are
shown in Fig. 1le. There are three peaks in the spectra, corres-
ponding to different vibrational modes illustrated in Fig. 1c.
The two prominent peaks (E’ at ~384 cm ' and A, at
~401 cm™ ") belong to the first-order Raman scattering, and
the very weak peak (~437 cm™ ") denoted as 2LA(M) is assigned
to a second-order longitudinal phonon mode at M point in the
Brillouin zone.*' With irradiation at a relatively low power (e.g.,
10 mW), the Raman peaks’ positions and intensities hardly
change. When the power reaches 50 mW, the intensities of the
Raman peaks are considerably reduced. In the meantime,
the A’ mode has an obvious blue-shift (~2.8 em™ "), whereas
the position of E’ remains almost unchanged. If the power
increases beyond 50 mW, the Raman intensities continue to
diminish with the peak positions remaining at ~384.1 cm ™"
and the blue-shifted at ~403.9 cm ™', respectively. The reduced
intensities suggest damage occurs. The optical images before
and after laser treatments of different powers (Fig. S2, ESIf)
also show the structural damage when the power reaches and is
higher than 50 mW. This phenomenon reveals that with certain
structural alteration, the PL of the monolayer MoS, can be
enhanced. Nevertheless, if the structure is damaged too much,
the PL is suppressed.

Similarly, with a fixed power of 50 mW, the PL spectra of the
monolayer MoS, are obtained (Fig. 1f) by tuning the laser
irradiation time. Even a laser processing time of 10 s can cause
the blue-shift of peak A. And the enhancement of peak A
reaches its maximum value (~2.4 times) with a two-minute
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irradiation. The corresponding Raman spectra (Fig. 1g) indicate
that the laser irradiation of 50 mW as short as 10 s still induces
a remarkable reduction in the Raman intensities. Similar to the
results of tuning laser power, the position of E' mode remains
unchanged, and the A, mode blue-shifts for 2-3 cm™"' on
tuning the irradiation time. The optical images (Fig. S3, ESI¥)
reveal that structural damages occur with 50 mW power for any
irradiation time. We also try to use lower power (10 mW and
20 mW) of laser to irradiate the sample for long enough time
(e.g., 15 minutes). However, we cannot see any enhancement in
its PL performance, and there is no detectable structural
change under a microscope, either. It is to be noted that the
above procedures via tuning powers and irradiation times have
been repeated many times on different samples to ensure the
repeatability of the results.

3.2 The suppression of PL signals can be reversible and the
enhancement is irreversible

To investigate whether the changes in PL and Raman signals
caused by laser irradiation are reversible or not, we store the
samples in ambient air (relative humidity ~15%) after being
irradiated with 20 mW and 50 mW power for two minutes,
respectively, and then the signal evolution was monitored
within 25 hours (Fig. S4, ESIt). As can be seen, for the sample
irradiated with 20 mW power (Fig. S4a and b, ESIt), both PL
and Raman signals gradually increase with time, and after
~ 25 hours finally return to their respective initial values before
laser irradiation. The signal change is much faster within the
first two hours. During the 25 hours, no obvious changes are
observed in optical images (Fig. S4c, ESIt). The results indicate
that the PL and Raman changes are reversible, implying that a
power of 20 mW laser probably only blows away physically
adsorbed impurities (e.g., H,O, O,, etc.) on the surface rather
than causing permanent structural damage to the monolayer
MoS,. Without the adsorbed impurities, the PL intensity is
attenuated. After reabsorbing the impurities from air, the PL
intensity is restored. This reasoning immediately leads to at
least three further directions to explore: (1) if the laser power is
sufficiently high to cause structural damage to MoS,, the PL
and Raman signal changes should be irreversible; (2) what are
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the major components of impurities that cause both PL and
Raman signal changes? (3) why can the impurities cause the PL/
Raman changes? In the following, experiments are conducted
to investigate these issues. The experimental results with a laser
power of 50 mW are displayed in Fig. S4d—f (ESIY). After storing
in ambient air for 25 hours, the PL and Raman signals cannot
restore to their initial values. Structural damage to MoS, caused
by the high power is clearly visible in the optical images. This is
distinctly different from the lower power case discussed above
(Fig. S4a-c, ESIY).

3.3 Effects of laser irradiation on monolayer MoS, revealed by
in situ PL/Raman mappings and AFM

A more detailed insight into the variations of monolayer MoS,
properties after laser processing is provided by spatial PL and
Raman mappings (Fig. 2). We use a commercial Raman micro-
spectroscope with a high spatial resolution (<600 nm) of the
mapping function to conduct the in situ laser scanning process
and compare the mappings before and after laser irradiation.
We select 25%, 50%, and 100% power of the instrument to scan
the sample. Considering the ~0.6 um laser spot for the
commercial instrument, 100% power (~1.59 x 10° W ¢cm™?)
is basically equivalent to the power density of 50 mWwW
(~1.02 x 10° W cm?) for our own equipment (~2.5 pum laser
spot). By analogy, 50% (~7.95 x 10> W cm™ ) corresponds to
20 mW (~4.08 x 10° W cm™?), and 25% (~3.98 x 10> W cm ™ ?)
corresponds to 10 mW (~2.04 x 10° W cm™?). The power
density adapted by the commercial instrument is generally
higher than that by using our own one. This is because during
the laser scanning process using the commercial instrument,
the focused laser remains at each point on the sample only for
0.5 s, much shorter than using our own setup.

After using 25%, 50% and 100% power of 532 nm in situ
laser irradiation, the structural damage only occurs within
100% power treated area (Fig. 2a and b). Fig. 2c shows the PL
mapping profiles of intensity, peak position, and full width at
half maximum (FWHM) for emission peak A. As can be seen,
there is no detectable difference in the area irradiated by 25%
power. In the 50% power treated area, the intensity of peak A
drops, coupled with the red-shifted peak position and enlarged
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l 184
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Fig. 2 Optical images of the monolayer MoS, triangle domain (a) before and (b) after laser irradiation with 25%, 50%, and 100% power, respectively. (c) PL
and (d) Raman mappings of the intensity, peak position, and FWHM for A emission peak, and E’/A;" mode, respectively. Scale bars are all 5 pm.
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FWHM. In the 100% power treated region, a huge enhancement and
an evident blue-shift of peak A are observed, together with shrinking
FWHM. The corresponding Raman mapping profiles are shown in
Fig. 2d. At the locations treated by 25% and 50% power, the two
Raman modes E’ and A,’ have almost no change. With 100% laser
power treatment, the intensities of both Raman peaks are reduced in
the damaged region shown in Fig. 2b, along with the hardly changed
position of E' mode and blue-shifted A;’ mode. These PL and
Raman changes after different powers of laser treatments are well
consistent with those results conducted by using our home-built
apparatus. The average single-spot PL/Raman spectra corresponding
to different laser-treated regions are shown in Fig. S5 (ESIf) for
comparison. Since different samples are used and the Raman
spectra/mappings cannot be normalized by 520 cm™* of the SiO,/
Si substrates, the relative intensities and positions of the PL/Raman
peaks are slightly different from those measured in Fig. 1.

The effect of laser treatment time is studied using 100%
power at different regions for different treatment times on the
same MoS, triangular domain. The optical images (Fig. 3a
and b) suggest more laser processing times leading to more
structural damages. Among the four laser-treated regions, the
area where laser treatment is performed three times has the
largest amplitude of PL enhancement, the largest blue-shifted
peak position and the most reduced FWHM (Fig. 3c). The
following Raman mappings (Fig. 3d) indicate a good correla-
tion between the intensity profile for E' mode and the optical
image (Fig. 3b) after laser treatment, with lower intensity at
more severely damaged regions. In addition, the position of the
E’ mode slightly red-shifts, whereas the position of the A,’
mode remarkably blue-shifts. The FWHMs of both modes
change little after laser processing. The average single-spot
PL/Raman spectra corresponding to each area are illustrated
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in Fig. S6 (ESIt). AFM mapping is performed to investigate the
changes in morphology and thickness of monolayer MoS,. As
shown in Fig. 3e, the surface of pristine monolayer MoS,
(denoted as number 0) is not perfectly flat, and the measured
thickness is larger than the theoretical value (0.65 nm) of
monolayer MoS, owing to the adsorbed impurities on the
surface. The thickness is reduced after each laser treatment,
and after being irradiated four times, the thickness (0.51 nm) is
even smaller than the theoretical value, indicating the struc-
tural damage. This reduced thickness may be caused by the
evaporation of S resulting from the thermal effect of laser
irradiation. As mentioned below in Section 3.6, although some
missing S can be occupied by O, the final thickness is still less
than the theoretical value.

The results by using 50% power for different times are
displayed in Fig. S7 (ESIt). As expected, peak A is reduced after
50% power processing, and it is reduced the most within the
area treated four times. The corresponding average single-spot
PL/Raman spectra are exhibited in Fig. S8 (ESIt). Interestingly,
although the treated areas do not show significant changes in
the optical images (Fig. S7b, ESIt), its corresponding AFM
images (Fig. S7e, ESIT) clearly show every boundary of the areas
irradiated by laser scanning. The thickness of monolayer MoS,
decreases after each time of laser scanning. However, the
thickness is always larger than the theoretical value. This
demonstrates that the laser irradiation with 50% power does
not damage the structure of the MoS,. Considering the results
of the experiments under high humidity air discussed in
the next part, the most likely reason for the slight PL suppres-
sion here is the laser irradiation with 50% power only sweeps
away the adsorbed H,O on the surface of the sample in
ambient air.
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Fig. 3 Optical images of the monolayer MoS, triangle domain (a) before and (b) after laser irradiation with 100% power for once, twice, three times and
four times, respectively. (c) PL and (d) Raman mappings of the intensity, peak position, and FWHM for A emission peak, and E’/A;" mode, respectively.
(e) The corresponding AFM results after laser treatment. Numbers O denotes the area before treatment. Number 1-4 represent areas after laser treatment
with 100% power for once, twice, three and four times, respectively. Az reveals the thickness of the corresponding area. Scale bars are all 5 pm.
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3.4 Different atmospheres produce different effects

The above experiments suggest that molecules adsorbed on the
MosS, surface play important roles. We then design an atmo-
sphere controllable cell (Fig. S1, ESIt) assembled to our home-
built instrument to carry out in situ PL/Raman measurements
under different atmospheres: pure N,, Ar, O,, or air with high
humidity (relative humidity 90-98%). Fig. 4a shows the PL
spectra of monolayer MoS, before laser irradiation in ambient
air (black curves), and before (blue curves)/after (red curves)
laser irradiation (50 mW for 2 minutes) in different gas atmo-
spheres. For clarity, Fig. 4b lists the intensity, position, and
FWHM of peak A corresponding to each PL spectrum in Fig. 4a.
As shown in panel N,, when the atmosphere is switched from
ambient air (black curve) to pure N, (blue curve), peak A is
reduced in intensity and has a slight redshift in position. This
may arise from the fact that N, blows away the originally
adsorbed H,O molecules in ambient air, which is similar to
the effect of low power of laser irradiation in Fig. 1d and Fig. S7
(ESIT). After laser treatment in pure N, (red curve), the intensity
of peak A decreases significantly, and the peak position slightly
blue-shifts. The results are very similar to those in pure Ar
(panel Ar in Fig. 4a). Unlike in air, no PL enhancement is
observed in N, or Ar with various laser power densities and
irradiation times. N, and Ar are relatively inert and interact
weakly with MoS,. The PL enhancement observed in air (panel
air in Fig. 4a) must be caused by molecules with more active
properties.

Panel O, in Fig. 4a displays the results under an O, atmo-
sphere. Without laser irradiation, there is no distinct change in
the PL spectra after adding pure O, (blue curve) compared to
that measured in air (black curve). Following the laser treat-
ment in pure O,, the intensity of peak A increases by
~ 3.8 times, which is even larger than that treated in ambient
air (~2.4 times). The presence of water also increases the PL
intensity (panel H,O in Fig. 4a). Without laser treatment, peak
A is enhanced by ~2.0 times once the humidity in the air is
increased from 10-20% (black curve) to 90-98% (blue curve).
After being irradiated by laser in H,O-rich air (red curve), the
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intensity of peak A decreases back. The observations indicate
that adsorbing water can enhance the PL and removing the
surface water by laser irradiation can reduce the PL intensity. In
general, the positions of the original PL spectra (black curves)
are different because different samples have different originally
doped states. For the magnitudes of the peak-shift after laser
treatment, they are obviously smaller in N, and Ar than those in
other atmospheres under the same excitation conditions.

The corresponding Raman spectra are shown in Fig. 4c-e.
After laser treatments in different atmospheres, the two Raman
peaks (red curves) decrease dramatically, indicating structural
damage to MoS,. Besides, the A,’ mode has a significant blue-
shift, while the E’ mode has a relatively smaller red shift. Before
laser irradiation, the adsorption of H,O molecules (the blue
curve under an H,O-rich atmosphere) can also cause a remark-
able blue-shift of the A;" mode. The intensity of the A;" mode
becomes stronger at the same time. Similar Raman changes of
the monolayer MoS, after interaction with H,O molecules are
also reported recently by Tumino et.al.* In general, the mag-
nitudes of the peak-shift after laser treatment for the two
modes are larger in N, and Ar than in other atmospheres. This
indicates that the O,/H,O can stabilize the defects from such
damage. The optical images of the sample before and after laser
treatments in different atmospheres are shown in Fig. S9
(ESIf). We can see that the laser irradiation destroys the
monolayer’s structure in any of the atmospheres.

The above experiments prove that the surface water adsorp-
tion can increase the PL intensity, and the laser damage in the
presence of O, can both increase the PL intensity and signifi-
cantly change the PL line shape.

3.5 The FET device and AFM image reveal the surface
condition of monolayer MoS, after laser irradiation

The PL intensity of MoS, is correlated with its carrier
concentration.”** A FET device is fabricated to explore the
n/p doping effect caused by laser treatment and water adsorp-
tion. As displayed in Fig. 5a and b, the FET device is treated
with laser irradiation (50 mW, 2 minutes) in ambient air at
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Fig. 4 (a) PL and (c) Raman spectra of monolayer MoS, before laser irradiation in ambient air (black curve), before (blue curve) and after (red curve) laser
irradiation (50 mW for 2 minutes) in different atmospheres (from top to bottom): ambient air (with humidity 10-20%), N, Ar, O,, and H,O (with humidity

90-98% in ambient air). All the spectra are taken with an excitation power of 5 mW for 10 s. Raman signals in (c) are normalized to the peak at 520 cm
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Fig. 5 Optical images of the monolayer MoS, FET device (a) before and
(b) after laser irradiation at several sites on the surface. (c) Source—drain
current (Isp) versus back gate voltage (Vg) curves with a source—drain
voltage (Vsp) of 1 V recorded from the device before treatment
(black curve), after laser irradiation (red curve), then adsorbing H,O
molecules (blue curve), and subsequently annealing at 200 °C for 3 h in
a vacuum (green curve), respectively. (d) The AFM image and (e) the
corresponding line profile showing one site after being irradiated by laser.
Scale bars in a and b are 10 pm.

multiple points within the current channel. The source-drain
current (Isp) versus back gate voltage (V) curves taken under
various processing conditions are shown in Fig. 5c. The laser
irradiation turns the already n-type monolayer MoS, (black
curve) into more n-type (red curve), with an increase in the
conductance and a shift of threshold voltage. This result is
contrary to the enhanced mechanism proposed in the
literature®>*” which states the enhancement is caused by
laser-assisted p-type doping to MoS,. After adsorbing H,O
molecules in air with high-humidity, the electron concentration
decreases sharply (blue curve), verifying that the physically
adsorbed H,0 molecules have a p-doping effect on MoS,. Once
the adsorbed water evaporates by annealing in the vacuum, the
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transfer characteristics (green curve) are basically restored to
the last state of being irradiated by laser (red curve). The
p-doping effect by adsorbing water will disappear after anneal-
ing or laser irradiation with relatively low power, confirming
that it is a physical adsorption. In contrast, suitable laser
irradiation in an atmosphere containing O, produces an
n-doping effect, which is an irreversible chemical change. Both
the n-doping and p-doping effects enhance the PL.

Fig. 5d shows the AFM image of one site after being
irradiated by laser. It shows the rugged surface within the laser
irradiated spot. The corresponding line scan (Fig. 5e) reveals
that the fluctuation range within the hole is ~3.57 nm which is
obviously higher than that in the pristine monolayer MoS,
(~1.60 nm). This phenomenon is not so obvious in the situa-
tion of PL mapping in situ laser treatment in Fig. 3, due to the
different irradiation methods and conditions. The fact in
Fig. 5d demonstrates that the laser irradiation produces many
defects on the monolayer MoS,. The effects to the PL change
will be discussed in the following section.

3.6 Power dependence of laser-treated signals and the
mechanisms of PL enhancement

Before the mechanisms of PL enhancement are discussed, we
should consider the influence of excitation laser power on the
formations of various excitons in MoS,. Fig. 6a shows a sche-
matic view of the electronic band structure of monolayer MoS,,
denoting multiple types of quasiparticles.*** Excitons A and B
originate from the direct-gap transitions between the conduc-
tion and valence bands at the K-points. The energy difference
between excitons A and B comes from the valence band split-
ting due to the strong spin-orbital interaction. Since charged
excitons (i.e., trions) are easy to form because of enhanced
Coulomb interaction in the monolayer structure, the schematic
diagram highlights trion A~ (usually negative type in as-grown
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Fig. 6 (a) Schematic of direct-gap transitions at K-point in monolayer MoS; (the higher spin-split conduction band is not shown). The associated A, B
excitons, negative trions (A7), biexciton (A,,), the bandgap E4, and the binding energy E,, of exciton A are illustrated. (b) PL and (c) Raman spectra of
pristine monolayer MoS, taken in ambient air with different laser excitation powers (0.1-10 mW). Each PL spectrum in (b) is fitted with Gaussian peaks
(Axx, A™, and B). Each Raman spectrum in (c) is fitted with Lorentz peaks for E’, Ay’ and 2LA(M) modes. (d) PL and (e) Raman spectra of monolayer MoS,
before (black curves) and after (red curves) laser irradiation (50 mW, 2 mins) taken in ambient air excited with different powers (0.1-10 mW). (f) The fitted
PL spectrum after laser irradiation (the red curve of panel "5 mW" in d) with Gaussian peaks. The spectra acquisition times are all 10 s. Raman signals in

c and e are normalized to the peak at 520 cm™! of the Si/SiO, substrate.

This journal is © the Owner Societies 2021

Phys. Chem. Chem. Phys., 2021, 23, 24579-24588 | 24585


https://doi.org/10.1039/d1cp03651c

Published on 12 October 2021. Downloaded by Peking University on 9/2/2022 10:40:11 AM.

Paper

MoS,) to distinguish it from neutral exciton A°. With relatively
high excitation laser power, the biexciton (denoted as A,) peak
becomes dominant in the PL spectrum because of the high
carrier concentration. To investigate the excitation power
dependence of the PL/Raman spectra, we use different laser
powers (0.1-10 mW, that is 2.04 x 10° to 2.04 x 10° W ecm™?) to
excite the same position of the as-grown monolayer MoS,. As
displayed in Fig. 6b, the PL spectra can be decomposed into
four Gaussian peaks: biexciton Ay (1.80 eV), trion A~ (1.85 eV),
neutral exciton A° (1.88 eV), and exciton B (1.95-1.98 eV). There
are no A° peaks in the fitting of Fig. 6b. We have recorded the A°
peak-dominant PL spectrum (Fig. S10a, ESIf) with another
sample when excessive water is adsorbed and droplets form
on the surface. Since we must have high power density of the
laser (~1.02 x 10° W cm™?) to achieve the laser-induced PL
enhancement, we have to use the 50x objective lens in our
instrument. Under this condition, the excitation laser power
cannot be adjusted low enough, or the PL signal will be too
weak. We realized low excitation power (80 W cm™?) using a
10x objective lens, turning out the A~ peak-dominant PL
spectrum (Fig. S10b, ESIt) because of the unintentional
n-type doping resulted from the sulfur vacancy defects during
sample preparation.®*” Back to Fig. 6b, the proportion of A~
recombination decreases and Ay gradually dominates the
spectrum with the increase of the excitation power. The corres-
ponding Raman spectra, which are analyzed with Lorentz peak-
fitting (Fig. 6¢), reveal that as the excitation power increases,
the A;" mode red-shifts, and the frequency difference between
E' and A,/ mode gradually decreases from 20.1 cm ' to
18.4 cm .

The results of PL performances at the same point but using
different excitation laser powers before and after laser irradia-
tion (50 mW, 2 minutes) in ambient air are illustrated in
Fig. 6d. With the increase of excitation power, the position of
peak A red-shifts (black curves), as shown in Fig. 6b, which is
governed by the ratio changes between peaks A, and A™. After
laser irradiation, peak A in each PL spectrum (red curves) is
significantly enhanced and blue-shifted. Independent of the
excitation power, the blue-shifted position of peak A remains
constant at ~1.85 eV. Fig. 5c reveals that the laser treatment in
ambient air results in enhanced n-type doping, suggesting an
increased electron concentration in monolayer MoS,. Taken
together, trion A~ must always dominate peak A in the PL
spectra after laser treatment. This result is verified in Fig. 6f,
which shows the fitted result of the red curve in panel “5 mW”
in Fig. 6d. The Raman results (Fig. 6e) indicate that indepen-
dent of the excitation power, the intensities of the two main
peaks after laser treatment significantly reduced, and the A;’
mode blue-shifts to almost the same position.

The above results show that the laser-irradiation-induced PL
enhancement of monolayer MoS, needs both relatively high-
power density and the participation of O,. The relatively high
power density of laser causes structural alteration to the MoS,
monolayer, producing many isolated islands. On the one hand,
PL enhancement does not happen without such defects. On the
other hand, without O, these islands do not lead to
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enhancement, either. Raman measurements suggest an inter-
esting explanation for it. The intensities of the two Raman
peaks are considerably reduced after laser irradiation (Fig. 4c).
The stiffening behavior (blue shift) of the out-of-plane mode
(A,") after laser irradiation can be understood in terms of
increasing the restoring force constant perpendicular to the
basal plane, as the laser strikes off some of the S atoms at the
surface (and some are replaced by O). In the A,’ vibrational
configuration, Mo atoms remain fixed and only S atoms vibrate
along the c-axis (as shown in Fig. 1c), so the disappearance of
surface S atoms has a significant influence. In contrast, the
relatively stable position of the in-plane vibrational mode E’ is
because this mode involves vibrations of both Mo and S. Hence
the disappearance of surface S atoms has little effect on it. The
relatively small peak-shifts for MoS, in air and O, than that in
Ar and N, (Fig. 4d and e) demonstrate that the O is bonded to
the sample. Because of the bonding with O, the excited elec-
trons and trions are effectively localized at these island-shaped
defects, which can significantly suppress the energy dissipation
and momentum change resulting from the collisions with other
electrons or trions, thus leading to the improved PL signal. In
the situation of water-adsorption induced enhancement, the
role of adsorbing water is similar to the laser-induced defects.
As shown in Fig. S9 (ESIT), a small amount of water molecules
adsorbed on the surface appear as tiny ‘“particles”. Water is
polar and has a dielectric constant much larger than MoS,,
which can solvate electrons, reducing the non-radiative recom-
bination ratio of trions and excitons in MoS,, thus enhancing
the PL.

4 Conclusions

In summary, we have comprehensively controlled and mea-
sured the 532 nm laser-treated PL and Raman performances of
monolayer MoS, by using a home-built instrument as well as a
commercial instrument with a mapping function. We find that
low power density (<4.08 x 10> W ecm™?) of laser irradiation in
ambient air causes a slight PL suppression to monolayer MoS,,
with almost no change on Raman spectra and optical images.
However, relatively high power density (~1.02 x 10° W cm?)
of laser irradiation in ambient air brings significant PL
enhancement with an obvious blue-shift of the energy, together
with shallower optical images and reduced Raman peaks.
Investigations under different controlled atmospheres demon-
strate that the laser irradiation induced enhancement only
occurs in the atmosphere containing O, and is more remark-
able in pure O,. The adsorption of H,O molecules without laser
function leads to a similar PL enhancement with that caused by
laser irradiation in ambient air. The FET devices reveal that the
physically adsorbed water leads to p-doping on MoS,, and the
laser irradiation in the presence of O, generates the n-doping
effect. Both types of doping effects can enhance the PL inten-
sity, so the type of doping is not the key factor for the
enhancement. The island-shaped defects caused by laser irra-
diation can be stabilized by oxygen atoms and act as trapping
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centers for excited trions or electrons, thus reducing the non-
radiative recombination ratio and enhancing the PL intensity.
The physically adsorbed water works in a similar way. And a low
power density of laser irradiation can sweep away the originally
adsorbed H,O on the surface, resulting in the PL suppression
phenomenon.
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