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ABSTRACT: Various exotic optoelectronic properties of two-dimensional (2D) transition metal dichalcogenides (TMDCs)
strongly depend on their number of layers, and typically manifest in ultrathin few-layer or monolayer formats. Thus, precise
manipulation of thickness and shape is essential to fully access their potential in optoelectronic applications. Here, we
demonstrate site-selective atomic layer precision thinning of exfoliated MoS, flake by laser. The oxidation mediated anisotropic
chemical etching initiated from edge defects and progressed by controlled scanning of the laser beam. Thereby, the topmost
layer can be preferentially removed in designed patterns without damaging the bottom flake. In addition, we could monitor the
deceleration of the thinning by in situ reflectance measurement. The apparent slow down of the thinning rate is attributed to the
sharp reduction in the temperature of the flake due to thickness dependent optical properties. Fabrication of monolayer stripes
by laser thinning suggests potential applications in nonlinear optical gratings. The proposed thinning method would offer a
unique and rather straightforward way to obtain arbitrary shape and thickness of a TMDCs flake for various optoelectronic
applications.
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H INTRODUCTION To this end, a variety of methods to control the thickness of

the exfoliated TMDC flake have been employed, including

Two-dimensional (2D) transition metal dichalcogenides
(TMDCs) are atomically thin semiconductors showing
exceptional optoelectronic and electronic properties, including
relatively large direct band gap (1.1-1.9 eV), chirality in
photoluminescence, and strong nonlinear optical response,
which originate from their strongly confined electron profiles
in 2D structures."™® Thus, their unique and highly promising
characteristics primarily depend on their thickness and
typically appear in ultrathin few layers or monolayers. In
addition, ultrathin layers mechanically exfoliated from bulk
crystals possess high crystallinity. However, the mechanical
cleavage of bulk crystals relies on a spatially random van der
Waals force between the TMDC material and the transfer
substrate.'’ This fact results in uncontrollable thickness and
random shape with low yield, which consumes considerable
time and, thus, limits various applications with designed
patterns.
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plasma treatment," ™'® chemical'*™"® or thermal'® etching
assisted by heating, and laser-induced local treatment.”’™**
Among these methods, the laser has been regarded as the most
feasible means to induce selective patterning of thinned
exfoliated TMDCs.”*™** Lasers can provide spatially and
temporally confined temperature profiles site-selectively to
promote either a thermal process or a chemical reaction at
micrometer scales without expensive CMOS fabrication
methods. Castellanos-Gomez et al. first introduced laser
methods for the thinning of MoS, and attributed the thinning
mechanism to the lateral thermal sublimation by high laser
fluence (30—80 mW/um?).*° This purely thermal process
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Figure 1. Overall concepts and results of the site-selective atomic precision thinning of MoS, by laser-induced anisotropic etching. (a) Schematics
of laser irradiation from the edge of the MoS, flake. (b) Schematics of the thinning process initiated by edge defect aided by oxygen mediated
chemical etching process. (i) Initiation of thinning at edge defect, (ii) triangle pits appearing at the edge defects while producing volatile SO, and
MoOj substances, and (iii) fully developed single-layer removal without damage to bottom flake. (c) Experimental results of the thinning process
with optical microscope images of pristine (i) and post-thinning (ii) MoS,. The AFM images taken from the dashed boxes in panel c(ii) show the
thinned tri- (iii) and bi- and monolayers (iv) from the tetralayer region, and the thinned monolayer from the bilayer region (v) by 2.1, 2.8, 3.1, 3.5,
and 4.7 mW/um?, respectively. The lateral height profile measured along the A—B line in panel c(v) show monolayer thickness ~6 A (vi). (d)
Angularly resolved optical SHG intensity plot measured from A point in yellow color in panel c(ii). The blue dots indicate measured SHG intensity,
while the red line shows curve fitting to the theoretical value. (e) Optical images of pristine (i) and thinned (ii) MoS, flake by 2.1 mW/um? laser

fluence at 2 ym/s travel speed. The scale bars indicate 1 pm.

lacks thickness control at single-layer precision, e.g., produced
monolayer directly from few-layer crystals. Alternatively, lasers
can selectively promote chemical reactions on the topmost
layer by introducing chemical substances. In addition, the
chemical reaction typically requires lower temperatures than
thermal sublimation, which would enable single-layer removal
without sacrificing properties of the bottom layer. For example,
Nagareddy et al. demonstrated layer-by-layer thinning of
MoTe, by low laser fluence (0.3—4 mW/um?) aided by
adsorbed water vapor on the surface of the flake.”" This result
was partly ascribed to the vulnerable thermal and chemical
stability of MoTe, due to the low electronegativity difference
between Mo and Te, (Ay ~ 0.3).2*7>° Other inert TMDCs
such as MoS, and WSe, with stronger interatomic bonding
(Ay ~ 0.7) would require an additional strategy for a reliable
single-layer removal process.
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Notably, by furnace annealing in an oxygen environment,
disconnected etched pits can be generated in MoS, and WSe,
by oxygen mediated anisotrogic chemical etching at relatively
low temperature (~550 K).""~'® The etched pits appear from
either randomly distributed intrinsic chalcogen vacancies or
edge defects. On the basis of density functional theory (DFT)
calculations, oxygen molecules can be dissociated and
physisorbed preferentially at the S-vacancy and edges of
MoS, at the low chemical energy barrier (E, ~ 0.8 and 0.3 eV,
respectively, compared to ~1.6 eV for the pristine surface),
which can spontaneously occur even at room temperature and
be further promoted by heating.27_29 Thus, utilizing chemical
etching initiated by defects in conjunction with the laser
scanning would allow a new pathway to the controllable and
single-layer precision thinning of MoS,.

Herein, we demonstrated the atomic layer precision thinning
of MoS, by defect-initiated laser-induced chemical etching in
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Figure 2. Laser conditions and heat transfer modeling of the laser-induced thinning process showing the self-limited thinning process and strong
spatial confinement. (a) Required laser power of the thinning process versus the target number of layers of MoS, flakes for various starting flakes
with bi-, tri-, tetra-, and pentalayers. (b) Simulated peak temperature of MoS, versus number of layers of MoS, flakes in the case of irradiation at 3.1
mW/pum? of the laser beam. The inset shows the calculated reflectance and absorbance of MoS, and absorbance of Si based on the thin film optics
at 532 nm wavelength in the case of MoS,/SiO,(300 nm thick)/Si multilayer system. (c) Simulated temperature field of tetra-, tri-, bi-, and
monolayer MoS, based on the same simulation method and laser condition used in panel b. The scale bar indicates 2 um. (d) Normalized
temperature and laser power profiles along the r direction indicated in panel c(i).

ambient condition. In the case of laser irradiation from the
edge defects, a most prevalent and easily accessible form of
defect, the anisotropically etched pits along specific lattice
orientation can be generated from the edges at relatively low
laser irradiance (2—4 mW/um?). The scanning of the laser
beam across the flake allowed the realization of the
continuously developed single-layer removal. In addition, we
investigated the deceleration of the laser-induced thinning
process by the heat transfer simulation and in situ reflectance
measurement. The transient change of the optical properties of
MoS, during thinning sharply reduce the temperature increase,
mitigating the thinning process. Finally, we fabricated periodic
thinned stripe patterns in the MoS, flake, showing potential for
nonlinear optical grating applications. Thus, our work may
open a new venue to expand applicability of the TMDC
materials by providing a robust method to control the
thickness and shape in a site-selective manner.

B RESULTS AND DISCUSSION

Few-layer MoS, flakes were isolated on Si/SiO, (300 nm
thick) wafers by the mechanical exfoliation method. Prior to
the laser thinning process, the thickness of the flake was
determined by atomic force microscopy (AFM) and Raman
spectroscopy. The continuous wave (CW) laser beam at 532
nm wavelength was focused at the size of 6.4 um (1/e?)

diameter through an objective lens (NA ~ 0.28) and scanned
across the MoS, flake at 2 um/s of travel speed in ambient
condition. As shown in Figure 1la, the laser scanning started
outside of the flake to initiate etched pits from edge defects.
The CW laser beam irradiation can effectively induce a locally
confined temperature profile in a microscale area. The low
thermal diffusivity of SiO, layers (~100 W/mK) and low
thermal boundary conductance between MoS, flakes and SiO,
(~20 MW/m?K’) contribute to the local temperature
confinement.

After scanning the CW laser beam across the edge of the
tetralayer flake, single- or few-layer removal can be clearly
observed as shown in Figure 1c. As laser power increased and
exceeded the threshold to initiate thinning from the edge
(~2.1 mW/um?), triangular pits on the topmost layer could
emanate from the edge of MoS, flake (Figure 1c(iii)). At
higher laser power, 2.8 mW/um?, the etched pit propagated
along the laser irradiation trajectory yielding a fully developed
thinned trilayer region. As we further increased laser power,
even thinned bi- and monolayers at 3.1 and 3.5 mW/um?,
respectively, can be clearly observed, indicating atomic layer
precision thinning in a locally selective area (Figure 1c(iv)).
Similar to the tetralayer case, monolayer thinned regions from
the bilayer can be demonstrated, while higher laser power 4.7
mW/um? was required due to different absorbance depending

DOI: 10.1021/acsami.9b14306
ACS Appl. Mater. Interfaces 2019, 11, 39385—39393


http://dx.doi.org/10.1021/acsami.9b14306

ACS Applied Materials & Interfaces

Research Article

a

Probing “S-iz=Z_ -7
Beam
Processing __

b 0.25 T T T T T —0.20 e
@ 633 nm —e— Calculated .
—e—
8 020 Measured = A-layer
5 ] +0.15 ]
© \ Reflectance minimum 2
% 0.15 at Tri-layer 3 B-layer
o " 0.10 3
3 =
50101 \® / g
3 \l\ ¢ a Iy
S 005 e / / 0.05 3
: u ©
\IF././/
~m—
0.00 0.00

01 2 3 45 6 7
Number of MoS, Layer

Reflectance (A.U.)

Optical
Image

_Laser Pulse Risng time ~2 ps ——4.3 mW/um? vi)

2 > - 2.6 mW/um? |

go4l i 2.1 mW/um?

% 0.2 )

Foo . iV)

-0.5 0.0 0.5 1.0
time (
’/-. T
Rapid thinning Deceleration of thinning
0.000 0.001 2 4 0 60 9 120
time (ms)

Figure 3. Time-resolved reflectance measurement supporting the self-limited thinning process. (a) Schematics of time-resolved reflectance
measurement consisting of coaxially aligned 532 nm of the processing beam (2@ ~ 2.6 um) and 633 nm of the probing beam (2w ~ 6.4 um). (b)
Calculated and measured reflectance of MoS, flake depending on the number of layers. The reflectance minimum occurs at the trilayer thickness.
(c) Measured time-resolved reflectance data during laser thinning depending on the laser power of 2.1, 2.6, and 4.3 mW/um? The starting flake
was the penta(S)layer. The inset graph shows the temporal profile of the processing laser pulse, showing 2 ys of rising time. (d) AFM and optical
images of thinned MoS, by laser power, 2.1 (i, ii), 2.6 (iii, iv), and 4.3 mW/um? (v, vi). (e) Schematics of thinned 2H phase of MoS, showing
opposite direction of triangle pits. (f) AFM image of MoS, after thinning at 2.6 mW/um? for 10 ms shows the opposite direction of the thinned
area in adjacent layer. The semitransparent MoS, lattice structure shows the zigzag edges of triangle pits. The scale bars in this figure are 1 ym.

on the number of layers of the starting flake (Figure 1c(v)).
The height profile from the thinned monolayer region to the
pristine bilayer (along the AB line in Figure 1c(iii)) depicts the
single-layer thickness of MoS, ~ 6 A (Figure 1c(vi)), providing
strong evidence of the atomic layer removal by laser
processing.

The single-layer precision thinning performed in Figure 1
can be ascribed to oxidation mediated etching of MoS,,
initiated at the edge defect as schematically illustrated in Figure
1b. Previous reports about furnace annealing of MoS, in an
oxygen environment suggested that randomly distributed
intrinsic defects and edge defects can serve as initiation sites
for oxidation-induced anisotropic etching.'*™"® This can be
understood with the low energy barrier for the reaction of
oxygen molecules at S-vacancy sites and edges (0.8 and 0.31
eV, respectively, for the Mo zigzag edge), whereas the pristine
MoS, surface exhibits higher energy barrier (1.6 €V).?” Thus,
the oxygen reaction initiated by the defects produces volatile
substances including SO, and MoO;. As the edge defects are
identified and located, the etching from the edge is easily
controllable and repeatable (Figure le), while the etched pits
from the middle of the flake were randomly generated from
intrinsic S-vacancy defects (Supporting Information Figure
S1). Thus, initial pits could be generated from the edge by
laser irradiance at 2.1 mW/um?, but the thinning stopped at
the middle of the flake as the slower etching propagation could
not keep pace with the laser scanning. On the other hand, laser
irradiance at 2.8 mW/ ﬂmz can develop the continuous thinned
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region due to the faster chemical reaction at higher induced
temperature as shown by furnace annealing.'”"> In addition,
despite a much shorter laser dwell time (~3 s) than that of
furnace annealing (~2 h), the etched pits obtained by laser
have comparable size to the pits obtained by furnace annealing.
This can be understood by the enhanced oxygen molecule
supply by three-dimensional diffusion process toward the
tightly focused laser spot, whereas the one-dimensional
chemical supply would limit the reaction rate in furnace
annealing.”" Also, it is noted that the triangle shape implies the
3-fold lattice symmetricity of MoS,, which belongs to the
P6m2 space group. Thus, the lattice orientation of the
triangular pits should be along either the S or Mo zigzag
edge (1120) of the MoS, flake, whereas the armchair edge
(1010) would result in a hexagonal shape. However, the exact
termination of edge (e.g, S or Mo zigzag) cannot be
determined and requires further investigation.

To probe the crystalline orientation of the triangle pits and
evaluate the quality of the thinned monolayer, we acquired a
polar plot of optical second harmonic generation (SHG)
intensity as a function of the crystal’s azimuthal angle from the
thinned MoS, monolayer (at the spot A in Figure 1c(ii)). SHG
measurement was employed since it can provide non-
destructive means to determine the crystalline orientation
and quality of the MoS, flake.”> As the whole 2H phase flake
shown in Figure 1 was exfoliated from the single bulk crystal,
the thinned monolayer and triangle pits appearing in the
tetralayer should manifest identical lattice orientation. We
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Figure 4. (a) Raman spectra of mono-, bi-, tri-, and tetralayers of pristine (solid line) and thinned (dashed line) MoS, flakes. (b) Frequency
difference between A, and Elzg of pristine and thinned MoS, depending on the number of layers. (c) PL spectra of pristine and thinned

monolayers.

performed angularly resolved SHG measurement as shown in
Figure 1d (the details are in Methods). The 6-fold
symmetricity was clearly preserved on monolayer MoS,,
which strongly supports that the crystallinity of the thinned
monolayer was intact without significant lattice distortion or
strain. In addition, the SHG plot from the thinned monolayer
has a maximum value at the edge direction and it implies that
the triangle pits have zigzag edges,”” since they originated from
single MoS, crystals.

Figure 2a depicts the required laser power to produce MoS,
layers of target thickness from initial flakes of various thickness
by edge-initiated laser thinning. The thicker the initial flake,
the lower the required laser power to initiate thinning.
Correspondingly, higher threshold laser power density is
required to sustain the progress of the thinning process. This
higher sensitivity of the thicker MoS, to the laser power (e.g,
having the lower threshold power) can be attributed primarily
to the thickness dependent optical properties of MoS,.
Furthermore, the thermal conductivity of MoS, increases
with the layer thickness and therefore the transverse heat loss
should also increase. As a result, we found that the laser
thinning is self-regulating, exhibiting deceleration and eventual
cessation of etching. To estimate the laser-induced temper-
ature depending on the thickness of MoS,, we calculated the
absorbance of Mo$S, and Si by using thin film optics® in the
case of the MoS,/SiO,(300 nm)/Si multilayer as shown in the
inset of Figure 2b (details are in Methods). Although the
absorbance of MoS, is lower than that of silicon, it dominates
the temperature transient and the peak temperature due to the
much lower thermal mass (~pC,V) of the few-layers MoS,
flake compared to the heat affected volume of silicon (~1 ym
of optical absorption depth at $32 nm) as shown in the heat
transfer modeling by using finite element method (FEM)
(Figure 2c). Thus, as the thickness of MoS, reduced, the peak
temperature of the Mo$, flake sharply decreased (Figure 2b,c).
Figure 2c displays steady state temperature distributions under
identical laser irradiance of 3.1 mW/um?. The observed 230 K
of temperature difference between tetra- and monolayers, is
sufficient to arrest the etching process. This self-limited etching
process can allow precise control of the number of layers,

which is not possible by other blank heating methods (e.g.,
furnace annealing). In addition, the temperature field induced
by the laser can be tightly confined. In Figure 2d, the
normalized temperature (T — Ty)/(T — Ty)max and laser
power P/Py.x are plotted along the r direction indicated in
Figure 2c(i) in the case of the tetralayer. The predicted full
width at half-maximum (fwhm) of the temperature field is 4.2
um, which is slightly larger than 3.7 ym of fwhm of the laser

beam spot (~+/In 2/2 (2w), where 2w is 1/e* width, 6.4 um).
Apart from the effect of the temperature drops during the
thinning process, the self-limited behavior can be partly
ascribed to the strong coupling energy between the MoS,
and SiO, interface compared to that of MoS, interlayers as
suggested by Wang et al.'® This mechanism can further
increase the threshold laser power by stabilizing the substrate—
MoS, system when it thinned down.

To investigate the details of transient characteristics of laser-
induced thinning process, we performed in situ reflectance
measurement as shown in Figure 3. We utilized a 633 nm He—
Ne CW laser as a probing beam with a 2.6 um (1/e*) spot size,
which is sufficiently smaller than the size of processing laser
beam spot (6.4 ym) at 532 nm, allowing precise measurement
of transient thickness change of MoS, flakes. In addition, the
thinning process was performed in the middle of the MoS,
flakes without scanning the laser beam (Figure 3a). The
Gaussian-like temperature profiles induced by the laser beam
initiated defect sites at the center of the flakes and induced
laterally expanding triangular pits. The temporal shape of the
laser pulse was precisely controlled by acoustic optical
modulator (AOM), providing fast rising and decaying time
(~2 ps as shown in the inset of Figure 3c). The details of the
optical setup are provided in Figure S3. Prior to the
measurement, the reflectance of the MoS,/Si0,(300 nm)/Si
multilayer at 633 nm was calculated by using thin film optics®>
(details are in Methods), and it is well-matched with the
measured reflectance value as shown in Figure 3b. The
reflectance value touched its minimum at a trilayer of MoS,,
which can be utilized as a reference point to track the thickness
of MoS, during the thinning process. Figure 3c depicts
measured in situ reflectance change during the thinning
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Figure S. Example of nonlinear optical grating based on site-selective thinned monolayer from bilayer MoS, flake. (a) Optical microscopy images of
pristine (i) and thinned (ii) MoS, flake. The scale bar indicates 2 ym. (b) Schematics of mono- and bilayers of 2H phase MoS,. (c¢) SHG mapping

images from red dashed box in panel a(ii) showing strong SHG contrast.

process starting from pentalayers of MoS, flakes by using
varied laser power. At 2.1 mW/um?* of laser irradiance, the
reflectance decreased slowly and reached its lowest point at the
end of the process (~100 ms), which indicates that the
thinning process reached the trilayer stage. The resulting AFM
and optical images (Figure 3d(i,ii)) showed that the triangle
pits were generated from the center region of the laser beam
spot where initial defects can be preferentially generated due to
the highest induced temperature. It is noted that the triangle
pits at a 180° rotated direction appeared in adjacent layers,
indicating that the etching process occurred along either S or
Mo zigzag edges due to the opposite stacking order of the 2H
phase of MoS,.° As laser irradiance increased to 2.6 mW/um?,
the reflectance minimum was obtained at 3 ms and increased
slowly within a time frame of 100 ms. The acquired AFM and
optical images (Figure 3d(v,vi)) showed that the thinning
process produced bi- and monolayers with a well-defined
triangle shape. This indicates that the thinning process
produced a trilayer at ~3 ms and the temperature reduction
due to a thinner MoS, layer decelerated the thinning process,
which supports the self-limiting behavior predicted by our heat
transfer modeling. Also, the results imply that the etching rate
largely depends on the laser power. As the laser irradiance
increased to higher value (4.3 mW/um?), the reflectance
abruptly decreased at the very initial stage (<1 ps) and
bounced back to higher values gradually. The resulting flake
presented the isotropic area removal with a rough surface
(Figure 3d(iii,iv)). The fast reflectance drops and contrasting
morphology observed at high laser fluence can be attributed to
the thermal sublimation which is fundamentally different from
the chemical etching reaction. At this processing region,
controlled and well-defined thinned MoS, flakes are difficult to
obtain due to a violent material ablation process.

In Figure 4a, Raman spectra of pristine and thinned MoS,
layers at various thicknesses are depicted. The out-of-plane
(A;g) phonon vibration modes are slightly blue-shifted, while
the peak positions of Agg of thinned mono-, bi-, and trilayers
were upshifted by 2, 1.6, and 0.7 cm™, respectively, compared
to that of the pristine state of MoS,. This change of A;, peak
position can be ascribed to the electron withdrawal by oxygen
doping due to processing under ambient conditions.”” On the
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other hand, in-plane (Eig) mode did not show much difference
between thinned and pristine MoS, flakes. In addition, the
peak position differences (w A a)E%g) of pristine and thinned

flakes are plotted in Figure 4b as it can be a useful indicator to
determine the number of layers of MoS,.”* The values of the
thinned monolayer located between pristine mono- and bilayer
flakes. Also, the values of thinned tri- and bilayer showed a
trend similar to that of pristine flakes as well. Thus, it is
deduced that thinning was achieved, while oxygen doping
effects cannot be excluded. In addition, strong photo-
luminescence (PL) can be measured from a thinned
monolayer (Figure 4c). Compared to the pristine monolayer,
the peak position was clearly blue-shifted (15 meV), which can
be attributed to p-type doping effect due to electron
withdrawal by oxygen, leading to transition from negative
trion X~ to neutral exciton X° dominated states.”> The slight
decrease of peak intensity is due to the increase of defect sites
inducing a nonradiative recombination.*

The thinned TMDCs by laser can be used for nonlinear
optical grating applications. A periodic modulation of second
harmonic susceptibility, )((2), can induce multiorder nonlinear
diffraction, analogous to the Bragg diffraction from the
dielectric materials with periodic refractive index, generally
termed as photonic crystals.”’ >’ In the case of TMDCs, due
to the broken inversion symmetry of the 2H phase, an odd
number of layers can induce strong SHG signals, whereas an
even number of layers with opposite stacking orders of the
adjacent layers establishes the centrosymmetricity and forbids
the SHG (Figure Sb). Thus, single-layer thinning of TMDCs
in designed patterns will provide periodically aligned flakes
with odd and even numbers of layers, which can be utilized for
SHG grating platforms. As shown in Figure Sa, starting from
the pristine bilayer, we patterned a ~1.5 m width of a thinned
monolayer with a 4.2 ym gap. From this patterned flake, the
SHG mapping image can be obtained without an analyzer (e.g.,
detect the total SHG intensity; Figure Sc). Strong SHG
intensity can be obtained only from thinned monolayers, while
pristine bilayers produced negligible signal intensity that is
similar to the background intensity from the substrate.” We
expect that starting from scalable even-layer MoS, flakes
produced by the CVD method, the controlled dimension of
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periodic thinned odd layers can be fabricated at micrometer
scale as a feasible approach to offer high quality and scalable
nonlinear optical grating systems.

B CONCLUSIONS

In summary, we demonstrated the site-selective atomic layer
precision thinning of MoS, by laser-induced anisotropic
chemical etching. The oxygen mediated chemical etching
initiated from edge defects enabled a controllable and
repeatable thinning process. The self-limited thinning of
MoS, was investigated by heat transfer analysis that showed
a sharp decrease of the temperature upon thinning. This was
supported by transient in situ reflectance measurement. The
potential use of the thinned MoS, in a nonlinear optical grating
was demonstrated by fabrication of a monolayer stripe from a
bilayer MoS, flake. Our investigation of the laser thinning
offers insight into the laser-assisted processing of TMDCs,
which can proceed via chemical reactions or a thermal
sublimation. In addition, we believe that the proposed self-
limited and defect-initiated chemical etching by laser may offer
a unique route to atomic layer precision thinning of common
TMDCs.

B METHODS

Laser Processing. Diode-pumped solid state (DPSS) CW laser at
532 nm wavelength (Sprout-C, Sprout) was focused through a 20X
(NA ~ 0.28) objective lens. A dichroic mirror in the middle of the
beam path allows in situ monitoring of the MoS, flake during
thinning. A motorized XY linear stage at 100 nm resolution
(Aerotech) was utilized for the laser scanning.

Raman Measurement. A Raman system (inVia, Renishaw)
equipped with 532 nm wavelength was utilized with 1800 g/mm
resolution of grating. The laser power was kept at 0.5 mW during the
Raman measurement.

SHG Measurement. A Ti:sapphire femtosecond laser (Tsunami,
Spectra physics, 4 ~ 800 nm, f ~ 80 MHz) was utilized for the SHG
characterization. Low laser power below 100 W was utilized to avoid
any potential damage on the flake. The polarization of the input laser
beam was manipulated by a half-wave plate, while the polarization of
the detected SHG signal was selected via polarizer. A photomultiplier
tube collected the SHG signal intensity at 400 nm and synchronized
with the XY stage when mapping was performed. For angularly
resolved SHG measurement, the polarization of the pump laser beam
was aligned parallel to the analyzer of the photon detector. The
intensity of SHG from the MoS, monolayer can be fitted to I = I,
cos’(36), where 6 denotes the angle between the direction of the
zigzag and the polarization of the pump laser beam and I, is the
maximum SHG intensity. In this measurement configuration, the
angularly resolved SHG should have a maximum value at the direction
of the zigzag edge (0 ~ nn/3) with 6-fold symmetricity.*®

Calculation of Optical Properties. We use notations 0, 1, 2, and
3 for air (vacuum), MoS,, SiO,, and Si, respectively. The complex
refractive indices of layers are indicated as follow. n, = 1, n;
4.8—1.1i," n, = 1.4, and n; = 4.2—0.4i.

By using Fresnel’s equation, the reflectivity and transmissivity at
each boundary can be obtained.”" (1, 2, and 3 indicate interfaces
between Air and MoS,, MoS,, and SiO,, and SiO, and Sj,
respectively)

Mo =M Mo M — 13
n= r = =
ny + ny n + n, n, + ny
_ 2ng . 2m _ 2nm
t = t, = ty =
ny + ny n + n, n, + ny
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Considering multireflection and transmission at the interfaces, by
using transfer matrix calculation, the total reflectivity, ry,s, and

absorptivity of silicon, ag, can be obtained as follows.
0+ nZ 7+ ez, 4 12,722,
L+ nnZ 7+ 2y + 22,7

rMoSz =

-1, -1

_ tihtsZ, Z,

- -2 -2 -2 =2
1+ mnZ "+ nnZ,” +nZ, “Z,

asi

where Z, = ema/A Z, = e/ 4 and d, are thicknesses of MoS,
and SiO, layers, respectively, and A is the wavelength of incoming
light.

Finally, the total reflectance, Ry,s, and absorbance, Ag, can be

calculated as follows.

1k
RMOSZ - IrMoSZ rMoszl

n
Re| =
n,

If we consider the energy conservation and assume no power
dissipation in the SiO, layer, the absorbance power ratio of MoS,,
Apos, can be expressed as follows.

%
Ag ]|“Si ag;l

0

AMos2 =1- RMos2 — Ag
By taking 532 and 633 nm as the wavelengths, 0.6 A as the single-layer
thickness of MoS,, and 300 nm as the SiO, layer, the absorbance and
reflectance of MoS, and Si can be obtained.

Heat Transfer Simulation. The monolayer MoS, thickness, fys,
was taken as ~6 A and the thermal boundary conductance, g, between
MoS, and SiO, was taken as ~20 MW/(m*K).>° Thermal
conductivity, k, density, p, and heat capacitance, C, of MoS,, SiO,,
and Si are summarized in Table S1. The governing equation,
boundary condition, and initial condition for thermal simulations are
as follows.

governing equation:

oT
c=

= kV2T +
P ot Q

p

initial condition:
T(t=0) = Ty

boundary condition:

(a) Tbottomsurface = ’IE)
oT

(b) k—| =eo(T* - T,")
61‘ r=R

© L = eo(T* - T,")
0z top surface

where & and o, are emissivity (assumed as 1) and the Stefan—
Boltzmann constant (5.67 X 107 W/(m*K*)).

In addition, the laser flux absorbed by MoS, in the Gaussian laser
beam profile was expressed as

- - /W)
Q, - IqMoSZIpeake o

where Apos, Lpeao and w indicate absorbance of MoS,, laser peak

intensity, and laser beam size, respectively. Also, Beer—Lambert Law
was considered in this simulation. The absorption coefficient of
silicon, ag; at 532 nm is ~7.85 X 10> cm™", and this can be reflected by
following equation.
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The cylindrical coordinate with steady state condition was applied to
get the three-dimensional temperature profile.

In Situ Reflectance Measurement. The processing laser at 532
nm wavelength was temporally shaped within 2 ys of rising and falling
time by acoustic optical modulator (AOM). The probing laser at 633
nm was coaxially coupled with the probing laser by polarized beam
splitter (PBS). The probing beam passes through the quarter wave
plate (633 nm) two times, resulting in 90° rotation of the polarization
of the reflected part compared to the input part. Thus, the 633 nm
probing beam can path through the PBS to the photodetector. The
color filter blocked the probing beam while allowing the probing
beam to the detector. Another photodetector triggers an oscilloscope
by the probing beam to capture the transient reflectance data during
the laser thinning process. The schematics of the setup are described
in Figure S3.
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