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The precise modulation of the thickness of two-dimensional (2D) semiconductor transition metal dis-
ulfides (TMDs) by laser thinning techniques to tailor their electronic properties is recognized as a promis-
ing approach. However, achieving sub-diffractive patterning during layer-by-layer modulation is crucial
for junction fabrication and device engineering. Herein, we report atomic nanoribbon generation in
single-layer tungsten disulfide (WS;), namely, the atomic laser-induced periodic surface structure
(atomic-LIPSS) effect, achieved by tuning the laser pulse width, energy and other processing parameters.
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We explore the structural evolution of WS, during laser processing for monolayer and multilayer films and
compare it with another more commonly encountered 2D material, MoS,. It is verified experimentally and
by molecular dynamics simulations (MD) that such atomic nanoribbons can only be formed under the
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Introduction

Since the successful stripping of monolayer graphene,' two-
dimensional (2D) materials have attracted much attention.
Transition metal disulfides (TMDs), which also have atomic-
level thickness, are of interest due to their large number of
interesting physical properties, ranging from optical nonlinear-
ity> and magnetism® to superconductivity.* These physical pro-
perties arise from their compositional tunability, where the
desired electrical and optical properties are achieved by
varying the combination of transition metals and sulfur
groups, and there are about 40 different types of TMDs.’
Interestingly, different TMDs stacked together can almost form
new materials by generating new shared exciton states® and
charge separation at the femtosecond scale.” WS,, as an
important member of the TMDs family, has a bandgap that
varies according to its thickness, from direct bandgap of
2.05 eV for its single layer to indirect bandgaps for its multiple
layers.® WS, also has several interesting properties, such as an
excellent on-off ratio (4 x 10°), strong spin-orbit coupling,’
high valley polarization,'® and other properties.""™* The excel-
lent optical and electrical properties of monolayer WS, are
important for the development of electronic devices.
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Currently, chemical vapor deposition (CVD) has been
shown to grow high-quality continuous monolayers of WS,
with sizes of hundreds of micrometers, and it is the most
promising method for large-scale applications.'* The pattern-
ing of these materials remains challenging due to the atomic
thickness."® Current patterning techniques include electron-
beam  patterning,’®  chemical patterning,’””  optical
patterning,'®° imprint lithography®' and inkjet printing.>*?
While LIPSS structures®*>® are found in laser-bulk matter
interactions, atomic nanoribbons from two-dimensional
materials have never been reported before.

In this work, we obtained atomic nanoribbons of 2D-WS,
thin films through the LIPSS effect based on laser processing
methods under different pulse widths and energy conditions.
By combining density functional theory (DFT) calculations,
MD simulations, and experimental characterization using
scanning electron microscopy (SEM), the thermal diffusion
changes of pulsed lasers in different environments and the for-
mation mechanism of atomic nanoribbons were explored and
analyzed. FDTD calculations analyzed the performance of
nanoribbons with different thicknesses and structures in the
optical field. Finally, we prepared a monolayer WS, containing
atomic nanoribbons for gas sensors and demonstrated good
performance.

Materials and methods

A monolayer of WS, was prepared on a sapphire substrate by
the CVD method. Sodium tungstate (Na,WO,) solution was
first used as a tungsten source for spin-coating on the sapphire
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substrate, whereas the S vapors were transported to the sub-
strate via a mixed carrier gas of Ar/H, to react with the tung-
sten source. Fig. Sla shows a monolayer of WS, prepared by
CVD, where all the bright yellow areas represent WS, and dark
yellow represents the sapphire substrate, which was transferred
onto a Si substrate by a wet transfer technique in order to
easily differentiate the substrate from WS,. The transfer steps
are detailed in the SI. In this case, the substrate was covered
with a 300 nm oxide layer. Fig. S1b is a picture of WS, on a
silicon substrate, where the light-yellow area is SiO, and the
dark yellow area is a monolayer of WS,. An optical microscope
was used for observation, and the objective lenses used were
50x and 100x. Fig. S4e shows the thickness of WS, measured
by AFM, which is about 0.82 nm, consistent with the litera-
ture.”” Fig. S1c and S1d show the Raman and PL spectra of WS,
in this area, and the results indicate that WS, is a monolayer.28
A 100x objective lens was used to measure the Raman and PL
spectra. The laser excitation wavelength used was 532 nm with
an energy of less than 0.5 mW to avoid thermal damage.

The laser wavelength used in the manufacturing process
was 1060 nm, and the pulse widths were 190 fs and 350 ns.
The thermal effects of other pulse width conditions and
different laser powers on the monolayer WS, were simulated
using the LAMMPS MD software. The energy band structure of
WS, was calculated by DFT. Detailed descriptions of the MD
and DFT methods are given in the SI. The electric field distri-
bution and light absorption of different atomic nanobelt struc-
tures were calculated using FDTD.
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Results and discussion

During the machining of the monolayer WS, using pulsed
laser subtractive machining, different pulse widths and ener-
gies lead to different machining results. As shown in Fig. 1a,
WS, produces laser-induced periodic surface structure (LIPSS)
on the atomic scale when a short-pulse laser is applied. This
structure is produced by the polarization effect of the laser
(Fig. S2) and varies with the power of the laser. When the
power of the laser is low, this structure appears as atomic
nanoribbons, and when the power of the laser is increased,
the atomic nanoribbons disappear in favor of jagged bound-
aries on both sides of the machining area. This is the first
time that the LIPSS effect has been observed on the atomic
scale.

Fig. 1b and d show the SEM images of single-layer WS,, pro-
cessed with a 350 ns pulsed laser, and Fig. 1c and e show the
SEM images of single-layer WS, processed with a 190 fs pulsed
laser. The laser energy is 0.6 mW in Fig. 1b and ¢, and 1 mW
in Fig. 1d and e. Under the irradiation of the femtosecond
laser energy of 0.6 mW, the processed region of WS, produced
atomic nanoribbons in the LIPSS effect, and the processed
boundaries were neater. The nanosecond laser at low energy
level produced partial removal effect with a fraction of debris
left in the processed area.

Raman and PL spectra were obtained in the machining area
and near the boundaries of the two pulsed lasers mentioned
above, and the results are shown in Fig. 1f-i, respectively. The
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Fig. 1 Pulsed laser subtractive manufacturing process of the CVD-grown monolayer WS, and results of femtosecond and nanosecond laser
machining. (a) Schematic of the monolayer WS, machined by different pulsed laser subtractive machining. SEM images of the monolayer WS, for
subtractive machining using (b) 350 ns and (c) 190 fs pulsed lasers. SEM images of the monolayer WS, for subtractive machining using a (d) nano-
second laser and (e) femtosecond laser at excessive energies. (f), (g) Raman spectra and (h), (i) PL spectra for the laser-subtracted machining of the

monolayer WS, with 350 ns (left) and 190 fs (right) pulsed lasers.
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five measured curves correspond to the five points in Fig. 1b
and c. It can be clearly seen that after nanosecond laser
machining, the Raman peak in the machined area shifted
drastically, and the PL spectrum underwent an obvious blue
shift. This indicates that after nanosecond laser machining,
the WS, in the machined area had large defects and was
strained by the laser thermal effect.>® After femtosecond
laser machining, the peak of the Raman spectrum in the
machined area did not shift significantly, and the PL spec-
trum was not shifted. This suggests that there was still some
residue of WS, in the machined area after femtosecond laser
machining, indicating the LIPSS nanoribbons. The straining
effect of WS, under the action of the femtosecond laser was
not obvious.

MD simulations were performed to investigate the thermal
distribution and wrinkle changes during laser machining of
WS, at different pulse widths. Fig. 2a shows a cloud view of
the temperature distribution of the whole monolayer WS,
when the machining area was heated up to a certain tempera-
ture by lasers of different pulse widths. It was found that when
the pulse width is larger, the high-temperature area becomes
larger. On the contrary, when the pulse width is small, the
heat transfer in WS, is weaker, providing the necessary con-
ditions for the formation of atomic nanoribbons in LIPSS.
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Fig. 2b shows the spatial distribution of the temperature field
in the monolayer WS, for three pulse width conditions.

Fig. 2c shows a cloud plot of the height distribution of ther-
mally deformed WS, for different pulse widths. As the pulse
width increased, wrinkles appeared in WS, and progressively
widened and strengthened. As shown in Fig. 2d and e, for the
wrinkle-free monolayer WS,, the calculated initial bandgap
widths are in agreement with other reports.>** When wrinkles
are introduced, the bandgap of WS, decreases with the
increase in wrinkle height, which enhances the interaction
between the laser and the WS, layer, creating more defects
near the machining area and inhibiting the formation of
atomic nanoribbons.

The effects of the laser processing of the monolayer WS, at
different pulse widths and energies were simulated using MD
and compared with the previously calculated results for MoS,.
As MoS, is widely used as an atomic crystal in literature, and it
has a similar structure to WS,, this paper presents the simu-
lation results of MoS, in comparison with WS,. In Fig. 3a, the
red rectangular box shows the laser action area. It can be seen
that as the pulse width of the laser increases, the removal
region expands. Fig. 3b shows that as the total energy
increased, the number of atoms removed by the laser
increased (Fig. S2). Fig. 3c and d show the material removal
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Fig. 2 Thermal transfer of WS, by laser machining with different pulse widths and the effect of wrinkles generated during machining on the energy
bands. (a) Temperature distribution of the monolayer WS, during laser processing with different pulse widths. (b) Spatial distribution of the tempera-
ture field under different pulse width conditions. (c) Cloud map of the wrinkle altitude distribution of the monolayer WS, generated by laser subtrac-
tive machining with different pulse widths. (d) Schematic of the monolayer WS, at different wrinkle heights. (e) Energy band structure of monolayer

WS, at different wrinkle heights.
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Fig. 3 Comparison of MD simulation results for laser machining of the monolayer MoS, and WS, under different pulse widths and energies. (a)
Comparison of MD-simulated laser machining of the monolayer MoS, and WS, at different pulse widths. (b) Comparison of MD-simulated laser
machining of the monolayer MoS, and WS, using a 500 fs pulsed laser at different power levels. (c) Material removal ratio of MoS, and WS, in the
laser action region as a function of the laser pulse width. (d) Characteristic width area of MoS, and WS; as a function of laser pulse width. (e) Material
removal ratio of MoS, and WS, in the laser action region as a function of laser energy for the three selected pulse widths. Dashed lines for WS,. Solid
lines for MoS,.
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Fig. 4 LIPSS structure formed with different numbers of layers of WS,. (a) SEM images of the LIPSS structure of a (a) single-layer WS, and (b) few-
layer WS,. (c) Schematic of the LIPSS structural model of single-layer and few-layer WS,. Electric field distribution of LIPSS structures with a (d)
single-layer WS, and (e) few-layer WS,. (f) Effects of single-layer WS, and few-layer WS, LIPSS structures on light absorption.
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ratios of WS, and MoS, atoms in the laser action area and the
characteristic width area, respectively, for different pulse
widths. It can be seen that for both WS, and MoS,, when the
pulse width is less than 1 ps, the atomic loss ratio in the laser
action area increases with the increase in the pulse width.
When the pulse width is between 1 ps and 40 ps, the atomic
loss ratio in the laser action area decreases with the increase
in the pulse width. The characteristic length generally
increases with pulse width (Fig. 3d). Fig. 3e shows the material
removal ratio as a function of energy for three pulse widths. As
the laser pulse width increases, the threshold energy for laser

&Y 0.6 mW@1060nm

[l 0.8 mW@1060 nm -

View Article Online

Paper

removal of WS, and MoS, increases, and it is more difficult to
remove the atoms from WS, than from MoS,. This may be due
to the fact that the thermal conductivity of MoS, is lower than
that of WS,.

In order to investigate the influence of the number of layers
on the LIPSS effect, the few-layer WS, was subtractively
machined using a femtosecond laser, and the results are
shown in Fig. 4. It was observed that different numbers of
layers led to different atomic nanoribbons produced by LIPSS.
When WS, is single-layer, the atomic nanoribbons are mainly
dominated by two symmetric triangles with one corner being

& 1.0 mW@1060 nm il 12 mW@1060 nm

Fig. 5 Periodic structures produced by the subtractive fabrication of atomic layers of WS, using lasers of different wavelengths and energies. (a)—(f)

The laser wavelength is 1060 nm. (g)—(l) The laser wavelength is 513 nm.
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Fig. 6 Results of the laser processing of the WS,—MoS,; heterojunction. (a) SEM image of the femtosecond laser-processed WS,—MoS, heterojunc-
tion. Energy band structures of the (b) monolayer WS,, (c) monolayer MoS, and (d) the WS,—MoS, heterojunction calculated from DFT. SEM images
of the WS,—MoS, heterojunction machined using the 350 ns (e) and 190 fs (f) lasers. Raman spectra of the WS,—MoS, heterojunction machined by

the nanosecond (g) and femtosecond (h) laser.
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adjacent. In contrast, the atomic nanoribbons produced by
few-layer WS, under the action of femtosecond laser are domi-
nated by two connecting trapezoids, and the width of the
atomic nanoribbons is much larger than that of the single-
layer WS,. We provide SEM images of coexisting single-layered
and multilayered WS, films via femtosecond laser scanning in
Fig. S3. The differences are attributed to heat transfer and
light absorption effects, as shown in Fig. 4(d-f).

By changing the energy and wavelength of the femtosecond
laser, it was found that the atomic-level LIPSS will change. The
SEM results in Fig. 5a-f show that when the laser wavelength
is 1060 nm, with the increase in laser energy (0.6 mW-
1.6 mW), the laser-actuated area gradually breaks from the
original atomic nanoribbon and forms a sawtooth structure at
the edge. As shown in Fig. 5g-1, when the laser wavelength was
tuned to 513 nm, the LIPSS effect was still present but not
obvious. MoS, does not appear to have similar LIPSS struc-
tures under the same laser conditions.

In order to investigate whether WS, can generate atomic
nanoribbons in stacked materials, a WS,-MoS, heterojunction
was built by the wet transfer technique. The specific steps are
shown in Fig. S4. The stacked material and the single-layer
MoS, region were processed using a femtosecond laser with a
laser power of 0.8 mW. The results are shown in Fig. 6a.
Atomic nanoribbons can be clearly seen for areas with WS,.
From DFT analysis in Fig. 6b-d, the bandgap of the stacked
material is smaller than that of the monolayer WS,. In order to
investigate the material residuals of the stacked materials after
nanosecond and femtosecond laser processing, Raman spec-
troscopy measurements were carried out on the regions after
processing. Only WS, was found remaining in the stacked
material after femtosecond laser processing. In contrast, after
nanosecond laser processing, both MoS, and WS, were
detected in the processed region, and irregular defects were
generated near the processed region. This result shows the
differences between the patterning of MoS, and WS,.

Conclusion

Herein, we investigated the pattern formation mechanism in
2D-WS, using a pulsed laser with different laser parameters.
The results show that as the laser pulse width increases, the
heat transfer time increases and deformation, thermal cracks
and other complex morphologies appear at the boundary of
the laser removal region. Atomic LIPSS nanoribbons were first
observed in the ultrafast laser irradiation of single-layer WS,.
The experimental results were analyzed along with MD simu-
lations. The structure of the atomic nanoribbons generated by
the LIPSS effect is affected by the number of WS, layers, and
FDTD calculations show that the atomic nanoribbons gener-
ated with different layers have different light absorption per-
formances, providing a new idea for the laser patterning of 2D
materials. The results of this paper are useful for understand-
ing the complex phenomenon of intense light-matter inter-
actions in WS, and promoting the application of WS, devices.
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