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Abstract

Precise modulation of the thickness of two-dimensional (2D) semiconductor
transition metal disulfide (TMD) by laser thinning techniques to affect the electronic
properties of TMD materials has been recognized as a promising approach. However,
how to achieve sub-diffractive patterning during layer-by-layer modulation is crucial
for junction fabrication and device engineering. Here we discover atomic nanoribbon
generation in single-layer tungsten disulfide (WS2), namely atomic laser-induced
periodic structure (atomic-LIPSS) effect by tuning the laser pulse width, energy and
other processing parameters. We explore the structure evolutions of WS2 during laser
processing, for monolayer and multilayer films, and compare with another more
commonly encountered 2D material-MoS2. It is verified experimentally and by
molecular dynamics simulations (MD) that such atomic nanoribbons can only be
formed under the action of short-pulse (<ns) lasers.

Keywords: WS,; Pulsed laser; Atomic-LIPSS; Atomic nanoribbons
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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 a large number of interesting
physical properties, ranging from optical nonlinearity’? and magnetism?® to
superconductivity*. These physical properties 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
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materials by generating new shared exciton states® and charge separationP@i0 the/D5NRO3677A

femtosecond scale’. WS,, as an important member of the TMDs family, has a bandgap
that varies with the increase of the thickness from the direct bandgap of a single layer
of 2.05 eV to the indirect bandgap of multiple layers®. WS2 also has several interesting
properties such as excellent on-off ratio (4x10°), strong spin-orbit coupling®, high
valley polarization!®, and other properties'!~!3. The excellent optical and electrical
properties of monolayer WS, are important for the development of electronic devices.

Currently, chemical vapor deposition (CVD) has been shown to grow high-quality
continuous monolayers of WS, of hundreds of micrometers in size, and is the most
promising method for large-scale applications'4. Patterning of these materials remains
challenging, due to the atomic thickness'>. Current patterning techniques include
electron-beam patterning'®, chemical patterning!’, optical patterning!®2% imprint
lithography?! and inkjet printing?>23. While LIPSS structures?#2¢ 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 in 2D-WS, thin films through 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 formation 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,WOQO,) solution was firstly used as a wolfram source for spin-
coating on the sapphire substrate, whereas the S vapors were transported to the substrate

via a mixed carrier gas of Ar/H, to react with the wolfram source. Fig. Sla shows a
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monolayer of WS, prepared by CVD, in which all bright yellow areas are W Sicexeeqse/05NR03677A
the dark yellow sapphire substrate, which was transferred onto a Si substrate by a wet
transfer technique in order to easily differentiate the substrate from the WS,. The
transfer steps are detailed in the Supplementary Information. 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,. the observation instrument was an optical microscope, and the objective lenses
used were 50 X and 100 X. Fig. S4e is the thickness of WS, measured by AFM, which
is about 0.82 nm, and is consistent with the literature?’. Figs. Slc and S1d show the
Raman and PL spectrum of WS, in this area, and the results demonstrate that WS, is
monolayer?®. The objective lens used to measure the Raman and PL spectrum was 100
X. 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 for the manufacturing 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 monolayer WS, were simulated using the MD software

Lammps. The energy band structure of WS, was calculated by DFT. Detailed

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

descriptions of the MD and DFT methods are given in the Supplementary Information.

The electric field distribution and light absorption of different atomic nanobelt
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Results and Discussion

During the machining of monolayer WS, using pulsed laser subtractive machining,
different pulse widths and energies 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 boundaries on

both sides of the machining area. This is the first time that the LIPSS effect has been
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found on the atomic scale. DOI: 10.1039/D5NR03677A

Figs. 1b and d show the SEM images of single-layer WS, processed with a 350 ns
pulsed laser, and Figs. 1c and e show the SEM images of single-layer WS, processed
with a 190 fs pulsed laser. Among them, the laser energy of Figs. 1b and 1c is 0.6 mW,
and that of Figs. 1d and le is 1| mW. Under the irradiation of the femtosecond laser
energy of 0.6 mW, the processed region of WS, produces atomic nanoribbons in the
LIPSS effect, and the processed boundaries are neater. The nanosecond laser at the
same laser energy produces a fraction of removed debris residue in the processed area.

Raman and PL spectrum were measured in the machining area and near the
boundaries of the two pulsed lasers mentioned above, and the results are shown in Figs.
11-1, respectively. The five measured curves correspond to the five points in Figs. 1b
and lc. It can be clearly seen that after nanosecond laser machining, the peak Raman
spectrum in the machined area floats drastically, and the PL spectrum undergoes an
obvious blue shift. This indicates that after nanosecond laser machining, the WS, in the
machined area has large defects and has been strained by the laser thermal effect®.
After femtosecond laser machining, the peak of the Raman spectrum in the machined
area does not float significantly, and the PL spectrum is not shifted. This suggests that
there is still some residue of WS, in the machined area after femtosecond laser
machining, showing the LIPSS nanoribbons. Straining effect of WS, under the action

of the femtosecond laser is not obvious.
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Fig.1 Pulsed laser subtractive manufacturing process of CVD-grown monolayer WS, and
results of femtosecond and nanosecond laser machining. (a) Schematic diagram of monolayer
WS, machined by different pulsed laser subtractive machining. SEM images of monolayer WS, for
subtractive machining with (b) 350 ns and (c) 190 fs pulsed lasers. SEM images of monolayer WS,
subtractive machining with (d) nanosecond laser and (e) femtosecond laser at excessive energies.
(®), (g) Raman spectra and (h), (i) PL spectra for the laser subtracted machining of monolayer WS,
with 350 ns (left) and 190 fs (right) pulsed lasers.
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(cc)

during laser machining of WS, with different pulse widths. Fig. 2a shows a cloud view
of the temperature distribution of the whole monolayer WS, when the machining area
is heated up to a certain temperature by lasers of different pulse widths. It can be 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 conditions for the formation of atomic nanoribbons in LIPSS. Fig. 2b
shows the spatial distribution of the temperature field in monolayer WS, for three pulse
width conditions.

Fig. 2c shows a cloud plot of the height distribution of thermally deformed WS,

for different pulse widths. As the pulse width increases, the wrinkles appear in WS, and
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widen and strengthen with the increase of pulse width. As shown in Fig. 2d and-e9 fog/psnro3677A

the wrinkle-free monolayer WS, the calculated initial bandgap widths are in agreement
with other reports3®. When wrinkles are introduced, it is found that the bandgap of WS,
decreases with the increase of wrinkle height. This will enhance the interaction between

the laser and the WS, layer, which will create more defects near the machining area and

inhibit the formation of atomic nanoribbons.
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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
monolayer WS, during laser processing with different pulse widths. (b) Spatial distribution of
temperature field under different pulse width conditions. (¢) Cloud map of wrinkle altitude
distribution of monolayer WS, generated by laser subtractive machining with different pulse widths.
(d) Schematic structure of monolayer WS, with different wrinkle heights. (e) Energy band structure
of monolayer WS, with different wrinkle heights

The effect of laser processing of monolayer WS, at different pulse widths and
energies was simulated using MD and compared with the previously calculated results

for MoS,. As MoS2 is widely used as an atomic crystal in literature, and it has similar
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with WS2. 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. In Fig. 3b,

with the increase of the total energy, the atoms removed by the laser increased (Fig.

S2). Fig. 3c and d show the material removal 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 of 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 of 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 removal of WS, and MoS; increases. And it is more difficult

to remove the atoms from WS, than MoS2. This may due to the fact that the thermal

conductivity of MoS, is lower than that of WS,.
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Fig.3 Comparison of MD simulation results for laser machining of monolayers MoS, and WS,

with different pulse widths and energies. (a) Comparison of the results of monolayer MoS, and

WS, laser machining with different pulse widths simulated by MD. (b) Comparison of the results

View Article Online

structure as WS2, this paper presents the simulation results of MoS2 for corapatisoir/D5NRO3677A
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of monolayer MoS, and WS, machining by the 500 fs pulsed laser with different powers sigula d
by MD. (¢) 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 WS2. Solid lines for MoS2.

In order to investigate the effect of the number of layers on the LIPSS effect, the
few-layer WS, was subtractive machined using femtosecond laser, and the results are
shown in Fig. 4. It can be seen that the different number of layers leads to different
atomic nanoribbons produced by LIPSS. When WS, is single-layer, the atomic
nanoribbons are mainly dominated by symmetric two triangles with adjacent top
corners of the triangles. In contrast, the atomic nanoribbons produced by few-layer WS,
under the action of femtosecond laser are dominated by symmetric two trapezoids, and
the width of the atomic nanoribbons is much larger than that of the single-layer WS,.
We provide SEM images of the single-layered, and the multilayered coexisting WS,
films with femtosecond laser scanning in Fig. S3. The differences are attributed to heat
transfer and light absorption effects, as shown in Fig. 4(d-f).

a Single-layer

Few-layer

—Single-layer WS,

——TLaser Action Single-layer WS,
——Tew-layer WS,

== Laser Action Few-layer WS,

Absorption (a.u.)

300 400 500 600 700 800
Wavelength (nm)

Fig.4 LIPSS structure formed with different number of layers of WS,. (a) SEM images of the
LIPSS structure of (a) single-layer WS, and (b) few-layer WS,. (¢) Schematic diagram of the LIPSS
structural model of single-layer and few-layer WS,. Electric field distribution of LIPSS structures
with (d) single layer WS, and (e) few layers WS,. (f) Effect of single-layer WS, and few-layer WS,
LIPSS structures on light absorption.
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In addition, by changing the energy and wavelength of the femtosecondolaser,0it/D5NR03677A
can be found that this atomic-level LIPSS will change. From the SEM results in Figs.
Sa-f, it can be clearly seen that when the laser wavelength is 1060 nm, with the increase
of 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 part. As shown
in Fig. 5g-1, the laser wavelength was tuned to 513 nm, the LIPSS effect still exists but
is not obvious. MoS2 does not appear to have similar LIPSS structures under same laser

conditions.

& 0.6 mW@1060'nm ld 0.8 mW@1060 o S 10 mW@1060nm Y 1.2 mW@1060 nm

8 3.0 mW @513 nm_,,

W,

1 pm

—
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Fig.5 Periodic structures produced by subtractive fabrication of atomic layers of WS, using
lasers of different wavelengths and energies. (a) - (f) The laser wavelength is 1060 nm. (g) - (1)

Open Access Article. Published on 19 February 2026. Downloaded on 2/25/2026 4:47:49 AM.

The laser wavelength is 513 nm.
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In order to investigate whether WS, can generate atomic nanoribbons in stacked
materials, a WS,-MoS, heterojunction was built by wet transfer technique. The specific
steps are shown in Fig. S4. The stacked material and the single-layer MoS, region were
processed using femtosecond laser with laser power of 0.8 mW. The results are shown
in Fig. 6a. Atomic nanoribbons can be clearly seen for areas with WS2. From DFT
analysis in Fig. 6b-d, the bandgap of the stacked material is smaller than that of
monolayer WS,. In order to investigate the material residuals of the stacked materials
after nanosecond and femtosecond laser processing, Raman spectroscopy
measurements were carried out on the regions after processing. Only WS, is found

remaining in the stacked material after femtosecond laser processing. In contrast, after
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nanosecond laser processing, both MoS, and WS, were detected in the processedregioir)DsNR03677A

and irregular defects were generated near the processed region. This result shows the

differences between patterning of MoS, and WS2.
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Fig.6 Results of laser processing of WS,-MoS, heterojunction. (a) SEM image of the
femtosecond laser processed WS;-MoS, heterojunction. Energy band structures of (b) monolayer
WS,, (¢) monolayer MoS, and (d) WS,-MoS; heterojunction calculated from DFT. SEM images of
WS,-MoS; heterojunction machined with 350 ns (e) and 190 fs (f) laser. Raman spectrum of WS;-
MoS; heterojunction machined by nanosecond (g) and femtosecond (h) laser.

Conclusion

In this work, we investigated the pattern formation mechanism in 2D-WS, by
pulsed laser with different laser parameters. The results show that when 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 are first observed in ultrafast laser irradiating single layer
of WS2. MD Simulations verified the above experimental results. The structure of
atomic nanoribbons generated in LIPSS effect is affected by the number of WS, layers,
and FDTD calculations show that the atomic nanoribbons generated with different
layers have different light absorption performances, which provides a new idea for laser
patterning of 2D materials. The results of this paper are useful for understanding the
complex phenomenon of intense light-matter interactions in WS, and promoting the

application of WS, devices.
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