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Common patterning methods, such as lithography and laser ablation, have detrimental effects on elec-
tronic device components because of lithographic-resist residues and laser-induced heat. These effects
are particularly significant in two-dimensional layered materials owing to their ultimate thinness. In this
study, a lithography-free patterning method was developed using a laser power lower than that required
for laser ablation. This method is based on laser photooxidation and the subsequent etching of the
formed oxide. Laser irradiation of exfoliated flakes of GeS,—a layered semiconductor—and subsequent
immersion in water form etched holes with diameters close to the diffraction limit of the irradiated light.
The required laser power was 200 times lower than that required for laser ablation, which could signifi-
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cantly mitigate the heat-induced damage. Furthermore, the use of water as an etchant demonstrated the
environmentally friendly nature of this method. The proposed method is applicable to materials whose
photooxides are soluble in water, and the patterning accuracy can be improved using short-wavelength
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1. Introduction

Two-dimensional (2D) materials obtained by the exfoliation of
layered materials such as graphite and transition-metal dichal-
cogenides have attracted considerable attention owing to their
unique structural and electronic properties." They exhibit
atomically thin bodies with atomically smooth surfaces
because of their 2D crystal structure, which makes them prom-
ising for certain electronic device applications such as
sensors,” tunnel transistors,” and secondary batteries.® The
fabrication of complicated and miniaturized device structures
requires microfabrication of device components, for example,
to prevent crosstalk from neighboring devices.”

Lithographic techniques such as photo- and electron-beam
(EB) lithography are widely used for the microfabrication of 2D
materials.* " These techniques facilitate the processing of
arbitrary shapes through high-spatial-resolution patterning.
However, lithographic techniques generally require large-scale
apparatus and multistep processes, leading to a high cost and
low throughput. In addition, these techniques require polymer
resists such as poly(methyl methacrylate) and poly(phthalalde-
hyde). Resist residues on device components are known to
degrade the physical, electrical, and optical properties of 2D
materials"> and hinder the atomic-resolution observations of
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light and a highly stable mechanical stage.

2D crystal lattices.>'* These adverse effects caused by surface

adsorbates are significant for 2D materials because of their
ultrahigh surface-to-volume ratios.

Some techniques do not rely on lithographic processes and
are free from the problems caused by resist residues. Such
resist-free techniques include direct patterning of active device
components using EB-induced cross-linking,'> microprinting
using molds,'® and laser ablation.”>* EB-induced cross-linking
can form a desired pattern on the micro- to nanometer scale
but is only applicable to limited material classes, such as
metal-organic frameworks. Microprinting requires prefabrica-
tion of molds using lithographic techniques. In contrast, laser
ablation is a material-independent process that facilitates the
direct drawing of arbitrary patterns, where the irradiation of
intense laser light induces the evaporative removal of atoms/
molecules owing to the temperature rise at the irradiated
spot.'®?° However, this technique requires a high laser power,
which causes severe heat-induced damage.*® Such heat pro-
blems are significant for 2D materials that possess ultra-small
heat capacities owing to their atomically thin bodies.

In this paper, a resist-free patterning method with a low
laser power is discussed, which can mitigate problems that are
especially significant for 2D materials. Specifically, the pro-
posed method exploits local photooxidation via direct laser
irradiation and etching of the oxide formed using a solvent.
The laser power required for photooxidation is generally lower
than that required for ablation, allowing resist-free and low-
power laser patterning. In this study, water was selected as the
solvent (etchant) to demonstrate the environmentally friendly
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nature of the method. Among various materials whose oxides
are water soluble,***° germanium disulfide (GeS,) with a
layered crystal structure was used as the target material. GeS,
is a wide-bandgap semiconductor (~3.6 eV)*>*! with predicted
high hole mobility®> and has been reported to be promising
for ultraviolet light sensing,*®*! sodium-ion batteries,** and
phase-change memory.>* Photooxidative patterning of GeS,
can be performed with a size close to the diffraction limit of
the irradiated light. The laser power required for the proposed
method was approximately 200 times lower than that required
for laser ablation. The resist-free, low-power laser patterning
method demonstrated here is applicable to any material
whose oxides are solvent soluble and is especially effective for
patterning nanomaterials that possess ultrahigh surface-to-
volume ratios and small heat capacities.

2. Experiments

Highly doped Si wafers with a 285 nm thick thermal oxide
layer were used as substrates after being cut into chips. The
substrate surface was cleaned using acetone and 2-propanol in
an ultrasonic bath followed by oxygen plasma cleaning (18 W,
10 min; PDC-32G, Harrick Plasma). GeS, flakes were mechani-
cally exfoliated from the source crystal synthesized via the
Bridgman method®’ using adhesive tape and then transferred
to the substrate. The substrate was then immersed in acetone
for 1 min to remove contaminants such as residues from the
adhesive tape. A typical Raman scattering spectrum of the
flakes is shown in Fig. 1(a). The spectra were acquired using a
Raman microscope (Raman-DM, Nanophoton) with an exci-
tation wavelength of 532 nm, a laser power of 1 mW, a
100x objective lens, and an accumulation time of 90 s. A
strong peak at 360 cm™" and weak peaks at 335 and approxi-
mately 435 cm™" were detected, which were similar to those
previously reported in the literature.*

The GeS, flakes on the substrate were irradiated with laser
light at wavelengths of 532 and 785 nm with laser power
ranging from 0.1 to 1 mW. Irradiation was performed using
the same Raman microscope with a 100x objective lens. The
maximum irradiation time was set as 600 s, above which the
drift of the microscope stage was significant. The irradiated
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Fig. 1 (a) Raman scattering spectrum of a GeS, flake. (b) Schematic of

the experimental procedure.
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samples were then immersed in ultrapure water for 1 min to
24 h to etch the oxides formed at the irradiated points. Surface
morphologies were observed using the dynamic force mode of
an atomic force microscope (AFM; AFM5200S, Hitachi High-
Tech) to confirm that the irradiated spots were successfully
etched. All experiments were performed at room temperature
(25 °C) in ambient air. This procedure is schematically illus-
trated in Fig. 1(b).

3. Results and discussion

Fig. 2(a—c) show consecutive AFM images of a GeS, flake
acquired before and after laser irradiation and water immer-
sion, respectively. The two locations indicated in Fig. 2(a) were
irradiated with 532 nm laser light with a laser power of
0.96 mW for 80 and 100 s. The substrate was then immersed
in water for a certain period and AFM images were acquired
again. This process was repeated several times until the total
immersion time reached approximately 24 h. As shown in
Fig. 2(b), shallow holes formed at the irradiated spots after the
first immersion period of 1 min. The depths of the holes
further increased with prolonged immersion, as shown in
Fig. 2(c). The evolution of the hole depth and flake thickness
was plotted against the total immersion time, as shown in
Fig. 2(d). The hole depth increased within the first hour but
became slightly shallower with further immersion. The flake
thickness decreased simultaneously, indicating that the
reduction in hole depth was due to a reduction in flake thick-
ness. This slight thinning of the flake could be attributed to
the removal of the native oxide layer formed on the surface of
GeS,.>® These observations led to the conclusion that a
sufficient immersion time to accomplish etching was approxi-
mately 1 h, which can be further reduced under acidic con-
ditions (see Fig. S1 in the SI). To ensure the complete removal
of the formed oxides, an immersion period longer than 20 h
was employed in the following experiments, as flake thinning
due to the etching of the native oxide layer was limited.

Fig. 3 shows the dependence of the hole depth on the laser
power and irradiation time. As shown in Fig. 2, the maximum
hole depth was approximately 15 nm, which is smaller than
the flake thickness, indicating that the holes did not reach the
substrate surface. This could be interpreted as a flake thick-
ness of 32.0 nm, which was too large for the complete photoox-
idation of the entire thickness. GeS, flakes thinner than 15 nm
were used to obtain the following results. The thickness of the
irradiated spots on the flake, as shown in Fig. 3, was 9.5 or
10.7 nm. Laser irradiation at various powers and periods was
conducted along the direction indicated by the arrows in
Fig. 3(a). Similar holes are observed after 24 h of immersion in
water (Fig. 3(b)). The depth of each hole as determined by
AFM is shown in Fig. 3(c). Complete holes reaching the sub-
strate surface were formed by laser irradiation longer than 40
and 70 s at 0.96 and 0.74 mW, respectively. At lower laser
powers, a positive correlation between the irradiation time and
the hole depth was discernible. Therefore, deeper holes are

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Dependence on water immersion time, investigated using consecutive AFM images of a GeS, flake (a) before 532 nm irradiation, (b) after
immersion in water for 1 min, and (c) after immersion in water for approximately 24 h in total. The crosses in (a) indicate the spots irradiated for 80 s
and 100 s. The bottom panels show the line profiles along the dashed white lines in the images. The background slopes of the raw data were sub-
tracted by using a linear function. (d) Dependence of the flake thickness and hole depth on immersion time.
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Fig. 3 Dependence of hole depth on irradiation time. AFM images of a
GeS, flake (a) before 532 nm irradiation and (b) after water immersion.
The color and direction of the arrows in (a) represent the laser power
used for irradiation and increasing irradiation time, respectively. The
insets in (b) show the line profiles at the flake edges. (c) Determined
hole depth. The data points above the dashed line were determined to
be complete holes that reached the substrate surface. (d) Diameter of
complete holes formed by 0.96 mW irradiation. The inset shows a
magnified image of the area indicated by the black rectangle in (b). The
holes on the left and right sides correspond to 40 and 50 s of irradiation,
respectively. The line profile of the left hole is presented in the inset.

expected to be formed by prolonged irradiation, even at lower
powers. Fig. 3(d) shows the diameters of the complete holes
formed by irradiation at 0.96 mW. The hole diameter increased
with the irradiation time, which was ascribed to the fluctu-
ation of the irradiated spot owing to the drift of the sample
stage. The smallest diameter was 0.50 um with a standard devi-

This journal is © The Royal Society of Chemistry 2025

ation of 0.03 pm (see Fig. S2 in the SI), indicating a patterning
accuracy close to the diffraction limit of the irradiated light.
Because the data plots in Fig. 3(c) show a positive corre-
lation between the irradiation time and the hole depth, com-
plete holes are expected to be formed by prolonged irradiation,
even at lower laser powers. As shown in Fig. 4(a), irradiation
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Fig. 4 Effect of prolonged irradiation on hole morphology. (a) Hole
depth, normalized to the flake thickness, determined from the AFM
images of GeS; flakes after water immersion following 532 nm irradiation.
The data above the dashed line indicate complete holes reaching the
substrate. (b) Representative AFM image of a GeS, flake after water
immersion and 532 nm irradiation at 0.15 mW. The arrows indicate
increasing irradiation time. The line profile at the flake edge is shown.
AFM images for other laser powers are provided in Fig. S3 of the SI.
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for longer periods resulted in the formation of complete holes
with insufficient laser power, as shown in Fig. 3 (see the data
for 0.48 and 0.26 mW). Prolonged irradiation for more than
400 s resulted in the formation of a complete hole even at
0.18 mW. However, as shown in Fig. 4(b), the holes formed by
prolonged irradiation exhibited an elongated shape, and their
lateral dimension reached up to 1.31 pm under irradiation at
0.15 mW. This value exceeds those of holes produced by
higher-power irradiation, as shown in Fig. 3, which is attribu-
table to the stage drift. Even when the irradiation time was
increased to 600 s, no holes were formed upon irradiation at
0.15 mW. Because the stage drift was significant, irradiation
for longer periods was not performed. The shallowest hole
formed by irradiation at 0.15 mW exhibited a depth of approxi-
mately 1 nm (see Fig. S4 in the SI), demonstrating that the pro-
posed method is capable of generating holes with depths
reaching the monolayer level. In addition, irradiation at
0.10 mW resulted in no hole formation (see Fig. S3 in the SI).
From the dataset shown in Fig. 4(a), the threshold laser
powers for photooxidation and complete hole formation under
the present conditions were found to be 0.15 and 0.18 mW,
respectively.

To investigate the dependence on the irradiation wave-
length, laser irradiation at 785 nm was examined, as shown in
Fig. 5. Irradiation was conducted at various laser powers (1.00,
0.73, 0.50, and 0.24 mW) for periods ranging from 10 s to 90 s.
Careful examination of the AFM images acquired after water
immersion for 24 h (Fig. 5(b)) revealed that no holes were dis-
cernible at any of the irradiated spots, regardless of the laser
power or irradiation time. The absence of holes after water
immersion, despite the flake thickness, laser power, and
irradiation time being similar to those used for 532 nm
irradiation (Fig. 3), indicated that photooxidation was not
induced by 785 nm irradiation.

Generally, the spot diameter is proportional to the wave-
length. Consequently, the laser power density (irradiance) was
lower for 785 nm irradiation. Specifically, the irradiance at
785 nm was (532/785)* = 0.46 times that at 532 nm. While
785 nm irradiation at 1.00 mW for 90 s did not induce hole
formation (Fig. 5), 532 nm irradiation at nearly the same irra-
diance (0.49 mW) for 90 s produced an 8 nm-deep hole, as
shown in Fig. 3(c). Therefore, the wavelength dependence
cannot be attributed to differences in spot size.

EE—

Fig. 5 Inability to induce photooxidation by 785 nm irradiation. AFM
images of a GeS, flake acquired (a) before 785 nm irradiation and (b)
after water immersion. The color and direction of the arrows in (a) rep-
resent the laser power used for irradiation and increasing irradiation time,
respectively. The inset in (b) shows the line profile at the flake edges.
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Photooxidation of GeS, requires photoexcitation above the
bandgap (E, = 3.6 eV),’>*" where Ge-S bonds are cleaved by
the above-bandgap excitation and Ge-O bonds are formed
instead in the presence of oxygen.*®*” This requirement has
been demonstrated for monolayer WS,, where oxidation pro-
ceeds only under above-bandgap illumination.*® Furthermore,
the presence of environmental water significantly enhances
the photooxidation of monolayer WS,.** These findings
suggest that both photogenerated electrons and holes contrib-
ute to the photooxidation process: electrons reduce adsorbed
0O, molecules to form superoxide anions, while holes oxidize
water to generate hydroxyl radicals.”® These reactive oxygen
species, including superoxide and hydroxyl radicals, sub-
sequently oxidize the semiconductor surface. Among the oxi-
dation products, SO, species are likely to desorb into the air,
whereas GeO, remains within the film and can be removed by
immersion in water. In this study, humidity during laser
irradiation was not controlled; therefore, the relative contri-
bution of water photolysis on semiconductor surfaces*'™**
remains to be clarified.

Considering the energies of light with wavelengths of 532
and 785 nm, which are 2.33 and 1.58 eV, respectively, exci-
tation with both of these wavelengths does not exceed the E, of
GeS,. If two-photon absorption®® is considered, 532 and
785 nm irradiation can possess energies of 4.66 and 3.16 eV,
respectively. As shown schematically in Fig. 6(a), only the two-
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Fig. 6 Photooxidation mechanism via two-photon absorption. (a)
Overview of one- and two-photon absorption processes. Only two-
photon absorption at 532 nm causes excitation above the bandgap of
GeS,. (b) Dependence of the oxidation rate on laser power. The dashed
line shows the power-law fit.
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photon absorption at 532 nm surpassed E,. These observations
suggest that laser photooxidation of GeS, under the present
conditions is a two-photon process. To further examine this,
we analyzed the laser power dependence data presented in
Fig. 3 and 4. First, the photooxidation rate at each laser power
was determined by linear fitting of the hole depth as a func-
tion of irradiation time (see Fig. S5 in the SI). Next, the calcu-
lated rates were plotted against laser power, and the data were
fitted to a power function, as shown in Fig. 6(b). The exponent
of this function indicates the number of photons involved in
the reaction.”®*” In the present case, the exponent was found
to be 1.45, suggesting that more than one photon participates
in the process. An exponent less than 2 implies the presence of
decay pathways for photoexcited carriers. The photo-
luminescence spectrum of GeS, exhibits a small peak at
1000 nm (see Fig. S6 in the SI), which likely corresponds to
defect-related states and promotes rapid recombination of
photoexcited carriers before photooxidation occurs.
Additionally, the requirement for oxygen diffusion from the
top surface may also contribute to the reduction of the expo-
nent from 2.

Finally, the power required for laser ablation was investi-
gated for comparison with the photooxidation-based method.
Laser irradiation was performed at a wavelength of 532 nm
and various laser powers for different periods. Unlike the
photooxidation experiments shown in Fig. 2-5, AFM images
were acquired after irradiation without water immersion
(Fig. 7(a)). Unlike the photooxidation-based method, there was
no positive correlation between the hole depth and the
irradiation time (see Fig. S7 in the SI). Deep holes were prefer-
entially formed under short-period irradiation with a high
laser power. To investigate the difference between long- and
short-period irradiation, laser irradiation with various laser
powers at fixed periods of 100 s and 10 s was conducted, as
shown in Fig. 7(b) and (c), respectively. In the case of long-
period irradiation, the relative hole depths were less than 1
within the investigated range of laser power, indicating that
complete holes were not formed. Instead, irradiation at a high
power (2 30 mW) tended to form large bumps, as shown in
the inset of Fig. 7(b). Bump formation can be attributed to
repeated melting and agglomeration owing to the heat gener-
ated by the high laser power. In contrast, short-period
irradiation can form complete holes at laser powers higher
than 40 mW. As shown in the inset of Fig. 7(c), the area
affected by the laser irradiation was three times larger than the
minimum diameter obtained using the photooxidation-based
method, which was ascribed to the heat-induced formation of
bumps around the holes. As elucidated in the long history of
ablation research,*® a short irradiation time was effective for
laser ablation in this case. The threshold laser power for com-
plete hole formation by ablation was determined to be approxi-
mately 40 mW for crystalline GeS, flakes, which is 200 times
higher than that of the photooxidation-based method.

In a previous study on pulsed-laser ablation of amorphous
GeS,,*° the threshold laser fluence for the formation of craters
with depths in the same range as the flake thicknesses used in

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Dependence of laser power and irradiation time on laser ablation
in GeS, flakes under 532 nm irradiation. (a) Schematic of the experi-
mental procedure. (b and c) AFM images obtained after fixed irradiation
times (left) and the corresponding hole depth as a function of laser
power (right), normalized to the flake thickness. The negative depth
values indicate bump formation. Irradiation times: (b) 100 s and (c) 10 s.
The insets show the line profiles at the flake edges and the magnified
images of selected regions.

the present study was found to be approximately 0.05 J cm™,
where holes with a 25 pm diameter were formed by 15 light
pulses of 5 ns duration at 213 nm. The threshold laser power
could be calculated as 0.05 J cm™> x x(12.5 pm)* + (15 x 5 ns) =
3.3 W, which was one order of magnitude lower than the
threshold power obtained above. This difference in threshold
laser power was reasonable considering the crystalline nature
of the flakes used in this study.

The primary objective of this study is to develop a novel pat-
terning method specifically tailored for 2D materials. Due to
the ultrathin nature of 2D materials, it is essential to mitigate
the effects of surface adsorbates and process-induced heat.
The proposed method achieves high patterning precision
while effectively suppressing these two detrimental effects (see
Table S1 in the SI). Several perovskite-type oxides, such as
Sr3Al,06,%° AVO; (A = Sr and Ca),”' and AMoO; (A = Ca, Sr, and
Ba),”* are known to be water soluble and have been employed
as sacrificial layers for the fabrication of free-standing oxide
membranes. In addition, metal oxides with high oxidation
states, such as Mo0;,> Cr0;,>* and V,0s,> are generally
known to be water soluble. Under weakly acidic or basic con-
ditions, various oxides, such as Zn0,’®*” Cu0,’® and PbO,,”’
can also exhibit appreciable water solubility. Therefore, chemi-

Nanoscale, 2025,17, 25877-25883 | 25881
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cal compounds containing these metals are considered poss-
ible candidates for the technique discussed in this study.

4. Conclusions

A lithography-free patterning method that can be achieved
with a laser power lower than the ablation power was demon-
strated based on the laser photooxidation of layered GeS, crys-
tals and subsequent etching of oxides by water immersion.
This is an environmentally friendly process because water is
used as the etchant. The laser power required for the photooxi-
dation of GeS, was 200 times lower than that required for laser
ablation, which was expected to significantly mitigate the heat-
induced damage caused during laser irradiation. In addition,
the minimum diameter of the etched holes formed by the pro-
posed method was found to be close to the diffraction limit of
the irradiated light (0.50 pm with 532 nm irradiation).
Furthermore, the minimum diameter was one-third of the area
affected by hole formation due to laser ablation. Because the
diameters of the holes were limited by the laser spot size and
the drift of the sample stage, the patterning accuracy of the
proposed method could be further improved using light with
shorter wavelengths and sample stages with higher stability.
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