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Universal Patterning for 2D Van der Waals Materials 
via Direct Optical Lithography
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Advanced patterning techniques are essential to pursue applications of 2D 
van der Waals (vdW) materials in electrical and optical devices. Here, the 
direct optical lithography (DOL) of vdW materials by single-pulse irradiation 
of high-power light through a photomask is reported. The DOL exhibits large-
scale patterning with a sub-micrometer resolution and clean surface, which 
can be applied to various combinations of vdW materials and substrates. In 
addition, the thermal profile during DOL is investigated using the finite ele-
ment method, and the ideal conditions of DOL according to the materials and 
substrates are determined.
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conventional photolithography (CP) opti-
mized for traditional semiconductors is 
still used for the patterning of vdW mate-
rials,[4,5] which significantly affects the per-
formance of ultrathin vdW materials due 
to the polymer residue and reactive chem-
ical solvent.[6–9] Therefore, a customized 
patterning technique for 2D vdW mate-
rials that utilize the characteristics of 2D 
vdW materials is in high demand. In this 
regard, various patterning techniques of 
2D vdW materials have been considered 
so far. The reported patterning techniques, 
however, suffer from critical drawbacks. 

For instance, selective-growth techniques exhibit low resolution 
or low scalability for various types of materials, since surface 
treatments for growth are vulnerable to lithographic processes 
or growth conditions are limited by the treatment.[10,11] Focused-
laser writing techniques exhibit substrate dependency or low res-
olution due to the low energy or large beam size of the laser.[12,13] 
Nano-mechanical patterning methods show low throughput and 
local scale due to their bottom-up nature.[14,15] The patterning 
method customized for vdW materials with large-scale, high-
throughput, and high-resolution has yet to be reported.

In this paper, we report on high-resolution and high-throughput 
photoresist-free direct optical lithography (DOL) via highly intense 
large-area photo illumination with a short pulse. An excimer laser 
was used as the light source to supply highly intense energy for 
this work. We also show that DOL is universally applicable to var-
ious types of materials and substrates. Via DOL, vdW materials 
such as monolayer (ML) MoS2, bilayer (BL) MoS2, graphene, ML 
WSe2, and 2D metal-organic framework (MOF) can be directly 
patterned on different types of substrates, including flexible poly-
mers and bio-compatible chitosan. The morphology and optical 
property changes of 2D materials were compared after the CP and 
DOL patterning processes. We also carried out the finite element 
method (FEM) simulation to investigate the thermal decomposi-
tion mechanism during the DOL process. The simulation also 
revealed that a highly intense photo source with a short pulse was 
critical for high-resolution patterning and prevention of the nega-
tive effect on patterned vdW materials.

2. Results and Discussion

Figure 1 exhibits the multi-scale DOL of 2D vdW material 
that does not require photoresist and solvents. The process 
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1. Introduction

Patterning is a crucial process that determines the electrical and 
optical performances of devices. Recently, 2D van der Waals 
(vdW) materials have emerged, and the development of their 
patterning process is important.[1–3] However, photoresist-based 
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schematics are illustrated in Figure  1a. The as-prepared vdW 
materials (characterization details in Section S1, Supporting 
Information) were covered using a photo mask and illuminated 
by a highly intense photo source. The photo source penetrated 
the photo mask and directly etched the vdW materials following 
patterns of the photo mask. After illumination, the photo mask 
was removed, and the resultant samples were investigated (for a 
detailed description of the process, refer to Section 4).

Figure 1b–d shows a representative multi-scale pattern (cen-
timeter to nanometer) using monolayer MoS2. The large-area 
arrangement of ML MoS2 patterns with radii of 100, 50, 10, and 
5 µm were fabricated on a quartz substrate as presented in the 
centimeter-scale image (Figure 1b). The illumination beam size 
was 625 µm2 × 625 µm2 in this work, so patterning for the cen-
timeter scale was performed via beam scanning by moving a 
stage. However, the beam size can be enlarged to any extent 
by optical lenses. The micrometer scale images in Figure  1c 
show that the symbol of our institute, Korea Advanced Insti-
tute of Science and Technology (KAIST), and circular patterns 
of ML MoS2 with a radius of 5 µm were successfully defined, 
following patterns of the photo mask (see optical microscope 
(OM) images of the mask in Figure S4, Supporting Informa-
tion). A wide-field PL image, an inset of the right image in 
Figure 1c, exhibits PL signals with a circular shape that is iden-
tical to the patterned ML MoS2 in Figure  1c. This indicates 
that ML MoS2 was patterned without residual MoS2, as the 
monolayer MoS2 exhibits strong PL close to 670  nm at room 
temperature.[16] Figure 1d shows scanning electron microscopy 

(SEM) images of the mask and nano-scale patterned ML MoS2 
on a Si substrate. The submicron-scale patterning experiment 
was carried out with ML MoS2 transferred on a Si substrate, 
not on a quartz substrate as in the other scale images, since the 
conducting nature of Si prevented charge accumulation which 
hinders the observation of submicron patterns in the SEM 
characterization. Widths of aluminum lines in the mask were 
1.00, 0.90, and 0.70 µm from right to left, as exhibited in a pre-
vious image, and widths of line-patterned ML MoS2 were 1.00, 
0.90, and 0.70 µm from right to left as exhibited in the image 
given below. The resulting patterns of ML MoS2 showed tiny 
differences from the mask's pattern due to the line edge rough-
ness issue but were overall highly similar.

The DOL provides high-throughput, large-area and multi-
scale processability, and high resolution without photoresist 
residues or solvents. In the next two figures, further demonstra-
tion with other 2D vdW materials and substrates is described 
and optical characterizations are carried to investigate effects of 
DOL and CP on vdW materials.

DOL results of various 2d materials on different types of sub-
strates are demonstrated in Figure 2. Figure 2a,b represent OM 
images of patterned ML MoS2 on a polyimide (PI) substrate, a 
widely used flexible polymer substrate. In the lower magnifica-
tion image (Figure  2a), ML MoS2 was patterned, while the PI 
substrate did not melt or decompose, so the PI substrate could 
be easily bent by fingers. The micron-scale patterns of ML MoS2 
were prepared on the substrate as shown in the higher magni-
fication OM image (Figure 2b) and Raman spectra (Figure 2c). 

Figure 1. a) Schematic illustration of multiscale and photoresist-free direct optical lithography. b) OM image of patterned MoS2 in centimeter scale and 
c) in micrometer scale with the inset of PL mapping and scale bar of 10 and 5 µm. d) SEM image of submicron-scale MoS2 with a scale bar of 500 nm.
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ML MoS2 on a chitosan substrate, a representative biocompat-
ible material, was patterned without damages on the substrate 
as well (Figure  2d,e). ML MoS2 was also patterned on polydi-
methylsiloxane substrates (see Figure S5, Supporting Informa-
tion). Polymer substrates are generally degraded or approach 
glass-transition temperature around or below 300  °C, which 
is not sufficient to entirely pattern vdW materials in a short 
pulse.[17–20] This is an obstacle to using the flexible nature of 
2D vdW materials with flexible polymer substrates. Moreover, 
biocompatible materials are generally degradable in various 
solvents, so it limits bio application of vdW materials since 

fabrication of biocompatible device through conventional pro-
cess is prevented. It demonstrates that DOL is powerful for 
vdW material patterning on polymer and biocompatible sub-
strates that are susceptible to heat and solvents degradation.

DOL worked not only for ML MoS2, but BL MoS2 on a quartz 
substrate was also patterned via DOL as shown in the OM 
image (Figure 2f). Raman spectroscopy revealed that BL MoS2 
was patterned without residues; characteristic peaks of BL MoS2 
disappeared in the illuminated regions of the Raman spectra in 
Figure 2g. Graphene, another representative 2D vdW material, 
on a quartz substrate was patterned in the shape of periodic 

Figure 2. OM images of patterned MoS2 on PI substrate with a a) scale bar of 0.5 cm and b) scale bar of 10 µm, and c) Raman spectra of patterned 
MoS2 on PI substrate. d) OM image and e) Raman spectra of patterned ML MoS2 on chitosan with a scale bar of 10 µm. f) OM image and g) Raman 
spectra of patterned BL MoS2 on quartz with a scale bar of 10 µm. h) OM image and i) Raman spectra of patterned graphene on quartz with a scale 
bar of 10 µm. j) OM image and k) Raman spectra of patterned WSe2 on quartz with a scale bar of 10 µm. l) OM image and m) Raman spectra of pat-
terned MOF on SiO2(300 nm)/Si substrate with a scale bar of 10 µm.
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circles with a radius of 10 µm, as shown in Figure 2h, and there-
fore, it was confirmed that graphene could be exactly patterned 
without residues via Raman spectra (Figure  2i). ML WSe2 on 
quartz was also patterned as shown in Figure 2j,k. Figure 2l,m 
indicate that the 2D MOF was patterned on a 300-nm-thick 
SiO2/Si substrate. In particular, this reveals a huge advantage of 
DOL since it implies that DOL is an appropriate patterning tech-
nique for 2D vdW materials, which are sensitive to various sol-
vents. The 2D MOFs are easily damaged by various solvents as 
described in Figure S6, Supporting Information, and ref. [21]. 2D 
MOF was removed after rinsing for 30 min in several solvents, 
such as, acetone, methanol, isopropyl alcohol (IPA), and dis-
tilled (DI) water. DOL does not entail a solution process during 
patterning. These results indicate that DOL has large scalability 
to solution-sensitive vdW materials, which are not compatible 
with solution-containing CP, as well as, general vdW materials. 
For comprehension of the advantages of our technique, the 
advantages of DOL compared to other methods are listed with 
respect to several important parameters in Table 1.
Figure 3 compares the morphology and optical properties 

changes of ML MoS2 after the CP and DOL patterning pro-
cesses to ensure the preservability of pristine properties of 
vdW materials of DOL compared to CP method. Through the 
change in the characteristics of absorption or PL, intrinsic and 
extrinsic properties can be identified, such as, strain, exciton 
binding energy, doping, and atomic defect density.[16,22–24] As 
mentioned in the previous section, CP forms polymeric resi-
dues on the surface of vdW materials, which degrade or modify 
properties of vdW materials. Figure 3a represents atomic force 
microscope (AFM) images of as-grown ML MoS2, patterned ML 
MoS2 through DOL, and patterned ML MoS2 through CP. The 
surface of ML MoS2 through DOL was very clean, similar to 
the surface of as-grown ML MoS2, which did not form residues 
on ML MoS2. However, the surface of ML MoS2 through CP 
exhibited high roughness owing to polymeric residues caused 
by a polymeric photoresist. The significant amount of residues 
remained even after overnight lift-off process. This profile was 
identically observed in other spots in three samples, as high 
roughness from polymeric residues was observed only in the 
case of CP (Figure S7, Supporting Information). These poly-
meric residues can degrade electrical properties. I–V curves of 
two-terminal devices with DOL and CP BL MoS2 exhibited that 
overall current levels of DOL samples were higher than those of 
CP samples (see Figure S8, Supporting Information). It is con-
sidered that contamination from polymer residues increased 
contact resistance of CP samples.[7]

Raman spectroscopy was examined to identify structural dif-
ference before and after each patterning (Figure 3b). Two rep-
resentative Raman peaks of ML MoS2, induced from in-plane  
( 2g

1E ) and out-of-plane (A1g) modes, were located at 386 and 
407 cm−1 respectively, for the as-grown sample. DOL MoS2 and 
CP MoS2 have those peaks with almost the same wavenumbers 
and full width at half-maximum (FWHM) values, indicating 
that their intrinsic lattice properties were preserved after both 
patterning methods. Additionally, secondary Raman peak of 
longitudinal acoustic phonon mode, so called 2LA(M), was 
observed at around 453 cm−1 with the same FWHM in three 
samples. It was reported that LA(M), as well as, 2LA(M), peak 
was dependent on the density of defects in ML MoS2.[25] 2LA(M) 
peak of all three samples did not show any notable difference, 
so additional defects of MoS2 were not significantly created 
after both patterning methods.

Absorption of ML MoS2 was measured to identify elec-
trical properties of ML MoS2 before and after each patterning 
method. Figure  3c shows three distinct absorption peaks, 
known as A, B, and C exciton absorption peaks, in all three 
samples. As-grown MoS2 samples exhibited A, B, and C 
exciton absorption peaks at 1.876, 2.020, and 2.863 eV, respec-
tively. In case of the DOL sample, peak position of A, B, and 
C exciton were located at similar value to those of as-grown 
MoS2 with only few meV difference, which might be caused 
by strain relaxation or possible sample-to-sample variation.[26] 
Meanwhile, absorption peaks of CP MoS2 exhibited different 
aspect. Peak positions of A, B, and C peaks were 1.861, 2.009, 
and 2.845 eV, respectively, showing red shifts with tens of meV 
amount in all peaks.

PL was measured to investigate emission property at room 
temperature in air ambient (Figure  3d). PL spectrum of as-
grown MoS2 exhibited emission peak at 1.826  eV, at with-
standard deviation of 8 meV at different positions. In the DOL 
sample, no significant difference with the as-grown sample in 
PL intensity was observed and small peak shift was observed, 
which was in a range of peak position distribution of PL pro-
files in the as-grown MoS2 sample. Whereas, PL intensity of 
the CP sample was almost 3 times smaller than that of the 
other two samples. Therefore, optical properties of MoS2 are 
well-preserved after DOL patterning compared to CP process. 
Physical origins of absorption and PL variations are discussed 
detail in Section S1, Supporting Information. To ensure that 
these optical effects generally occurred, multipoint material 
characterizations in Raman spectroscopy, AFM, and PL were 
performed as shown in Figure S11, Supporting Information. 

Table 1. Important parameters comparison of DOL with similar methods.

High throughput Pretreatment Resolution Scalability to type of substrates Scalability to type of materials

[10] o o Photolithography resolution (≈2 µm) – –

[11] o o ≈50 µm – –

[12] x o ≈1 µm x –

[13] x x ≈1 µm – –

[14] x o ≈50 nm x –

[15] x o <100 nm – –

This work o x Photolithography resolution (≈600 nm) o o

Adv. Funct. Mater. 2021, 31, 2105302



www.afm-journal.dewww.advancedsciencenews.com

2105302 (5 of 10) © 2021 Wiley-VCH GmbH

These characterizations confirmed that identical profiles were 
observed in all spots.

Optical characterization clearly confirms that DOL preserves 
pristine properties of vdW material unlike CP, so DOL is more 
beneficial for patterning vdW materials compared to CP. More-
over, DOL has competitive advantages over other focused-laser 
patterning methods with small power owing to highly intense 
photo source of DOL, the excimer laser. Thermal simulation 
reveals the advantages of DOL but, before revealing the advan-
tages of DOL, mechanism of DOL is described to comprehend 
overall phenomenon in etching vdW materials of DOL as dem-
onstrated below.
Figure 4 provides a DOL mechanism and FEM simula-

tion analysis of material-dependent and substrate-dependent 
threshold power of DOL. Figure  4a exhibits SEM images of 
ML MoS2 illuminated in various powers, including threshold 
power for etching (P0), and the schematic illustration of SEM 
images. In DOL, partial etching of vdW materials occurred 
even under P0, indicating that etching reactivity of ML MoS2 
to the photo source was dependent on spots, and etched 
regions were propagated from the initiated regions as illumi-
nation power increased. In Figure  4b, maximum tempera-
tures in ML MoS2, BL MoS2, and graphene were calculated 
as 1579, 2639, and 1676 K under 25-ns-pulse illumination at 
22.21, 18.66, and 31.73  mW cm−2, respectively—the threshold 
power of each material. The calculated temperature was not 
sufficient to induce sublimation or laser ablation in ML MoS2, 
but the temperature was sufficient to thermally decompose or 
oxidize materials in ambient air, as in previous studies.[27–29] 
Meanwhile, X-ray photoelectron spectroscopy (XPS) spectra in 

Figure  4c indicate that Mo was totally removed by DOL, not 
forming an oxide in ML MoS2. The results in Figure  4b,c, in 
line with prior experiments, show that Mo and S—with an 
insufficient number of chemical bonds in defect sites or edge 
sites of MoS2—are thermally oxidized, and oxidized elements 
are then sublimated.[20,30] The size of the etched area increases 
as the process is repeated; thus, vdW materials are entirely 
etched through thermal decomposition. This phenomenon 
happened in DOL. Figure  4a shows that non-uniform etched 
areas, which are considered to be initiated from defects, were 
propagated as illumination power increased. Graphene was 
also etched through oxidation and oxide evaporation as indi-
cated in a previous study.[31] The simulation result of graphene 
in Figure 4b supports this. Since the boiling temperature of gra-
phene is significantly higher than simulated temperature and 
the decomposition temperature of graphene oxide is consider-
ably lower than the simulated temperatures, thermal decompo-
sition was considered to occur.[28,32,33] BL MoS2 could be etched 
via laser ablation since its thermal stability is lower than ML 
MoS2, and the maximum temperature of BL MoS2 was much 
higher than the boiling point.[20,27,29]

The threshold power for etching vdW materials in DOL 
depended on the type of materials and substrates, as described 
in Table 2. Figure 5 elucidates the mechanism of material-, and 
substrate-dependent threshold power. Figure  5a shows simu-
lated temperature of ML MoS2, BL MoS2, and graphene under 
identical illumination power of 18.66 MW cm−2, as presented 
in the schematic illustration. Responsive temperature of ML 
MoS2, BL MoS2, and graphene were different (BL MoS2 > ML 
MoS2 > graphene) owing to different extinction coefficients or 

Figure 3. a) Schematics and AFM topography of as-grown, DOL, and CP MoS2. b) Raman spectra with 514 nm laser excitation. No significant differ-
ence at intrinsic Raman modes (E2g

1 , A1g) including 2LA(M) mode, related to the defect density. c) Absorption spectra with spatially filtered broadband 
light source. Peak position of all peaks of CP MoS2 are slightly red-shifted, attributed that PR residues on CP MoS2 decrease energy band gap and 
exciton binding energy by coulomb engineering. d) PL spectra with 532 nm excitation. PL intensity decreases significantly at photolithography-patterned 
samples compared other samples.
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absorbances of materials. Cross-sectional simulation images 
of heat transport behaviors in Figure 5a indicate that the pen-
etration depth of heat was shallow so that the impact of high 
temperature on substrates was small (Figure S12, Supporting 
Information). Figure 5b provides a trend of the threshold power 
and extinction coefficients of ML MoS2, BL MoS2, and gra-
phene. The extinction coefficient, a parameter of light energy 
loss in specific materials, presents a trend opposite to that of 
the threshold power of ML MoS2, BL MoS2, and graphene. Even 
though other parameters, including volume, thermal constant, 
thermal stability, defect density, and surroundings, are impor-
tant in the general thermal decomposition of materials,[31,34] 
extinction coefficient of materials is considered to play a major 
role in the threshold power in DOL.

Substrate-dependent threshold power was investigated in a 
system consisting of Al2O3 (mask), ML MoS2 (target vdW mate-
rial) on a substrate, and a 30-nm air gap between ML MoS2 and 
Al2O3 (Figure 5c). FEM simulations were carried out with two 
substrates, quartz and PI. As there was higher heat distribution 
along the quartz substrate with its higher thermal conductivity 
(1.46 W mK−1), lesser heat remained in ML MoS2 and the tem-
perature of ML MoS2 was relatively low (1579 K). In contrast, 
there was lesser heat distribution along the PI substrate due 
to the relatively low thermal conductivity (0.166 W mK−1), and 
in this case, heat was more isolated in ML MoS2, inducing a 

higher temperature of ML MoS2 on the PI substrate (3500 K). 
The differing thermal conductivity of quartz and PI caused dif-
ferent heat distribution profiles in the substrates under illu-
mination at the same power, 22.21 MW cm−2. Therefore, the 
substrate-dependent threshold power was attributed to different 
thermal conductivity levels of the substrates.
Figure 6 describes a comparative simulation with two dif-

ferent illumination power of P0 (threshold power to entirely 
etch ML MoS2 on a quartz substrate in DOL, 22.21 MW cm−2) 
and P0/20 in ML MoS2 system to comprehend the advantage 
of the photo source in DOL. The photo source in this work 
has a relatively high power density (5.29–58.19 MW cm−2) in 
short pulse (25 ns) compared to other photo sources.[12,14] The 
simulation was carried out in the system where light was 
blocked in the region covered by circular Al pattern with radius 
of 5  µm in the sapphire mask (remarked as the black-dotted 
line circle in Figure 6a) and light reached ML MoS2 in the rest 
of regions. In the P0/20 case, it took 95 µs to reach the tem-
perature, 1579 K, where ML MoS2 was entirely etched in the 
P0 case (Figure S13, Supporting Information). This longer illu-
mination in the P0/20 case made the different result with that 
of the P0 case. As shown in Figure  6a, thermal responses of 
masked and illuminated regions were exactly distinguishable 
following the Al pattern (black-dotted line circle) in the P0 case. 
On the other hand, in the P0/20 case, moderate temperature 
gradient was formed between masked and illuminated regions 
and thermal responses of masked and illuminated regions were 
not precisely separated. This behavior in the P0/20 case was 
induced by heat distribution along ML MoS2 owing to longer 
illumination time and indicates that highly intensive light with 
short pulse allowed precise pattern of ML MoS2 following Al 
patterns of the sapphire mask in DOL. Moreover, in the P0 case, 
temperature of the masked region approached ≈420 K that is 
even lower than gentle annealing temperature of ML MoS2 in 

Table 2. Threshold power of ML MoS2, BL MoS2, and graphene on 
quartz and PI substrates.

PI Quartz

ML MoS2 10.58 MW cm−2 22.21 MW cm−2

ML MoS2 5.29 MW cm−2 18.66 MW cm−2

Graphene 14.81 MW cm−2 31.73 MW cm−2

Figure 4. a) SEM images of illuminated ML MoS2 in various power and its schematic illustration. b) Temperature-versus-time plot of ML MoS2, BL 
MoS2, and GR under illumination at critical power for etching each material for 25 ns. c) XPS spectra of illuminated and not-illuminated ML MoS2.

Adv. Funct. Mater. 2021, 31, 2105302
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other works,[1,35] but, in the P0/20, the temperature approached 
≈1100 K that can induce severe sulfur vacancies or oxidation in 
MoS2.[30,36] Higher temperature in the masked region of the 
P0/20 case were caused by heat transport from the illuminated 
region to the masked region during the illumination as illus-
trated in Figure  6b. These results in Figure  6a,b indicate that 
the highly intensive light used in this work is critical to pattern 
vdW materials in high resolution without the negative effect on 
residual regions.

For further comprehension of the advantage of the photo 
source in this work, the simulation with the illumination power 
of P0/50 was carried out in ML MoS2 on a quartz substrate 
(Figure  6c). Unlike the responsive temperature in the P0 case 
(1579 K), a responsive temperature in the P0/50 case was satu-
rated at 966 K and did not increase even under a tremendously 
long illumination time (999 µs) as described in Figure 6d. The 
reason why the responsive temperature in the P0/50 case was 
saturated is that heat was dissipated through the substrate 
before enough heat, induced by the illumination, could accu-
mulate. With the assumption that ML MoS2 is entirely etched 
at a critical temperature, a high-power-density photo source is 
required to facilitate the etching phenomenon in ML MoS2. 
If the power is lower than the critical value, ML MoS2 will not 
be entirely etched, as sufficient heat is not accumulated in ML 
MoS2.

3. Conclusion

In conclusion, the DOL patterning of various 2D vdW mate-
rials (ML MoS2, BL MoS2, graphene, ML WSe2, and 2D MOF) 
was demonstrated with high-throughput, multiscale, and high-
resolution features. VdW materials were patterned regardless 
of pattern shape, scale and the type of substrates which vdW 
materials were on. DOL provided clean surface of ML MoS2 
after patterning unlike CP produced photoresist residues on 
the ML MoS2, which are known to induce negative effects on 
contact resistance and properties of vdW materials. Optical 
investigation revealed that DOL did not accompany modifica-
tion of optical and electrical properties, which was exhibited 
in CP samples. Simulation results indicated that the highly 
intense photo source used in this work was critically required 
for high resolution patterning without degradation of vdW 
materials. In addition, we expect that our DOL can be applied to 

other 2D materials, such as, 2D perovskites and 2D oxides.[37,38] 
Through the DOL demonstrations of 2D vdW materials, we 
anticipate that our DOL method will provide a new research 
platform for applications—from semiconductor processes to 
bio-engineering.

4. Experimental Section
Preparation of Various Van der Waals Materials: MoS2 and WSe2 films 

were grown on various substrates via metal-organic chemical vapor 
deposition. The equipment consisted of a quartz tube (4.3 inches in 
diameter) with a 3-zone heating furnace system. Mo(CO)6 (Sigma-
Aldrich 577 766), (C2H5)2S (Sigma-Aldrich 107 247), W(CO)6 (Sigma-
Aldrich 472 956), and (CH3)2Se (Alfa Aesar 593-79-3) were used as 
precursors. For the MoS2 growth, Mo(CO)6 and (C2H5)2S were injected 
in the reaction system at the flow rates of 0.6 and 0.4 sccm, respectively, 
through a mass flow controller with the aid of the dilution gas, Ar 
(800  Torr). In addition to the precursor gases, additional Ar and H2 
were also injected in the system at the flow rates of 5 and 1000 sccm, 
respectively. The reaction was then carried out at a growth temperature 
of 600 °C at 3.1 Torr for 14 h. For the WSe2 growth, W(CO)6 and (CH3)2Se 
were injected in the reaction system at the flow rates of 4 and 0.2 sccm, 
respectively, through a mass flow controller with the aid of the dilution 
gas, Ar (800 Torr). In addition to precursor gases, additional Ar and H2 
were also injected in the system at the flow rates of 5 and 1400 sccm, 
respectively. The reaction was then carried out at the growth temperature 
of 600 °C at 3.3 Torr for 14 h. In both cases, the NaCl-containing plate 
was placed in the system to enhance morphology and crystallinity of 
materials.[35,39]

The as-prepared MoS2 and WSe2 were transferred to other substrates 
via poly(methyl methacrylate) (PMMA, Sigma-Aldrich 200 336) and DI. 
PMMA was spin-coated on the as-grown samples, and after annealing 
at 170  °C for 2 min, the samples were slowly dipped in DI. PMMA-
coated MoS2 and WSe2 were then floated on the surface of DI, and the 
floated films were scooped by substrates that MoS2 and WSe2 were to 
be transferred. After scooping, the samples were annealed at 180 °C for 
10 min and dipped in acetone overnight to remove PMMA. The samples 
were then cleaned with IPA and DI for 10 min each, and residual solvents 
were dried with a nitrogen gun.

For transfer of MoS2 and WSe2 to a chitosan substrate, both materials 
were floated on DI without PMMA and were scooped by the chitosan 
substrate.

For PL measurement, ML MoS2 was directly grown on a quartz 
substrate and characterized without transferring it to maintain the 
original properties.

Graphene on Cu foil was purchased from LG electronics, and it was 
transferred to desired substrates following a method. PMMA was spin-
coated on the graphene and the sample was dipped in 0.5 m (NH4)2S2O8 
(Sigma-Aldrich 248 614) aqueous solution at 60 °C for 2 h to etch the Cu 

Figure 5. a) Schematic illustration of illuminated process and temperature simulation images of ML MoS2, BL MoS2, and GR with a scale bar of 5 µm. 
b) Graphs of relative critical power and extinction coefficients of ML MoS2, BL MoS2, and GR. c) Simulated images of heat distribution of mask-covered 
ML MoS2 on quartz and PI substrates.
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foil. The PMMA-suspended graphene was then delaminated from the Cu 
foil and placed on the surface of the solution. The film was transferred to 
a desired substrate using a lift-off technique.

2D MOF was synthesized using a liquid/air interfacial method, 
following a previous study.[40] ZnTPyP (Sigma-Aldrich 52 718), the ligand 
in the MOF, at a concentration of 0.2  mm, was dissolved in a solvent 
consisting of methanol and dichloromethane at a ratio of 1:3. Then, 
20  µL of the resultant ZnTPyP solution was injected into an interface 
between air and DI-water-based solution containing 10  mm Cu(NO3)2 
(Sigma-Aldrich 223 395) to provide ZnTPyP ligands with Cu2+ ions. The 
MOF film that formed on the surface was then transferred to a desired 
substrate using a lift-off technique.

Chitosan films were fabricated following the reference with 
modification.[41] Chitosan powder (Sigma-Aldrich 448 869) were 
dissolved in DI for 10 wt% and, after mixing, acetic acid (Sigma-Aldrich 

695 092) were added to the solution for 10 wt%. As-prepared solution 
was poured into solid plastic dish and dried at 70 °C for overnight.

Preparation of Sapphire Mask: Sapphire substrates with a thickness of 
420 µm were sonicated in acetone, IPA, and distilled water for 10 min each 
and dried with the aid of a nitrogen gun. Photoresist (PR, AZ 5214E, AZ 
Electronic Materials) patterns were prepared on as-cleaned sapphire samples 
through CP, and Al was deposited on these samples for 30 nm via a sputter 
(SRN-110, SORONA). The samples were then developed in KWIK remover 
for 12 h and rinsed in distilled water and IPA for 10 min each to fully remove 
the developer. After rinsing, the samples were dried utilizing a nitrogen gun.

To fabricate submicron-scale masks, PMMA patterns were prepared 
via E-Beam Lithography System (JBX-9300FS, JEOL Ltd.) on cleaned 
substrates, and Al was deposited on the samples via a sputter. A 
lift-off was then performed in acetone at room temperature for 1 h. The 
as-prepared samples were then rinsed in IPA and DI.

Figure 6. a) Simulation results of heat response of ML MoS2 under the power of P0 and P0/50. b) Schematic illustration of different heat transport 
behaviors of illuminated ML MoS2 under the power of P0 and P0/50. c) Simulation result and d) time versus temperature plot of heat response of ML 
MoS2 under the power of P0/50.
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Direct Optical Lithography Process: For the DOL patterning of the vdW 
materials, a XeCl excimer laser system (Coherent COMPex Pro 205, 
wavelength of 308  nm, pulse duration of 25  ns) was used. The laser, 
emitted from a mixture of xenon and chlorine gas under 22 kV extraction 
voltage and high-pressure conditions, was used to illuminate the 
samples with the materials and masks, which were held together using 
adhesive tape (810R, 3M) to decrease the gap between the photomask 
and vdW materials as much as possible in ambient conditions. The 
beam spot has a square shape with a size of 625 µm2 × 625 µm2. All the 
laser process parameters, including beam spot size, repetition rate, and 
stage movement rate, were kept constant except for its power density, 
which varied between 5.29 and 58.19 MW cm−2, depending on materials 
and substrates. Photomasks used for multiple experiments after rinsing 
with DI water. The schematic of the illumination system used in this 
research is illustrated in Figure S14, Supporting Information

Patterning through Conventional Photolithography: PR patterns were 
made on vdW materials via standard photolithography, and exposed 
regions of the vdW materials were etched in SF6/O2 plasma through 
reactive ion etching. The samples were lifted off to acetone at 70  °C 
overnight to remove photoresist patterns. They were then rinsed in IPA 
and DI, consecutively, for 10 min to remove acetone, and the residual 
solution was dried by nitrogen gun blowing.

Characterizations (Optical Microscope, Scanning Electron Microscopy, 
Raman, Ellipsometer, X-Ray Photoelectron Spectroscopy, Atomic Force 
Microscope, I–V Measurement): The centimeter-scale optical images were 
observed through a smartphone camera and the micron-scale optical 
images of patterned vdW materials and sapphire mask were observed 
through an optical microscope (OM, BX53M, OLYMPUS). SEM (S-4800, 
HITACHI) was used to characterize the submicron-scale morphology 
of the ML MoS2 patterns and mask. Removal of vdW materials was 
confirmed by Raman spectroscopy (ARAMIS, Horiba Jobin Yvon, 
France). Thickness and optical parameters of materials were measured 
by ellipsometer (Woollam, M2000D (RCT)). Removal of Mo-containing 
materials was confirmed by XPS (Sigma Probe, Thermo VG Scientific). 
AFM (INNOVA-LABRAM HR800, Horiba Jobin & Bruker) was employed 
to measure the surface roughness of samples. The I–V characteristic of 
electrical devices was measured by a parameter analyzer system (4200A-
SCS, Keithley).

Two-Terminal Device Fabrication: Electrode-shape shadow masks 
were attached to as-patterned BL MoS2 through DOL and CP using an 
adhesive tape. Cr/Au (10/30 nm) were deposited on samples via e-beam 
evaporation.

Absorption Measurement: The UV–vis absorption spectra of As-grown, 
DOL, and PR-patterned MoS2 in air at room temperature were extracted 
by measuring transmission and reflection spectrum at once. Light 
source was 300 W Xenon lamp (ORIEL Instruments), spatially filtered by 
100 um pin hole, and collimated with diameter of ≈10 um on sample via 
×10 objective lens. The transmitted and reflected light were collimated 
again to fiber-coupled MAYA2000 PRO spectrometer (Ocean Optics).

Micro-PL Experiments: Room temperature micro-PL spectra and 
Raman spectroscopy of As-grown, DOL, and PR-patterned MoS2 were 
carried out with continuous-wave DPSS 532 nm laser (Shanghai Dream 
Lasers Technology Co.) with the power attenuation to 50 uW via neutral 
density filter were used for excitation source. Emission were collected 
via ×10 objective lens and dispersed by the monochromator (Teledyne 
Princeton Instruments, IsoPlane SCT320) coupled with CCD detector 
(Teledyne Princeton Instruments, PIXIS 400).

Finite Element Method Simulation: Optical responses of materials 
were simulated using the transfer matrix method. The input beam was 
assumed to be normally incident with a uniform intensity. Moreover, 
the incident light is a superposition of pulses with slight differences 
in resonance wavelength, so it was assumed that the incident excimer 
laser was a rectangular pulse with a 25-ns pulse width. The absorbed 
optical power density was calculated by ω  ε“|E|2/2, where |E|2 is the 
intensity of the electric field, ω is the frequency of the incident light, and 
ε” is the imaginary part of the dielectric function. All the properties of 
the materials were measured by an ellipsometer. The calculated power 
density was applied in the thermal simulation as the heat source. The 

time-dependent temperature distribution was then simulated by solving 
heat transport equations using the FEM (COMSOL Multiphysics). 
Periodic boundary conditions were set for the side boundaries, and the 
temperature of the top and bottom boundaries were fixed at 300 K. The 
top and bottom boundaries were placed sufficiently far (≈40 µm) from 
the absorbing layers, and thus, the resulting temperature distribution 
does not vary depending on the vertical size of the simulation region.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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