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S1. Characterization of vdW materials 

Raman spectroscopy and photoluminescence characterization were examined to confirm 

growth of ML MoS2 and ML WSe2. Raman spectrum of MoS2, the red plot in Figure S1a, 

exhibited peaks at 386 cm
-1

 and 407 cm
-1

, corresponding to characteristic peaks of MoS2 and 

Raman spectrum of WSe2, the green plot in Figure S1a, exhibited peaks at 250 cm
-1

, 

corresponding to characteristic peaks of WSe2. PL spectra in Figure S1b exhibited 670 nm 

and 750 nm in red and green plots, respectively, corresponding to those of ML MoS2 and ML 

Wse2.
[s1]

. How well graphene and MOF were prepared was examined by Raman spectroscopy. 

In Figure S2, graphene exhibited G band and 2D band peaks at 1564 cm
-1

 and 2677 cm
-1

, 

respectively.
[s2]

 In Figure S3, MOF exhibited several peaks which are identical with its 

characteristic peaks.
[s3]

 BL MoS2 was characterized by ellipsometry. Thickness of BL MoS2 

on 300-nm-thick SiO2 was measured to be ~ 1.2 nm, which was identical with thickness of 

BL MoS2 in reference.
[s4]

 

 

S2. Optical property variation before and after CP patterning 

Despite the fact that the Raman spectra shows no significant changes of strain and defect 

density, optical properties of MoS2 are modified. Therefore, we need to identify the origins of 

the changes after CP process, especially related to PR residues. 

Absorption peaks of CP MoS2 are all red-shifted after CP process compare to as-grown MoS2. 

Meanwhile, the previous study reported that optical bandgap as well as exciton binding 

energy of ML MoS2 on substrate with graphene on top decreased by reduced coulomb 

interaction.
[22]

 Considering that CP MoS2 sample was partially coated with photoresist 

residues as shown in AFM results (Figure 3a), the red shift is attributed to the modification of 

coulomb interaction by ultra-thin photoresist residues. The gradual increase of absorption as 

energy increases and local maximum at 3.5 eV are considered as the absorption of photoresist 
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itself, which was identified by measuring absorption of photoresist film sample without MoS2 

(Figure S9). 

PL intensity decreases with three times amount after CP process compare to as-grown MoS2. 

Generally, the PL intensity of semiconductors decreases if non-radiative recombination 

becomes dominant. In ML MoS2, there are two main causes of increased non-radiative 

recombination: Shockley-Read-Hall (SRH) effect, which is the trap-assisted non-radiative 

recombination from the extra state originated from various defect states, and Auger effect 

originated from high equilibrium electron density from natural doping.
[s5,s6]

 For SRH effect, 

the density of defects should increase during the CP method, compared to the DOL method. 

However, it was revealed that the number of defects did not increase rapidly after the 

patterning processing in Raman spectra of Figure 3b. Meanwhile, it has been reported that the 

optical characteristics may vary depending on the type and pressure of the surrounding 

atmosphere.
[s7,s8]

 CVD-grown MoS2 generally has defect sites, considered as sulfur vacancies 

with low formation energy compared to the other sites.
[s9]

 Electro-negative molecules such as 

O2, H2O in the air are physisorbed to the defect sites of MoS2 with van der Waals interaction, 

inducing the decrease of equilibrium electron density in intrinsic areas, so called charge 

neutralization. Such an effect was reported to increase PL intensity of slightly defective MoS2 

by decreasing Auger non-radiative recombination effect.
[s10]

 CP MoS2 has photoresist residues 

on its surface as identified by AFM topography results (Figure 3a). They may have blocked 

the interaction between the defect sites and air molecules, so that they did not experience 

effective charge neutralization compared to as-grown MoS2. Consequently, the PL intensity 

decreased in the CP sample. In contrast, DOL MoS2 has no residues on its surface, so 

molecules in the air could still interact with exposed defect sites. Therefore, the PL intensity 

remains unchanged after patterning in ambient conditions.  

To clarify the origin of red-shift of energy band and to exclude possible sample-to-sample 

variation, we directly compared optical signals before and after the CP process (Figure S10). 
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As a result, we found that both absorption and PL peaks are red-shifted after the CP process. 

Moreover, PL intensity decreases after the CP process, which is consistent with our 

observation as show in Fig. 3. 
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Figure S1. a, Normalized Raman spectra of MoS2 and WSe2, and b, normalized PL spectra of 

MoS2 and WSe2. 
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Figure S2. Raman spectrum of graphene. 
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Figure S3. Raman spectrum of MOF. 
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Figure S4. OM images on sapphire masks with a scale bar of 10 μm. 
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Figure S5. a, b, OM image (a) and Raman spectra (b) of patterned monolayer MoS2 on a 

PDMS with a scale bar of 10 μm. 
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Figure S6. Raman spectra of pristine MOF, and MOF after rinsing in acetone, methanol, IPA, 

and DI. 
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Figure S7. Multipoint AFM data for as-grown, DOL, and CP MoS2. 
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Figure S8. I−V curves of two-terminal devices with DOL (a) and CP BL MoS2 (b). The inset 

image in Figure S8a indicates the OM image of two-terminal device. 
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Figure S9. Optical properties of CP MoS2 and Photoresist film on Quartz. a, Absorption 

spectra with spatially filtered broadband light source. Broad absorption peak position (~ 3.5 

eV) shown in CP MoS2 is identical to that of the photoresist film sample. b, PL spectra with 

532 nm laser excitation. Photoresist also shows PL peak in a range of 1.9 – 2.1 eV, but it is 

not well-overlapped to the PL of CP MoS2: Therefore, most of PR residues are removed and 

the side peak at 2.0 eV is intrinsic emission, especially B exciton. B exciton emission 

increases when non-radiative recombination increases.
[s7]

 

 

[s7] M. M. Kathleen, T. H. Aubrey, V. S. Saujan, T. J. Berend, APL Mater. 2018, 6 111106. 
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Figure S10. a,b, Micro-absorption (a) and PL spectra (b) of  ML MoS2 before and after CP 

process (without patterning) at the same region. Although we controlled some conditions to 

remove possible variations from the convolution of strain relaxation or sample-to-sample, 

absorption still shows redshift and PL intensity decrease with 2.5 times amount. 

  



  

15 

 

 
Figure S11. a, b, c, Raman spectra of multipoint spots in as-grown (a), DOL (b), and CP (c) 

MoS2 with dotted lines indicating    
  and     peaks of as-grown MoS2. d, e, f, Absorption 

spectra of multipoint spots in as-grown (d), DOL (e), and CP (f) MoS2 with dotted lines 

indicating A, B, and C exciton peaks of as-grown MoS2. g, h, i, PL spectra of multipoint spots 

in as-grown (g), DOL (h), and CP (i) MoS2. 
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Figure S12. Cross sectional images of heat transport behaviors of ML MoS2, BL MoS2, and 

graphene on a quartz substrate in under the illumination. 
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Figure S13. Time vs temperature plot of ML MoS2 on a quartz substrate under P0 and P0/20. 
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Figure S14. Schematic illustration of the excimer laser system in this work. 

 


