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Transition metal dichalcogenide monolayers have demonstrated a number of exquisite optical 

and electrical properties. Here, we report the optical modification of topographical and optical 

properties of monolayer MoS2 with femtosecond pulses under an inert atmosphere. We 

demonstrate a formation of three-dimensional structures on monolayer MoS2 with tunable 

height up to ~20 nm. In contrast to unmodified monolayer MoS2, these optically modified 

structures show significantly different optical properties, such as lower photoluminescence 

intensity and longer fluorescence lifetime. Our results suggest a novel way to modify transition 

metal dichalcogenide materials for mechanic, electronic and photonic applications. 

1. Introduction 

Throughout the last decade, transition metal dichalcogenides (TMDs) have proven to be a fine 

addition to the library of two-dimensional (2D) layered materials due to their unique physical 

properties.[1,2] In monolayer form, they exhibit strong photoluminescence (PL) owing to their 
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direct bandgap[3,4] and they also show substantial second-order optical nonlinearity as a 

relatively high second harmonic generation (SHG) due to their centrosymmetry breaking 

structure.[5] Currently, there is a great interest to tune their physical properties for applications 

by numerous methods (e.g., defect,[6–8] strain,[9–11] phase engineering,[12,13] doping,[14,15] electric 

field,[16,17] plasmonics[18,19], optical pumping[20–23] and optical modification[24–27]). Among 

them, direct optical modification is one of the most promising approaches due to its advantages, 

such as cost-effectiveness and spatial controllability. In addition, it does not rely on 

lithographic processes and, hence, no contaminating chemicals are required. Thus far, optical 

modification has been mainly studied on graphene (e.g., topographical modification,[28,29] 

inducing luminescence[30] and tuning its electrical and optical properties[30]). Recently, few 

studies have been reported on optical modification of mechanically exfoliated mono- and few-

layer TMDs for applications, such as PL enhancement,[24] electrical contacts,[25] 

photodetectors[26] and sensors.[27] 

Here, we report a relatively large-scale direct optical modification of the topographical and 

optical properties of chemical vapour deposition (CVD) grown monolayer MoS2. Our results 

show that laser modification induces tunable topographical changes, PL quenching, and 

fluorescence lifetime change. This method would allow deterministic local tuning of physical 

properties (e.g., mechanical and optical properties) of TMDs for future applications. 

2. Results and Discussion 

Monolayer MoS2 samples are prepared using CVD technique based on vapour-liquid-solid 

growth.[31,32] The samples are grown directly on a silicon substrate with a 280 nm silicon oxide 

layer. The size of the resulting flakes is ~20 µm. Then, the sample is put in a nitrogen 

environment where it is exposed to femtosecond laser pulses at 515 nm with 600 kHz repetition 

rate and ~250 fs pulse duration for optical modification. The nitrogen atmosphere is used to 

prevent oxidation of the sample. The spot size of the laser is ~500 nm. The process parameters 

are selected based on our previous optical modification results on graphene[28–30]: We choose 

the 532 nm laser wavelength because of the possibility of forming smaller patterns and the high 

laser power stability; We select 600 KHz repetition rate, mainly because higher repetition rate 

will decrease the modification threshold fluence of the material and speed up the modification 

process. However, we also notice that too high repetition rate (>1MHz) may lead to faster 

material heating, which is not desirable; We use ~250 fs pulse duration for modification due to 

that longer pulse duration (above ~1ps) will increase heating of the sample. Therefore, in this 

experiments, we focus on the influence of the irradiation time, while keeping constant 



3 

 

excitation wavelength, repetition rate and pulse duration. The optical modification experiment 

is carried out to pattern rectangular shapes illustrated in Figure 1a. We also prepare a sample 

with a spot-like modification pattern, the results of which are similar to the results shown below 

(Figure S1 in Supporting information). The rectangular shape pattern is prepared by irradiating 

multiple spots separated by 100 nm. We fix the pulse energy at ~60 pJ but change the irradiation 

time for a spot (t) from 0.1 to 6.0 s, as indicated in Figure 1a. 

Figure 1b shows an optical microscope image of a MoS2 flake after optical modification, and 

some of the intended rectangular patterns shown in Figure 1a (e.g., the bottom rectangles with 

t = 2, 4, 6 s) are clearly visible on the flake. At the patterned areas, the flake appears a lighter 

shade of blue than the unmodified pristine flake, and this effect gets stronger when the 

irradiation time increases. Figure 1c shows a dark field microscope image, and again the 

patterned structures can be observed with the flake edge. Here, it can be noticed that the edges 

of the patterned areas are brighter, indicating a scattering edge. However, inside the modified 

areas, such scatter signal is not found in the dark-field image (Figure 1c). These observations 

imply that non-scattering 3D rectangular structures are formed at the modified positions. We 

then measure the reflection spectra of the optically modified areas (the measurement spot size 

is ~5 m), and Figure 1d shows the relative reflection of those areas compared to the SiO2/Si 

substrate. As seen in the microscope image (Figure 1b), the reflection increases in cyan 

wavelengths (~500 nm) with the irradiation time. More interestingly, with longer irradiation 

Figure 1. Optical modification pattern and the optical images of the modified MoS2 flake. a) 

Different irradiation times (t) used to create deterministic rectangular patterns for optical 

modification. Higher irradiation time per spot equals a higher optical dose. b) Bright-field and 

c) dark-field optical microscope images of the modified flake. d) Reflection curves of pristine 

MoS2 and modified areas relative to the SiO2/Si substrate. 

a) b) 

c) 

d) 
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time, the reflection slightly decreases for the wavelengths around 600–700 nm where the 

excitons are situated. In addition, the local maximum (at ~660 nm) between A and B excitons 

gets more attenuated with the longer irradiation times.  

To investigate the topography of the patterned areas, we perform an atomic force microscopy 

(AFM) scan, shown in Figure 2a. The scan result confirms that the sample is indeed more 

elevated in the irradiated areas. The height profiles are depicted in Figure 2b, and they indicate 

that the created 3D structures can reach ~20 nm height and have nearly a flat rectangular shape 

identical to our design (Fig. 1a). More interestingly, as the irradiation time of modified areas 

is increased, the 3D structures get higher. This is clearly shown in Figure 2c. It appears that 

the largest change in the height is observed for the irradiation time below 0.5 s/spot (i.e.,~20 

nm height change per second of optical modification) after which, it follows a quite linear 

flatter curve (~2 nm height change per second of optical modification). The tunable 3D 

topography results correspond to what we observed before with graphene,[28] possibly due to 

their similar 2D crystalline structure. We assign the process as the optical forging, which could 

be very useful for fabricating different 3D structures (e.g., suspended devices) with 2D 

materials. 

Monolayer MoS2 is known to show relatively high PL intensity due to its direct bandgap.[3,4] 

We measure the PL of the flake after optical modification. Figure 3a shows PL spectra 

measured from the centers of the modified areas. The intensity of these spectra is over a 

magnitude lower than that of the unmodified flake area. Figure 3b shows a PL scan map of A 

exciton (a wavelength range 650–710 nm). The designed pattern can be seen clearly, as the 

intensity is severely quenched even for the least irradiated area, whose PL intensity is only  

Figure 2. Tunable topography with optical modification. a) An AFM scan of the patterned 

sample. b) Height profiles of the irradiated areas. c) Average height as a function of irradiation 

time. The red line is a guide to an eye.  

a) b) c) 



5 

 

~5 % of that of the unmodified pristine area. We also plot the results for B exciton (615–645 

nm), which is shown in Figure 3c. However, the PL quenching effect is not as pronounced as 

that observed for A exciton because its intensity is basically halved at its best. 

To study the dynamics of the PL, we perform time-resolved PL (TRPL) measurements for 

another similarly irradiated sample. For this sample, we use a higher pulse energy of ~120 pJ 

during the optical modification. MoS2 is known to have bi-exponential decay in PL. For 

example, it has been reported that A exciton typically has a fast decay  component with ~few 

ps lifetime and a slow decay component with ~ 100 ps lifetime.[33,34] Here, we observe that the 

PL emitted from the irradiated areas has longer lifetime components compared to those of the 

unmodified MoS2. This is depicted in Figure 3d, which shows the PL intensity as a function 

b) 

d) 

a) 

c) 

e) 

Figure 3. PL emission and dynamics. a) PL spectra of unmodified MoS2 and modified regions 

with 60 pJ. PL spectra for optically modified areas are multiplied by ten for convenience. b) 

PL map of A and c) B exciton d) TRPL data of irradiated MoS2 sample with 120 pJ. The 

lifetime values are acquired from the fit functions. e) Lifetime map of the sample. The color 

scale shows the lifetime in nanoseconds. The areas where the data in d) is acquired are marked 

with squares.  
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of time after the optical excitation of three different regions on the sample (Figure 3e). The fit 

curves and lifetimes, which are acquired from fitting, are also presented in Figure 3d. The time 

resolution of our instrument is ~250 ps, thus the faster components (marked with 1) reaching 

~100 ps are not as reliable. Nevertheless, it is observed that the slower components (2) tend to 

get longer (reaching nearly 1 ns for the most irradiated area) as the irradiation time increases. 

This can also be seen in Figure 3e, which shows a lifetime map of the sample, as the areas 

highlighted with yellow and red squares can be distinguished with longer lifetimes. However, 

when filtering the PL signal for energies above A exciton, these areas also show a lot higher 

PL intensities compared to unmodified MoS2. The broad band of these PL signals might be 

caused by impurities resulting from high irradiation energy and time (Figure S2 in Supporting 

information).  

To understand the crystalline structure of the irradiated areas, we measure Raman spectra with 

a 532-nm laser (Figure 4a). The studies reveal that, after optical modification, typical E1
2g and 

A1g Raman modes of monolayer MoS2 (illustrated in the inset of Figure 4a) are still observed, 

and there is only a small decrease in their intensity (Figure 4b). However, as the spectral 

position of the A1g peak remains constant after modification, a clear blueshift (~2.2 cm-1 for the 

sample with t = 6.0 s) and broadening can be observed for the E1
2g peak (Figure 4c and 4d). 

The shifting and broadening of the E1
2g peak  might be caused by strain, but similar changes 

should also be observed for the A1g peak.[35] More likely, the results suggest in-plane crystalline 

structure change, but not the out-of-plane direction. In addition to the slight changes in these 

two peaks, there are smaller satellite peaks appearing around them (marked with arrows in 

Figure 4a). These satellite peaks are getting more pronounced as the irradiation time is 

increased. Similar observations have been reported before for defect induced MoS2.
[36,37] 

A possible reason for the PL decrease is a phase change of MoS2. Our sample is at 2H phase. 

However, MoS2 also has a semi-stable 1T phase, which, in contrast to 2H, is metallic and, 

hence, would not emit any PL. To exclude the phase change during the optical modification, 

we carry out SHG measurement, as 1T phase monolayer MoS2 has a relatively weak second 

harmonic response due to its centrosymmetric structure. Our SHG results show a slight 

decrease in the SHG signal presented in SI, which excludes the total phase change (Figure S3 

in Supporting information). Note that there are studies showing different approaches to induce 

a partial phase change in 2D TMD materials.[13,38–40] However, even if our sample would be in 

a mixed-phase (partly 2H and partly 1T), the Raman studies should reveal some peaks that can 
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be assigned to the 1T phase. Such peaks, however, are not found, suggesting that this is not the 

case for our sample.  

As discussed before, the small broadening and shifting of the Raman peaks and the decrease in 

the PL intensity possibly imply the existence of defects. These defects are most likely induced 

during the optical modification process and create energy levels within the bandgap of 

MoS2.
[41,42] As the exciting photons are absorbed, the resulted electron-hole pairs will 

recombine via these defect levels most likely non-radiatively. The increase in fluorescence 

lifetimes also suggests the existence of defects.[43,44] As the irradiation of optical modification 

is performed in an inert nitrogen environment, the defects should mainly be structural. 

Nevertheless, the type of these defects and the PL quenching mechanism are mainly unknown 

and deserve further study. For example, high-resolution transmission electron microscopy can 

be carried out to measure alterations in the crystalline structure; X-ray photoelectron 

spectroscopy can be utilized to show the potential existence of impurities on modified areas; 

a) 

b) c) d) 

Figure 4. Raman signal of the optically modified sample a) Raman spectra of modified and 

unmodified areas. The E1
2g and A1g vibration modes (gray=Mo, cyan=S) are illustrated next to 

their respective peaks. The arrows highlight the satellite peaks b) Dose dependencies of 

intensity, c) Raman shift and d) spectral width as full-width at half maximum (FWHM) of the 

E1
2g and A1g peaks. 
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electrical measurements can be exploited to verify possible changes in the conductivity of the 

material.  

3. Conclusions 

In summary, we have successfully modified the topographical and optical properties of 

monolayer MoS2 using laser irradiation in an inert environment. We noticed not only similar 

3D structural formations as previously seen in similarly irradiated graphene but also changes 

in the optical properties of the MoS2. The changes manifested as a pronounced decrease in PL 

intensity and a small increase in fluorescence lifetime. Our results indicate the deterministic 

local tuning of physical properties (e.g., mechanical and optical properties) of CVD TMDs 

with optical modification for applications (such as micro-electro-mechanical systems, and 

optoelectronics). 

Supporting Information  

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

Acknowledgements 

The authors thank Susobhan Das and Yunyun Dai for helpful discussions. We acknowledge 

funding from Academy of Finland (311330, 314810, 333982, 336144 and 336818), Academy 

of Finland Flagship Programme (320167,PREIN), the European Union’s Horizon 2020 

research and innovation program (820423,S2QUIP), the EU H2020-MSCA-RISE-872049 

(IPN-Bio), and ERC (834742). Parts of the research was performed at the Micronova 

Nanofabrication Centre of Aalto University. 

References 

[1]  G. Wang, A. Chernikov, M. M. Glazov, T. F. Heinz, X. Marie, T. Amand, B. Urbaszek, 

Rev. Mod. Phys. 2018, 90, 21001. 

[2]  D. Jariwala, V. K. Sangwan, L. J. Lauhon, T. J. Marks, M. C. Hersam, ACS Nano 2014, 

8, 1102. 

[3]  A. Splendiani, L. Sun, Y. Zhang, T. Li, J. Kim, C.-Y. Chim, G. Galli, F. Wang, Nano 

Lett. 2010, 10, 1271. 

[4]  K. F. Mak, C. Lee, J. Hone, J. Shan, T. F. Heinz, Phys. Rev. Lett. 2010, 105, 136805. 

[5]  A. Autere, H. Jussila, Y. Dai, Y. Wang, H. Lipsanen, Z. Sun, Adv. Mater. 2018, 30, 

1705963. 

[6]  B. Liu, Z. Zhang, K. Liao, R. Wu, C. Zhu, H. Xie, C. Zha, Y. Yin, X. Jiang, S. Qin, W. 

Wang, G. Ouyang, T. Qin, L. Wang, W. Huang, Appl. Surf. Sci. 2020, 523, 146371. 

[7]  X. Zhang, S. Zhang, Y. Xie, J. Huang, L. Wang, Y. Cui, J. Wang, Nanoscale 2018, 10, 



9 

 

17924. 

[8]  D. Kufer, I. Nikitskiy, T. Lasanta, G. Navickaite, F. H. L. Koppens, G. Konstantatos, 

Adv. Mater. 2015, 27, 176. 

[9]  P. Gant, P. Huang, D. Pérez de Lara, D. Guo, R. Frisenda, A. Castellanos-Gomez, Mater. 

Today 2019, 27, 8. 

[10]  R. Frisenda, M. Drüppel, R. Schmidt, S. Michaelis de Vasconcellos, D. Perez de Lara, 

R. Bratschitsch, M. Rohlfing, A. Castellanos-Gomez, npj 2D Mater. Appl. 2017, 1, 10. 

[11]  J. Martín-Sánchez, R. Trotta, A. Mariscal, R. Serna, G. Piredda, S. Stroj, J. Edlinger, C. 

Schimpf, J. Aberl, T. Lettner, J. Wildmann, H. Huang, X. Yuan, D. Ziss, J. Stangl, A. 

Rastelli, Semicond. Sci. Technol. 2017, 33, 13001. 

[12]  H. H. Huang, X. Fan, D. J. Singh, W. T. Zheng, Nanoscale 2020, 12, 1247. 

[13]  D. Voiry, A. Mohite, M. Chhowalla, Chem. Soc. Rev. 2015, 44, 2702. 

[14]  S. Zhang, H. M. Hill, K. Moudgil, C. A. Richter, A. R. Hight Walker, S. Barlow, S. R. 

Marder, C. A. Hacker, S. J. Pookpanratana, Adv. Mater. 2018, 30, 1802991. 

[15]  C. Qin, Y. Gao, Z. Qiao, L. Xiao, S. Jia, Adv. Opt. Mater. 2016, 4, 1429. 

[16]  A. K. M. Newaz, D. Prasai, J. I. Ziegler, D. Caudel, S. Robinson, R. F. Haglund Jr., K. 

I. Bolotin, Solid State Commun. 2013, 155, 49. 

[17]  B. Lee, W. Liu, C. H. Naylor, J. Park, S. C. Malek, J. S. Berger, A. T. C. Johnson, R. 

Agarwal, Nano Lett. 2017, 17, 4541. 

[18]  X. Yang, H. Yu, X. Guo, Q. Ding, T. Pullerits, R. Wang, G. Zhang, W. Liang, M. Sun, 

Mater. Today Energy 2017, 5, 72. 

[19]  D. Sarkar, X. Xie, J. Kang, H. Zhang, W. Liu, J. Navarrete, M. Moskovits, K. Banerjee, 

Nano Lett. 2015, 15, 2852. 

[20]  J. Zhang, L. Ding, S. Zhou, Y. M. Xiao, W. Xu, Phys. status solidi – Rapid Res. Lett. 

2020, 14, 2000222. 

[21]  E. J. Sie, A. Steinhoff, C. Gies, C. H. Lui, Q. Ma, M. Rösner, G. Schönhoff, F. Jahnke, 

T. O. Wehling, Y. H. Lee, J. Kong, P. Jarillo-Herrero, N. Gedik, Nano Lett. 2017, 17, 

4210. 

[22]  N. Dong, Y. Li, S. Zhang, X. Zhang, J. Wang, Adv. Opt. Mater. 2017, 5, 1700543. 

[23]  J. Huang, N. Dong, S. Zhang, Z. Sun, W. Zhang, J. Wang, ACS Photonics 2017, 4, 3063. 

[24]  C. B. Qin, X. L. Liang, S. P. Han, G. F. Zhang, R. Y. Chen, J. Y. Hu, L. T. Xiao, S. T. 

Jia, Front. Phys. 2021, 16, 12501. 

[25]  S. Cho, S. Kim, J. H. Kim, J. Zhao, J. Seok, D. H. Keum, J. Baik, D. H. Choe, K. J. 

Chang, K. Suenaga, S. W. Kim, Y. H. Lee, H. Yang, Science 2015, 349, 625. 

[26]  J. Lu, J. H. Lu, H. Liu, B. Liu, K. X. Chan, J. Lin, W. Chen, K. P. Loh, C. H. Sow, ACS 

Nano 2014, 8, 6334. 

[27]  B. Wang, H. Luo, X. Wang, E. Wang, Y. Sun, Y. C. Tsai, J. Dong, P. Liu, H. Li, Y. Xu, 

S. Tongay, K. Jiang, S. Fan, K. Liu, Nano Res. 2020, 13, 2035. 



10 

 

[28]  A. Johansson, P. Myllyperkiö, P. Koskinen, J. Aumanen, J. Koivistoinen, H.-C. Tsai, 

C.-H. Chen, L.-Y. Chang, V.-M. Hiltunen, J. J. Manninen, W. Y. Woon, M. Pettersson, 

Nano Lett. 2017, 17, 6469. 

[29]  K. K. Mentel, J. Manninen, V.-M. Hiltunen, P. Myllyperkiö, A. Johansson, M. 

Pettersson, Nanoscale Adv. 2021. 

[30]  V.-M. Hiltunen, P. Koskinen, K. K. Mentel, J. Manninen, P. Myllyperkiö, A. Johansson, 

M. Pettersson, J. Phys. Chem. C 2020, 124, 8371. 

[31]  S. Li, Y.-C. Lin, X.-Y. Liu, Z. Hu, J. Wu, H. Nakajima, S. Liu, T. Okazaki, W. Chen, T. 

Minari, Y. Sakuma, K. Tsukagoshi, K. Suenaga, T. Taniguchi, M. Osada, Nanoscale 

2019, 11, 16122. 

[32]  S. Li, Y.-C. Lin, W. Zhao, J. Wu, Z. Wang, Z. Hu, Y. Shen, D.-M. Tang, J. Wang, Q. 

Zhang, H. Zhu, L. Chu, W. Zhao, C. Liu, Z. Sun, T. Taniguchi, M. Osada, W. Chen, Q.-

H. Xu, A. T. S. Wee, K. Suenaga, F. Ding, G. Eda, Nat. Mater. 2018, 17, 535. 

[33]  D. Lagarde, L. Bouet, X. Marie, C. R. Zhu, B. L. Liu, T. Amand, P. H. Tan, B. Urbaszek, 

Phys. Rev. Lett. 2014, 112, 47401. 

[34]  T. Korn, S. Heydrich, M. Hirmer, J. Schmutzler, C. Schüller, Appl. Phys. Lett. 2011, 99, 

102109. 

[35]  A. Castellanos-Gomez, R. Roldán, E. Cappelluti, M. Buscema, F. Guinea, H. S. J. van 

der Zant, G. A. Steele, Nano Lett. 2013, 13, 5361. 

[36]  S. Mignuzzi, A. J. Pollard, N. Bonini, B. Brennan, I. S. Gilmore, M. A. Pimenta, D. 

Richards, D. Roy, Phys. Rev. B - Condens. Matter Mater. Phys. 2015, 91, 195411. 

[37]  S. Bae, N. Sugiyama, T. Matsuo, H. Raebiger, K. I. Shudo, K. Ohno, Phys. Rev. Appl. 

2017, 7, 24001. 

[38]  D. Zakhidov, D. A. Rehn, E. J. Reed, A. Salleo, ACS Nano 2020, 14, 2894. 

[39]  Y. Qi, Q. Xu, Y. Wang, B. Yan, Y. Ren, Z. Chen, ACS Nano 2016, 10, 2903. 

[40]  J. Zhu, Z. Wang, H. Yu, N. Li, J. Zhang, J. Meng, M. Liao, J. Zhao, X. Lu, L. Du, R. 

Yang, D. Shi, Y. Jiang, G. Zhang, J. Am. Chem. Soc. 2017, 139, 10216. 

[41]  S. Kc, R. C. Longo, R. Addou, R. M. Wallace, K. Cho, Nanotechnology 2014, 25, 

375703. 

[42]  Y. Chen, S. Huang, X. Ji, K. Adepalli, K. Yin, X. Ling, X. Wang, J. Xue, M. 

Dresselhaus, J. Kong, B. Yildiz, ACS Nano 2018, 12, 2569. 

[43]  M. Amani, D. H. Lien, D. Kiriya, J. Xiao, A. Azcatl, J. Noh, S. R. Madhvapathy, R. 

Addou, K. C. Santosh, M. Dubey, K. Cho, R. M. Wallace, S. C. Lee, J. H. He, J. W. 

Ager, X. Zhang, E. Yablonovitch, A. Javey, Science 2015, 350, 1065. 

[44]  S. Kang, J. J. Koo, H. Seo, Q. T. Truong, J. B. Park, S. C. Park, Y. Jung, S. P. Cho, K. 

T. Nam, Z. H. Kim, B. H. Hong, J. Mater. Chem. C 2019, 7, 10173. 

 

 


