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Tuning the photo-response in 
monolayer MoS2 by plasmonic 
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Monolayer molybdenum disulfide (MoS2) has recently attracted intense interests due to its remarkable 
optical properties of valley-selected optical response, strong nonlinear wave mixing and photocurrent/
photovoltaic generation and many corresponding potential applications. However, the nature of 
atomic-thin thickness of monolayer MoS2 leads to inefficient light-matter interactions and thereby 
hinders its optoelectronic applications. Here we report on the enhanced and controllable photo-
response in MoS2 by utilizing surface plasmonic resonance based on metallic nano-antenna with 
characteristic lateral size of 40 × 80 nm. Our nano-antenna is designed to have one plasmonic resonance 
in the visible range and can enhance the MoS2 photoluminescence intensity up to 10 folds. The intensity 
enhancement can be effectively tuned simply by the manipulation of incident light polarization. 
In addition, we can also control the oscillator strength ratio between exciton and trion states by 
controlling polarization dependent hot carrier doping in MoS2. Our results demonstrate the possibility 
in controlling the photo-response in broad two-dimensional materials by well-designed nano-antenna 
and facilitate its coming optoelectronic applications.

As a new attractive material after graphene in the family of two-dimensional materials, monolayer MoS2 has 
drawn intense interests due to its intriguing physical properties, including a direct optical band gap in the visible 
range1,2, a strong exciton binding energy3,4, and valley selective circular dichroism MoS2

5–7. Monolayer MoS2, 
together with its sibling materials of WS2, MoSe2, WSe2, MoTe2, WTe2, have shown great potential in the applica-
tions of nano-electronics8, photonics9,10, photovoltaics11,12, and valleytronics13,14. However, as an optoelectronic 
material, the light-matter interaction cross-section of monolayer MoS2 is still too small for practical device appli-
cations due to its atomic-thin characteristic. Therefore, it is highly desirable to enhance the light-matter interac-
tion strength in monolayer MoS2. Many efforts have been made to achieve this goal15–18, and surface plasmonic 
resonance (SPR) turns out to be very attractive due to its simplicity and high-efficiency19,20. It has been demon-
strated that the metallic nanoparticles can enhance the photocurrent in MoS2 field-effect transistors21,22 and also 
the light emission23; 100 ×  1000 nm-sized metal nano-antenna can improve the photo-response to some extent24. 
Till now, the significant enhancement of optical response in a well-controlled scheme has not been realized yet.

Here we report on the greatly enhanced and polarization controllable photoluminescence (PL) in monolayer 
MoS2 by fabricating metallic nano-antenna onto MoS2 surface. The large photo-response enhancement is realized 
by designing the periodic nano-antenna with characteristic lateral size of sub-100 nm to produce a plasmonic 
resonance matching with the excitation laser energy; the polarization controllability comes from the asymmetric 
optical field enhancement at the direction parallel and perpendicular to the long axis of nano-antenna. We readily 
realized up to one order of magnitude enhancement of PL and this enhancement can be well-controlled by incident 
light polarization. In addition, we show that the shifting of the PL peak positions can be achieved by controlling 
the oscillator strength ratio between exciton and trion states using polarization manipulation. Our results demon-
strate the possibility in controlling the photo-response in broad two-dimensional materials by well-designed 
nano-antenna structures and facilitate its coming potential applications in optoelectronics and photovoltaics.
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Results
In our experiment, monolayer MoS2 was controllably synthesized on mica through a low-pressure chemical vapor 
deposition process25 and then transferred onto SiO2/Si substrate. PL (Fig. 1a) and Raman spectra (inset) con-
firmed the monolayer nature of our MoS2 sample: the PL spectrum shows two peaks related to A exciton 
at ~ 1.85 eV and B exciton at ~ 2.00 eV, and the A1g and E g2

1  Raman modes are separated by about26 19 cm−1. Since 
the absorbance spectrum of MoS2 is in the visible range, nanostructures with visible wavelength SPR are primarily 
considered in order to match the absorbance of MoS2 efficiently. Here we employed standard electron beam 
lithography and pulse laser deposition to fabricate silver nano-antenna patterns on monolayer MoS2 (Fig. 1b). The 
characteristic lateral size of single nano-antenna structure is ~ 40 ×  80 nm with thickness of ~ 35 nm (Fig. 1c). The 
incident laser polarization has an θ  angle relative to the long axis of nano-antennas. To have large photo-response, 
our nano-antennas are intentionally designed to have one resonance matching our excitation laser of 2.34 eV 
(532 nm). Our simulation results in Fig. 1d showed that in the 2.0–3.0 eV spectral region our nano-antennas have 
strong longitudinal mode (θ  =  0°) absorption with peak at ~ 2.34 eV but negligible transverse mode (θ  =  90°) 
absorption. Therefore, we can purposely choose the 532 nm linear-polarized incident laser to efficiently excite the 
longitudinal mode of nano-antenna SPR without exciting the transverse mode too much.

In our results, the PL intensity of monolayer MoS2 with silver nano-antennas is significantly enhanced 
compared to the bare monolayer (Fig. 2a). The maximum enhancement is approaching 10 times when the 
incident polarization is of θ  =  0°. Interestingly, the enhancement shows an obvious polarization angle depend-
ence: the enhancement monotonically decreases when θ  increases from 0°–90°. To better understand the 
polarization-dependent PL intensity enhancement, we draw the integrated PL peak intensity vs cos2 θ  (Fig. 2b) 
and obtain an nonlinear relation with offset of about 4 at cos2 θ  =  1. We also examined the PL peak position 
(Fig. 2c) with polarization angle θ . It is obvious that the PL peak position displays a monotonic dependence on 
the θ . The PL peak red-shifts about 20 meV when cos2 θ  increases from 0 to 1 and shows saturated behavior. This 
result shows that the incident polarization can not only tune the PL peak intensity but also the peak position.

Discussions
From our design, only the longitudinal mode has resonance with the excitation laser and the transverse mode has 
negligible effect. So when our polarized excitation is with θ  angle to the long axis of nano-antennas, the effective 
electric field will have a scaling factor of cosθ . Intuitively, the PL integrated intensity should be proportional to 
the electric field squared and show a quadratic dependence on cos θ , i.e. the enhancement should have a linear 

Figure 1. (a) The PL spectrum of pristine monolayer MoS2, displaying two fingerprinting peaks at ~ 1.85 eV and 
2.00 eV. Inset: the Raman spectrum of pristine monolayer MoS2. The observed in-plane mode E g2

1  and out-of-
plane mode A1g were at 381 cm−1 and 400 cm−1, respectively. (b) Scheme of periodic Ag nano-antenna arrays on 
monolayer MoS2. (c) The SEM image of nano-antenna arrays. The in-plane size of nano-antenna is ~ 40 ×  80 nm 
(inset upper right). Its height is measured at ~ 35 nm by using AFM scanning along the marked blue line, the 
result is shown as inset (left). (d) The simulated absorbance spectrum of single nano-antenna with polarization 
parallel (θ  =  0°) and vertical (θ  =  90°) to the long axis of nano-antenna.



www.nature.com/scientificreports/

3Scientific RepoRts | 6:23626 | DOI: 10.1038/srep23626

relation with cos2 θ  without any offset. The observed offset is attributed to the non-perfect shape of nano-antenna, 
where the transverse mode contributes about 30% absorption (Fig. 3). The nonlinear shape in Fig. 2b is believed 
to relate to the PL profile evolution and will be discussed in the latter part.

Several mechanisms may explain the polarization dependent PL peak position evolution: 2H-1T phase tran-
sition27, thermal effect28, and many-body effects29,30.

For 2H-1T phase transition, the crystalline structure will change from non-centrosymmetric to centrosym-
metric. Essentially, second-harmonic-generation (SHG) signal is very sensitive to the crystalline symmetry of a 
materials31–33. As a result, SHG generation will be strong and negligible for non-centrosymmetric 2H monolayer 
MoS2 phase (ordinary phase) and centrosymmetric 1T phase (possible phase induced by light excitation), respec-
tively. We carried out SHG experiment (800 nm 100 fs) with and without SPR excitation (Fig. 4a), and the SHG 

Figure 2. Polarization dependent PL intensity and peak position. (a) PL spectra in Ag nano-antenna 
coated MoS2 under excitation with different polarization angles θ , comparing with pristine monolayer MoS2. 
Maximum of 10 times PL enhancement was observed. (b) The dependence of integrated PL peak intensity on 
cos2 θ . (c) The dependence of PL peak position on cos2 θ .

Figure 3. The measured absorption of Ag nano-antenna in our experiment. The peak wavelength of 
transverse and longitudinal mode are at 2.64 eV (470 nm) and 2.24 eV (555 nm), respectively. The extinction 
ratio at 2.34 eV (532 nm) of longitudinal mode to transverse mode is about 3, giving rise to the offset of PL in the 
case of θ  =  90°.



www.nature.com/scientificreports/

4Scientific RepoRts | 6:23626 | DOI: 10.1038/srep23626

signal doesn’t disappear under light excitation (Fig. 4b). Moreover, we didn’t clearly observe the three character-
istic 1T Raman peaks27 in Fig. 4c. All these results above implied that the crystal structure and the original asym-
metry were not changed. Therefore, the 2H-1T phase transition could be excluded in our experiment.

For thermal effect, the observed PL shifts of nearly 0.02 eV in experiments would be caused when temperature 
was heated by ~ 100 K28, while temperature rise by SPR was estimated to be ~ 10 K27 under the current illumina-
tion intensity in our measurements. Hence, the thermal effect is neither the dominant factor for PL shifts.

SPR-excited-hot-electrons34–36 with energy higher than the Schottky barrier between metal structure and 
MoS2 can skip from metal into MoS2 and dope it effectively. The optical response in two-dimensional MoS2 are 
excitonic in nature and PL peak of intrinsic MoS2 are related to the lowest energy 1 s exciton. However, when hot 
electron injects into the MoS2, it effectively dopes the MoS2 and will lead to a new quasi-particle states of trion (or 
charged exciton). The trion effects were first observed in electrically gated MoS2

29.
To obtain more quantitative information of the many-body trion effects, we decompose the PL spectra into 

A, B excitons and trions X- under different θ  (Fig. 5a,b) by employing Lorentzian fitting, following the method 
in refs 29,37. The optimal fitting center energy of A, B excitons and trions X- are 1.883 eV, 2.007 eV and 1.857 eV, 
respectively. The fitting FWHM of A, B excitons and trions X- are 0.0548 eV. 0.2120 eV and 0.0918 eV, respectively. 
It is observed that, under cos2 θ  =  0, or the smallest field enhancement, exciton accounts for the largest proportion 
in the PL peak. However, when cos2 θ  increases (Fig. 5c), the trion portion increases gradually and finally reach 
its maximum at cos2 θ  =  1, while exciton portion decreases to zero. Since the trion energy was about 20 meV, a 
number lower than that of the exciton energy, the combined peak position redshifts will show saturation behavior, 
agreeing well with our experimental observation in Fig. 2c.

These exciton-trion competition mechanism is also the origin for the nonlinear shape in Fig. 2b. When cos2 θ  
increases, although the longitudinal field enhancement will contribute an increased weighting factor of cos2 θ  in 

Figure 4. Phase transition test. (a) Schematic diagram of the experimental setup for testing phase transition 
of MoS2 monolayers. Another continuous 532 nm semiconductor laser was added to excite surface plasmon 
resonance. The Ag nano-antenna structure arrays were designed in size of 40 ×  40 ×  80 nm for single structure. 
(b) SHG intensity variations of Ag antennas coated monolayer MoS2, with and without additional 532 nm laser 
to excite SPR. Inset: the spectra of the SHG signal (black) from the monolayer MoS2 and from the incident 
femtosecond 800 nm laser (red). (c) Raman spectrum of Ag nano-antenna coated monolayer MoS2.
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PL intensity, the hot carrier doping becomes stronger at the same time. The hot carrier induced trion will result in 
a decreasing of the PL intensity simultaneously. These two opposite effects compete with each other and the net 
effect is that the PL enhancement is monotonically increasing with cos2 θ , but smaller than the predicted linear 
relation by pure field calculation.

In summary, we have demonstrated an enhanced photo-response in MoS2 by utilizing surface plasmonic 
resonance (SPR) based on metallic nano-antenna with lateral characteristic size of 40 ×  80 nm. The enhanced 
photo-response is realized by the matching of resonance of nano-antanna with our incident laser energy. The 
photo-response shows obvious polarization dependence: the PL intensity will be enhanced from 10 to 4 times, 
and the PL peak position will blueshift 20 meV when polarization changes from being parallel to vertical to 
the long axis of the nano-antenna. This polarization dependent behavior originates from angle dependent field 
enhancement along long axis of the nano-antenna and is associated with exction-to-trion evolution. Our method 
should be versatile to enhance and control the optical response of other 2D materials, such as MX2, and therefore 
be useful for the coming optoelectronic applications of 2D materials.

Methods
Sample preparation. Monolayer MoS2 samples, typically 30 um2, were controllably synthesized on mica 
through a low-pressure chemical vapor deposition (LPCVD) process and then transferred onto SiO2 (300 nm)/Si 
substrate. The sample thickness of monolayer was confirmed by photoluminescence measurements and atomic 
force microscopy (NTEGRA SNOM, NT-MDT), respectively. Ag nano-antenna arrays were fabricated through a 
traditional electric beam lithography (e-LINE plus, RAITH) method and then followed by laser molecular beam 
epitaxy (LMBE450, KYKY).

Optical measurements. The photoluminescence measurements were performed using a single mode sem-
iconductor laser centered at 532 nm. The laser was kept at 4.5 mW power and focused onto monolayer MoS2 
with and without Ag nano-antenna (40 ×  80 ×  35 nm) arrays by a 60 ×  objective (NA =  0.85, Edmond). The SHG 
experiment (phase transition test) was performed by using an 800 nm femtosecond laser (80 fs, 82 MHz, Tsunami) 
focused onto monolayer MoS2 coated with Ag nano-antenna arrays by a 60 ×  objective (NA =  0.75, Edmond). 
The power of 800 nm femtosecond laser was kept at 5 mW. The set-ups of SHG experiment were elaborated in the 
supporting material. The PL and SHG signals were collected and analyzed with a grating spectrometer (SP2500i, 
PIActon) equipped with a liquid nitrogen cooled CCD. The Raman spectrum was measured by UV Raman 
Spectrograph (invia 6365, Renishaw).

Figure 5. The evolution of trion and exciton under different θ  (a,b). The decomposed PL intensity into trions 
and excitons under 0o and 90o incident polarization, respectively. (c) Integrated PL intenstiy evolution of trions 
and excitons with cos2 θ .
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Numerical Simulation. The absorption spectra of Ag nano-antenna arrays were simulated by finite element 
method using Comsol Multiphysics 4.3b software.

References
1. Mak, K. F., Lee, C., Hone, J., Shan, J. & Heinz, T. F. Atomically Thin MoS2: A New Direct-Gap Semiconductor. Phys. Rev. Lett. 105, 

136805 (2010).
2. Splendiani, A. et al. Emerging Photoluminescence in Monolayer MoS2. Nano Lett. 10, 1271–1275 (2010).
3. Qiu, D. Y., da Jornada, F. H. & Louie, S. G. Optical Spectrum of MoS2: Many-Body Effects and Diversity of Exciton States. Phys. Rev. 

Lett. 111, 216805 (2013).
4. Ye, Z. et al. Probing excitonic dark states in single-layer tungsten disulphide. Nature 513, 214–218 (2014).
5. Cao, T. et al. Valley-selective circular dichroism of monolayer molybdenum disulphide. Nat Commun. 3, 887 (2012).
6. Mak, K. F., He, K., Shan, J. & Heinz, T. F. Control of valley polarization in monolayer MoS2 by optical helicity. Nat. Nano. 7, 494–498 

(2012).
7. Zeng, H., Dai, J., Yao, W., Xiao, D. & Cui, X. Valley polarization in MoS2 monolayers by optical pumping. Nat. Nano. 7, 490–493 

(2012).
8. Radisavljevic, B., Radenovic, A., Brivio, J., Giacometti, V. & Kis, A. Single-layer MoS2 transistors. Nat. Nano. 6, 147–150 (2011).
9. Lopez-Sanchez, O., Lembke, D., Kayci, M., Radenovic, A. & Kis, A. Ultrasensitive photodetectors based on monolayer MoS2. Nat. 

Nano. 8, 497–501 (2013).
10. Lee, H. S. et al. MoS2 Nanosheet Phototransistors with Thickness-Modulated Optical Energy Gap. Nano Lett. 12, 3695–3700 (2012).
11. Feng, J., Qian, X., Huang, C.-W. & Li, J. Strain-engineered artificial atom as a broad-spectrum solar energy funnel. Nat. Photon. 6, 

866–872 (2012).
12. Zheng, J., Barton, R. A. & Englund, D. Broadband Coherent Absorption in Chirped-Planar-Dielectric Cavities for 2D-Material-

Based Photovoltaics and Photodetectors. ACS Photonics 1, 768–774 (2014).
13. Kim, J. et al. Ultrafast generation of pseudo-magnetic field for valley excitons in WSe2 monolayers. Science 346, 1205–1208 (2014).
14. Mak, K. F., McGill, K. L., Park, J. & McEuen, P. L. The valley Hall effect in MoS2 transistors. Science 344, 1489–1492 (2014).
15. Majumdar, A., Kim, J., Vuckovic, J. & Wang, F. Electrical Control of Silicon Photonic Crystal Cavity by Graphene. Nano Lett. 13, 

515–518 (2013).
16. Fang, Z. et al. Graphene-Antenna Sandwich Photodetector. Nano Lett. 12, 3808–3813 (2012).
17. Lu, J. et al. Improved Photoelectrical Properties of MoS2 Films after Laser Micromachining. ACS Nano 8, 6334–6343 (2014).
18. Lu, J. et al. Microlandscaping of Au Nanoparticles on Few-Layer MoS2 Films for Chemical Sensing. Small 11, 1792–1800 (2015).
19. Knight, M. W., Sobhani, H., Nordlander, P. & Halas, N. J. Photodetection with Active Optical Antennas. Science 332, 702–704 

(2011).
20. Eda, G. & Maier, S. A. Two-Dimensional Crystals: Managing Light for Optoelectronics. ACS Nano 7, 5660–5665 (2013).
21. Lin, J., Li, H., Zhang, H. & Chen, W. Plasmonic enhancement of photocurrent in MoS2 field-effect-transistor. Appl. Phys. Lett. 102, 

203109 (2013).
22. Sobhani, A. et al. Enhancing the photocurrent and photoluminescence of single crystal monolayer MoS2 with resonant plasmonic 

nanoshells. Appl. Phys. Lett. 104, 031112 (2014).
23. Butun, S., Tongay, S. & Aydin, K. Enhanced Light Emission from Large-Area Monolayer MoS2 Using Plasmonic Nanodisc Arrays. 

Nano Lett. 15, 2700–2704 (2015).
24. Najmaei, S. et al. Plasmonic Pumping of Excitonic Photoluminescence in Hybrid MoS2-Au Nanostructures. ACS Nano 8, 

12682–12689 (2014).
25. Ji, Q. et al. Epitaxial Monolayer MoS2 on Mica with Novel Photoluminescence. Nano Lett. 13, 3870–3877 (2013).
26. Lee, C. et al. Anomalous Lattice Vibrations of Single- and Few-Layer MoS2. ACS Nano 4, 2695–2700 (2010).
27. Kang, Y. et al. Plasmonic Hot Electron Induced Structural Phase Transition in a MoS2 Monolayer. Adv. Mater. 26, 6467–6471 (2014).
28. Tongay, S. et al. Thermally Driven Crossover from Indirect toward Direct Bandgap in 2D Semiconductors: MoSe2 versus MoS2. Nano 

Lett. 12, 5576–5580 (2012).
29. Mak, K. F. et al. Tightly bound trions in monolayer MoS2. Nat. Mater. 12, 207–211 (2013).
30. Lin, J. D. et al. Electron-Doping-Enhanced Trion Formation in Monolayer Molybdenum Disulfide Functionalized with Cesium 

Carbonate. ACS Nano 8, 5323–5329 (2014).
31. Liu, K. et al. Evolution of interlayer coupling in twisted molybdenum disulfide bilayers. Nat. Commun. 5, 4966 (2014).
32. Malard, L. M., Alencar, T. V., Barboza, A. P. M., Mak, K. F. & de Paula, A. M. Observation of intense second harmonic generation 

from MoS2 atomic crystals. Phys. Rev. B 87, 201401 (2013).
33. Hsu, W.-T. et al. Second Harmonic Generation from Artificially Stacked Transition Metal Dichalcogenide Twisted Bilayers. ACS 

Nano 8, 2951–2958 (2014).
34. Clavero, C. Plasmon-induced hot-electron generation at nanoparticle/metal-oxide interfaces for photovoltaic and photocatalytic 

devices. Nat. Photon. 8, 95–103 (2014).
35. Brongersma, M. L., Halas, N. J. & Nordlander, P. Plasmon-induced hot carrier science and technology. Nat. Nano. 10, 25–34 (2015).
36. Sundararaman, R., Narang, P., Jermyn, A. S., Goddard Iii, W. A. & Atwater, H. A. Theoretical predictions for hot-carrier generation 

from surface plasmon decay. Nat. Commun. 5, 5788 (2014).
37. Akselrod, G. M. et al. Leveraging Nanocavity Harmonics for Control of Optical Processes in 2D Semiconductors. Nano Lett. 15, 

3578–3584 (2015).

Acknowledgements
We acknowledge the funding support from the National Science Foundation of China (NSFC#11174019, 
61322509, 51522201 and 11121091), the National Program for Thousand Young Talents of China and the 
Ministry of Science and Technology of China (National Basic Research Program of China under Grant No. 
2013CB921904).

Author Contributions
J.L. conducted the experiments, Q.J., S.C., Y.Z. and Y.L. prepared the samples. K.S., K.L. and Q.G. supervised the 
project.

Additional Information
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Li, J. et al. Tuning the photo-response in monolayer MoS 2  by plasmonic nano-antenna. 
Sci. Rep. 6, 23626; doi: 10.1038/srep23626 (2016).



www.nature.com/scientificreports/

7Scientific RepoRts | 6:23626 | DOI: 10.1038/srep23626

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://creativecommons.org/licenses/by/4.0/

	Tuning the photo-response in monolayer MoS2 by plasmonic nano-antenna
	Results
	Discussions
	Methods
	Sample preparation. 
	Optical measurements. 
	Numerical Simulation. 

	Acknowledgements
	Author Contributions
	Figure 1.  (a) The PL spectrum of pristine monolayer MoS2, displaying two fingerprinting peaks at ~ 1.
	Figure 2.  Polarization dependent PL intensity and peak position.
	Figure 3.  The measured absorption of Ag nano-antenna in our experiment.
	Figure 4.  Phase transition test.
	Figure 5.  The evolution of trion and exciton under different θ (a,b).



 
    
       
          application/pdf
          
             
                Tuning the photo-response in monolayer MoS2 by plasmonic nano-antenna
            
         
          
             
                srep ,  (2016). doi:10.1038/srep23626
            
         
          
             
                Jiu Li
                Qingqing Ji
                Saisai Chu
                Yanfeng Zhang
                Yan Li
                Qihuang Gong
                Kaihui Liu
                Kebin Shi
            
         
          doi:10.1038/srep23626
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep23626
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep23626
            
         
      
       
          
          
          
             
                doi:10.1038/srep23626
            
         
          
             
                srep ,  (2016). doi:10.1038/srep23626
            
         
          
          
      
       
       
          True
      
   




