Intensified surface enhanced Raman signal of a graphene monolayer
on a plasmonic substrate through the use of fluidic dielectrics
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ABSTRACT

It has been shown that surface enhanced Raman spectroscopy (SERS) has many promising applications in ultrasensitive
detection of Raman signal of substances. However, optimizing the enhancement in SERS signal for different applications
typically requires several levels of fabrication of active plasmonic SERS substrates. In this paper, we report the
enhancement of SERS signal of a single layer of graphene located on a plasmonic nano-Lycurgus cup array after placing
water droplets on it. The experimental data shows that addition of water droplets can enhance the SERS signal of the
single layer of graphene about 10 times without requiring any modifications to the nano-Lycurgus cup array. Using full-
wave electromagnetic simulations, we show that addition of water droplets enhances the local electric field at the
graphene layer, resulting in stronger light-graphene interaction at the excitation pump laser wavelength. We also show
that the addition of water droplets on the graphene layer enables us to modify the band diagram of the structure, in order
to enhance the local density of optical states at the Raman emission wavelengths of the graphene layer. Numerical
calculations of both the excitation field enhancement at the location of the graphene layer, and the emission enhancement
due to enhanced local density of optical states, support the experimental results. Our results demonstrate an approach to
boost the SERS signal of a target material by controlling the band diagram of the active nanostructured SERS substrate
through the use of fluidic dielectrics. These results could find potential applications in biomedical and environmental
technologies.
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1. INTRODUCTION

Surface enhanced Raman spectroscopy (SERS) has been a robust tool in detection and characterization of materials and
substances for years'®. In this technique, the intensity of the Raman signal of target materials, which is often too weak to
be detected, is promoted through utilizing metallic nanostructures and nanoparticles”*. Target molecules, when located
in the vicinity of the metallic nanostructures, experience a giant enhancement in the electromagnetic field as well as the
local density of optical states at the resonance wavelength of the nanostructure’ .

In this paper, we report on a significant enhancement in the SERS signal of a single graphene layer which is placed on a
metallic array of nanoholes due to application of water droplets on top of the graphene layer. Figure 1 shows the
nanostructure used in the experiment. A metallic nano-Lycurgus cup array (nanoLCA) has been used as the SERS
substrate'"'*. Silver was used as the metal along with titanium which is used as an adhesive material between polymer
and silver. As shown in Fig. 1(b), due to the unique cup-shape of the nanoLCA structure, nanoparticles form in the side
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walls of the nanoholes during the fabrication process. The refractive index of the polymer material is 1.56 and the depth
of nanoholes 4 is 500 nm. A single graphene layer is placed on the nanoLCA substrate. Graphene with its two-
dimensional nature can be conveniently used along plasmonic nanostructures'>'?. Here, graphene layer is used as a probe
to investigate the optical response of the proposed structure. Figure 1(c) shows the scanning electron microscopy (SEM)
image of the nanostructure which is covered with a single layer of graphene. Figure 1(a) also shows an optical image of
the fabricated structure which is partially covered with water droplets. The utilization of water droplets enables us to
increase the confinement of the local field and enhance the local density of optical states (LDOS) at the location of the
graphene layer, which results in about 10 times enhancement in the intensity of the SERS signal of graphene when
compared to the intensity of the SERS signal of a graphene layer without water.
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Figure 1. (a) Optical image of the sample, consisting of a metallic nanoLCA substrate covered with a single graphene layer.
The surface of the graphene is covered partially with water droplets. (b) Cross-sectional view of one unit-cell of the metallic
substrate nanostructure covered with a single layer of graphene. The thickness of silver and titanium layers are 90 nm and 9
nm, respectively. Nanoparticles are 40 nm in diameter. The cup depth /4 is 500 nm. Top and bottom hole diameters are 200
nm and 160 nm, respectively. (¢) SEM image of the nanostructure covered with the graphene layer. The scalebar is 200 nm.

2. RESULTS AND ANALYSIS

Figure 2 shows the SERS spectra of the graphene layer on the nanoLCA substrate when it is covered with droplets (red
curve), compared to the SERS signal of a graphene layer on the metallic substrate without water droplets (black curve).
The SERS signal of a graphene layer on glass is also shown as a reference. However, this spectrum was taken at a higher
laser power and larger integration time compared to the other curves. In this experiment addition of water droplets on the
graphene layer intensified the SERS effects about 10 times.
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Figure 2. Raman spectra of a single layer of graphene (SLG) when placed on different substrates (metallic nanoLCA and
glass) and covered with air and water. P is the incident laser power at 633 nm, and ¢ is the integration time.
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Addition of water droplets enhances the SERS signal of the graphene through enhancing the local confinement of field
and the LDOS at the location of the graphene. Figure 3(a) shows the calculated field intensity averaged over the surface
of the graphene when it is covered with air (black curve) and water (red curve), respectively. Finite-difference time-
domain (FDTD) method (Lumerical FDTD Solutions) was used to calculate this result. This figure shows that addition
of water droplets increases the intensity of the local field on the surface of graphene at the pump laser wavelength of 633
nm more than 3 times. Figure 3(b) depicts the calculated electric field intensity on the graphene in one unit-cell of the
nanoL CA substrate when graphene is covered with air (top) and when it is covered with water (bottom) at 633 nm.

20

—air

2 2
IEI"/E)|

441 544 633 700
Wavelength (nm)

Figure 3. (a) Calculated averaged field intensity on the surface of the graphene layer located on the nanoLCA substrate as a
function of wavelength when graphene is covered with air (black curve) and water (red curve). (b) Calculated electric field
intensity on the surface of the graphene when it is covered with air (top) and water (bottom) at the pump laser wavelength of
633 nm. The scalebar is 100 nm. The polarization of the excitation laser is also shown.

Addition of water droplets also increases the LDOS at the location of the graphene. Figure 4 shows the calculated
averaged LDOS enhancement with respect to the DOS of a dipole emitter in free space at the location of the graphene
layer when it is covered with air (black curve) and water (red curve). FDTD simulations show that placing water droplets
on the graphene increases the LDOS at the Raman emission wavelengths of graphene, 704 nm and 760 nm
(corresponding to 426 THz and 395 THz, respectively), about 3 times.
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Figure 4. Calculated averaged LDOS enhancement at the location of the graphene layer when it is covered with air (black
curve) and water (red curve).
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3. CONCLUSION

In this paper, we theoretically and experimentally investigated the effect of addition of water droplets on the surface of a
graphene layer placed on top of a metallic nanoLCA substrate on the intensity of the SERS signal of graphene. We
showed that the intensity of the SERS signal of graphene increased about 10 times when it was covered with water
droplets. Our theoretical investigations show that addition of water on the graphene increases the confinement of the
local field as well as the LDOS at the location of the graphene. Our proposed approach of utilizing fluidic dielectrics
along with conventional SERS substrates enables us to promote the SERS signal of target molecules with no change to
the SERS substrate.

REFERENCES

[1] Fleischmann, M., Hendra, P. J., and McQuillan, A., "Raman spectra of pyridine adsorbed at a silver electrode,"
Chemical Physics Letters 26, 163-6 (1974).

[2] Albrecht, M. G., and Creighton, J. A., "Anomalously intense Raman spectra of pyridine at a silver electrode,"
Journal of the American Chemical Society 99, 5215-7 (1977).

[3] Jeanmaire, D. L., and Van Duyne, R. P., "Surface Raman spectroelectrochemistry: Part I. Heterocyclic, aromatic,
and aliphatic amines adsorbed on the anodized silver electrode," Journal of Electroanalytical Chemistry and
Interfacial Electrochemistry 84, 1-20 (1977).

[4] Burstein, E., Chen, Y., Chen, C., Lundquist, S., and Tosatti, E., "Giant Raman scattering by adsorbed molecules on
metal surfaces," Solid State Communications 29, 567-70 (1979).

[5] Haynes, C. L., Yonzon, C. R., Zhang, X., and Van Duyne, R. P., "Surface-enhanced Raman sensors: early history
and the development of sensors for quantitative biowarfare agent and glucose detection," Journal of Raman
Spectroscopy 36, 471-84 (2005).

[6] Halas, N. J., and Moskovits, M., "Surface-enhanced Raman spectroscopy: Substrates and materials for research and
applications," MRS Bulletin 38, 607-11 (2013).

[71 Kneipp, K., Wang, Y., Kneipp, H., Perelman, L. T., Itzkan, 1., Dasari, R. R., and Feld, M. S., "Single molecule
detection using surface-enhanced Raman scattering (SERS)," Physical Review Letters 78, 1667 (1997).

[8] Camden, J. P., Dieringer, J. A., Zhao, J., and Van Duyne, R. P., "Controlled Plasmonic Nanostructures for Surface-
Enhanced Spectroscopy and Sensing," Accounts of Chemical Research 41, 1653-61 (2008).

[9] Wang, H. H,, Liu, C. Y., Wu, S. B,, Liu, N. W., Peng, C. Y., Chan, T. H., Hsu, C. F., Wang, J. K., and Wang, Y. L.,
"Highly Raman-enhancing substrates based on silver nanoparticle arrays with tunable sub-10 nm gaps," Advanced
Matererials 18, 491 (2006).

[10] Liu, T. T, Lin, Y. H., Hung, C. S., Liu, T. J., Chen, Y., Huang, Y. C., Tsai, T. H., Wang, H. H., Wang, D. W,
Wang, J. K., Wang, Y. L., and Lin, C. H., "A high speed detection platform based on surface-enhanced Raman
scattering for monitoring antibiotic-induced chemical changes in bacteria cell wall," Plos One 4, 5470 (2009).

[11] Chang, T., Wang, X., Hsiao, A., Xu, Z., Lin, G., Gartia, M., Liu, X., and Liu, G. L., "Bifunctional Nano Lycurgus
Cup Array Plasmonic Sensor for Colorimetric Sensing and Surface-Enhanced Raman Spectroscopy,” Advanced
Optical Materials 3, 1397-404 (2015).

[12] Khorasaninejad, M., Raeis-Zadeh, S. M., Jafarlou, S., Wesolowski, M. J., Daley, C. R., Flannery, J. B., Forrest, J.,
Safavi-Naeini, S., and Siani, S. S., "Highly Enhanced Raman Scattering of Graphene using Plasmonic Nano-
Structure," Scientific Reports 3, 2936 (2013).

[13] Sonntag, M. D., Klingsporn, J. M., Zrimsek, A. B., Sharma, B., Ruvuna, L. K., and Van Duyne, R. P., "Molecular
plasmonics for nanoscale spectroscopy,” Chemical Society Reviews 43, 1230-47 (2014).

[14] Gartia, M., Hsiao, A., Pokhriyal, A., Seo, S., Kulsharova, G., Cunningham, B., Bond, T. C., and Liu, G. L.,
"Colorimetric Plasmon Resonance Imaging Using Nano Lycurgus Cup Arrays," Advanced Optical Materials 1, 281
(2013).

[15] Li, X. H., Choy, W. C. H., Ren, X. G., Zhang, D., and Lu, H. F., "Highly Intensified Surface Enhanced Raman
Scattering by Using Monolayer Graphene as the Nanospacer of Metal Film-Metal Nanoparticle Coupling System,"
Advanced Functional Materials 24, 3114-22 (2014).

[16] Zhu, X., Shi, L., Schmidt, M., Boisen, A., Hansen, O., Zi J., Xiao, S., and Asger Mortensen, N., "Enhanced Light-
Matter Interactions in Graphene-Covered Gold Nanovoid Arrays," Nano Letters 13, 4690-6 (2013).

Proc. of SPIE Vol. 10080 1008005-4

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 02/28/2017 Terms of Use: http://spiedigitallibrary.or g/ss'ter msofuse.aspx



[17] Heeg, S., Fernandez-Garcia, R., Oikonomou, A., Schedin, F., Narula, R., Maier, S. A., Vijayaraghavan, A., and

Reich, S., "Polarized Plasmonic Enhancement by Au Nanostructures Probed through Raman Scattering of
Suspended Graphene," Nano Letters 13, 301-8 (2013).

[18] Sidorov, A. N., Slawinski, G. W., Jayatissa, A. H., Zamborini, F. P., and Sumanasekera, G. U., "A surface-

enhanced Raman spectroscopy study of thin graphene sheets functionalized with gold and silver nanostructures by
seed-mediated growth," Carbon 50, 699-705 (2012).

[19] Hao, Q. Z., Wang, B., Bossard, J. A., Kiraly, B., Zeng, Y., Chiang, I. K., Jensen, L., Werner, D. H., and Huang, T.

J., "Surface-Enhanced Raman Scattering Study on Graphene-Coated Metallic Nanostructure Substrates," Journal of
Physical Chemistry C 116, 7249-54 (2012).

Proc. of SPIE Vol. 10080 1008005-5

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 02/28/2017 Terms of Use: http://spiedigitallibrary.or g/ss'ter msofuse.aspx



