Metadata, citation and similar papers at core.ac.uk

Provided by Aston Publications Explorer

PROCEEDINGS OF SPIE

SPIEDigitalLibrary.org/conference-proceedings-of-spie

Resonance modes of plasmonic
nanorod metamaterials and their
applications

Zhang, Junxi, Hu, Zhijia, Xie, Kang, Wei, Yongqgin, Wang,
Haoyu, et al.

Junxi Zhang, Zhijia Hu, Kang Xie, Yongqin Wei, Haoyu Wang, Fei Wang,
Taiming Liang, Sonia Ghafoor, Pei Wang, Guangtao Fei, Lide Zhang, Lin
Zhang, "Resonance modes of plasmonic nanorod metamaterials and their
applications," Proc. SPIE 11336, AOPC 2019: Nanophotonics, 113360P (18
December 2019); doi: 10.1117/12.2547790

SPIEo Event: Applied Optics and Photonics China (AOPC2019), 2019, Beijing, China

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 27 Jan 2020 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use


https://core.ac.uk/display/286712266?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Resonance modes of plasmonic nanorod metamaterials and their application

Junxi Zhang 22", Zhijia Hu> 23, Kang Xie®®", Yonggin Wei', Haoyu Wang?, Fei Wang®, Taiming
Liang!, Sonia Ghafoor*, Pei Wang*, Guangtao Fei°, Lide Zhang® and Lin Zhang?

!Department of Opto-electronic Information Science and Engineering, School of Instrument Science

and Opto-electronics Engineering, National Engineering Lab of Special Display Technology, Key

Lab of Advanced Display Technology, Hefei University of Technology, Hefei 230009, China

2Aston Institute of Photonic Technologies, School of Engineering & Applied Science, Aston

University, Birmingham B4 7ET, UK

3State Key Laboratory of Environment-Friendly Energy Materials, Southwest University of Science

and Technology, Mianyang 621000, China

“Department of Optics and Optical Engineering, Anhui Key Laboratory of Optoelectronic Science

and Technology, University of Science and Technology of China, Hefei 230026, China

®Key Laboratory of Materials Physics and Anhui Key Laboratory of Nanomaterials and

Nanostructures, Institute of Solid State Physics, Chinese Academy of Sciences, Hefei 230031, China
semail: junxi.zhang@hfut.edu.cn, Pemail: kangxie@hfut.edu.cn

ABSTRACT

Plasmonic nanorod metamaterials exhibit transversal and longitudinal resonance modes. It is found that the resonance
intensity of the transversal modes (T-Modes) excited by the p- polarized wave is obviously larger than the intensity for
the s- polarized wave at the wavelength of the transversal resonance, and the resonance intensity of the longitudinal
modes (L-Modes) excited by the s- polarized wave is clearly larger than the intensity for the p- polarized wave at the
longitudinal resonance wavelength, indicating a distinct polarization characteristics, which results from excitation of the
different resonance modes of surface plasmons at different wavelengths. Moreover, the polarization behavior in near
field regions for the different resonance modes has been demonstrated by the electric field distributions of the plasmonic
nanorods based on FDTD simulation. In addition, the working wavelength of the polarizer can be tuned by the diameter
and length of the silver nanorods in the visible spectral range, higher extinction ratios and lower insertion losses can be
achieved based on the different resonance modes associated with the different polarizations. The polarizers will be a
promising candidate for its potential applications in integration of nanophotonic devices.
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1. INTRODUCTION

Plasmonic resonant cavities are capable of confining light at the nanometer scale due to both enhanced local
electromagnetic fields and lower mode volumes, which exhibit promising applications in sources 3, sensing *¥,
enhanced effects 7 etc. It has been noted that the conventional metal nanostrips as cavities with single metal-dielectric
interfaces have large Ohmic losses %, Whereas enhancement of plasmonic near-field coupling by designing two or
multi metal-dielectric interfaces can decrease the Ohmic losses 125, In this case, the plasmonic resonant cavities with
the two or multi metal-dielectric interfaces can be expected to be applied in some optical devices. Polarizers enable
control the polarization state of light, are one of the most fundamental elements used in the optical devices. In this paper,
we report the plasmonic resonant for their application in the polarizers.
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2. METHOD

The plasmonic properties of the silver nanorod metamaterials can be simulated by a finite-difference time-domain
(FDTD) method with Lumerical package. The refractive index of silver is based on data from Palik (0-2 pm) in the
material library of the FDTD software, the simulation domain covers a silver nanorod which has an arrangement of
hexegonal lattice in (X, y) plane, and the mesh accuracy is 6, the boundary conditions are the perfectly matched layer
(PML) boundary conditions in the direction of z and the bloch boundary conditions in the x and y directions. The
plane waves (s- and/or p- polarized light) as incident sources with the wavelengths covering from 300 nm to 1000
nm are illuminated onto the cross-sectional surface of the silver nanorod metamaterial.

p

Figure 1. Schematic illustration of a silver nanorod metamaterial when the incident light with s and p polarization directions impinges
on the cross-sectional surface of the nanorods at normal incidence along y direction, where z direction is parallel to the long axis of the
nanorods.

3. RESULTS AND DISCUSSION

Near-field mode coupling of the plasmonic nanorod metamaterials consisting of the silver nanorod arrays has been
investigated in our previous work 3. Reflectance measurements reveal the existence of multiple resonance modes of the
nanorod metamaterials. Furthermore, FDTD numerical simulations display that the electromagnetic fields of the
longitudinal resonance modes are focused at the interface between silver nanorods and aluminum oxide, and the electric
fields at the interface form standing waves, indicating that the nanorod metamaterials can work as plasmonic resonant
cavities. Also, the resonance modes of the resonant cavities can be tuned by changing the structure parameters of the
nanorod metamaterials. Our previous investigations demonstrated the high-order harmonic modes of the longitudinal
resonances are observed when the nanorod length increased to 280 nm.

In terms of the plasmonic nanorod metamaterials for application in the polarizers, we only consider the lower-order
harmonic modes of the longitudinal resonances. Figure 2 shows the spectra of localized surface plasmons of the silver
nanorod metamaterials with the length of 150 nm and the diameter of 60 nm. The transversal resonance mode (T-Mode)
at 523 nm can be excited by the p- polarized wave (e.g., the polarization direction is along the short axis of the silver
nanorods), while the longitudinal resonance mode (L-Mode) at 704 nm can be excited by the s- polarized wave (e.g., the
polarization direction is along the long axis of the nanorods). Moreover, it is found that the resonance intensity of the
transversal mode for the p- polarized wave is obviously larger than the intensity for the s- polarized wave at the same
wavelength of 523 nm. Also, the resonance intensity of the longitudinal mode for the s- polarized wave is clearly larger
than the intensity for the p- polarized wave at the same wavelength of 704 nm. These results indicate that the silver
nanorod metamaterials attenuate the incident light at the resonance wavelength (e.g., 523 nm or 704 nm) of one
resonance mode (e.g., T-Mode or L-Mode) for one polarized wave (e.g., p- polarization or s- polarization), while, they
nearly completely transmit the incident light at the same wavelength for the other polarized wave (s- polarization or p-
polarization), which exhibits distinct polarization characteristics.
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Figure 2. The spectra of localized surface plasmons of the silver nanorod metamaterials with the length of 150 nm and the diameter of
60 nm for p- and s- polarized waves. Where, the T-Mode is excited by the p- polarized wave (black curve) and the L-Mode is excited
by the s- polarized wave (red curve).

Moreover, the polarization behavior in near field regions can be demonstrated by the electric field distributions of the
plasmonic nanorod metamaterials based on FDTD simulation. It is observed that the resonance direction of the T-mode
at 523 nm is along the short axis of the nanorods (i.e. x direction) based on the excitation by the p- polarization of
incident light, and the electric field in the near filed at 523 nm is very strong due to their near filed coupling of the T-
Mode between the adjacent silver nanorods (Figure 3a). Whereas, the resonance direction at 523 nm is along the long
axis of the nanorods (i.e. z direction) for the s- polarization of incident light, and the electric field in the near filed at 523
nm is very weak because the near filed coupling of the L-Mode between the adjacent silver nanorods does not occur for
the same wavelength of 523 nm (Figure 3b). On the other hand, the resonance direction of the L-mode at 704 nm is along
the long axis of the nanorods (i.e. z direction) based on the excitation by the s- polarized wave, and the electric field in
the near filed at 704 nm is very strong due to their near filed coupling of the L-Mode between the adjacent silver
nanorods (Figure 3c). Nevertheless, the resonance direction at 704 nm is along the short axis of the nanorods (i.e. x
direction) for the p- polarized wave, and the electric field in the near filed at 704 nm is very weak because the near filed
coupling of the T-Mode between the adjacent silver nanorods does not occur for the same wavelength of 704 nm (Figure
3d). Consequently, the plasmonic nanorod metamaterial exhibits an obvious near-field polarization characteristic at the
same wavelengths associated with the two different resonance modes (T-Mode or L-Mode) excited by p- and s-
polarized waves.
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Figure 3. The electric field distributions of the silver nanorod metamaterials with the length of 150 nm and the diameter of 60 nm. (a)
The electric field profiles of E(x, y) at 523 nm for the T-Mode excited by the p- polarized wave; (b) The electric field profiles of E(x, z)
at 523 nm for the s- polarized wave; (c) The electric field profiles of E(x, z) at 704 nm for the L-Mode excited by the s- polarized
wave; (d) The electric field profiles of E(X, y) at 704 nm for the p- polarized wave.

In addition, the working wavelength of the polarizers can be tuned by changing the sizes of the silver nanorod
metamaterials. Figure 4 displays the spectra of localized surface plasmons of the silver nanorod metamaterials with the
nanorod diameter when the nanorod length is fixed. The T-Mode exhibits obvious redshifts from 494 nm to 523 nm, 564
nm and 604 nm when the diameter of the silver nanorods increases from 50 nm to 60 nm, 70 nm and 80 nm for the p-
polarized wave. In contrast, the resonance wavelength of the L-Mode doses not present clear shifts. Thus, the wavelength
of the polarizers based on the T-Modes can be tailored in a wide wavelength range by adjusting the diameter of the silver
nanorods. Furthermore, the resonance of the T-Modes excited by the p- polarized wave are very strong than that of the L-
Modes excited by the s- polarized wave, so the higher extinction ratios and the lower insertion losses can be obtained by
the resonance of the T-Modes excited by the p- polarized wave and the out of the resonance by the s- polarized wave at
the same wavelengths.
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a

Figure 4. The spectra of localized surface plasmons of the silver nanorod metamaterials with the nanorod diameters of 50 nm, 60 nm,
70 nm and 80 nm for the same nanorod length of 150 nm. (a) T-Modes excited by the p- polarized wave (dash dot curves) and L-
Modes excited by the s- polarized wave (solid curves); (b) T-Modes excited by the p- polarized wave for the different diameters of the
nanorods (red curve), the resonance at the T-Mode wavelengths by the s- polarized wave for the different diameters (black curve); (c)
T-Modes excited by the p- polarized wave for the different wavelengths corresponding to the different diameters of the nanorods (red
curve), the out of resonance at the T-Mode wavelengths by the s- polarized wave for the different wavelengths (black curve).
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Figure 5 shows the spectra of localized surface plasmons of the silver nanorod metamaterials with the nanorod length
when the nanorod diameter is constant. The L-Mode displays remarkable redshifts from 559 nm to 630 nm, 703 nm and
785 nm when the length of the silver nanorods increases from 90 nm to 120 nm, 150 nm and 180 nm for the s- polarized
wave. In contrast, the shift of the resonance wavelength of the T-Mode is not obvious. Aa a result, the wavelength of the
polarizers based on the L-Modes can be modulated in a broad waveband range by changing the length of the silver
nanorods. Since the resonance of the T-Modes excited by the p- polarized wave are very strong than that of the L-Modes
excited by the s- polarized wave, the resonance wavelength of the T-Mode has a slight shift. In these cases, the higher
extinction ratios and the lower insertion losses can be obtained by the resonance of the T-Modes excited by the p-
polarized wave and the out of the resonance by the s- polarized wave at the same wavelengths.
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Figure 5. The spectra of localized surface plasmons of the silver nanorod metamaterials with the nanorod lengths of 90 nm, 120 nm,
150 nm and 180 nm for the same nanorod diameter of 60 nm. (a) T-Modes excited by the p- polarized wave (dash dot curves) and L-
Modes excited by the s- polarized wave (solid curves); (b) L-Modes excited by the s- polarized wave for the different lengths of the
nanorods (black curve), the resonance at the L-Mode wavelengths by the p- polarized wave for the different lengths (red curve); (c) L-
Modes excited by the s- polarized wave for the different wavelengths corresponding to the different lengths of the nanorods (black
curve), the out of resonance at the L-Mode wavelengths by the p- polarized wave for the different wavelengths (red curve).
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4. CONCLUSION

The transversal and longitudinal resonance modes of the plasmonic nanorod metamaterials are investigated. It is found
that the transversal mode (T-Mode) and the longitudinal mode (L-Mode) can be excited by p- and s- polarized waves,
respectively, and the resonance intensity of the T-Modes excited by the p- polarized wave is obviously larger than the
intensity for the s- polarized wave at the resonance wavelengths of the T-Modes, and the resonance intensity of the L-
Modes excited by the s- polarized wave is clearly larger than the intensity for the p- polarized wave at the resonance
wavelengths of the L-Modes. As a result, the silver nanorod metamaterials attenuate the incident light at the resonance
wavelength of one resonance mode (e.g., T-Mode or L-Mode) for one polarized wave (e.g., p- polarization or s-
polarization), while, they nearly completely transmit the incident light at the same wavelength for the other polarized
wave (s- polarization or p- polarization), which performs an obvious polarization behaviors. Furthermore, the electric
field distributions of the plasmonic nanorods based on FDTD simulation presents the polarization behavior in the near
field regions for the different resonance modes at the same wavelengths. On the other hand, the wavelength of the
polarizers in the visible spectral range can be tuned by the diameter and length of the silver nanorods, higher extinction
ratios and lower insertion losses can be obtained by the different resonance modes for the different polarizations. The
polarizers can be used for the integration of hanophotonic devices.
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