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Selective control of multipole in Silicon Mie resonator and infrared metasurface
devices
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We conducted research on a light wave control method for a very thin planar
optical element called a metasurface using single crystal silicon, and obtained the following
results. We have found that 1) a highly sensitive refractive index detector and a complete absorber
using only a dielectric are realized, 2) the effective nonlinear refractive index of silicon is
enhanced by 100,000 times of the bulk due to the photothermal effect by Mie resonance. Applying
this to optical / optical switching elements, and 3) proposal of optical modulation elements with a
new principle using metal-insulator phase transition of vanadium dioxide.

These can be applied to high-sensitivity photodetectors, all-optical switching elements, adaptive
radiative cooling elements.



metasurface; MS

MS MS
MS MS
MS
MS Si, TiO2
Mie resonance
multipole
Electric Dipole; ED
Magnetic Dipole; MD MS
Cr ED
MD
ED MD
Electric Quadrupole; EQ Magnetic Quadrupole; MQ
Si ¢c-Si
VO2
Multipole Engineering
MS FDTD
multipole decomposition analysis; MDA c-S
VO2 MS
c-Si MS 900-
1200nm 2 20um
SOQ Silicon on Quartz c-S
s HiEZY)ay
VO, ‘J/
MS o g
FT-IR Qggggag
e~ e
‘;Sl\ TARY
1B &30 A
ED,MD —\‘F Y 7°)§
EQ,MQ w1 C'Si: MS 1= F2 1+ A 2 TIE LA~
[1]
MS

MS

Si-MS



MS

ED MD ED MD
MS MD
ED S=385nm/RIU [2]
MS S=289  Quasi-bound states
in the continuum (QBC)
80rep . 10 300 nm thickness
. X
5=326 [2] Saof o e 0.8 R 0
FOM 160 & © o o o c "\
E 206
— 3]
£ °[mp £04
MD 2 8 e
@ 300 8 8 02 —Ethanol --Isopropanol
0.0
0 1250 1500 1750 2000 2250 2500
(a) 150 200 250 300 ) Wavelength [nm]
Thickness [nm]
c-S 300nm
(a)eD MD (b) 2]
MS ED MD Huygens MS;
HMS HMS
Perfect Absorber; PA
Degenerate Critical Coupling; DCC
[3] c-
Si
e e
480nm PA | oo o oL
1 WrETME T e
08 §.°-8 --:n’:lationt
206 206
£ 3
PA §Q4 304
<, <02
(a),(b) [4] 0'9100 500 600 700 0'9150 500 550 600 650 700
DCC Wavelength [nm] Wavelength [nm]
Dce Q PA DCC PA (a) MS
MQ EQ PA (b)ED/MD PA (c) MS
©.@ B 4 eomo PA[4,5]
c-Si @),
10°W/cm? c)
T s w= 100 nm
© [6.7] si 10 T e
% . &
£ 5 300K
superlinear £, //7\0OK
sublinear % 0 A(561 nm)
1]

0. 001pm®

0

6]

12345678

Excitation intensitv (mW um=2)

MS (¢)



OFF

10° 592nm ON/OFF
543nm [6]
VO:2
VO T. 68
VO:2
MS ¢S VO
ED,MD
Te MS
HMS 2n
[8]
[9]
[10] ON/OFF

0.6

D MD 80 vo,
oSl
0.4 i

§00,

Reflectance

02 Dielectric phase

Absorptivity

Metal phase

Phase (/)
o

Magnetic mirror

1 11 12 13 14 15 16 17 18 19 2
Wavelenath fuml

/
HMS [8] [9] [10]

1) T. Liu, et al., “Multipole and multimode engineering in Mie resonance-based metastructures,”
Nanophotonics 9(5) 1115 (2020).

2) R. Xu, and J. Takahara, “Highly sensitive and robust refractometric sensing by magnetic dipole of S
nanodisks,” Appl. Phys. Lett. 120, 201104 (2022).

3) X. Ming, X. Liu, L. Sun, and W. J. Padilla, “Degenerate critical coupling in all-dielectric metasurface
absorbers,” Opt. Express 25, 24658 (2017).

4) R. Xu and J. Takahara, “Radiative loss control of an embedded silicon perfect absorber in the visible
region,” Opt. Lett. 46(4), 805 (2021).

5) R. Xu and J. Takahara, “All-dielectric perfect absorber based on quadrupole modes,” Opt. Lett. 46(15),
3596 (2021).

6) Y.-S. Duh, Y. Nagasaki, et al., “Giant photothermal nonlinearity in asingle silicon nanostructure,” Nature
Commun. 11:4101(2020).

7) Y.-L. Tang, et al., “Mie-enhanced photothermal/thermo-optical nonlinearity and applications on all-
optical switch and super-resolution imaging [Invited],” Opt. Mater. Express 11(11), 3608 (2021).

8) H. Takase and J. Takahara, “Switchable wavefront control using all-dielectric metasurface mediated by
VO,,” Appl. Phys. Express 14, 032007 (2021).

9) Si-V0, 69
24a-E303-3 2022 3 24 .
10) ) V02 68

17a-205-7 2021 3 17



15 12 4 5

Rongyang Xu, and Junichi Takahara 120
Highly sensitive and robust refractometric sensing by magnetic dipole of Si nanodisks 2022
Applied Physics Letters 201104-1-5
DOl
10.1063/5.0091862
Guan-Jie Huang, Hao-Yu Cheng, Yu-Lung Tang, lkuto Hotta, Junichi Takahara, Kung-Hsuan Lin, and -
Shi-Wei Chu
Transient Super-/Sub-Linear Nonlinearities in Silicon Nanostructures 2022
Advanced Optical Materials 2101711
DOl
10.1002/adom.202101711
105
2022
39-46
DOl
Yu-Lung Tang, Te-Hsin Yen, Kentaro Nishida, Junichi Takahara, Tianyue Zhang, Xiangping Li, 11
Katsumasa Fujita, & Shi-Wei Chu
Mie-enhanced photothermal/thermo-optical nonlinearity and applications on all-optical switch 2021
and super-resolution imaging [Invited]
Optical Materials Express 3608-3626

DOl
10.1364/0ME. 431533




Rongyang Xu and Junichi Takahara

46

All-dielectric perfect absorber based on quadrupole modes 2021

Optics Letters 3596-3599
DOl

10.1364/0L.431398

Hiroaki Takase and Junichi Takahara 14

Switchable wavefront control using all-dielectric metasurface mediated by V02 2021

Applied Physics Express (APEX) 032007-1-4
DOl

10.35848/1882-0786/abdd13

Rongyang Xu and Junichi Takahara 46

Radiative loss control of an embedded silicon perfect absorber in the visible region 2021

Optics Letters 805-808
DOl

10.1364/0L.417438

Yi-Shiou Duh, Yusuke Nagasaki, Yu-Lung Tang, Pang-Han Wu, Hao-Yu Cheng, Te-Hsin Yen, Hou-Xian 11

Ding, Kentaro Nishida, lkuto Hotta, Jhen-Hong Yang, Yu-Ping Lo, Kuo-Ping Chen, Katsumasa

Fujita, Chih-Wei Chang, Kung-Hsuan Lin, Junichi Takahara & Shi-Wei Chu

Giant photothermal nonlinearity in a single silicon nanostructure 2020

Nature Communications 4101

DOl
10.1038/s41467-020-1784




Tianji Liu, Rongyang Xu, Peng Yu, Zhiming Wang, and Junichi Takahara

Multipole and multimode engineering in Mie resonance-based metastructures 2020
Nanophotonics 1-23

DOl
10.1515/nanoph-2019-0505
Yusuke Nagasaki, Toshinori Kohno, Kazuki Bando, Hiroaki Takase, Katsumasa Fujita, and Junichi 115
Takahara
Adaptive printing using V02 optical antennas with subwavelength resolution 2019
Applied Physics Letters 161105-1-5

DOl
10.1063/1.5109460

43 16 20

Junichi Takahara

Tunable Infrared Metasurface based on V02 for Anti-Counterfeiting and Adaptive Radiative Cooling

The 8th International Conference on Antennas and Electromagnetic Sytems (AES)

2022

Junichi Takahara

Giant nonlinear scattering and narrowband perfect absorption in silicon metasurface

International Conference on Nano-photonics and Nano-optoelectronics (ICNN 2022)

2022




42

2022

2022

Si-V02

69

2022

Junichi Takahara

Switchable dielectric metasurface based on V02

A3 Forum Metamaterial Symposium

2021




Junichi Takahara and lkuto Hotta

Multipole Engineering in Silicon Mie Resonator with Cap Layer

The 12th International Conference on Metamaterials, Photonic Crystals and Plasmonics (META 2021)

2021

2021

Hiroyuki Ishimaru and Junichi Takahara

Near-IR concealed images by single crystalline Silicon Mie resonators

International Conference on Nano-photonics and Nano-optoelectronics (ICNN2021)

2021

Rongyang Xu and Junichi Takahara

All-dielectric perfect absorber of quadrupole modes by using cross-shaped Mie resonators

26th Microoptics Conference (MOC2021)

2021




82

2021

13

PhotoBI0

2021

2020

2020

2020

2020




V02

81

2020

Junichi Takahara

Metasurface for color generation, IR emission and radiative cooling

Optics & Photonics Japan 2019 (OPJ2019), Joint Symposia on Optics

2019

Junichi Takahara

Silicon Mie resonators for subwavelength color generation and multipole engineering

The International Symposium on Plasmonics and Nano-Photonics (iSPN2019)

2019

0PJ2019

2019




2020

R&D 202

54 2022

508

2019-160258 2019

“ 10
https://resou.osaka-u.ac.jp/ja/research/2020/20201028_2







