A ER- G

Chinese Optics B

ATRRED G B LN
X R OB Wl XE R
Tunable optical metamaterials and their applications

CAO Tun, LIU Kuan, LI Yang, LIAN Meng, HU Zi-xian, LIU Xuan, LI Gui-xin

FIHASL:

WL, 0 TE, ZERH, BEER, T, U, ZE SR, RIS AR AR R R LR F[T]. P EDGE, 2021, 14(4): 968-985. doi:
10.37188/C0.2021-0080

CAO Tun, LIU Kuan, LI Yang, LIAN Meng, HU Zi-xian, LIU Xuan, LI Gui-xin. Tunable optical metamaterials and their
applications[J]. Chinese Optics, 2021, 14(4): 968-985. doi: 10.37188/C0.2021-0080

TEZR R View online: https:/doi.org/10.37188/C0.2021-0080

L] RERGBR A HAN SO

Articles you may be interested in

FL R S R A e B S5 0 ]
Theory and application of coding metamaterials

F Y2, 2017, 10(1): 1 https://doi.org/10.3788/C0.20171001.0001
FEL PR VSR 2 T AT S 800 R 2% R A RIS P BB 114 5 i)

Influence of the geometric parameters of the electrical ring resonator metasurface on the performance of metamaterial absorbers for

terahertz applications

HH DG, 2018, 11(1): 47 https:/doi.org/10.3788/C0.20181101.0047
ST PR BRI CERET R FH i f

Advances in application of materials of super—resolution imaging fluorescent probe

H1EDEAE. 2018, 11(3): 344 https://doi.org/10.3788/C0.20181103.0344
R &g A U 28 4 S HE

Polarization sensitive terahertz measurements and applications

rREDE. 2017, 10(1): 98 hitps:/doi.org/10.3788/C0.20171001.0098
LERDE IR S M B AUSUS R 5 R

Structured illumination super—resolution microscopy technology: review and prospect

2. 2018, 11(3): 307  hitps:/doi.org/10.3788/C0.20181103.0307

R T i L5 A i
The principle and research progress of metasurfaces

rR DG 2017, 10(5): 523 hitps:/doi.org/10.3788/C0.20171005.0523


http://www.chineseoptics.net.cn
http://www.chineseoptics.net.cn
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.2021-0080
http://www.chineseoptics.net.cn/cn/article/doi/10.3788/CO.20171001.0001
http://www.chineseoptics.net.cn/cn/article/doi/10.3788/CO.20181101.0047
http://www.chineseoptics.net.cn/cn/article/doi/10.3788/CO.20181103.0344
http://www.chineseoptics.net.cn/cn/article/doi/10.3788/CO.20171001.0098
http://www.chineseoptics.net.cn/cn/article/doi/10.3788/CO.20181103.0307
http://www.chineseoptics.net.cn/cn/article/doi/10.3788/CO.20171005.0523

CAVECIE P¥ thEDEA Vol. 14 No. 4
2021 4E7 H Chinese Optics Jul. 2021

WERS 2095-1531(2021)04-0968-18

BT 8348 S 52 48 Mg o 481 T, L iz

g oo %L, E R R OALAFTRL N OB ERE
(1 KEZETIAF L IRENERFFR, k& 116024;
2LEHBBAF MERFESIRE, B 518055;
3L EI L AF MG FEFH, ik 100124)

W e B 1 W DI BE B TT AL B AT BN T &5 46 B, 18 RARM BT AR B4 s ai ee et . R AR
BRI R T DL RGP G LR R, nTSCER AT T . BB . BRI S a O NG . ARG A A L E &
B E 2 B LT 250 IR AS (R R ER M, HOG2E PR REME LA CE, BRI T A8 AR RS T R PR . ST4F R, Afi13
T RHR MR B G SR BT B2 B A AR, SEEL T X I sh A RS o AR 2R B B SIS A R (AR 28 AR L TR
K FHASRERE, A SR EE ) FIES H B AS (TOHLER, R 45 . ZEME T AR B E5 ) X BRI AL, A8 T TR S E A B A A R4
b SO SR s TR S N i A E e I B 0 e 23 S e SR O R B S B Y e 23 v p S e 2 g 2 e U T
Ik, IFREE T IR AR R =

% 8O RERMmAabE k R A & TR

HE 53 2-5:0436; 0441 SCRRAREAS: A doi: 10.37188/C0.2021-0080

Tunable optical metamaterials and their applications

CAO Tun'", LIU Kuan', LI Yang"?, LIAN Meng', HU Zi-xian?, LIU Xuan®, LI Gui-xin*"
(1. Department of Optoelectronic Engineering and Instrumentation Science,
Dalian University of Technology, Dalian 116024, China;
2. Department of Materials Science and Engineering, Southern University of Science
and Technology, Shenzhen 518055, China;
3. Faculty of Materials and Manufacturing, Beijing University of Technology, Beijing 100124, China)
* Corresponding author, E-mail: caotun1806@dlut.edu.cn; ligx@sustech.edu.cn

Abstract: Optical metamaterials are composed of array of artificial sub-wavelength resonators, exhibiting
novel optical phenomena that not occur in natural materials. By using optical metamaterials, one can flexibly
control the light propagation and realize fantastic optical phenomena such as negative refraction, cloaking
and unidirectional transmission, etc. Traditional optical metamaterials usually have fixed geometric struc-
tures and unchanged material properties, which limits their capabilities of tuning optical responses. Recently,
tunable optical metamaterials based on exceptional materials or structures have attracted much attention. In
this review, we investigate the fundamentals of tunable optical metamaterials realized by either integrating

the active materials (i.e., varactor diodes, liquid crystals, phase change materials, graphene, etc.) or recon-
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structing the resonators array (i.e., micro electromechanical systems, stretchable materials, etc.). We system-

atically summarize the progress in this area, analyze the features of tunable optical metamaterials under dif-

ferent control mechanisms, elaborate the challenges of tunable optical metamaterials facing in future applica-

tions, and predict the future development direction.

Key words: optical metamaterials; optical metasurface; tunable
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(left) and the measured temperature dependent absorption spectra (right)®®!
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Thermally-driven tunable optical metamaterials based on VO,. (a) Schematic of a tunable absorber in the THz region

. (b) Schematic of a tunable optical metasur-

face in the visible region (left) and the measured reflection spectra and observed colors at 20 °C and 80 °C, accordingly

(right), scale bar: 30 pm™. (¢) Schematic of a phase-tunable optical metasurface (top left) and the simulated magnetic

field distributions at the two wavelengths of 1520 nm and 1620 nm, respectively (bottom left); the relationship

between phase shift of metamaterials and external voltage (right)?®. (d) A temperature-controlled dynamic holographic

metasurface in the THz region™ and the measured (upper right) and simulated (lower right) holographic images at

25 °C and 100 C
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Fig. 2 Thermally-driven tunable optical metamaterials. (a) Schematic of a tunable perfect absorber based on phase change ma-

terial and the simulated absorption spectra of the absorber with the structural states of amorphous and crystalline™.

(b) Schematic of an electrothermally-driven silicon-based spatial light modulator and its modulation spectra of phase

and amplitude under a driving power of 3.5 mW". (¢) Schematic of a temperature-controlled silicon-based tunable op-

tical metasurface and its scattering spectral®. (d) Schematic of the meta-atom of SrTiO;-based tunable absorber, where

the yellow, gray, blue parts represent the three layers of metal, photoresist (SU-8), and SrTiOs, accordingly (left). The

measured temperature-controlled absorption spectra in the THz region (right)®!
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0~5 V external voltage and polarization states of incident light (bottom)®”. (c) Schematic of a diode-based tunable

metamaterial reflector (left) and the measured reflection spectra with the different external voltages (right)’*”

(d) Schematic of the diode-based space-time coding metasurface!"!
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Fig.4 The electrically-driven tunable optical metamaterials based on ITO and graphene, respectively. (a) Schematic of an
electrically-controlled ITO-based phase tunable metamaterials'®”. (b) Schematic of a ITO-based tunable metasurface
with decoupling modulation of phase and amplitude (top left), schematic of meta-atom (top right) and its electrically-
controlled reflection spectra (bottom left) and phase shift spectra(bottom right)!®®), (c) Schematic of a graphene-based
tunable metasurface (left) and gate bias voltage related modulation depth spectra (right)”™. (d) Schematic of a phase-
tunable metamaterial based on single-layer graphene (left) and the measured phase modulation curves of metamaterials

at the different graphene Fermi levels (right)/®
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Fig. 5 Light-driven tunable optical metamaterials. (a) Schematic of a tunable metasurface integrated with silicon elements

(top) and the transmittance modulation response under femtosecond laser excitation with the different delay

(bottom)"""". (b) Schematic of silicon-based EIT tunable metamaterials (left), the transmission spectra of cutting wire

structure (pink), double-splitting resonance ring structure (orange) and EIT metamaterial (olive)™. (¢) Schematic of

GaAs-based tunable metasurface pumped with a low light power™. (d) Schematic of all-optical polarization switching

device based on CdO:In material (left) and the reflection spectra of p-polarized light under sub-band gap pumping light

irradiation®!!
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Fig. 6 Magnetically-driven tunable optical metamaterials. (a) Schematic of the magnetic plasma metamaterial (left) and the
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spectra of longitudinal magneto-optical intensity effect & with a saturated magnetic field (right), where simulated and
measured spectra are shown in the blue and red curves, respectively™!. (b) Schematic of a beam deflection metasurface
composed of a mixture of metal and magneto-optical materials (left) and its beam deflection under different magnetic
(H-) fields intensity (right)®. (c) Schematic of a magnetically tunable metasurface integrated with a magnetic material
Ce,Y,Fes0,, dielectric layer (left) and its H-field induced tunable chiral imaging effect (right)®*”. (d) Scanning elec-
tron microscope image (left) of a magnetically tunable metasurface integrated with magnetic dielectric Ni disk and its

chiral transmission spectra with the magnetic fields in different directions (right)®™
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Fig. 7 Stretching tunable optical metamaterials. (a) Schematic of a dynamically tunable structure based on PDMS substrate

train field
control

(left) and reflection spectra of metamaterials under the different stretchable lengths (right)*. (b) Schematic of a
stretchable TiO, metasurface (left) and its reflection spectra of the different strains in the different polarization states
(right)®®!. (¢) Metasurface hologram on a stretchable substrate (left). Under the action of tension, the hologram changes
from "frowning" to "smiling face" (right)*. (d) Schematic diagram of an electrically-controlled tunable metalens (left),
the focal length changes from 50.1 mm to 53.1 mm (middle) under 1 kV voltage drive, and the light field intensity dis-

tributions at the focal point with two conditions (right)!'**
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Fig. 8 Reconfigurably tunable optical metamaterials. (a) Schematic of a MEMS tunable metalens (left); measured front focal

length f and the distance d between two metalenses varying with external DC voltage (right)'®. (b) Schematic of the

meta-atom (top left), a scanning electron microscope image (top right) and the modulation mechanism (bottom) of the

metalens"™., (¢) Schematic of a stretchable electromagnetic metamaterial based on a flexible polymer stent (left), and

the reflection spectra of a metasurface under the different external forces (right)!''*. (d) Schematic of a tunable THz

metamaterial composed of a cantilever, a capacitor pad and an interconnection line (left) and the deflection curve of the

cantilever curvature under different voltages (right)""
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