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Fig. 1. Schematic diagrams of (a) top view of unit cell

and (b) front view of EIT-like metamaterial.
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Fig. 2. When the Fermi level of graphene is 0 eV,

(a) amplitude transmission spectra of sole H-shaped
resonator, sole cut-wire resonator, and EIT-like meta-
material; (b) amplitude transmission spectra of cut-
wire and H, cut-wire and left-right H, cut-wire and

up-down H, and cut-wire and four H.
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Fig. 3. Amplitude transmission spectra with different

Fermi level of graphene.
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(c) 0.3 eV, and (d) 0.5 eV.
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1.0

0.8

0.6

‘I ) v

0.4 Y \ hr
YAV — Exp: =0 vy

— Exp: p.=0.2 eV
— Exp: pc=0.5 eV

Amplitude transmission

1,
L Iy
0.2 "v' --- Sim: p.=0eV
i --- Sim: p.=0.2 eV
. --- Sim: p.=0.5 eV
0 1 1 1 1 1 1
0.4 0.6 0.8 1.0 1.2 1.4 1.6

Frequency/THz

K7 AR SRR P oK BT FA12s S sty 2 01328 535077 L s 2%
Fig. 7. Transparency data obtained by experimental mea-
surement and simulation under various Fermi levels of

graphene.

097801-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

) I8 % 3R Acta Phys. Sin.

Vol. 67, No. 9 (2018) 097801

B, AH S0 O T R S T A R AR AE
—E MW ZE, B T EZ R A SR AR
JZ I SEBRAGRE R BOR T 07 BN B B AR R B Sk
Sl 1 S5 S 805 1 B (S EUAE A 2 5
A RE A SR K A0 e B PR R AR A SR A
POKREGLER (7) A0 (8) 2R Hi I ALl L %

6 %

ASCHET A SR I AR R T — M
A L IR 5 AN H R R R 5% 2H A 9 A T 2
EIT MRS, 8 07 JRl . B TH R AN S gs
M, UE T2 S5 IE S B E 1.05—1.46 THz A AT
SIS S R MR 14 T IR, SR IR 07 AL
ZEHAE 1.26 THz & (1 HL 0 A0S 3% S HL B EAT
T, XSGR BT T SRR IR TR, %L
T 2R A B TR e AN AR 2 U ) 2 0 LA ¥ R 11
Sz FHAA.

S

[1] Marangos J P 1998 J. Mod. Opt. 45 471

[2] Fleischhauer M, Imamoglu A, Marangos J P 2005 Rev.
Mod. Phys. 77 633

[3] Zhang L, Tassin P, Koschny T, Kurter C, Anlage S M,
Soukoulis C M 2010 Appl. Phys. Lett. 97 241904

(4]

(10]
(1]

[12]

[20]

097801-6

Hu S, Liu D, Lin H, Chen J, Yi Y Y, Yang H 2017 J.
Appl. Phys. 121 123103

Zhao Z 'Y, Song Z Q, Shi W Z, Peng W 2016 Opt. Mater.
Ezxpress 6 2190

Chen X, Fan W H 2016 Opt. Mater. Express 6 2607
He X J, Yang X Y, Li S P, Shi S, Wu F M, Jiang J X
2016 Opt. Mater. Ezxpress 6 3075

Wang J Q, Yuan B H, Fan C Z, He J N, Ding P, Xue Q
Z, Liang E J 2013 Opt. Express 21 25159

Huang Z, Dai Y Y, Su G X, Yan Z D, Zhan P, Liu F X,
Wang Z L 2018 Plasmonics 13 451

Chen L, Gao C M, Xu J M, Zang X F, Cai B, Zhu Y M
2013 Opt. Lett. 38 1379

Chen L, Wei Y M, Zang X F, Zhu Y M, Zhuang S L
2016 Sci. Rep. 6 22027

Chen L, Xu N N, Singh L, Cui T J, Singh R, Zhu Y M,
Zhang W L 2017 Adv. Opt. Mater. 5 1600960

Gu J Q, Singh R, Liu X J, Zhang X Q, Ma Y F, Zhang
S, Maier S A, Tian Z, Azad A K, Chen H T, Taylor A
J 2012 Nat. Commun. 3 1151

Fan Y C, Qiao T, Zhang F L, Fu Q H, Dong J J, Kong
B T, Li H Q 2017 Sci. Rep. 7 40441

Xiao S, Wang T, Liu T T, Yan X C, Li Z, Xu C 2018
Carbon 126 271

Zhang S, Genov D A, Wang Y, Liu M, Zhang X 2008
Phys. Rev. Lett. 101 047401

He X Y 2015 Carbon 82 229

Huang X J, Hu Z R, Liu P G 2014 AIP Adv. 4 117103
Fallahi A, Perruisseau-Carrier J 2012 Phy. Rev. B 86
195408

Ren L, Zhang Q, Yao J, Sun Z Z, Kaneko R, Yan Z,
Nanot S L, Jin Z, Kawayama I, Tonouchi M, Tour J M,
Kono J 2012 Nano Lett. 12 3711


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1080/09500349808231909
http://dx.doi.org/10.1103/RevModPhys.77.633
http://dx.doi.org/10.1103/RevModPhys.77.633
http://dx.doi.org/10.1063/1.3525925
http://dx.doi.org/10.1063/1.4979013
http://dx.doi.org/10.1063/1.4979013
http://dx.doi.org/10.1364/OME.6.002190
http://dx.doi.org/10.1364/OME.6.002190
http://dx.doi.org/10.1364/OME.6.002607
http://dx.doi.org/10.1364/OME.6.003075
http://dx.doi.org/10.1364/OE.21.025159
https://doi.org/10.1007/s11468-017-0530-4
http://dx.doi.org/10.1364/OL.38.001379
http://dx.doi.org/10.1038/srep22027
http://dx.doi.org/10.1002/adom.201600960
http://dx.doi.org/10.1038/ncomms2153
http://dx.doi.org/10.1038/srep40441
http://dx.doi.org/10.1016/j.carbon.2017.10.035
http://dx.doi.org/10.1016/j.carbon.2017.10.035
http://dx.doi.org/10.1103/PhysRevLett.101.047401
http://dx.doi.org/10.1103/PhysRevLett.101.047401
http://dx.doi.org/10.1016/j.carbon.2014.10.066
http://dx.doi.org/10.1063/1.4901187
http://dx.doi.org/10.1103/PhysRevB.86.195408
http://dx.doi.org/10.1103/PhysRevB.86.195408
http://dx.doi.org/10.1021/nl301496r

32 % R  Acta Phys. Sin. Vol. 67, No. 9 (2018) 097801

Tunable grapheme amplitude based broadband
electromagnetically-induced-transparency-like
metamaterial®

Wang Yue Leng Yan-Bing Wang Li Dong Lian-He Liu Shun-Rui
Wang Jun Sun Yan-Jun'

(School of Opto-Electronic Engineering, Changchun University of Science and Technology, Changchun 130022, China)

( Received 16 January 2018; revised manuscript received 18 February 2018 )

Abstract

Metamaterials, composed of subwavelength resonators, have extraordinary electromagnetic properties which rely on
the sizes and shapes of the resonance structures rather than their compositions. Recently, achieving electromagnetically
induced transparency (EIT) in metamaterial system, also called electromagnetically-induced-transparency-like (EIT-like)
analogue, has attracted intense attention. Many studies of EIT-like metamaterials have been reported at microwave,
terahertz, and optical frequencies numerically and experimentally. However, most of the EIT-like metamaterials can
only control the transmission window by changing the structure size of the metamaterial which restricts the practical
applications of the EIT-like metamaterial. Therefore, a broadband tunable EIT-like metamaterials based on graphene
in terahertz band is presented in this paper, which consists of a cut-wire as the bright resonator and two couples of
H-shaped resonators in mirror symmetry as the dark resonators. The transmissivity of the metamaterial structure is
simulated by the software CST Microwave Studio. And the simulation results show that the transmission window of
this structure is in a frequency range from 1.05 THz to 1.46 THz, which is attributed to the interference between the
plasmon resonance of wire resonators and the LC resonance of H-shaped resonators. In addition, increasing the number
of dark mode resonators leads to an increase in transmission window bandwidth. Furthermore, a broadband tunable
property of transmission amplitude is realized by changing the Fermi level of graphene. When the graphene Fermi level
gradually increases from 0 eV to 1.5 eV, the transmission amplitude of the transmission window gradually decreases
from 87% to 20%, which realizes the broadband tunability of transmission window. At the same time, the distribution
of the electric field at a central frequency of 1.26 THz is simulated to analyse the transmission mechanism. Finally,
the EIT metamaterial samples are prepared and the transmission curves of the samples are tested by terahertz time-
domain spectroscopy. Such an EIT-like metamaterial not only realizes the broadband EIT property but also realizes the
characteristic of the tunable amplitude of the transmission window, which has potential applications in designing the

active slow-light devices, terahertz active filtering and terahertz modulator.
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