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Metamaterials at Terahertz and Their Applications
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Abstract Metamaterials have artificially structured composite and novel electromagnetic properties not available in
natural materials. The electromagnetic response of metamaterials can be tuned flexibly, and this is especially important for
the terahertz (THz) technology. The realization and development of THz metamaterials provide an opportunity for the
development and application of THz technology. The research progresses on the metamaterials at THz are summarized,
including design, preparation, functional devices and other applications.
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Fig.1 Structure of double SRRs with magnetic Fig.2 The first THz metamaterial based on Ni RSR structure

response at terahertz frequencies.
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Fig.3 Terahertz metamaterials with different microstructures. (a) the composite metamaterial sample; (b) the dual- symmetrical SRR
sample; (c) unit cells and their complements; (d) the LSR structure
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Fig.4 Frequency-tunable planar terahertz metamaterials. (a) an unit cell and its dimensions; (b) a periodically patterned square array
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Fig.5 (a)Experimental measurements of the transmitted THz- electric field amplitude via
frequency as a function of pump power, (b)numerical simulations of the transmitted
THz electric- field amplitude via frequency as function of silicon conductivity.
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Fig.6 (a)Geometry and dimensions of the element; (b) an equivalent circuit of the metamaterial element; (c) schematic and principle

of the experiment sample; (d) diagram of the substrate and the depletion region near the split gap, where the grey scale indicates the
free charge carrier density; (e) experimental configuration for THz transmission measurements through a fabricated device.
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Fig.7 Terahertz metamaterial phase shifter. (a) schematic of unit cell and its cross-section, (b) optical microscopic image of the active
area of the device. The polarization direction of the normally incident terahertz radiation is also indicated
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THz A8 R4 87 T AT — S (R . 2007 4F, T. Driscoll P74t T — 4 THz
R PPRSRIR I 7, RO AR — Pl G5 0 T-IF USRI b, R 4% 9T L R M A4
VRISl H A TR R TR B SR, AN A B0 SRR B 1A 1 v 2 7 02, DR TR
B B . T T DRGSR 3L SR 0 e SRR BR TR R RUR, 2000 rh 4 R AR K BRIBURL 1) 259
A AR T, SR SRR BB 2 M I T 0.03 THz, I FLIZ Iy v AT T3t W
FE T MaAH R 1) THz f5 IS8 F
5 RegihRE

R 2R PRHI SR BN A 22 R I R, 7T R TF R B A28k, WD . i
W WK TFC BRI KD TG, ORI O TR R R I A 2% S8 AR AR T
VERREE 7T S LA 3. SRTT, AN THZR M AR BB O T SO A THIE 0 SRR B, 384 K
I R DR A 5 B AR RS e B, AT BT B g, TN R, X
HEL R 0 DR 7 T RN BE AT — 52 ISR, A T B SE F LA BR . DE, BRI L
5 [ PR ) = S R T ke A T B F ST T 2 SRR N T R M 2 K ST 2,
BT RSFAERE /N, DRI S ) A e RO BB, 6 T T R TR R LB . AR BAE V7T B
S BN T ARV DU 25 K, I ET R B B AR . ORI, (LR B8 i M T 22 T FH T 52
BRANE, AT LTS 9k S N IR T3 A — 25 R

051601-7



47,051601 (2010) BHMYSHBEIZFHE www.opticsjournal.net

10

11

12

13

14

15

16
17

18
19

20

21

BEAh, BT THz BN REMBRHAAE ARG S A SRR, SR AR A R 7 E THz
RS IRTRRERE BATIR A0 FE =i, = LU DY IR AR AT 58 S SO AL DL L, S B e R
RERFH, ALScinie ®, HIE PUPGRINS e n] DOSeIlanE ], SEHlmg g%, RA R AR
PERAAE, IXEEHGE N T THz BB AR E AT 4. HIE, SREAARZ MR H ARSI THZ 4%
SHERTPTAT Y, S WETTARZe M 3 A R R S R R 5T 28 THz 585 B BT EOR, Xl 4
B THz SR AFLERRIGN T, RS0, ZEH . By N 5K 2 4 S5 0ok HAT = B2 0 e

Z % X W

J. F. Lampin, T. Crwin, M. Penin et al.. Analysis of right- and left-handed dispersive transmission lines at terahertz frequencies
[C]. Novel Devices and Components, IEEE, 2004

T. J. Yen, W. J. Padilla, N. Fang et al.. Terahertz magnetic response from artificial materials[J]. Science, 2004, 303(5663):
1494~1496

H. O. Moser, B. D. F. Casse, O. Wilhelmi et al. Terahertz response of a microfabricated rod—split-ring-resonator
electromagnetic metamaterial[J]. Phys. Rev. Lett., 2005, 94(6): 063901

M. Gokkavas, K. Guven, 1. Bulu et al.. Experimental demonstration of a left-handed metamaterial operating at 100 GHz[J].
Phys. Rev. B., 2006, 73(19): 193103

H. -T. Chen, J. F. O’Hara, A. J. Taylor et al.. Complementary planar terahertz metamaterials[J]. Opt. Express, 2007, 15(3):
1084~1095

W. Wu, Z. Yu, S.Y. Wang et al.. Midinfrared metamaterials fabricated by nanoimprint lithography[J]. Appl. Phys. Lett., 2007,
90(6): 063107

A. K. Azad, A. J. Taylor, E. Smirnova et al.. Characterization and analysis of terahertz metamaterials based on rectangular
split-ring resonators[J]. Appl. Phys. Lett., 2008, 92(1): 011119

Y. Yuan, C. Bingham, T. Tyler et al.. Dual-band planar electric metamaterial in the terahertz regime[J]. Opt. Express, 2008,
16(13): 9746~9752

W. J. Padilla, A. J. Taylor, C. Highstrete et al.. Dynamical electric and magnetic metamaterial response at terahertz frequencies
[J]. Phys. Rev. Lett., 2006, 96(10): 107401

W. J. Padilla, M. T. Aronsson, C. Highstrete et al.. Electrically resonant terahertz metamaterials: Theoretical and experimental
investigations [J]. Phys. Rev.B, 2007, 75(4): 041102(R)

H. T. Chen, J. F. O’Hara, A. K. Azad et al.. Experimental demonstration of frequency-agile terahertz metamaterials[J]. Nature.
Photonics, 2008, 2(5): 295~298

M. Beruete, M. N. Cia, M. Sorolla et al.. Polarized left-handed extraordinary optical transmission of subterahertz waves[J]. Opt.
Express, 2007, 15(13): 8125~8134

H-T Chen, W. J. Padilla, J. M. O. Zide et al.. Ultrafast optical switching of terahertz metamaterials fabricated on ErAs/GaAs
nanoisland superlattices[J]. Opt. Lett., 2007, 32(6): 1620~1622

A. Ishikawa, S. Zhang, D. A. Genov et al.. Deep subwavelength terahertz waveguides using gap magnetic plasmon[J]. Phys.
Rev. Lett., 2009, 102(4): 043904

Hu Tao, N. L. Landy, C. M. Bingham et al.. A metamaterial absorber for the terahertz regime: Design, fabrication and
characterization[J]. Opt. Express, 2008, 16(10): 7181~7188

H-T Chen, W. J. Padillal, J. M. O. Zide et al.. Active terahertz metamaterial devices[J]. Nature, 2006, 444(7119): 597~600
H-T Chen, W. J. Padillal, M. J. Cich ef al.. A metamaterial solid-state terahertz phase modulator[J]. Nature Photonics, 2009,
3(3): 148~151

Dongmin Wu, N. Fang, Cheng Sun ef al.. Terahertz plasmonic high pass filter[J]. Appl. Phys. Lett., 2003, 83(1): 201~203

Xue Chaomin, Liu Jiansheng, Zheng Zheng et al.. Terahertz filters[J]. Laser & Optoelectronics Progress, 2008, 45(1): 43~49
BEERRL, XUEME, B B S THzIEREAR[)). #ob5 hd T3t &, 2008, 45(1): 43~49

Chen Linbai, Guo Zhenning, Lin Jieben. Research progress of photonic crystal light-emitting diobe[J]. Laser & Optoelectronics
Progress, 2008, 45(4): 62~66

BRbk i, SRRE7, MRAA. D TR S KT TR RELD]. Bt E R T &, 2008, 45(4): 62~66

Chunchen Lin, Caihua Chen, G. J. Schneider ef al.. Wavelength scale terahertz two-dimensional photonic crystal waveguides[J].
Opt. Express, 2004, 12(23): 5723~5278

051601-8



47,051601 (2010) BHMYSHBEIZFHE www.opticsjournal.net

22

23

24

25

26
27

28

29

A. L. Bingham, D. Grischkowsky, Terahertz two-dimensional high-Q photonic crystal waveguide cavities[J]. Opt. Lett., 2008,
33(4): 348~350

Yao Zhang, Zhangjian Li, Baojun Li. Multimode interference effect and self-imaging principle in two-dimensional silicon
photonic crystal waveguides for terahertz waves[J]. Opt. Express, 2006, 14(7): 2679~2689

Zhangjian Li, Yao Zhang, Baojun Li et al.. Terahertz photonic crystal switch in silicon based on self-imaging principle[J]. Opt.
Express, 2006, 14(9): 3887~3892

L. Fekete, F. Kadlec, H.Nemec et al. Fast one-dimensional photonic crystal modulators for the terahertz range[J]. Opt.
Express, 2007, 15(14): 8898~8912

A. Benz, C. Deutsch, G. Fasching ef al.. Active photonic crystal terahertz laser[J]. Opt. Express, 2009, 17(2): 941~946

Y. Chassagneux, R. Colombelli, W. Maineult et al. Electrically pumped photonic-crystal terahertz lasers controlled by
boundary conditions [J]. Nature, 2009, 457(7226): 174~178

C. M. Bingham, Hu Tao, Xianliang Liu et al.. Planar wallpaper group metamaterials for novel terahertz applications[J]. Opt.
Express, 2007, 16(23): 18565~18575

T. Driscoll, G. O. Andreev, D. N. Basov et al.. Tuned permeability in terahertz split-ring resonators for devices and sensors[J].
Appl. Phys. Lett., 2007, 91(6): 062511

051601-9



