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R ARG F RIS B AL B ER R 20T, Fmksk i N Y6 O
#iR RARAEE S ZRRT L HEM. R, EERKRE, EFRAITE
A G S A F BRI 82 B — R AR R . MBS DU IX IR, AiRE
P B 2 B R A 7 2 T W o K PR SR R LA

PDUERFERRRD L, WHEKHBREAOBIA 50 =M B A 19 gk
Z 20 LY WK HBEA B ZET B, BHRALMTRI T —RADEEKER
RENS, AFLREEKEZHE (Faraday, 1857), —4ET SAAIEDE (Rayleigh,
1887), ANEFHE (Bose, 1897) AKX & EIEHII T EATSH (Wood, 1902) %%; 28
CABBHIAE 20 R R, VIPHOL T Wi KHBEREENEAERAR, &
FBREFE T (Ritchie, 1957). FHTHMEL (Veselago, 1968) LL K =4EHF &
& (Yablonovitch, 1987) %, 20 A KESHE=TE, RV KHEBYK
EDKEY B BFEWEKSEH AT E (Pendry et al, 1996, 1999; Smith et
al, 2000), /NLIFHBHFAERBNY (Ebbesen et al, 1998, 2002), B@HEH
(Pendry, 2000; Luo et al, 2004; Zhang et al, 2005), PARAEREITHR iR
Hefk (Luo et al, 2008; Capasso et al, 2011) ARG R, RIMEE T
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SRR, HRREIIEMP: . BOLHZBREARAH EHERBZ .

LR T OB S T ROBE (M 55 2k) BIE T T KRR E (HHfES).
XFALRE —Fr s (BT WG 4hb. K#Z% . o), HAr B ke
MRREHEKRCRE DA EEC Gr@EK MK =0k, 6%
L2 B TR L e 8 T Sl S, FEFFOER s AE R m L
Prit. REFEILFDEY IR . FEETHERPARRE, M 19 Ly, 9ok
X— REEEH 20, et BB T aFEeHt . 35 h7E Wi 2R AT
k. 19 K IILLKR, BEE Z i 7 A RS 22 B e I H I, BN R
A T EERE, PHEKX—RERWZIEN. SHRFER, &7 %04t
— AR LA A SR BERA B R RUE, HEX— RERIR T2 6 R
MEAEHBFHIER, AL FRBRERLE TSI ER . NEMEX B, &7 %
B2 “WHK” X—RER FRBRSGR. WHEKRERSHYWEBN, hRBEE
P BRI B T AEAl . FESREERE b, MG AE TR 2RI R R E RN, A
FERTH BRI mE R AT R & RS,

P 3 K HL R 27 ) S R A P K RO A EAE R, BRI
M. B, VLB AN RRL iR B REEARERBTFA A,
MR R S, Wik iAo ¥ B P SEEBE 2 s a, WaT
TERAORA DB 2 . WK e AR A — B F R X, Hse 0w R
A Sweology, 1EA Sub-wavelength Electromagnetics 2FRHRI4ES .
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R BRAMER A REAEZ AR, AR aBA0t R RN RE KRR
TE. 1959 4F, RBELZLAMEBEPEREO: 924 hik, RI—EHLTE
Az I LI - ATLAFUL I, ST R By HE e,
AR I 1 B VG B B AR . 7 X B ¥R /D R R K B 4

FIKBARIEN T HE D) B — AN HEHIF T ) R RS & 7% (Plasmon-
ics), FEFRERPAKSHH AR TECTHREERYS —ROFE THBUT
(Surface Plasmon Polariton, SPP). 1857 4£, ¥EHISEHIST T -3 BA g K 18 S i
HBHFE, RBAGEN 2 JFBREE, RIDEKBIE A EAD ., SRR
EERT ERFUKRAER T, JHE3 T R4 EE. 19024, XEAR - EY
EWRFH Wood % T & BRMATH PI—ARERARO: RAELERFEA
S, ERBEDTHETICENBKEENER— MBI, FHERE R &
p IIREAS B A =4, RE Wood HEAXZMRL MR, MIURZA 7
Y, AR CHEANNRESE RSN R —@.

BT SPP At R &R B TRISEAIRY, 1968 FLIET, KT SPP KIBFF A
S R L L5 O e 1 R AR F B . 1968 4, Kretschmann A1 Otto 43 5%H
LR, SRS RN FHR, X SPP MBIFUREE T —Filit %O,

1977 £¢, Duyne H Creighton <5 5 LR B ZEAE RS A% B AR 3 T B S AEE e 201 )
P 855 BB BP RA MR 275 10* ~10° £5©@, XFHIET SPP HIHr 8 S 18
SIS SRR b R I 58 B 2 U (Surface Enhanced Raman Scattering, SERS),
AN EESHERURE THRO TR,

1998 4, RMFH T ERRBERE T B4R ZEEFZK Ebbesen
LRI, 2R b kLR 51 1 L g e KA B R S o A AN

@D R P Feynman. There’s Plenty of Room at the Bottom. Engineering and Science, 1960, 23:
22-36.
(@ M Faraday. The Bakerian Lecture: Experimental Relations of Gold (and Other Metals) to

Light. Philosophical Transactions of the Royal Society of London, 1857, 147: 145-181.
@ R W Wood. On a Remarkable Case of Uneven Distribution of Light in a Diffraction Grating

Spectrum. Proceedings of the Royal Society of London, 1902, 18: 269.
@ D Maystre. Theory of Wood’s Anomalies. in Plasmonics, ed. S Enoch, N Bonod. Springer

Series in Optical Sciences 167 (Springer, 2012).

(® E Kretschmann, H Raether. Notizen: Radiative Decay of Non Radiative Surface Plasmons
Excited by Light. Zeitschrift Fir Naturforschung A, 1968, 23(12): 2135; A Otto. Excitation of Non-
radiative Surface Plasma Waves in Silver by the Method of Frustrated Total Reflection. Zeitschrift

Fiir Physik, 1968, 216(4): 398-410.
® D L Jeanmaire, R P Van Duyne. Surface Raman Spectroelectrochemistry. Journal of

Electroanalytical Chemistry and Interfacial Electrochemistry, 1977, 84(1): 1-20; M G Albrecht, J A
Creighton. Anomalously Intense Raman Spectra of Pyridine at a Silver Electrode. Journal of the
American Chemical Society, 1977, 99(15): 5215-5217.
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(Extraordinary Optical Transmission, EOT)®: NFLIEF 1353 Faz KT 40 AT o
HR KIS R . ZIRBRGIE T EAR RN, KA E TR E B R
GNFATH R HBATIE, FOE TR LA BTS2 805 T 3@, [FRETIX
—RBH, R Nature Z2EAARIAREFE THER TR (R 1).

1 A TEHF EHMEBRERE (www.nature.com/milestones/photons)

1600s~1800s JelRIAE St

1861 A e AL
1900 B e R AR S
1905 Pe X AR
1923 R W
1947 BHghy
1948 ESVN
1954 K 9E i H it
1960 HWot
1961 25765 s
1963 Bh%
1964 JURAZER
1966 AT
1970 CCD ML/ S0t
1981 1 7RO OGRS AR U

1982~1985 BT EE%¥
1987 B TR
1993 W E
1998 FEFRBOT
2000 sl
2001 [ b Feh 2
2006 Tl A

WK RERHRETREOCFEH, LB aRK 2. 5HRS
PRI TR, 6 R AT SR TR BREE . RAE 1887 4, WABIAELE R
I BRAE— E R B2 R, FRREI ARATRRZ AR IER A4
B ETW SR . R, ST REKTHR A R ERA MBL, 1987

@O T W Ebbesen, et al.
Arrays. Nature, 1998, 391: 667 669.

Extraordinary Optical Transmission through Sub-wavelength Hole

@ W L Barnes, A Dereux, T W Ebbesen. Surface Plasmon Subwavelength Optics. Nature, 2003,
424(6950): 824-830; X Luo, T Ishihara. Surface Plasmon Resonant Interference Nanolithography
Technique. Applied Physics Letters, 2004, 84(23): 4780-4782.
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4F Yablonovitch Fl Jone 2Bl M B &I AET RPN T 5 I T a1 d AR5
SO, X I T AR T AW B, R T AL HNA, FEaih
HFERBEE LRSS —ABEMS (K1),

FIHE: ROKR BRI K B

BRI S B T AERDC T aAsh, B M ) S AN Tl 2 i AR
(Metamaterial) IR (Metasurface). FrigdMEL, o N LHI& K . FFiE R~z
AFTAEBK . RAEEE R (B RITHER) KRB KA TS
Mkl BMELR SRS E TR T ek G, Wi &R L B —A4
B (R 1), BREE A 4@, ERPEM ML R RN, %
K HU AR T hn CHERE

AR 2 s T S, MR R T Al B 2 . T AT R 1
BEIET 1904 4, HEF 1968 4, FEKFHEK Veselago A MBI b 7 55 i B
ST F PR b RS AL R R, 18 B DTS R ek I N R & B = R A
@'Eﬁ;ﬁ®o FEMCRERE |, Veselago TR T — R O KBRS, Hlidly. B
RO R B (2 T e W, 30 20 M B RN RN A RE R BN AR « Veselago S5 TF & T K&
TAEFHBR AT AT EZMEL, JFAI CdCrySes S TR R A B il
AIRLEPRREE o (A& T —F AR T RIAH F g mi=, fdrsmeifEe—H
BAHRBRLKRE.

R T SPGB G IR O], 1996 4E, D [E AT EBE T 22 Pendry
HIRHF R SR, ¥4E 588 i LR AT MOV B s 45 2 o
B®., Bt 3B A A G B IR, FE B B SE BRI IR @ . bR A I 3
KGR th o S 3 S AR A FE B 5E T ARl . 2001 4F, Smith ZEARYE Pendry
FIHELSHEAY, KRR &R &M e R IT ERME S E, iR B —r
R R BN RE TR R O S K A AR, R AR BB R
FSE T MR ST S R A 519,

(D E Yablonovitch. Inhibited Spontaneous Emission in Solid-State Physics and Electronics.
Physical Review Letters, 1987, 58: 2059-2062; S Jone. Strong Localization of Photons in Certain
Disordered Dielectric Superlattices. Physical Review Letters, 1987, 58: 2486-2489.

@ V G Veselago, E E Narimanov. The Left Hand of Brightness: Past, Present and Future of
Negative Index Materials. Nature Materials, 2006, 5: 759-762.

3 J B Pendry, et al. Extremely Low Frequency Plasmons in Metallic Mesostructures. Physical
Review Letters, 1996, 76(25): 4773-4776.

@ J B Pendry, et al. Magnetism from Conductors and Enhanced Nonlinear Phenomena. [EEE
Transactions on Microwave Theory and Techniques, 1999, 47(11): 2075-2084.

(® R A Shelby, D R Smith, S Schultz. Experimental Verification of a Negative Index of Refrac-
tion. Science, 2001, 292(5514): 77-79.
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T A BB O B AR — SR R R L, X 25 AN [A) £ BE
) TR KRR RZARMN LK 2o TSR Munk X Smith 532 H 1
Pt RARHR I T D, HHHAE Smith FIBESISZIR T, FORHEE & BT ST 37 1K 58
t Teflon /M BUBSEEMIHTI AMIBRE /N T 14~20dB, B I K iZs2 5 o482
07 K3 A R R B SEH i . SR, JE 2RIV 25 9200 45 SRR WA 7 47 56 1 i
FERT LK HESR R, ATTTAGAR T Munk [95BED . h4F, Valanju 250 4765 A B
PP B RS S AL, S RE A% 3% 7 1) HREHT IE 7 3T @ (HIEAN Pendry
FaHH I, Valanju 40T & SU0RTHEDT 0 24 % T RE R ML 7 M, RmEd T
HR SR

2006 5, BEMEHA SIS T EZEUR . Pendry M1 Leonhardt 23 HI$EH T HL
W7 A (AR B8 (Transformation Optics, ZBHEH)®., Pendry TINSS &35 806
FREMEL, AT ke S RA R4 HRIIThEE, JFBRS Smith 45
EAEERE B SRR BAEC, HhE, KEXT ok M BER MEISR
R, B BTGB B A I TR, FAATR 2 50 1F TAEY R AP i B
TR

EZMER: WRKBEFHRMENME

RN BT AADE T SR TR R MOGB BT RS, AR R
S EATEEB AR B o JEAER, ISR SR B BI7E A R B BOI AR PR K
J&. BhAh, IRBIZAMESA, RIEEFE T 6T SAAHGEAEHR N R AH A2
MG, M LLIEAT ™M X 0o 0 T SEVER L S W2 R AR, E K PR A R —
PNE BB B HPEAAR T

P 3B HER 7 (A 58— AR S B T 55 2 T R AR . LA e vl
JE L PRI T 55 1 TS BB AT BUB R 6], 2000 4F, Pendry 21 T “HdTiN 58 RE

@O B A Munk. Metamaterials: Critique and Alternatives. Hoboken: John Wiley & Sons,

2009.

@ J Valentine, et al. Three-Dimensional Optical Metamaterial with a Negative Refractive
Index. Nature, 2008, 455(7211): 376-380.

3 P M Valanju, R M Walser, A P Valanju. Wave Refraction in Negative-Index Media: Always
Positive and Very Inhomogeneous. Physical Review Letters, 2002, 88: 187401.

@ J B Pendry, D R Smith. Comment on Wave Refraction in Negative-Index Media: Always

Positive and Very Inhomogeneous. Physical Review Letters, 2003, 90: 029303.
® J B Pendry, D Schurig, D R Smith. Controlling Electromagnetic Fields. Science, 2006,

312(5781): 1780-82; U Leonhardt. Optical Conformal Mapping. Science, 2006, 312(5781): 1777-

1780.
® D Schurig, et al. Metamaterial Electromagnetic Cloak at Microwave Frequencies. Science,

2006, 314(5801): 977-980.
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B MBRD, R S MOEBOE T SRR A — 1 RO, B (KR AL
AETE, [T 4 DRSO BUR . SOl s B INIKS, W1 R0 v tl 48 16 2¢ &
BEBATHSZ R W, B Ea] DK R BRI BT LR B, BRI RR b 5836
A8 (Bl 1). Pendry $5H, FEIEHAERFRELINSAMG T, RENMBEENY -1, —
E&REE (HEFEA 1) BIA] sSEBUEATH BB . 2003 2 2005 45, RINE & T
FEH A HEAR R EZ P R VE B ZEHTHARE], T SPP MR BKEE, —E2B
7 R B AT S B R S R I S AT A @

4T o i

B 1 s e acn®

P37+ LR 272 1K) 573 — 1 i 5 P R AR PR ol 8 e B ) S5 200 L BB 13 2 B ot e B
RGN, . A VLR W K22[f Engheta E Science 245 BESCHR AL S BLIK
SRCHBRBES (. R, RS WTHRARIMTO BB A . SRS
MR e, ORI AF B TR TR T 2F M TR, BT N —Fhik
BT T B, 2520 L LUK DR A3 T BEE P A AR SR . ALY B
FEHEIG I S BORME— S S, H AT 2Ry A S — A8 7 7 v

@D J B Pendry. Negative Refraction Makes a Perfect Lens. Physical Review Letters, 2000,
85(18): 3966-3969.

@ Luo, Ishihara. Surface Plasmon Resonant Interference Nanolithography Technique; N Fang,
et al. Sub-Diffraction-Limited Optical Imaging with a Silver Superlens. Science, 2005, 308(5721):
534-537.

(3 J B Pendry, D R Smith. The Quest for the Superlens. Scientific American, 2006, 259(1):
60-67.

@ N Engheta. Circuits with Light at Nanoscales: Optical Nanocircuits Inspired by Metamate-

rials. Science, 2007, 317(5845): 1698-1702.
(® M Pu, et al. Design Principles for Infrared Wide-Angle Perfect Absorber Based on Plasmonic

Structure. Optics Ezpress, 2011, 19(18): 17413-17420; M Pu, et al. Anisotropic Meta-Mirror for
Achromatic Electromagnetic Polarization Manipulation. Applied Physics Letters, 2013, 102(13):
131906.
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WIS RE BB A B IR, R HTCEKN, ARnFET
P& . R LSO 1 A Py T DUSCBR R ) B AT

s WK H R R B B

BRI R R RELD “HIMB KA FHL B ARS8 B <pretig
ES M CTRNAY ZIUABB. EEEKRES T RIRNRERM B, £
XA AR R VR T, BT CETER T — RS2 KIS K R RS .
Wk 2 Pros, BR AT RS RIS R TR A Ob TBRELR” XJLANH
WERSN, BARE L MR B AN BRI R B .

*2 TEKEHEFPHETEL

TEER BX o
i@ FHET NG AR IR
RS
B IR i
EEETHARO ST swiagm
R A B S A o )
B _— WEEORTIRT . B
N g ® £2 =
TR T T P
, ‘ SINBEAR, AR,
HRTRATENIE o egormmratigs P e ey
SIAKEW S KL,
QTSGR RS  TERAERITANA  ESRRRAR  MERE. RREES
R RS
. BESHET I, \
armongs | ORREREGE  ramem B8 ERS

AR AR , RS AR IE AR | fidfe . P RAIARGLSS, HoA%
AT RIS R AT ORI . S R DR AT S
ANSHAAL AL RN G R ESNEH ), SBRMmHH KT MBI 3%
VEWTIE IS AE R _E5INBEBERIAL, AT SKBMERS A BT S A B S, TR T 446 48

@ V G Veselago. The Electrodynamics of Substances with Simultaneously Negative Values of

€ and p. Soviet Physics USPEKHI, 1968, 10(4): 509-514.
@ A V Zayats, I | Smolyaninov, A A Maradudin. Nano-Optics of Surface Plasmon Polaritons.

Physics Reports, 2005, 408(3-4): 131-314.
® K M Ho, C T Chan, C M Soukoulis. Existence of a Photonic Gap in Periodic Dielectric

Structures. Physical Review Letters, 1990, 65: 3152-3155.
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PR A R D, gesh, SEREHBM IR HER R WK G SE
AR E AR, FESEYTH /S5 10 RSERE b, 0 B B / S R B
Rl A3 BEA T VR 1

W K17 A ERERLE BRI MBS . AR BA R
P 5105 AR H, RSO 52 80 R SR K R @) ) FH S0 654 ) €2 50T
JEtE. BT R R LR BB, AT A BT R A B T B e A

= WK AR N

WBA B FHE BRI, ARG ALZE PRI B 2R Ak R i ST, i
N AU RRE P K RSB N o XN TR AT A LR EA RS, B
EGE AR Bt E il AL e A .t TX 285 N H R FE N AT, WK
ke AE At SR N SR T T3

1. REFETHEBITHAL

TG ARG A AE R R 1R T e v & R B P RS, BE AR R
TR AT AR PR R 8. 1873 47, B D4R BB A FEEA I e/ T . &
B4, NIRBEESERIRE R K408 380nm, FIAES BB 2 H /N L EES
200nm A5, AT R T AT 27 BLACE /D RGHIR RN IR 5 BRERML O
LR Bt e T AR KABE LR, ™ EHS T 7 EARRE
bk 40 Jin 4B A R

RINFE ARG RBAEE, HE AN 2 — =875 6% (K 2). 2003
4, RIS FAAZIBARTE 436nm HKELRIRA T 30nm FOEZIER, &3
THIEHRR LK) 1 1/79, 2004 4, RIS THOEZIERB Z8%C. &
T, A RSB AR, £E KA FEBLT 220m FAHIEZI®.
9K 2 AR 2535 A Ebbesen Z54F Review of Modern Physics P38 HZEAR
RN “HegiR A% H B BRI RIGATATEREAR®, L HHE L ¥ Ozbay

(D X Luo. Principles of Electromagnetic Waves in Metasurfaces. Science China-Physics, Me-
chanics & Astronomy, 2015, 58: 594201.

@ K N Rozanov. Ultimate Thickness to Bandwidth Ratio of Radar Absorbers. IEEE Trans-
actions on Antennas and Propagation, 2000, 48(8): 1230-1234.

@ H Yao, et al. Patterining Sub 100nm Isolated Patterns with 436nm Lithography. in 2003
International Microprocesses and Nanotechnology Conference. Japan: IEEE, 2003, 7947638.

@ Luo, Ishihara. Surface Plasmon Resonant Interference Nanolithography Technique.

® P Gao, et al. Enhancing Aspect Profile of Half-Pitch 32nm and 22nm Lithography with
Plasmonic Cavity Lens. Applied Physics Letters, 2015, 106(9): 093110.

® F J Garcia-Vidal, et al. Light Passing through Subwavelength Apertures. Reviews of Modern
Physics, 2010, 8: 729-787.
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BAE Science 2430, FFZOCZIEARS K 10 55 & AR 1 TN FHE R R TT
)] —@, i Thomson Reuters HE ¥ Science Watch M¥47F “Map of nanoscience”
FRPH RIS S TGRS 3 BN IER —&AE K R K R 7 S ) 2 B
PR T A

2001mn

w111

K 2 HTRELSEFANGE AP

2. FEAFETH

AT SEBUREE M AT RS RE, ARG TSGR 2 K H i e 454,
Bt S . INESE . EERIEESE, BON SR E HAE DL fiTiteeoott, w20 i
LR KRR ot oo BARRRE — e R _ESL DR B F AL, wh
wHERE, AHEE K TwmNEK, BREAZEKR. BT/ NERE.

V3 K L LA AR L G F R T, DLRSEIOGE R BEiL
R T AR ARIER . WK G RS e ) ] SEIE R AR . Peifi
AP iadl, BURTER 245 N HEEET, ] FH 6 S~ F i s a5 A0
g E R G HARZ PO, FERAN R, RECFRAEM TN, £
HEBOLFE REMZRDGF RERIKE .

2005 4, HILT —HKETREEE FRMMHHE Pt oh®. FH4
JE e 4% R T 55 B A AL 4 i S T B AR AL R, R SEBAE R R AR A 1
T EE L T R R T 4 Bh T I 8 @A (Metasurface-assisted Law of Refraction and
Reflection, MLRR), tFR4 ) CHT et @ fit. 2011 4F, M #k K% Capasso BUEXK

@ E Ozbay. Plasmonics: Merging Photonics and Electronics at Nanoscale Dimensions. Science,
2006, 31115758: 189-193.

@ X Luo. Subwavelength Electromagnetics. Frontiers of Optoelectronics, 2016, 9(2): 138-150.

@ Luo. Principles of Electromagnetic Waves in Metasurfaces.
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TAEE— 51 T Eps EMBFR e ©. MLRR A4 F—OF HiG 22 A i 2 2%
B0 BEAl, SR N A RSP IE S . PRUE A RS . KOREEE T
B%O,

LR A BGE S B (B 3), W KR i K/ NN REHE
B, 13 20m UL E NSRBI RE. RN, R RAE SR
A2 T 1 5 SR R (), SEBRBE . KAAS AR

B3 KPedlikeic s

3. bR

A AR R TR S P ARG E Y AT R B B, BASER . R R
LWL IR AR BT R fr e 2 R A EE R, ARG
3 8- R AEAL AR BRI I SR R R 2 —, Bl n R A AR ISR W EASE BN 4
SFARA L AR AR I SN R o

—RM S, ETEEKSHWRENAREREEY SPP PU AR 1) & Hi
BRNA K. NEE EPF, BT SPP RAEREAR KB4 HE: B—RKEKM
LB TR (Surface Plasmon Resonance, SPR) AEYMERREIAR, FIH K R4ESHK
T 55 12 1A S W X A 0 A oA S 0 UK e, A S S G SR
B AMELFR) R FBEAL B AL, SRBC AR HE B P R 5 R ARk . 38 2R R
R T AR (Localized Surface Plasmon Resonance, LSPR) A pk R H R DL
KHET LSPR IR IR 58 b 8 18U (SERS) B, FIH R imke ik, o3

@D N Yu, et al. Light Propagation with Phase Discontinuities: Generalized Laws of Reflection
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