Chinese Physical Society
ME#E Acta Physica Sinica .

€D Institute of Physics, CAS

ETAEIRBER TR EMEFENHRR

ERF AKRKF KEH NKE IMER

Transmission characteristics of photonic crystal fibers based on filling different kinds of liquid crystals
Wang Jia-Lu Du Mu-Qing Zhang Ling-Li Liu Yong-Jun Sun Wei-Min

5| Fi{5 K Citation: Acta Physica Sinica, 64, 120702 (2015) DOI: 10.7498/aps.64.120702

7E 28 %32 View online: http://dx.doi.org/10.7498/aps.64.120702
23 N %¥ View table of contents: http://wulixb.iphy.ac.cn/CN/Y2015/V64/112

AT RERCH B BB S &
Articles you may be interested in

I3 AT AR AL AT B -3 AL AR 1B 7
Research on distributed intrinsic Fabry-Perot sensors
PP 27 4%.2015, 64(5): 050704  http://dx.doi.org/10.7498/aps.64.050704

BT B s 2 FLOG AT IR R 2% i 70 725 2%
A THz polarization splitter made from suspended dual-core porous fiber
Y)HE 48,2014, 63(11): 110706  http://dx.doi.org/10.7498/aps.63.110706 3L T it Al DSP 58 & 41

e B BE M 45 TR R G 7T

Study on the partial gating smart network camera for controlling strong light intensity based on DSP and
liquid crystal

PP 24422013, 62(21): 214210  http://dx.doi.org/10.7498/aps.62.214210 F% B & HH 6 21 S M 1 e

Ty PR R
Broadband single-peak filtering characteristics of coated long-period fiber gratings
YIBE2£4%.2012, 61(20): 200702  http:/dx.doi.org/10.7498/aps.61.200702 K kb i % i Ak P47 BE G £F

i Mach-Zehnder 5 (U A AR AL BEHIE 72

Study on characteristics and fluid sensing of unparallel wall fiber micro-cavity Mach-Zehnder interferom-
eter fabricated by femtosecond laser micromachining

YHA4.2012, 61(17): 170701 http://dx.doi.org/10.7498/aps.61.170701


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml
http://dx.doi.org/10.7498/aps.64.120702
http://dx.doi.org/10.7498/aps.64.120702
http://wulixb.iphy.ac.cn/CN/Y2015/V64/I12
http://wulixb.iphy.ac.cn/CN/abstract/abstract63435.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract63435.shtml
http://dx.doi.org/10.7498/aps.64.050704
http://wulixb.iphy.ac.cn/CN/abstract/abstract59494.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract59494.shtml
http://dx.doi.org/10.7498/aps.63.110706
http://wulixb.iphy.ac.cn/CN/abstract/abstract56692.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract56692.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract56692.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract56692.shtml
http://dx.doi.org/10.7498/aps.62.214210
http://wulixb.iphy.ac.cn/CN/abstract/abstract50413.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract50413.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract50413.shtml
http://dx.doi.org/10.7498/aps.61.200702
http://wulixb.iphy.ac.cn/CN/abstract/abstract50567.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract50567.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract50567.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract50567.shtml
http://dx.doi.org/10.7498/aps.61.170701

32 % R  Acta Phys. Sin. Vol. 64, No. 12 (2015) 120702

TR REAFERNA

RER  RBAANTRESBREREZ A — M RRAE, BREE TR SRR 046 K0 T4
WL S, A KIS AR, IR E KRR — 5 AGE B A, BN A A TALE B AL E] T AR
A W AP R A TR A G, AR R S 5 R £ R AR A R R @,
B FCERRAATI001CERYLRE KA b, AR EFRBANN 2k, AFHARCRBEEAEN
T, AR R A B RS A BT KRR A R AR R, B R R @, B4R
BT BN e AR AR REE S TRME S, ARG SRS S, G R AEE
PG 4 B AR K IR B TR A AE R A @, A ST R R A i
ARG, A AR AT s B @3B R AL, I AL MR AR AT KR, AT
S8 AT R E 2 .

(RE%BE: PEMEELRESE EHE FEH Em)

ET A ERBEFTF R EMEFERAR"
EXBU) HARD KEHY AAEI HHERD

1) (W& /R¥E TR B Ak 5B, MR 150001)
2) (M /R LR R LR AR R OG- 2 E L fU sk %, FE/RIE 150001)
3) (MR LI R &R, WE/REE 150001)

(20144 12 H 24 HILH; 2015 45 4 A 15 HUREMEEH )

B 5 AN 5] 47 5 2 RO 20 T BN SR TR AR 21 (9 22 AL, il I 23 Ah g %A, ik T He A O
RSP RLAE, JRHEAT BB . SRR BT S, O Al AR o 2 AN i R X )
I, VBT (R 3T S R (R, L e v B A e KT I RS 2, ELARR G 5 (13 LE B2 WT AA 31 16 dB; i H
20 °C LJH2185 °C I, Wl i K7 R 3l e R %9 B TIA 41 nmy; 38755 B R 0250 'V, Fa 6
(RIS S 5RAR /N, (R e B AT ey I RGE s fE SR T, PG ABEN SN e RS AR T AR 4. 12006 1
PG ET T NEF FIA% TT B R  RE

KR T AOLER, W, Je TR, (s
PACS: 07.60.Vg, 42.70.Df, 42.81.Wg DOI: 10.7498/aps.64.120702

F, BAT ToAE B fIRBIAE LK AT EAT B4 4 1

18 = T BOE SR U, Aok & 2 R PP IR A A
4 FHLEE ALK PCF 73 NP — IR i 4%

HF ER 64 (photonic crystal fibers, PCFs) S, ORI ERRTORENERITNE, 5
AR A B R R A A L A R e TG ICET I 4 3 R I HLEARALL 55— 32 7

* ERARRBIERS (HHES: 61107059, 61308052, 61077047) FIZLH ¥ 111 515 EH I H (HL#ES: B13015) B EHHIIERE.
T #E/E#H. E-mail: liuyjQhrbeu.edu.cn

© 2015 FEHIEF2 Chinese Physical Society http://wulizb.iphy.ac.cn

120702-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.64.120702
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 64, No. 12 (2015) 120702

BB, BZFSC 9 568 %/ T 2 1A RO 5 2,
15 B 602 19T 5 23 B R0 1 J& A HEAR, (675 H
R T BR RS (photonic bandgap) #4415 &b
T B A B SRR E 4Rt ) BT A B AR S H
fy 4. (B2, PCF — B dnil e i, £& 5kt s R
FARE, IR AR AR KRR BE L BRI 7 L 7 A 2% 4000
MR, Sk AR RL (W & (liquid cerystals,
LCs). #14 HULE W 55) S8 N PCF A2 28 <AL
o S AN SRR AR AL (A0 L K 055 AT RE sk
Bl PCF SH&466 1 i R 42 -7,

LCs B A I i B SMA R, IR U1
WA KB 2010 4E, Mathews 25 OV /6 73T
4 TS HE 78 45 ) 1) SISV AR O T B 64T (photonic
liquid crystal fibers, PLCFs) ] HL % 3 9 &%, F 5K
50 W 45 LA B R ATk )40 dB. 2012 4, Tefelska
2 10) il 7 — R T T B AL I T AR 1 %
BEPLCF, 1% PLCF X i & (1748 46 B A 55 v 1 R
JE. [F4E, A1 AE PCF 2 S0 N T 35 A%
FAGIHRKLC, WE T % PLCF A< S5,
FHHEH T H AR KB AT L 20134E, Peng
2 020 % B Ml LC 3N PCF & Y 2 2= S 4L,
FEI T FHOOHELE AR RS TR IX LA AL TAE
W, Z 5N E T PLCF i th 65 B 1840 &R, 1
IO oA OB IR R P R 7L B R IR B AL
KZ RE R HE —F LC M PLCF, £ WL 5¢ T 11
FZ M LC I PLCF &% 1% B SLIe i 78, AR5
BI1% 5 FhAS [F47 5 %f LC N S2 PCF o, JE%}
FL A R M R AT T SEIR B AT RN R B 4 #r; [
B, W70 T PLCE AU R O 8 e 1 e PR
U E.

2 LCEARARELW RS
2.1 LCHEZR

SEYG B PCF BB AR 40 1 1 (a) Frow, N
B TE R 92 PCF, M R ai g e, Jefits
HARNT.O0 pm, B)ZEHAAN125 pm, AL ERE
N2 pm H 2N A, = FLEE A
5.0 um. & HFTHEFLH PLCF A4, Bl PCF
T 2 S FL R AR LC. K A5 PCF () — i
FEWRBZE, ROGE VIR T4 o 0 U)F, Bé R Ak
MM PCFHALC H, FHEBMIMEE LCIA
PCF H. i o720 3 70 5 5 A 70 B [, BT DLOKG
Wb HIEN PCF H LC K. WK 1 (b) Fir,

TG R s T A AN & AR M LC KB, M
Bl (b))l AL 2], W HE AR LCH & PCFE)Z
BAAR R, A T LCH PCF T LC KX 4 5
PE, BLZ BT, SRR BT AE A AR PLCF &K B
N 20 cm, EARR LCKEZIN10 cm.

1 PCFS¥E  (a) BT EHE T 1 PCF B &
(b) it 2444 T ¥ PLCF XLt

Fig. 1. The picture of the actual object of PCF:
(a) cross section of the PCF under the electron mi-
croscope; (b) the image of the full-filled PLCF under

a polarizing microscope.
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Fig. 2. Schematic geometry of the full-filled PLCFs.
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Fig. 3. The transmission spectrum of unpro-
cessed PCF.
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Fig. 4. The transmission spectra of PLCFs filled with
different kinds of LCs.
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Table 1. The transmission parameters of PLCFs filled
with different kinds of LC.
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==t _
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01 0.083(no, = 1.483) 706 41 16.794
02 0.111(no = 1.489) 792 24 16.425
03 0.149(no = 1.508) 765 5 15.542
04 0.249(no = 1.514) 717 40 15.495
05 0.375(no = 1.501) 741 13 16.206
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Fig. 5. The bandgaps structure of PLCFs filled with
LC of different effective refractive index: (a) n =
1.533; (b) n = 1.625; (¢) n = 1.705.
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Fig. 6. The transmission spectra of No. 01 PLCF with

different temperature.
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based on filling different kinds of liquid crystals®

Wang Jia-Lu"? Du Mu-Qing? Zhang Ling-Li® Liu Yong-JunY?" Sun Wei-Min?

1) (College of Automation, Harbin Engineering University, Harbin 150001, China)
2) (Key Lab of In-fiber Integrated Optics, Ministry Education of China, Harbin Engineering University, Harbin 150001, China)
3) (Department of Physics, Harbin Institute of Technology, Harbin 150001, China)

( Received 24 December 2014; revised manuscript received 15 April 2015 )

Abstract

The transmission characteristics of full-filled photonic liquid crystal fibers (PLCFs) which are filled with five kinds of
liquid crystals (LCs) are experimentally studied and theoretically analyzed. The influences of temperature and external
electric field on the transmission characteristics of PLCFs are also discussed in this paper. The transmission spectra of
PLCFs show obvious bandgaps, and the number and the central wavelengths of the bandgaps depend on the average
value of the refractive indices of LCs. By changing the temperature from 20 °C to 80 °C, a blue shift in the bandgap
is observed, and the maximum tuning range of the bandgap is 41 nm. Then, with the voltage turning from 0 V to
250 V, the output power of the transmission spectrum decreases, while the central wavelength of the bandgap is almost
unchanged. Finally, the transmission spectrum keeps a good stability, even if the polarization state of the input light

changes.

Keywords: photonic crystal fiber, liquid crystal, photonic bandgap, sensor
PACS: 07.60.Vg, 42.70.Df, 42.81.Wg DOTI: 10.7498/aps.64.120702
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Fig. 3. Simulation reconstructions from phase-only computer generated hologram based on our method.
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Abstract

In conventional phase-only holographic display, the phase-only computer generated hologram is usually calculated
based on the fast Fourier transform (FFT) algorithm, in which the Nyquist theory should be satisfied. However, due to the
pixel structure of the liquid crystal spatial light modulator and a fixed spatial sampling rate, the size of the reconstructed
image is limited by the space-bandwidth product of the liquid crystal phase modulator. The traditional solution is to use
convolution algorithm or double-step Fresnel diffraction algorithm to calculate the Fresnel hologram, but FFT has to be
calculated many times in both of the methods, thereby increasing the burden of hologram computation. Therefore, in
this paper we propose a method to calculate the phase-only hologram based on setting a virtual hologram plane. This
virtual hologram plane is set based on the principle of lens imaging. So the calculation of the hologram can be divided
into two steps: the first step is to calculate the Fresnel diffraction from the object plane to the virtual hologram plane,
and the second step is to calculate the hologram from the virtual hologram plane by being multiplied with a quadratic
phase term. In this way, the hologram can be calculated from the original object with any sampling rate we need by
adjusting the corresponding parameters of distance. By this method one can calculate the Fresnel diffraction between
hologram plane and object plane with variable sampling rates, without considering the space-bandwidth product of the
liquid crystal phase modulator, and this algorithm uses only one FFT calculation, which can speed up the calculation of
hologram compared with the convolution based method (using three FFTs in calculation) and the double-step Fresnel
method (using two FFTs in calculation). Both the computer simulation and the optical experiments demonstrate that
the object can be reconstructed with different sizes in the holographic display system. In the optical experiment, the
zero-order diffraction can be removed by placing a filter on the back focal plane of the imaging lens and the speckle noise
can also be eliminated in order to improve the reconstruction quality by displaying multiple phase-only holograms at a
high speed. The proposed method in this paper shows a potential application in zoom-able liquid crystal spatial light
modulator based holographic display system.

Keywords: liquid crystal spatial light modulator, holographic display, computer generated hologram
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RLZBRE BN RGHA B T IERETFHEN — DN EES L —Y9PREE F UGS (nanoplasmonics) H
A ORFERE S B 6215 e AN Z S R 2R R R ks X B FE B AE T ST B 3 R UK (optical
surface wave) MPJEE I 5 H 3R THI%5 B T ¥0T (surface plasmon polariton, SPP) FIMES, Fi FRHAE 3R TH A Bk
& J@ BRI SPP 2, 5] H 2R BEz /N TG K A4 K 42 8 0k 5 ' F s iR AE BLAE FH 25 R AR bR T 55
BTG (localized surface plasmon polariton) IIAFE7E, 78 BPGKEE R T B AR, £ TAKER T
WOT 2 R G UNFIAE T 2 UM 1A G0 RS, B TTREH T A 2 9T I VF 2 45 3 (R H 0
Jei, W ORTE T T IR K J I 51 RSB R 22 SV B AT I 1 R 40K A5 7 10T (funeable nanoplasmonics)
AR AT, YRR AR D' 2 S TR AR A T R R, A AR oK S BT S A A B R e S — A
BAARF S E IR E T M. KRN A T X7 T A Bt g, HXTAE7E I Pkik 22 nT fe 1) & e 7 1 45

WHEAT 1AL RS

KRR RIS THOT, 9KER 7ot Wb, ARk

PACS: 42.25.-p, 42.70.-a, 42.70.Df, 78.20.Ek

1 58 =

AKLER FE R — A RPKFEE Tt
(nanoplasmonics) 7R & k25 i FE Al v A2 K 8 i
A RIE JC A3 2F 1 ) o S AIF 5T A SRR ). RS
ZRIARTE NIRRT R IT .

HAZMBMEE FRUcME. BlBT
SR BT R AE 2 plasmon 1) i i AN [ i
TARIRG RAECHI RSN T LI, A EATH
B RAE N Z 2 6 HL 5 16T (photon) I EH
H SR M E T (plasmon) MR A&, H
photon-plasmon polariton (5ZFx L polariton X4
&2 H Fano 2 152 51 N R FB1E B W A5 b R
SR AT IR A B), BT RSOOSR
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HHIAE ANATT B 4 20 58 18 BB AT & 181 F7 A plasmon
polariton B¢ ELH#EFRA plasmon, AT AAS SCHE B4R
A& ST HUTREREA.

HEZR P (optical surface wave) &—MHE
PRS0 Joit S A R 00 D' B RE IR MDY 5 7 THT Rk,
& KD I AR R R S b T B L, I
A 1) P A o7 s SRR R, S AR O T A ik
UG S TH A A 26 R 8 I R, B — Rk, e
IR G SA H HBO SI B % B A R A
— A O T, BTG L O I SR EL T
FLC G R (W4 R AR AR ) OGS H RO s
F R AU, DAL E 3K 6 < a8 R R F A o T A )
G a] DUE AR 38U - 2R R A f AR . A
ROk, X g i H TR 2O
S 1) AR ) T A6 RS PR 3R THT 46 B8 1 0T (surface plas-
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mon Pl 8¢ surface plasmon polariton, SPP ) Ul 3
%o AR BT AR BOG A R R BB, AR ZRA S
Xof DA F P A EE S B AR S T B TR I AR )
VB S 308, DA% Bk R ik 4 [ 250k
THA — AU SERE A

20 40 60 FFEANK, BT 3CHR [5, 6] £S5 TAE
R 1O AR TN, AT S AT SPP
AU 5 2 v E (PR B A7E 20 tH 28 4] Wood 7] 77 4
J B0 M S R AT T AR BILR TAE, &4
FESE B S 7 IX AN, R85 R A 1 Ritchie
S BIE se H R W5 & FHOoT IR IR). ALK,
T 2 THI Y 27 0 2 THI ) 3145 1 22 U0 Y 2 3R THT UK
BEAT 1 AH 2 KR 1) S8 S B T 78 9F 3R 48 T 1VF 2
AR 0200 H TR BB B R
BEA PRI R FEI, 2R 5 B [ iR R —
BB H 2. KPR b, 72N H 07 SR AHES)
N, T BN A R T A R AC B AN SR AL R DG
HAL1 17 1) SRR, R B a2 Ol 2 SR T U PR A 2
I8, KT 2R TR RS JE B 25 i RUE < i JRURE X O FEL
TR A 6 5 W) ) PR AR S S B0 B 9T — ELAE A W Mgk
1T, JF Tt T AEGUR R & 8 5 8 R
LT St PG Y8 W) IV ) 5 SR —— A SR THT A B U
7t (localized surface plasmon polariton, LSPP) [
FAAE PU28]0 B 2 BT (R 9K 55 B TG 2 AR
B, BHFR T SPP XA R — AN K R 7
), JREDAE L /N T (R0 6K f SPP 3 ik K
(OKEEZR) i gh oK R 23 (87 ] LSPP 12 O+
X AR 5 8 I S 3 A i R AT A ) Ak B ) R AT
£ 20 28 R i AR RE SR 1K % A 44 K AL RH 8 HR
(B F 3 R b s B T AR 2ot S A S ) K
2o h ZIREMME1ET, 8F & MIEIRER
YR K JIURL B 51 1 88 A4 kL (metamaterials) 1 il 45 A%
DICHE T DLAOK S5 B T I0C N B Al 1) s 1 R R AE
T 2 SIS R RBAL G0 5 R 4l JHEETT R T AR
D6 IE I VF 22 R e IR U, 2 AR T OB AR
(laser) ff) & ¥ X &9 ——Spaser (surface plasmon
amplification by stimulated emission of radiation)
P REA IR R T LA A AR M1 AT
I, R R R B S AR S N LA 4, O T T 2R
TR R Bl A

E L FH B0 75 SR B 5 JJHESN T, AT i O 9 K 45
BT 00 2 24 4F (tuneable nanoplasmonics) 27201
AN —MH B EE ) B H 28 5] #E AR 2 RTE

R TRAL. T A A R S S e N T A 1 22
5 (WX S 3K, 7 A 3 2 ) R 2 e
WA ZH T T A O K RS TSN BT 1 i 4 ),
FIt CAYR St AR P T 8 11 ) 9 0K S5 88 T s S A
e — A B AR S E SRR T . RLib
IR TR TT I TR R R, AR T BATE &
FERE BV At A 1) 5 T F) A deJim, T ok iR
FOUHR A AE R Bk A B T E A 4K 82 B Uy ) St EAT
T HRLI R

2 Fig 5w _E#y SPP
2.1 FEREEEBHAFRER

B 1CATE— AP AT (X-Y) B X J7 %
WG RIMBP B I Ai. e Meg 30 2 H
T T PR S A G 22 A LG exp(aa2),
a; > 0Mlexp(—agz), as > 04 1l 7~ HL 3R TH 3
FEPIAN AT A ) FE S e 4R HOsE el o3 A

YA N
E
) \\
> >
0 82/ I

Bl fEFEFm (X-Y) BRI R I Rs a1
Fig. 1. The electrical field distribution of an optical

surface wave propagating along a smooth boundary
(X-Y).

IR B S, WS EE T 5

T Z 7 1) () s 70 A N
E, (Z) = <E?x7E?y7 lalE?:Jc> exXp (—(112’)

x exp[i(kzz —wt)]  (2>0), (1)

—ik
E;(z) = <E317Egy7 O;Egm> exp (a22)

xexp[i(kzz —wt)] (2<0), (2)

o} = k2~ e1(w) 3)
W2

0f = K2 - ea() . 0

Horb w RIGH MR, c R AT PROGE; k, 2
RN AL HALRE T 1) _ERIIR, HA Re{fan} > 0,
Re{az} > 0 M Re{k,} > 0.
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K B Maxwell J7 2 5 H 19 #1637 (30 5 2% A
PN B3R 22 30, BT BAAS 216 A 3R T A5 I A% 3k
M=%,

1) 65 R B2 — A p W IR R HE (TM) 3,
w7 7] = AL 4%k St i,

E}, = E3, = 0. (5)
2) e1(w) 5 eg(w) HAMRHIFTS,
£1(w)/e2(w) = —a1 /s, (6)

B &1 (w), e2(w), an, o ENEEL, WH &1 (w) >0
WA ea(w) <0 (a1 >0, ag > 0).
3) RMP 2 — 187 Ik,
w? e1(w)ea(w)
Ko = 2 e1(w) + ea(w)’ 0
k2 > (w?/c?)er(w), RISRTH W IIAL R0 R KT
ST AE Y ST A T &g P I R
ER=EE A, 1) A 3) 4 i 3 T A
IR P AL AR e o B R B SxoF T A o 6D 28 T Wk 140 06 2
ARAEFHEIR, gt 5 11 2) WA X T 4L fe s 2E &
TR 7R B 3% THI I8 1) S THD P4 8 R A T 1 0 2 AR P 11
R, SRR BTRL, TR A R H (SR N
(B TR BT S0 A 1o 25 2 THT U 1) S B BT .

2.2 EBRNBRHIATINEBEEH

T EHERENEHBHE T, BT IS
R SiE IRz s, R aE A A A B 5 R
o. FEXMIEN T, H Maxwell 7125 H 3 50 7 F2
NAZ A

pe = Amuo
V2E = ZE+—5 B (8)
XTSI w R, BN T FE AT LA A
V?E 4+ K*E =0, (9)
Wi Ao
kQZCT <5+1w> . (10)

RERE &R BEAT R AL,

4
e=cp+i—r. (11)
w

AR, o0 KT RAHE THITR, 71 0 WK T
LT TR, 8, PR w R T
T 9025 T B 4 4 0 U s
e T 7).

MR 8 B TR, SRt TS
BT LIS
mr +myr = ek, (12)

H mag &, e &1 AT, 1My 2 B4R
ERIBHJE BZE. X T AR READE R, Fid
JTRE AR A R 2

e
Cm(W? + iyw)
IR N & AR AR N () HL 7 8, IR 4 HUIR B
AT R T =

r= (13)

N'e?
j = N'er = E 14
N
j=0E, (15)
CIPEGE:
1,2
oo N (16)
m(y — iw)
WERFEER e = e, + ig;, WFTLAFH]
4mN’e?
r=E&b — — 5 5 17
T m(w? +~2) (a7)
4TN' ey
u— - - ' 1
fr=em o (w2 +92) (18)

FREL, @A B A R — N R BRI R
AR ARBR T, oK H R0 7 1) sk 2T
NFRE B BB TR TR, BATAT LA e, =1
Leew = 0. A, e KL e, BORRFS Ml F0 %
we LA AR IR

5, AmN'e*

= ~ve. (19)

MWRAEE w? > 42, I HAR TAETE R w2
(w? > 2) MIARHE iR (17), (18) AT (19) =X, itk
J 4 R BT FL B B s =
e~ 1 — (we/w)?, (20
&~ %(Wc/w)? (21
XA, 1E ARSI /N TG SR, o < we, 4
& [ A R H SR UL

W,

2.3 AFREENPIIEARR

H 2.1 01 2.2 5 B i R, Ol 22 R TR 1 A AT
4tk T B RS TH (0 PEAA o B AT AR ST 5 1 (S
Pi8) A U B, T L R A AR — S D
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AR ] N L 2 A L B ) S e R f L IX
FE, 7E FHIX 26 45 @ A 0 PR — M B i A o (o
AR L B RO TE S P 2E R S D b B RT
Jih AR I A AR RO R T . 2.2 T A, &
B U B A E F ERE T HRER
HH T X, X B E LY
(photon) UL T BT K SRR 4R ¥ (plasmon) Fir2H
K E&EMET photon-plasmon polariton Fft
IV 2 K Gl 2 SR THI I8 () ) B AR Joid P £

SRR b, 21 W EER ) O 57 2R TR
8 BT ST 0 R 0 A2 Bh 4 & A o R e R
FREGIRGMTRE LR, WE 2 s,

A
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Y s | .5 ) FE.
1] | | r
+++ - . +++ - X
H®  4p

2 IR E R G R PR Y G R B B R
]

Fig. 2. The collective oscillation of free electron gas in
metallic medium excited by optical electric field with

vertical polarization.

T2 3% 3) I 1R ' 27 2 THI I8¢ P 12 YRR 128 1 38
ST DA AR BT 4 TERE M T i
185, A9 3 T I A 1R R AR HLAY o A
B ICE B R R U8R, ZER2) Sibs LR
PR AL S T AT BT IR 1 3 YOG 22 R K (optical
surface wave) AR A——=&JE /B B B H TS
IAAAE.

2.4 NFREKHNHMES

FEHR 2.1 TR B R 3) SR B BB R EER
TAE 5 G AR AR FR A T m A R S T U 3 Ok
X Bl B R ATV B AR I A A
JOR RSP T ORI A R T . BT RA, 7R SK
I RSB B I R U R S R R R EM. T
A 2P P i LA SE IR & B
241 #EABE

MR A RS, UAGDOLIE ST 2w
LR TG A AN, HoKFahEl KT ES 4

B A 5T 2H 15 3 THI A% 47 S I ) FL A BT R B T T
BRI RE &, AT ' 5 AR 2 e 1) T A 36 3
R 5 I B S BEE S A A EIINR, 24
IRFE P /K P 3h 5 3R T E R R B =
FHUCHEC RS, WPEOR T 76 e S b A% 3 0 % R T
We, TN T AR R R I A S S OGN T B, X
A E A AR T I D' S R T A BURh.
PL, 6T B AR N 2984 [ (attenuated total
reflection, ATR) R, SCHR [5, 6] B RAESLH 5]
AN T #ERRERESTB, SSRGS
Jih, 4k 3 .

I

>SPP Spp

1

I

(a) (b)

K3 FREBHKBERMAT (a) Otto Al (b) Kretschmann
gt
Fig. 3. The coupled optical surface waves by prism:

(a) Otto and (b) Kretschmann geometries.

2.4.2 RAMFBE

Wit JEZ 8 1) R S 8 ) D' Al T L NS DY
RS CLATAN R K -F Bl i, TR D't 2 3% T RS A 2
H <6 & R R A BT AR e i T b T An ] 4 B
71 FR R BE R DA, X T — DB IR (TM) A
S P TET, FORE IR 4 ' H, T DUS

H, = Aexp {i[ (koncsin®b) z
— (konecos ) @ — wt] }, (22)

Forh A MR EE R A X T IESZ A RO, BIFE
MHE S A2 2 B RR A,

T = %sin <2TLAZ) ) (23)
JUES)
H, = Aexp {i {(k‘onc sinf)z
- (konc cos 6% sin 27};) - wt] } (24)
85 (24) 2Wt% Bessel B AETC M I T L JE T, 4T

H,=A i Jm (—gkonc cos 9)

m=—0oo
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X exp{i [(k:oncsiHH—i-mQ/T) z—wt] },

(25)

A LLE BDEME ST T — R E LR L,
Fs:

2
kym = konesin @ + mjﬂ (26)

ZHm =0, £1, £2,--- ZEMEIRTE FR. TR,
WERIEA Ky = ksp, WITESCHE ST FAE R G5
T vT LA NS R 5 S B, 1 e i)
AT . S2Fr b, Wood B & B /E 4 )8
LB YR T AT B BRI 2R 1) i i AR
JRAAE T B

B4 n] AR O 2 3 T PR e B T o) DY s o P
Fig. 4. Amplitude modulating grating for coupling

optical surface waves.
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HURAL AL F i BIA BRI R, AFERLUR =
73 T (R AEHLEE.
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FTE.

=, IR IR S UL G K T
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2.5.1 KABRFER@DE
2.5.1.1 KRR E 70t (long range surface

plasmon polariton, LRSPP)

N T WD R PR AR AR A, Sarid Y
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(1'% H 37 1 < JaB s e 1 23 B, AT KO B2 b /b 1
F I RE B AL AR b 1) & AR HAGRE, Wil 5 B
7. PRUNAE Sarid B84 rp B4 2 BT 45 5 1L
TUHRFE I 42 JE I, BT DL P R ' 27 3 TR A PR
Z N LRSPP. 1T LRSPP 15 B 37 1 4 )i T4 i
HE R K 4R, BT LLIX LRSPP #8531 4% 4 4 FE L
i — M) SPP B XA — AN EE 1) ek, AH AR
ERKEIRA — N HEL NS, WE 6 (b) H il
oA X 1) 3 9l 4 e S Wl i 3 i 1) i A A0, P s
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— éjj
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RN 35 A

Fig. 5. The field distribution of long-range and short-

range surface waves as the metallic film thins.
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Fig. 6. (a) Structure parameters of LRSPP mode and
SPP mode samples; (b) excited spectra from attenu-
ated total reflection of LRSPP and SPP.
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Fig. 7. The three layer geometry including a very thin
film.
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Fig. 8. The ATR spectrum from a long-range surface
wave excited by 3.39 pm He-Ne laser in vanadium thin
film. Adapted from Ref.[36].
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Fig. 9. The relationship between real part e, and imag-
inary part €; of an optical constant and frequencies

around the excitation frequency of an exciton.
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Fig. 10. Excited ATR spectrum of an optical long-
range surface wave supported by a very thin silver film.
Adapted from Ref. [48].
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Fig. 13. The mode interference between two nano-
metallic particles separated by a distance far less than

the attenuation length of electromagnetic field.
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Fig. 14. LSPR coupling and propagation between nano-metallic particles.
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Fig. 15. The strong enhancement of electromagnetic

field between two metallic particles.
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Fig. 16. The relationship between the transmission inten-

sity from a lattice of silver nano-holes and the wavelength

of the incident beam. Adapted from Ref. [76].
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Fig. 17. Sample geometry with a central small hole
on an etched metallic surface with concentric circular
pattern. Adopted from Ref. [77].
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<5 A AR KRR i S R TP R AE B T OT R G B AR R
VER R TAREM LR L B0 1 2 SR B it 7t
ZRERIRNBEAT BRI, 2 g 5 (0 B T4 B A
EIT I, JCH AR P A A 55 S A R R
AL AR %5 5 i 34590,

b ik

K18 =R NLREST - TS LR

Fig. 18. Three cases of transmission-diffraction from a single nano-hole.

4.2 TITHER

1968 4F, Veselago "0 75 3+ A8 4 15 & A 4 B AE
BRI R, SR H T R — AR R R R
A B B e R B RE 5: 28 p, G AT RETE LB |
E 5T S e 2 AR 0 . XA BAH 19 &
(54)—(56) 2N HY (FR I it & <3 IE 4 57 1) ) oL 4
TG 2 10 i T 0 S 1 S ).

e=¢e1+iea, 0<ex < le1|; p=p1+ius,
0<pp < lly n=£/Em (54)

€1 >0,u; > 0;

n=+/(e1p1 — eap2) + i (€142 + €2p11)
=ny +ing; ng >0,n9 > 0; (55)

e1 < 0,pu1 <0

n= —/(e1p1 — e2p2) —i(le1| p2 + &2 |11])

= —ng+ing; ny >0, no > 0. (56)

XEF— JBAE E AR TR AEAE A BOR B, HoAr
FLH B e G 3 6 p R IR S, S TR R
IR BT A TR, BTRME S OB

124214-12


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

¥ 12 ZF R Acta Phys. Sin.

Vol. 64, No. 12 (2015) 124214

WAL E A SN A E R S w5 HE, 3
SRFEH HEAAEAE B S N B G S R IR,
W& 20 fis.

AN Im

o ep
0 Re
ep

19 TR 5A R E e RS u FNIES B
ElESS

Fig. 19. The relationship between refractive index n

and permittivity € and permeability p with same sign

(positive or negative) simultaneously.

m

W

n=/ep

SETW | KREHem

F4)m % HIHA BT
€
BRR P ARk
BN FENL T i

—>

ERPE
B e<0
TL:—\/E—M n<0

K120 S5 IR v BORG = 3
Fig. 20. The permittivity and permeability of different

medium.

Bt CAAE H SR 57 R FEARAEAE G 54 9 %6 2t fl
I, AH R, G B AE 24 2 0 ROBEE /N T L
B HLEAG A RLAS [ 5 M o A 1 o R B 5
P LRI — P S A4, DUIZE NS RT3 ok o]
N5 — e B AT Fo A <3 507 Ol BV BT ) A Jo 2 S )
. X, BUA AT BE AR MR AN T IS e A
Yo B R e AR T ([ LA B A U A
50 RES R, N B 6= 3 1R 2 [ <A
WL, X2 IS B A4 8L (metamaterials) )

Pendry %5 DU 52642 7 B AERE 5 1A 241 B 11
o3 IR LR DR (split ring resonator, SRR) HIME 4,
w21 fros. X B A RN R A RN
() 5] 0 B9 AF B 5 A4 1R B8 By 2H A%, Pendry 2 12
WFFCHE H 7 AT LA B SRR 7E ¢ %8 1 E Bl P9 O
HA BT poge, R H ARG HAME. B, 3
Bk [92—95] A\ BH IR 43 B S SEIG R R 45 4 U7 T 5
R SRR LG M 42 J8 28 45 & 4 B A RLRE 51, IF

B ARSI BB T AR OB B ) 3T S R AN
I RIVGER A AR 0 122 e 5 400 B ) R 28 33 R B LA
() A1 FL S ORI A7 R 5 109,

Bl21 SRR Hfip 1)
Fig. 21. The scheme of a SRR (911,

W ERTIR, ARk B SR A e R T S L]
PRG0N T H R ) AR, o6 T TAE T4
JaWE N GHz e &, BT Lk K g 1
JE KGR N, BT LI L6 BT e HL )R 2 v] DAFE 220K
BRI, R R 5 S, (B2, X T K
J9ILEA GBI AT WO, o0 R H A EE T L+
YK R BE I ELR 2 X aX 2 B e (A L i 7R
T2EME— . EZ2FiEae% K H SRR
RS BTN, T B % R Wit 0. B
PERFRL: R GKHIE T E AR R, 7TRL A7
7 35F 2 (RO FEAH R ) B REIB B AL, TRJ IR B )
I HLH EOR A B G 3 256 BB AR AR S KB
H B (GHz) PUK#6%E (THz) % 07 B pilin B,
RFEFNLTHh S =101 T f5 3 B n WL B (1021091,

Sof T 3T R AR =, 1E W Veselago 0 fir
S I, WX M T B (left-hand medium) £7
e UG, HF 2ok 2w N AT A [F T — i
1E H R FAFAE B4 F A Ji (right-hand materials),
DL 22 Fros. W48, 1872 F- 4 i Poynting K &
AR 8 B B A AH ) 1) 77 W], f#45 Doppler #2 3 Al
Cherenkov fa 5 #5742 1 5.

k
k
S
H S H
E E
#FAFREM AEFAHRLHAM

22 AHFNBAETF A BRI B K K Poynt-
ing K& [A]H)K R

Fig. 22. The relationship between electric field, mag-
netic field, wave vector and Poynting vector of left-

hand and right-hand medium.
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TEFCAE [ P 57 3T 5 38 A o B S B, B T
VI 2 5 B 6 S AR, DR B A 1 22 A R .
Jo R AE RBAT AR IR . B W m o R
f) 835 B35 (super lens) J7 10 i T 31 A w1100 4
Kl 23 .

Pt RER
K23 BA I G R TAREE S

Fig. 23. The scheme of a planner super lens with neg-

ative refractive index.

4.3 THRAF—FRTIEFNFIE

2006 4, Pendry 2 ''!] Al Leonhardt 12 [F] i}
FECREF ) FEESCHE H, BT LUR] FH AR AR 25 1A) AR 4 1) T
VO DG S HU A R, A R B
TG T R AL i K 1 BT T B AR AR, W] 24 B
AN IR IEERR ARG (transformation op-
tics), FHARPAEAHE H T v B &R M m )
N L (AR AR B AR, BRI IE (3 5 2 T2

(index engineering).

f

v
Y /f »
r Lu
(2) (b)
K24 Aol 2 OR8] AR bR i i ot 2 Bj 42 A2 AL
AR
Fig. 24. The scheme of varying beam path described

by alternating space frame in transformation optics.

MR _E Y, N TSR] AR — 5 BV A
R VFEERERICES R, XFE, %A1
i 2K (O ) MR 6 22 8] (R A% H AR B 20T, R

ARG BT VR IME T R B S AR A ]
oA, AR BATE A& AR 23 B %2 6]
B A G B A% AR LD 2 2 B R AR,
A2 26 R S BUBAT P Al £ il el i, -
AT 75 B 1% H T 37 18 22 18] 1) 70 A7 8 2 i A2l
HOR. IR, SEEEE MRS, MR R HIE T Z
TN EARH A ISR, A 2 BA T Re £ S L
PED' B 18 2 A AT A i B o A . 0B ok
OGS IT R TO IR 2 04 N AR ) o8 .
Hh R L NI ER ) — AN U2 06 2% 3£ (optical
cloak), 1Kl 25 FrR.

25 Mk (a) FI=HE (b) o SHE A B R
Fig. 25. The scheme of the optical cloak with (a) two

and (b) three dimensions.

IR, FEARROG BT KU SRR, 2453
— AP 7 B AR A3 (] A g — [l =, Bk S
I — /N TE IS 25 (0] e 22 B B SRS 2 5 — AN 9
A5 5 N kAR, — M iR, T8 2R % A2 82 fa
FUAR A ) X 33k, B BRI M 1) Ol 2 2 2 B O
B, 2R A RZI & m) F i, TR T =4
FG SRR . B, A = e o' 22 1 AR AR
A T 2R (% 1) ) A IR BRI 5 2R
TRER A

E Pendry %5 U] Fl Leonhardt 12 (1 A5 R #H
[F) (1) 480 2 J7 3 P B2 5 1) AR e 0t 2 1) D B A GER A
BHOHERE T e E WSS, Schurig %5 [19]
TR AE R U S I TS B R R R R
i, CLALETIOE Ik B e A il T e O A
AR RRRE a5 L& L Wi Anag, i
AR B 23 1) FRUBE Py i 8, T 381 e 30 A 7 1 Al 41
Hb T ml WA B ST T 6 5 B B 2 ) SR B R
TAE, FHAs =4E 2 B A BOR B GG i S 7 8 ANAL
S B3 g 15— 118],

4.4 3k M 158 K B 80 5t (surface en-
hanced Raman scattering, SERS)

Wl 26 B, Ot UL T DAAE <62 @ 40 K R0k
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UK LSPR, AT A5 45 78 FIURE 3% 1 58 Ak 7= 2 )
P ER) R M . T SR <o AN KO L B A, R4
FEIE 2 ) s BEHRAT T, 0K 2 18] A TR 2 HH 3 B0 5
(LI G 58, TE BRI I IR0, FEIR L I AL,
HL 4 X % i ZUARRSE T HEL 37 ) 20 7 A WK B
58, G 2 HURAE. SERS kPR E R ER I
31 W PR R AR (1 <6 Je R T B oK RUBE 221 Tk ) <
JR &AL b TR L 5 Jm 4K S5 44 () LSPR A A
A BT A SR 30 2 e 4 4 5 25 B I K R TR
RARA IS I I hr 2 HUNE 5

A
¢ L

#k (hot spot)

26 EJBAUKBIR K R BT LSPR P> £ 1R
W3 o
Fig. 26. The local electric field enhancement created

by LSPR from a metallic nano-particle or its lattice.

P2 U B S AR EEALER ] 27 R, R
TR e AT 2R R 0 K R B 4 R M R B AR 2 (I
G VRSN F AT WO BY), T 2 B 16 A 8
SIS (s 8 e AN 2 U O B T e B gk
TR I LSPR AT 2R ML), A4 B &% BB 2 B
S8R 3 4 52 BN SO B B UG I P IR TH
R A0, AT -5 N 56 B A PO YR 5 B E L, B
oc BAULIXAE SERS AN TG 3 11 434 54 ) 388 4ir
U S 58 24 BRI 104101 UK,
HE T KR FE A0 2 T SERS 7EAK 2 AR W A5 A A
TS5 45 5 PRI R, AdE e N T AT LUK B <y
TR R K 1120122,

Wik SOMHE w4k
- AE=—hv AE=+hv
HESREDR ' AT AT r Y
fig
o
Ei_, = A 4
Ei—o y
il BLSHEUE St B L GHUR

K27 2 HUN I AN 3
Fig. 27. The fundamental mechanism of Raman scat-

tering.

F AR 29 K 4% BT 1) 2% (1) SERS AR AT LA T4
DR BEE Y o0 1 A7 AE, TR et 8 TR I A
w2 R 281 20) TR ROBER A rh AL 4y
fIRE ST, FE15 SERS JEAR FT LA R HI T 0355 70 #7
L5W 2 MORLRESE IRER S 25 AN L A B
Sy br4E 75 i 126,

4.5 T MOERERRIZH

4.5.1 AZRELGARFNAITH—LE
B At An i 4t 2 8 127)

U S — TR (T T 952 ) T ST 3 5 A3 5 R %
ny Flng AR B ST b, A e85 K4t
S 2 18 RN Smell 7EAE. (HIX H & X L 5t i
R W B I T 9 10 S T R R 7 2B B AR
L RAF WG LA R BB, W R — AP T R
T T TR AR B d o B BE S S AT BB I B A AL R
A de (K 28), BARTFAEW (57) T B A7 VTRS
KR, HMNFAE(58) TR i & 1 Snell
CINE/IR NPk

[kon; sin (6;) dz + (¢ + do)]

— [kong sin (0;) dz + ¢] = 0, (57)
ng sin (0 ) — n; sin (91) = ;—:{%, (58)

X ko = 21/ No. AR, WIER d¢ = 0, N (58) LB
[ U= 1) — A A 11 Smell 724

$+do

0y

B

28 HI AR AL FR A ST - T F AU S S B AT B ROt
FEREE (S E SOk [127])

Fig. 28. The optical distance from the reflection and
refraction of planar electromagnetic wave propagat-
ing along a boundary with phase disruption. Adapted
from Ref. [127].
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r/LLAYCr/
r/ LLNT e/
AL LA\

r7LL\\YCIr/
r/7LL\Iry
r/7LLASIr/
r/LL\N\CICr/
r/LL\\YIrrs

y RN B
(Ao =8.0 pm)

a9 T \
\ 0;

R \EE

1EH Bt

i AR B
T déldz <0

(b)

29 (a) FERRIIIEGI A, (b) 78 y WIROG (I TE BT NG S50 T 10 Seie s HE i P (25 STk [127])

Fig. 29. (a) Scanning electron microscope photo of the sample surface; (b) the experimental set-up for a

y-polarization exciting beam (electric field is normal to the incident plane). Adapted from Ref. [127].

PR, DI IR S A N A A Y LS
FEOLREF AR, ¢ 1 ¢ + do R HF LT
PIAOL (B BIRIZER)) B AR A AL R 3. 1829 (a) 2
FERE Fr EAIAE T RN R R S5 A B S B8 R A
LB IR, T BT 29 (b) JU)52 S 45 R A a7 181 i
AR G IR AR T RERA B (AT A2 AL T ML R A2 d o),
YU AT LA 208 R AN RIS DU IR B B S Je AT 5

452 @iL KR EAIKA 955 -55 %
A8 7 3% ) [128]

1218 Huygens JZ 2L, P ROBE B G, &
A2 G AT B W A 4% % B Rk M &% 7 1A
fE4E. B H — A0tk 61 5 — R A v Re 1
X — PR A A RBOL AL A TR ILLUE, A4
BEATAE. 5RO T LS e B i B AR e 1t HL A S
BRI FE T, DR A A5 B e 3 3 e A S — R
SR RIS B 9RO -9m 0 A B I A e i
il () 550, (HRTHESRAF 2 0 A mBOCMAEL
PESC 2R RIS AR AE. B, Zhang &5 D214 T
— AN RO S AR LM R S LSS G - 5506
FHEAEGI ) . %7 R E A ] 30 Fos.

AR, 4R LA A [ 5 R 58 R ) ST [
TR [l A% FEAH B B, 4 S A 7 JHCAH I8 2 o) T B B
W 2 JRREAZE /N T T U8 K PR T v R
Y LR N T 9 )8 1 A ER T S (R e AL e
YR ERAE, BT LA AR R K A, PR
WA SZAEATFE M % B 19 BT AL 4, 01 30 (a) Fios.
{ESZ, 2 40 b T B e N V3 P U I AR BT, T 2 %6F it
AE G LA P AR LR, 3 R — RO R
ARSI IR T LR, Wil 30 (b) Bros. X8, R

i P AL T OGO B, a2 7 — R
JeAE AR APRGS. XHSEIL T A s8e AELL
PESG 29 R A 550 - 95 D6 AH T A% il

B30 5506 -85 0t AH T 5 ) 1 5 R 218 (B B X
ik [128])

Fig. 30. Scheme of the effects of weak beams control-
ling each other. Adapted from Ref. [128].

B AR RO, BB % B 6 R S i
RN ORI RERE. IR, HE T A
ARG B AR AL T IR 1, 100% 96 -6 18 i T
DASEIL; T 24 f AR A0 SR B AR o BT s i ), 0]
SCHUE S A 50% FIR SRR, ek, EseBlse
A 556 -5 06 IR 1 RCR, B — AGE R B DR
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HA 50% 11 e 5 BT RE 77 P 3 e A X B T 7.
TG 5 A BUR ELAE A A R Al ) o T — N e bR
WA DT, B2 BRI USRS B e BT RO R
{1 — 2 f B 11291300 (O TE s 2 F s et 5 4= 1 1 )
). HAE, R AN AT A ) < Tk
Wi, 50% IR OK PR AR ME SR, 75K 2 Bt
AR, BN BE B 2 W S S e 2% m A% e %k
SR, Sl BT FEAIE S, FEOG I I OG 2 IR B,
() B AT 9K 2] b 5 4 1) < e TR T DA 356 P
PR B R 29 50% W B FR. 3 ROz KR
JEE T S 225 0 1) R T < R P A R A <~ T 45 8 T80T
8 #4 KL (planar plasmonic metamaterials, PPM).
B 31 it 9 SCHk [128] BT il 7E 1 PPMUAE . B 2
5L 9 50 nm R4 IR, CAFLE He-Ne WOt
£ (632.8 nm), HJFE R ZEKR)1/13, BRI L
IR FEE, ST VF 2 5506 - 55 6% i (1 52
T,

P =440 nm

K31 —A T 3500 -39 i K PPM SRS wh (T2
H Sk [128])

Fig. 31. One of the PPM thin film sample for weak
beams controling each other. Adapted from Ref. [128].

AR W] BEA 1% S W A2 3k
e IR 0 AR E AR T8 B LA B A 2 I8¢ B I ik vt [l
A EROR L.

46 XREFBEFTHTHNZHEFTMK
(surface plasmon amplification by
stimulated emission of radiation,
Spaser)

Spacer #2& Jt: ¥ 52 WUFE 5 UK (laser-light am-
plification by stimulated emission of radiation) 7
ARG T HOT IR X Y. S — RO RS AR
X, 7E Spaser H &5 B I UK U 7O A%
HERIETBOR, i e g2 J A RO I 2 06 4 114
R VR T (9K BRI R I | o e BoL s
WIRIE 2D EAE T ALK, HEEK). H2

HEOLZEAUNZ, 7E Spacer H HHCRHLER B RE &
RUFATI R A HH IRl )35 1 (JBOR) A a4 4R,
Wb (O6) 3 B 4522 0] BL5E 4 AN R T Spacer 18 #
HiZ. Bergman Al Stockman ['31] # 55 7E 2003 £E 4
BT AFAEFF 18 ¥ Spacer W AT RE 1. T B A Wtk o)
BE A28 R U 2000 4F 18 1 UCE A iF i) ok (192, 3
HAR TAR IR AN 32 Fio.

L2557

T FHFE THOT

Bl 32 RIS B T 32 W S RO 0 T4 J5 2 e
B (S E RSCHER [132])

Fig. 32. The schematic diagram of Spaser.
Adapted from Ref. [132].

1E Spaser ISR R AE TG AR Gk F
B A SR B = Re A S e A i o ke B R B
T (exciton) &. fEREJERIPIRRER R IR1e T, &
To4m 31 e = A 1 Ok LSPR B R LK T 448
S A ROR SO G MR LA BB 2. LSPR AR A
Hiy 37 5 5 SRR 25 /0 o BT RS, AT i E
ot LI T 5 25 S 55 B8 I 1) S R TR, 2
P 33 B (131,

HAGhEET

i GREET

133  Spaser [IE AL~ 5 B (4 B SCHR [131])
Fig. 33. The scheme of the positive feedback of Spaser.
Adapted from Ref. [131].
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Spaser < FIT UL e AP0 #% 254 42 LSPR 1)
2 VR S TBOR A2 DR R B AT B 0 3 A e o A 30 ).
56, LSPRIBOGT—FF, #MEAA BRMB O T
(Bosons). ., LSPR W & HPER]. 2=, LSPR
W bz T AT AR S AR BLAE . Rk, LSPR
A AR SZ ORI, AR BN REAE — A, X
H R WL 2% A Spaser [ HEA 5 AR A T £E 1199,

Kl 34 25 i T — /> Spaser £ 2 ST H 6
KEIB 5. B 34 7T LU Y, B S U Th 2 1)
BoR, i oG R B S RIE K, X SEPR Bl —
ANGRKBOE S (nanolaser) 1941,

700

OG-4483k}
600 4 AR

wn

'Té 500 e — e

5 ]

5 100 i v

™

b 300

+= 5

E 200 = §2§JH;J

—2'111[}
100 & 1.25 mJ
0 '\ .y T

490 530 570 610 650

34 i Spaser Fi AL IAKIOE (Bidh B SCHR [134])
Fig. 34. The nano-laser created by Spaser. Adapted
from Ref. [134].

Spaser A] LASEBR™ A A+ LSPR 1R /), 424t
T BRI &GRSl 2 DL RO R T
PUEKHIE T2 fE T s, [FIN, A4S ge e (M
LSPR & & 47 #8 1) 3 ) 99K 55 85+ BT % (active
nanoplamonics) % A N AT BE 19°), X {§i 15 Spaser
L9 A0 K 5 1 S SR IR A ) — N S Bk e
fg 5 i [136],

AT Wb EE T T — MR KX
(R R AE LA GK ) B IR S B, 40K
N T FIAE IEAL T — AN IE G K, L
T REAW A B IMES KR LS ANIRE 4R
H LA & PR . AT Il SRR R A
T T IR A LA B BB 45 1, A
Ui ARG KOG 15, TR AENKSE R 13T
*# (nanoplasmonics) 50X A% 45 s 7 [ 15 7 R A
M.

[FI, 7EIX RIS E i — PR 2, gk
M2 K S B o S E 25 T
PLF =5 1.

1) PIEEME & i Sk . 2R 3R S bR b2
Y& R HL AR ¥ 1 D' & ¥ (photon) A4 J& H H HHHL
TARAEGHI KRB T AR T B & T (plas-
mon) A MK E &8 F——SPP I LRI TE
X RERWDE TP — PR sifi G, KT N
H AR 72 58 A E T 2k BG4 11 1H DG HL
W, DT SRABR 1 T [ FEURG 38 7 A o o 2 R IR/
Z Rl

2) T ARGH K ] £ 52 AR B K Je L R
20l FEAE BT IR 200 S (A ) A 2 2 ik 5 2558 T
FE it 1) 26 PR 0 Jo 2

3) HLI R 5 U AR H AU (FDTD,
HFSS & COMSOL Multiphysics 2%) i1 i& N - &,
AU 5T () T 7 S T SR A A R SR R
fit 7oA I TR,

FAbh, IEQIETTH A&, LSPR I — /MR R
2 ABAE T, B AR E AN S kT2 Bl oK R
L ) <2 @ A o RN LA LA B BTG 2 8, T
Bt 5 4 8 ORI R/ TR K 5 A RIORE 25 B
() BEF (1) S48 2 HUE B A oG, X BRIt 1 g Hme
SLGEAT iz R B R, B R A T
PRI BTG A 28 2 gk AT I 8 sh A W r da U] 22
K. AR, AT R A8 K S5 B T 0T % (tuneable
nanoplasmonics) #5111 G BR 1 715 23 4 A< S A
TS FH B 4 58238 N F UL H S €5 % Bl ) 46 W

=hH B
A 5%

5 RN KEFE TR OTAEMB
(tuneable nanoplasmonic metama-

terials)

IEIRT TR, KA E T HoT A — AR
AR L S L B E 20 K e, 32 BT i
CLBEIL AR AR P AN S ET T . — A& 39N
KM KL (active nano-metamaterials), 73— &
ARSI 4 KRR (funeable nano-metamaterials).
> EE R R RAE GRS B T Mon A R
ZLEH RS B g B AR A RE R, H R
SREE T H Spaser JT = AL 2K B 41 5k e & b
BERME R, 0 EASPTfEaR. Ja—A, W3 ZE R
LSPR(FEF1) IR R e S5 # 2 KO0 b - N\ B i3
(i 7 A B I8 L, TR RT Bl A 1 ] (40 K
FARE, 3 00 B K b Jre A L 8 £ 2 2 o2 Y
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TR L 20 TR T M A JRE BN 2 T AN K A
W2 r AN B AT 057 AT R
o 48— SR e ARE L T AT O 4 KRR R
W TR A — e .

SUELE RN TR, A7 —SebrR o T a4k
P8 F4) P 3 BT 2 R 3 1 2EL SR 1) R URSE R TRD B, A
T3 S R AR 45 # 2 B0 H D, e 4k
B R ARG U8 1391ER i S RHE A2 AL
PR H PR SRR, X2 t AR AR B %
PE . RO T2 R d ok, AN 2 i ] A
VU H], S T AR AL A B, XA R A B R
1) B DG AR M N, 7 R BT SRS R A% $5f B R ) 3
LT s R 2 DA, BAT B AR 3L
I T A TR AL XA RR T B TS H
A LA SR R K FOEE A R 2 Ab, TR SAR 53 1
G FRENAS I (F 37 Wh37 SR LSS ) BRI R i Ae
FCAF S5 e LA (TS R AR O BN
FRAE IR A R 014,

5.1 HEHAE 5% & (nematic liquid
crystals) & 580

5.1.1 #ME ™ 348k ah 45 m) KX 5h 3% 69 eh
V% K35 5

IR BT A TR G 2 RN B A S T
Bh A% e SR, G 35 BT, HoOeH N 5
R TN 0 b R =R CTE N L S =0 L1 I 1 O 7
1) 1E 5 37 51 2% o 3 BT HORHh, W RCE T R,
W5 54T, IXFE, B NG 6L 077 1) K H
PRI 24k, W AT BAA AT Rlng, Z TEI T
AE A BT

K135 AN A F AR et e 1) SR I s =
Fig. 35. The external electric field and the director of

nematic liquid crystals.

H T 17 7 At B4 06 Fib 4 1 T DA 5 A
Yy AL = (A 1, BT CAR AR 24 45 T T iR

A AT R o SR VR S AR N B AL
Pic B3 = R iR, A s AT BA R AR A I 3 1
RN R 8 o B 17 % ) S TRV G L, AN T3 3811
ORI H B, il 36 s, X2 A R A
(OFEAS AR B R PRt X BB A kit AT 2 [ 3
FRP A R ] 0 I SR

K36 AR 1] o i R R DG R0RE
Fig. 36. Electro-optics effects of the deviation of liquid

crystal directors.

5.1.2 W ® IR F) @ 7 48 ik ah A F 69 A R
FHTHAEMN

s s ORI C L i A LA RN e T . PN
K G5 R (R A R A5 L BN R AR B — 84y, B
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WA R BN = (2 B SOk [158])

Fig. 37. Scheme of a SPP device that fully absorbs

wide-band electromagnetic wave energy and is modu-

lated by electric driving liquid crystals. Adapted from
Ref. [158].
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Fig. 38. The scheme of nano-structured colour filter modulated by optical driving nematic liquid

crystals. Adapted from Ref. [170].
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Fig. 39. Anti- and cis-isomerization and molecular
structure of the BNAB under UV radiation. Adapted
from Ref. [170].
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Fig. 40. Scheme of (a) the device structure and (b) working principle of microwave frequency selector

modulated by liquid crystals. Panel (a) is adapted from Ref. [171].
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Fig. 41. (a) Experimental results of microwave frequency selector modulated by liquid crystals and

(b) the relationship between effective refractive index of the liquid crystals and external applied

voltages. Adapted from Ref. [171].
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Fig. 42. Scheme of the working principle of liquid crys-

tal elastomer modulated by temperature.
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Fig. 43. Scheme of the working principle of ferroelec-

tric liquid crystal elastomer modulated by electricity.
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Fig. 44. Fabrication procedure of a structured colour filter modulated by liquid crystal elastomer

driven by electric-heat conversion. Adapted from Ref. [182].

A
\;:;:::::::::i:;:l
$ii3::0/5,1 W

45 HLEIR B (0 3 S A £ 25 A 1) T (X 1 SRR [183]).
Fig. 45. Scheme of a colour selector modulated by liquid crystal elastomer driven by electric-heat

conversion. Adapted from Ref. [183].
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Fig. 46. The modulated results of a colour selector modulated by liquid crystal elastomer driven by

electric-heat conversion. Adapted from Ref. [183].
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SPECIAL ISSUE — Liquid crystal photonics and applications

From plasmon to nanoplasmonics—the frontiers of
modern photonics and the role of liquid crystals in
tuneable nanoplasmonics®

Yang Fu-Zi'

(Chemistry Department, Tsinghua University, Beijing 100084, China)

( Received 14 December 2014; revised manuscript received 30 March 2015 )

Abstract

This review is intended to be a fundamental lecture. It focuses on systematically introducing the reader to the
physical and optical background to certain basic concepts in nanoplasmonics, before devoting attention to the many new
developments at the frontiers of modern photonics, such as tuneable nanoplasmonics. There is a special discussion of
the advantages and applications of liquid crystals in this area.

First, in optics according to the special requirements of an optical surface wave propagating alone a smooth bound-
ary the concept of surface plasmon polariton (SPP) has been introduced from physics. After discussing the influences
from more rough surfaces upon the SPP and the response from larger metallic particles to the optical electro-magnetic
waves the results from interaction between the optical waves and metallic particles with dimensions much small than the
wavelength of the optical waves—the exist of the local surface plasmon polariton, i.e. the base of nanoplasmonics, has
been confirmed.

Secondly, this review describes many new and interesting aspects from this important branch at the frontiers of
modern photonics—nanoplasmonics, which are supported by metamaterials consisting of metallic particles with various
shapes and nano-scale size from modern manufacture technologies and more powerful and functional software. Many
device system based upon these aspects have broken through the limitations of classical optics and developed in many
special new directions, for example the quantum coincidence of lasers—Spaser (surface plasmon amplification by stimu-
lated emission of radiation) etc.

Finally, we address tuneable nanoplasmonics, which is a very important topic that has warranted great attention.
by reason of liquid crystals’ many special advantages in optical responses—for example their larger optical birefringence,
which can be easily modulated by applying electric and/or magnetic fields etc.—the application of liquid crystals in
tuneable nanoplasmonic devices is a more practical research direction. This review introduces recent developments in

this area, and also discusses various challenges and possible research topics.

Keywords: surface plasmon polariton, nanoplasmonics, liquid crystals, tuneable
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Fig. 1. Holographic recording and reconstruction.
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Fig. 3. Static holographic three-dimensional displays (different view angles of the same display).
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Fig. 7. Panel (a) is diffraction efficiency dynamics under single nanosecond pulse writing; panel (b) shows images

from a hologram observed by the camera when pointed to the left, straight ahead, and to the right, respectively[27].
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Fig. 8. Photographs showing dynamic holographic
images via photorefractive polymeric composite film
at 0.2 s intervals(28].
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Fig. 9. (a) Real-time diffraction efficiency profiles for the first-order diffracted light; (b) decay profile of the first-order

diffracted light intensity (red line) and that of the colored species of the photochromic polymer film (black line); (c) optical

29]

setup for the real-time holographic recording and the real-time development of the two-dimensional holographic images!29].
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formation and self-erasure processes in super-fast

Panels (a) and (b) are the hologram

liquid crystal film, respectively[31].
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SPECIAL ISSUE — Liquid crystal photonics and applications

Latest developments of dynamic holographic
three-dimensional display”

Zeng Chao Gao Hong-Yue' Liu Ji-Cheng Yu Ying-Jie Yao Qiu-Xiang
Liu Pan Zheng Hua-Dong Zeng Zhen-Xiang

(Laboratory of Applied Optics and Metrology, Department of Precision Mechanical Engineering, School of Mechatronic

Engineering and Automation, Shanghai University, Shanghai 200072, China)
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Abstract

Holographic three-dimensional (3D) display is a true 3D display technique, which can provide realistic image of a
real object or a scene because holography has the ability to reconstruct both the intensity and phase information, i.e.,
the wave front of the object or scene. Therefore, it could allow the observers to perceive the light as it is scattered
by the real object itself without any special eyewear, which is quite different from other 3D display techniques, such
as stereoscopic displays and volumetric 3D displays. In this paper, the achievements and developments of the latest
new holographic 3D displays are presented. Holographic 3D displays can be divided into static holographic 3D displays
and dynamic holographic 3D displays. Here, we briefly introduce the principle of holographic 3D display technique and
static holographic 3D displays, and focus on dynamic holographic 3D displays. Large-size, high-resolution and color
static holographic 3D displays have already been successfully fabricated and applied in some areas, such as holographic
3D maps and holographic 3D images. However, dynamic holographic 3D displays based on both optical materials and
spatial light modulators (SLMs) are still under research, which is a challenge to their applications. Some holographic
researchers study the holographic 3D displays based on the SLMs for large-size and large view angle display, but it
is difficult to realize them because of limitations of SLMs and there still needs much effort to solve these problems in
SLMs. Other holographic researchers work on dynamic holographic materials, such as inorganic crystals, photorefractive
polymer, photochromic material etc. The response time and diffraction efficiency are key factors to these materials.
Compared with other holographic media, liquid crystals with super-fast response time (about 1 ms) have been reported,
which makes it possible to realize video refresh-rate holographic displays. The achievements of dynamic holography,
which are helpful for holographic 3D video applications, are presented. Recently, real-time dynamic holographic display
has been obtained in super-fast response liquid crystal films, which makes it possible that large-size, high-definition,

color holographic 3D video displayers are developed by using these liquid crystal films in the future.

Keywords: holographic three-dimensional video display, super-fast liquid crystal film, real-time holo-

graphic display, true three-dimensional display
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Fig. 1. (a) Schematic of blue phase liquid crystal II; (b) liquid crystal molecules arrangement in a lattice.
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Fig. 2. Transmittance versus wavelength of the light

transmitting planar state cholesteric liquid crystal.
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SPECIAL ISSUE — Liquid crystal photonics and applications

Transmittance and reflectance of cholesteric and blue
phase liquid crystal®

Dou Hu Ma Hong-Mei Sun Yu-Bao'

(Department of Applied Physics, Hebei University of Technology, Tianjin 300401, China)

( Received 24 December 2014; revised manuscript received 1 March 2015 )

Abstract

Blue phase liquid crystal display (BPLCD) is emerging as next-generation display, because of its fast response speed
and very wide viewing angle. However, it has some weak points to be improved. The light leakage at the dark state
affects the contrast ratio, and needs to be analyzed and improved. Considering the double-twist structure of blue phase
liquid crystal (BPLC) and the simple twist structure of cholesteric liquid crystal (ChLC), the two twist structures are
similar. The transmittances and reflectances of planar and focal conic texture of cholesteric liquid crystal and blue
phase II liquid crystal are simulated by finite-difference time domain (FDTD) method. The FDTD method is based on
the Maxwell’s equation, and can calculate the optical rotatory power directly. The effective optical rotatory powers of
the three liquid crystal states are proposed and compared using the light leakages at the cell with crossed and parallel
polarizers. The results show that the transmittance of BPLC with crossed polarizers is lower than that of planar texture
and larger than that of focal conic texture of ChLC. The optical rotation of BPLC is not the same at any point in one
periodic cross section in the light path because the liquid crystal arrangement is complex, the effective optical rotatory
power is defined as the average value of the optical rotatory powers at all points. Comparing with the optical rotatory
powers of planar and focal conic textures of ChLC, the optical rotatory power of BPLC is less than that of planar texture
and larger than that of focal conic texture. Moreover, the Bragg reflections are also simulated, the results show that
blue phase liquid crystal is similar to planar state cholesteric liquid crystal, only the reflection intensity is smaller, and
no obvious Bragg reflection appears in focal conic state cholesteric liquid crystal. Considering the optical rotation and
Bragg reflection, the light leakage and reflective light of BPLCD cannot be ignored if the helix pitch is not less enough,
however, these of focal conic texture of ChLC are very small compared with those of BPLC, as a result, the focal conic

texture of ChLC can replace blue phase liquid crystal to obtain the good dark state and high contrast ratio.

Keywords: optical rotatory power, blue phase liquid crystal, cholesteric liquid crystal, Bragg reflection
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Fig. 1. Optimized geometries of liquid crystals: (a) the molecular structure of DPP; (b) the molecular structure of XPP.
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PEAR; (e) XPP, [MFUAR; (f) XPP, i h4tH
Fig. 2. The various states of DPP and XPP: (a) DPP, a liquid state; (b) DPP, a nematic state; (¢) DPP, a
smectic state; (d) XPP, a liquid state; (¢) XPP, a nematic state; (f) XPP, a smectic state.
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Fig. 3. Time (temperature) evolution of the instan-
taneous liquid crystal order parameters during the
growth of a liquid state, a nematic state and a Sm

state from the isotropic phase.
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Fig. 4. Optimized geometries of liquid crystals: (a) the molecular structure of 2FP; (b) the molecular

structure of 2FT; (c) the molecular structure of 5CB.
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Table 1. The related calculation results of various parameters of liquid crystal mixtures.

WmaT TR e R ITARAL RS A2 /1070 e R /mPa-s 71, 7/mPa-s(®)
5CB[2FT] 172 9.39 1117.73
5CB_2FT 200 7.51 1397.53 1467.48, 1.66(»)
5CB[2FP] 170 9.40 1101.28
5CB_2FP 200 8.75 1183.09 1203.54, 1.25()

W (a) X HLZE BB 1B (20.27] 23 iR I DK, K Z B BUE, B TE UL, SR U R S5 R
[ 2FP Bk 2FT e 3h 5 19K/,

K5 JBEWS 5CB_2FP LUK 5CB_2FP Kl 5iAH
5CB_2FT; (e) 5CB; (f) 2FT

(a) IR AW 5CB_2FP; (b) 5CB; (c) 2FP; (d) B AW

Fig. 5. The nematic states of 5CB_2FP and 5CB_2FP: (a) liquid crystal mixtures 5CB_2FP; (b) 5CB;
(c) 2FP; (d) liquid crystal mixtures 5CB_ 2FT; (e) 5CB; (f) 2FT.
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Fig. 6. Time (temperature) evolution of the instan-
taneous liquid crystal order parameters during the
growth of a liquid state and a nematic state from the

isotropic phase.
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Fig. 7. Time evolution of the instantaneous liquid

crystal order parameter during the equilibrium molec-
ular dynamics at 7' = 313 K.
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Fig. 8. Time evolution of the director mean squared displacement of liquid crystals.
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SPECIAL ISSUE — Liquid crystal photonics and applications

Rotational viscosity comparison of liquid crystals based
on the molecular dynamics of mixtures”
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Abstract

It is critical to improve the response speed of a liquid crystal wavefront corrector in order to increase the band-
width of a liquid crystal adaptive optics system. The design of liquid crystal molecules with small rotational viscosity
becomes a basic method of increasing the response speed of a liquid crystal wavefront corrector. Various phases of liquid
crystal from molecular dynamics simulation are given in this paper, and the detailed computational methods of order
parameter and rotational viscosity are also presented. Rotational viscosities of liquid crystals are compared based on
the molecular dynamics of mixtures. The data fluctuation is reduced effectively through several simulations and the
multiple analysis of original data. A detailed process of molecular dynamics of mixtures is given in this paper and the
result is greatly satisfactory. We believe that one can perform a better molecular design using this process and obtain a

better understanding of molecular interactions of LCs.

Keywords: liquid crystal, response speed, molecular dynamics simulation, rotational viscosity
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TR REAEFERNA

th -t RE R EmE IR IEF
AR E M RERYEE"

FHRAEDY HEED RED SREEDT KD KEAED gy
wmEY H#KEV EEY ZHEY mRREY

2) I BE ARG RAR], I/ 510530)
3) (P E R =B AME E K SRR E, B 200083)

(2014 4E 12 H 24 HYH; 2015 4E 4 7 18 HILEME A )

FER (Cu) AR SR AR B AL (a-IGZO) Z 18136 A 30 nm JE R4 (Mo) B )2, #1145 7 245 Cu-Mo ¥R
HIR 1) a-1GZO R & R (TFT). Mo H2fil 2 AU AL 85 3] Cu 5 a-IGZO A 2 Z A 41K, 17 B2 =
Cu HIAR 5 BB i LA B MR 26 2% 2 (1 45 & BB 2. 4% 1) Cu-Mo 4584 TFT 54k Cu 454 TFT AL, R B
FEER R (~9.26 cm® Vs ™) AT M ALK (~0.2 pm) AR A4 fk B BH (~1072 Q) R Rcdefil e
P (~1 x 107* Q-cm?), BEUST 2 TFT FEHI S S HIBEHIEK.

KRR = IR, AR AR ER B, W A, A - B VR LA

PACS: 61.43.Dq, 73.40.Cg, 85.30.Tv

15 7

AR, B A BN R A R R w0
BT R T 1) KR ) S R (thin film
transistor, TFT) FIVERESE H 7 = 2ok =ik
B S AUEBL P EIR 23], JE S A0 0 85 B (amor-
phous indium-gallium-zinc oxide, a-IGZO) K3
LS E 3 S AR IR 5 I A, 7E SRR A
BENT RN B0 G A R R IR AR R P
PUaEiR e B 56 07 BT A2 TRT HilF2 o, A
2 5 VR AR AT [F R AR, TR A, DRk A5
H P R AR 4R (1.68 x 107 Q-m) SREUACAL S 1)
BB (2.7 x 1077 Q-m) 1E A HARA B A B 1T T 5T
i (8,9

DOI: 10.7498/aps.64.126103

AAE WS, 4 5 ) A b i g, 2
B B B A B AR ARG K, BIME R IERS, faE
PR B, SRR S b 101l S —J5H, Cu 5 8%
ISR 46 2% 2 (40 SiO9) SEM RN 45 & i FE R 22,
RIE A HIAE AR L1607 R peax — ]
R, IR H S Ti, Mn i RAE Al )Z (interlayer),
g 5 AR A A A, DLABH IE Cu 9L, (Ha
Ti, Mn & % M a-1GZO KA FHTH S BE, 4 TiO,,
MnO,, FHTHZ, M8 Iz fil B BE B0, i 45 (Mo)
HLR 5 S8 A 2 T AT 3 R A 10 il v g (1718
ER] Sk AR S A FH Mo A Dy 42 i /25 R 42 s A A 42 4= 1
PERE, £ 7 Cu-Mo YU FELAR 1) =y = A1 & A A
TET #F, 0 H A fik 57 180 1) 14 BT 2R AT 7 WfF 7.
I X 526 LT R i (X-ray photoelectrical spec-
trum, XPS) F3Z 5 L W ABL (transmission elec-

w TR A4S 51 kG0 H BT BIA R (3 HE S 201101C0105067115) o [E Bl 2 B 41 40 4 PR E 5K R A 92 U6 = T O B (kS
M201406). E 5 H R FHEF 4 (HEHES: 61036007, 51173049, 61306099, 61401156, 61204089). H 9 e 3 ASRIAIF b 45 B L 151 %
4 (HLHES: 2014Z220028) A M T RHE TR (HEHES: 2013Y2-00114) B HRIURRE.
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tron microscope, TEM) HJ 70 #1, &I Mo B 24
il Cu ME M- SR 2 B H 8L thah, ACRfd
P A5 2532 (transmission line method, TLM) [**]
WEFT 1 Cu-Mo HLHK (145 i HLBH, 45 R & W] Cu-Mo
B A 5 4l Cu LA A B B SRR A 42 i FLBEL. o
S A g i P00 % Cu A Cu-Mo HEL R 5 AN [7) 3 JEE
G 1AT T i, K Cu-Mo HL #2155 33k 354 F2L JEC A1
SiO, HA RIFHIEE ).

2 EHBF

AL LA Cufll Cu-Mo A LA 1 & 7 B A
JEM S5 a-IGZO TFT 2844, Wk 1 s, B9t
TE 3% 75 3 i b B IR0 0 S 0 IR Y 20 ik 300 nm
(1 55 & 4 W AE S AR 48 5 SR A BH AR R AL
T B — 2 200 nm JF 1) 10 BR A Al 24 4 2 Y 18
w3 I G AL A% K 5 50 nm B 1) a-IGZO T
FRAE S 1 8 2 IR VR %) s B Ak 72 300 °C &=
AR K 30 min J5, H 5 (lift-off) 1. Zi i
7% Cu Fll Cu-Mo ¥ I A%, Hh Cu, Mo # JIK 1) )&
B4y 95 9200, 30 nm; B, RSB T4k 1
3 1k 2% S M U AR (plasma-enhanced chemical va-
por deposition, PECVD) 300 nm SiOy X} #% {4 it
17 7R AL, FRTE350 °C Ny SR T Xt
BAHATI hIMB K. EERBEREEMET, A
2 SRS B0 BT X (Agilent B1500A) I35 2% 15
pEPE . SR XPS AT TEM %t Cu-Mo/a-IGZO LM%
Cu/a-IGZO FHTHEAT 73 #r, R R A%V T Cu
1 Cu-Mo 5 B HE R S0, 45 A 505 .

Al

BeH

E1 MH TFT 4 =K

Fig. 1. Schematic of the test TFT structure.

3 HREAA

43 0 & T SR 48 Cu A Cu-Mo Y5 i HEL R 95
T 28 05 (0 56 B 5 1Rl 28, &5 R 2R,
WIE SE K LW /L = 100/10, 3R 4 V5 IR R
Vbs = 5.1 V, MR HEE Vas A—10 V E|+10 V.

PR anEk 1 g, AT LA 215 Cu-Mo Hitk
AL, 4 Cu ARSI B UV, IR, 1A
TR H 160 BUAK. 26 Cu B 56 JZ B, 72
WSS I 01 B N IR Z, 1T CufE a-IGZO
Yy p M52 3, Wsenl H IR B i LT, 51 E AT A
J2 R AR 2 5 A T L s R R A
TERR, [F I FE R A XA i 1 — 8 %5 22, S0
TS, FFRAGE %, Cu-Mo AR 14 T Mo
e Z PR ASAVE H, A RRS 1A R E X 3R
TWE. i AR kA S, i PECVD T
DU Si02 YIS FE R 51N T8 2 I Ra IR A o, A
9% E YR B S| AL PR b A (0 S AR 408 S5 53
K, FEAFERE TR 225 Cu-Mo WKk HFAH
EE, 26 Cu Y5 F AR T 3 HL R Vo 1E )V A% B &2
[F) I IR 20 2 25 T B, X R TR O T Cu )
a-IGZO WYY B A, Jodlib 2 2844 1) {5 45
& SS AR (~0.11 V/decade), Ut B 5K 5 A 1L
Vi AR S | 2 SR 5 4 S 2 5 B A FEAR
IS, AT ot S AR 4

10—4 F (a‘)

10-0F

10-8F

IDs/A

10-10F

10-12¢

—10 —5 0 5 10

Vas/V
104
10*6 |
< 10-8 F
~
2]
A
~

10-10 |

10—12 -

10-4 : : ‘
~10 -5 0 5 10
Vas/V

2 4l Cu il Cu-Mo VIR R B R th 2 (Vps =
51V) (a) LHIMLIE; (b) A SiO2 BlifL/Z

Fig. 2. Transfer characteristics of pure Cu and Cu-Mo
S/D electrode (Vpg = 5.1 V): (a) without passivation
layer; (b) with SiO2 passivation layer.
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#1 AREPERAENK - IGZO TFT MY MRS
Table 1. Electrical performance of different S/D elec-
trode a-IGZO TFT.

¥ I AR % FEEE ERERRE
B BK psat/cm2V—ls™1 Vo, /V  SS/V-decade™!
Cu 8.43 0.8 0.12
Cu-Mo & 9.26 —0.6 0.11
Cu & 1.84 3.4 0.58
Cu-Mo & 6.38 —0.2 0.57

FATE— 2B 23 Hr 7 4l Cu HL AR AT Cu-Mo HLER
TET &4 B3Efb L RE, 48 AN [ VA T8 58 4 L AR i
(V3B % 9 100 pm, K H5—50 pm), KH TLM i
BT AN AU AR B ek R B, BT A 50N

Rt = Vps/Ips = renl + Rps

= ren(Lett — 2L7) + Rps, (1)
Rps
Lt = 2
T 2Tch’ ( )
Rc—eff = (RDSLTW)/Qv (3)

Horr, Ry N&#F B HBE; Rps ¥ B R ful v B2
A ren N a-IGZO ALK EIATE R Ly N HRAE

(a) — Cu

—— Cu-Mo

Rps/103 Q

(c)

Lr/am

3 4 5 6 'I7 8 9

Vas/V
B4 ARV AR v pe
(d) BRI Re_ofr

10 11

Re.efr/2-cm?

HI1K B (current transfer length), B HLI M 2 F4K
Hh ] B AR R AR A S, Lege A 0B TEK BE, 4
K 3 FIT7R; Re-ct N REWS RALHEANA R i X 4 ML A
FRAT 25 Ak L PEL

B3 Y5 RS A R R A X ISR B R AR A K Lp
Zy4Ed
Fig. 3. Schematic of contact area of S/D electrode and

active layer, and current transfer length L.

B4 4 W 453 1) Cu Al Cu-Mo J5 ¥ HiL 1% 45 4
TET &3 H 3% i B BH . A K RV TE L BE . A 2K
2 ik e BH AT L AR SIS BE XS LE. IR AT LR
H, 7E Vas = 10 V Ak, Cu-Mo 454 54 Cu Z5 ¥ #
tt, Rps M 4892 Q FFEF|1072 Q, Lt A 0.87 pm
TFEF0.20 um, Reeg M 2.14 x 1073 Q-cm? &
F1.09 x 107* Q-cm?, MM ren M 2794 Q/pm T FE 2
2632 Q/pm. X AFTIE Cu-Mo HL K % 1 FL A7 5 5
ISR ZSTIVA

12

—Cu

10+ —— Cu-Mo

Ten/10% Q-pm—1

0.10

0.08}

0.06

0.04

0.02}

Vas/V

(a) Pl BRI AL Rpg; (b) ALK EWIE W rop; (c) BIRMESKE Lr;

Fig. 4. Contact performance of different S/D electrode: (a) contact resistance of S/D electrode Rpg; (b) channel

resistance per unit channel length rcp; (c) current transfer length Lr; (d) effective contact resistivity Re_ef-
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Lo B A AR AR S a-1GZO B 5 Z
(B fuh AT, BAME A XPS A1 TEM %} Cu/a-IGZO
M Cu/Mo/a-IGZO W ST AT T RAE. KI5 (a) A
B 5 (b) 4514 Cu Fl Cu-Mo HiM} 5 a-IGZO Fitifi kb
(1 TEM [ -, AT I Cu F1 Mo 3 9 £ 5 46 4, 5% i
JEEEEE 5 a IGZO S 4 & RUF, WA
BIEA) TR E . XA BTk SR R,
RmfaEtt, 5281 SS BN S R — B
34k, WTLAE 2 Cu-Mo 145 d el Cu i s i,
AR T it SRR, 42 S Lk Re.

Mo a-IGZO

gt
—— 10 nm

K5  (a) 4l Cufl (b) Cu-Mo i H#%/a-1GZO FtH
TEM I8

Fig. 5. Cross-sectional, HR-TEM images of interfa-

—— 10 nm

cial micro-structures between a-IGZO and the metal
electrode: (a) pure Cu; (b) Cu-Mo.

B 6 /& XPS 73 1 A [A) B s sk BE 1 J5 0 3=
IREE oA IR FEZAF 28 300 °C /Ny £-7/30 min.
M6 AT LLE B, 7 a-IGZO i P 8, Cu-Mo £ i

1007 (a)

[= ©
[} (<=}

JFESI/ %
=

200 300 400 500
ZIhissa) /s

BEFEA/%

300 400 500
Z i) /s

600 700 800

H ) Cu & 2B KHT 5 20 3 8 1.3% F11.6%, L4l
Cu Ff i 19 6.3% F1 15.18% EAIK, i B Mo £zl |2 A
I RERE M H Cu/a-IGZO 7E =i T W S 8, 1
H AT DATE il N AR VE T, X0 75 B AR A R R v
4@ S SRS U N E L B 7 R
a-1GZO SRR BRI ALK O 1s XPS |, Xt H i
W& oty O B s Lk 2. Hodh M-O
RE L8 A DI A MR, VoK A 2= A1)
G, WE 7R 20 LUK, Cu-Mo £ fhiB K
T J5 B 28 S LI BE 23 il M 32.7%, 32.0%, Eb4li Cu
B i ST B SR S L ' (28.9%, 26.3% ) i, IX R
Cu [ a-1GZO H ¥ Bl b T8 Sk . S hr
J& a-IGZO BRI T 10 36 Bk UE P2 A 257 1>
2R T HID, ST T S 1) Vas A RETT
&, SIS ThFE. R, 4l Cu Ak EIIF ) HLE
BK.

TESLBRAE P2 (1 TET BEF T U5 H AR A
Lk 2 5 242 )2 B RS K TR AR B A, DR G 75 2 ORAIE
VRN LA 5 245 25 2 RN B B B IR R R I 4
A R RIIE 5 SR B 2 TR s . DRI ERAT 1A IR
7 ¥ 5%F 4l Cu Al Cu-Mo HL AR 5 AN [R] £ i 1) 45 4 5k
FEBEAT T X b Wil 8 B, 4l Cu FAR I I V& R 458
T G A BREAR, 5]\ Mo B 2 5, HBL TSR K
Wi PR, X 55 B Mo #2219 51 N BB A 23 &1 Cu
LY REF Si00 4 R 45 A iR L.

1007 (b)

oe]
o

60

FFE/ %

270 330 390 450 540 660
Zishieia) /s

220 250 300 350 400 450 500
Zlishitial /s

6  AFEFEAI XPS #1 O, In, Cu, Mo LR MAMAEMT  (a) Cu/Mo/a-IGZO; (b) 4l Cu/a-IGZO; (c) Cu/

Mo/a-1GZO iBK; (d) 4l Cu/a-IGZO Bk

Fig. 6. XPS depth profiles of O, In, Cu, Mo elements in different samples: (a) Cu/Mo/a-IGZO; (b) pure
Cu/a-IGZO; (c) Cu/Mo/a-IGZO annealed; (d) pure Cu/a-IGZO annealed.
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2.8

a-IGZO /Mo

2.6
2.4
2.2
2.0

/104

1.8
1.6
1.4

1.2 1 1 1 1 1 1
529 530 531 532 533 534 535

Hiihe/eV

3.6

a-IGZO/Mo

34 300 °C annealed

3.2

30F —— gl

—M-O
—Vo

/10t

2.8 |-
2.6
2.4
2.2

2.0 1 1 1 1 1 1
528 529 530 531 532 533 534 535

455HE/ eV

5.0
a-IGZO/Cu
4.5
4.0 + V.
—— JRhgiE ek
S 35+ ——M-O
% —Vo
T 3.0
2.5
2.0
1.5 B
528 529 530 531 532 533 534 535
ZiGhe/eV
4.0
a-IGZO/Cu
3.5 | 300 °C annealed
ol
2 30T —— A
= —M-O
+ 2.5 % —Vo
2.0
1.5
1‘0 1 1 1 1 1 1
528 529 530 531 532 533 534 535
Zi5he/ eV

K7 aIGZO S5AF&REBMF AL O 1s 1 XPS B
Fig. 7. The XPS of O 1s in the interface of a-IGZO and metal electrode.

F2 AFREG S A AR

Table 2. Oxygen vacancies concentration.

il B3 K . k= A
Bk
G JEBE /nm WEE/ %
1 Cu(50)/Mo(30)/a-IGZO(50) 5 32.7
2 Cu(50)/a-IGZO(50) o 28.9
3 Cu(50)/Mo(20)/a-IGZO(50) & 32
4 Cu(50)/a-IGZO(50) = 26.3

B8 CuflCu-Mo MR BH  (a) TEH/Cu; (b) 3
¥4 /Mo/Cu; (c) BE¥4/SiO2 /Cu; (d) ¥ /SiO2/Mo/Cu
Fig. 8. Photos of Cu and Cu-Mo after tape test:
(a) glass/Cu; (b) glass/Mo/Cu; (c) glass/SiO2/Cu;
(d) glass/SiO2/Mo/Cu.
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SPECIAL ISSUE — Liquid crystal photonics and applications

Improved performance of the amorphous
indium-gallium-zinc oxide thin film transistor with
Cu-Mo source/drain electrode®
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Abstract
Copper is an alternative material for aluminum electrode to meet the stringent requirement for high mobility and
low resistance-capacitance (RC) delay of amorphous indium-gallium-zinc oxide (a-IGZO) thin film transistor (TFT) for
next generation of display technology due to its intrinsic high conductivity. However, low bonding strength between
copper layer and insulator/glass and easy diffusion into active layer restrict its application in the field of TFT. In this
work, a 30 nm thin film of molybdenum is introduced into copper electrode to form a copper-molybdenum source/drain
electrode of a-IGZO TFT, which not only inhibits the diffusion of copper, but also enhances the interfacial adhesion

! and a low

between electrode and substrate. The obtained Cu-Mo TFT possesses a high mobility of ~9.26 cm?. V1.5
subthreshold swing of 0.11 V/Decade. Moreover, it has shorter current transfer length(~0.2 pm), lower contact resistance
(~1072 Q), and effective contact resistance (~1 x 10™* Q-cm?) than the pure copper electrode. Cu-Mo electrode with
low contact resistance and high adhesion to substrates paves the way to the application of copper in high conductivity

interconnection of a-IGZO TFT.

Keywords: high conductivity interconnection, amorphous indium-gallium-zinc oxide, thin film transis-

tor, Cu-Mo source/drain electrode
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