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1) (PEHLISE R 243 5 e TR, =M1 730070)
2) (ZEMBTORABIS BT, 22 730050)

(2016 4F 12 A 27 HYKE; 2017 47 3 A 22 HREME SR )

A AR SR AR O T R L R A O AR, WA O B A s TR 1 B R B S, SR R Ok L
—HASFHENPFRE S 200, R RIS ST (surface plasmon polaritons, SPPs) A& & A74 =
#iy (composite diffracted evanescent wave, CDEW ) F V3 K 4 J& T 40 45 b 1) 4 6 — i ay AR i i it
Ft. Rk, FFR PRl R S A AR, AR & A I T R B R . AR T AT
SPPs-CDEW TR A B BETT 406 AR W VAR SE H, %85 45 & 9K 8% b 1 280 B - 0 JLIR 20N, 1) A
SERISHON SPPs AT P, LI T OB B g i ) Th . w0k, R BRI HE S AE BRICRIE AT T 4% -0 RR
RUUTRE R K S5 K R ST S oI 5%, B 0 T3 S 8 ot R ) 55 B B LB LU, B HH R 20 A3 i 246 i e 4 T
Al % 2 1) BE B AR R I 332 G, 25t I B FIEE TH B 45 SRAF S A IR I e, e e oo S i s e 1 o 11
R A B ANE 49t b SR TR FR 3 A0 %ok 8 8 375 S5 TR | T 2 T 7/ 5% 7 ) 3 S T P e 0 40l — AR 4,
B REGE T A R I BB S, B T IO, ORTE e Ee e LA F 38.3 dB, RBIVIE [HIIE B R AR I [ i

SR 6761 £, B O SCHRIE S T 14.6 dB, £ 850 nm 2447 70 nm FE [ TAER KA % (> 20 dB). A
FER R MR AR T B TR R AR, B T AR, RS AR, BTSSR G AE S A B O IR B 4y R

FGR A IS WUR AT AR I S I

KR 4ot T, RIEEE T ARALEOT, AR5 T8, Wttt

PACS: 71.36.+c, 73.20.Mf, 42.25.Bs, 78.67.Pt
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1Ak, R4S B B0 W% K6 % (surface
plasmon-subwavelength optics, SPSO) [ i N 7E
VR A RUBE IS S 3I T ' v 45 48 M1 24 40 338 FA) A 7
. 1998 4E Ebbesen %5 2 & Y AE (Nature) E3R
T8 1 4 )8 T e K B L B 2 45 4 v (R D 2 e
ZEYWT (extraordinary optical transmission, EOT) 3i
R, 5lUR T RERBAZIL S D BN LER B ARG, kil
MO K R A, B ER A PR AR - Y
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S BB B SR [6] R G AT ST R
% (composite diffracted evanescent wave, CDEW)
AL 1B 50T BBk % - [T A 45 ) P 3z 333 S 9
M. [F4E Lalanne 71 Hugonin 18 38 i ¥ i 452 41
HIHE T, 0 SCHR (6] Hh i S 56 25 R 4 R, 1l )
TR B AL BT (surface plasmon polaritons,
SPPs) HUBUK F B 5% - [ R 25 4] v Joe 47325 559 165 5
FHI 552800 = EE R K. SCHR [9) 45 H T 2T gk
2 - [V R 5 ey 2% THI VR G 9 07 5 R SR A I S B A6

SCHR [10] 53X 77 T TAEREAT 1 25738, STk [11] #fF 72
TR A DL, 23 AT T SPPs AHAth O 2 48 1
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PG A RPN, [ R b2 A 1RO 1 H
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AR AN IE T ENL AL D EOR. FriE 20 R,
FETRAE B AT M E . S AL
FH TR ZARE R B, 40 A8 i 7 A A 2
GRS 2. KokR W BT “AE B 1%
1 (unidirectional nonreciprocal transmission)” 7
THRERIE RGN, AL T R, FEE
PEHORE B . BT E AR RT OO R 2 P a5 i i 4
Je AR 1057 R FH LU JUR.

1) £ T 7 ARSI E S AR E. 5 S
(BPE B R0O8E ) B4 AR vt STk [19] 42
T — AR T =R AR L AT R AR G £ A DG
P46 R SOk [20] B — 4 7 ik 5
HRFE 0 <5 i THE B ol F) 7 O 485 K v RGBS AT
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W B T A TN A O T AR S R
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gy U B — AN AR LR Kerr /R 178 Q 18
WU 5 — A6 T AR 3 B F-P s 4k STk
[22] SBS: BAIFTT T B AT 7 [ S s R Bk M A ) —
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1 BRI 8240 R A i B o LRSI 4
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2) F TRV R SC AR B 5 SE 46—
P BT SCHR [29] 5 R8T S M8 ) G A B 5 7 4
J& AN SRR T, R SRR TG B R
) S AN AR P, SR S B P B v ;. SR [30] A
WEERN ISR AR, SL5 FAS B T T R
SLIRA I B BOGRR A, R A AR

3) JE T AR LR M o 2 RN S I [ 1 ) 4
WA vt SCk [31] 38 7E SiOo bR TR Si il
I TV RN N IR TR R 2% R S A AR, 1%
TR T R T R 2 P 0 R 1R DA R AR R Ak
o7 P ol 44 T R S SR [32] R HE 3T J AR AL
R 1) 2050 ) P A e B AR T S R s A R R 4L b
43 TR

4) FAhFE ke S G TR S v R HEZR
P 2 3 R ok S B B g i 193 R ARSI R A 4 1
(I ) L RTHR AT 154 SR iz B s 110 B8 ) o ) P R 4
b o f B 1) L 155328 B BT PR A2 1) Fano 2k 84 3% St
VA ST I K PR W 0, A R A [
R R A 1 7 PO S E R T R
SR AN, FESEIL T BT R R R 4 1 A
TR

EAR UL A AR SR T I B R A
BE S ARTERESH L, WobsmE k. TAE
i e R S e A T T B 2 BUD AR AEAS 2. Rl
ARSCBEVHH T SE R L TR TE AR R A R
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R, F FH SPPs 3 K 45 8 99K 45 14 7 722
S AR B IR A RE A BT A RN RE
HR RS2 6 I 70 K B SPPs A I 1l UK 3 3% 5, A
I S i 1 5535 S 1980, RSO SPPs 78 4 Ji AR |-
TSRS [F] (1 3038 K B 4% 22 (U1 &5 1 Sk S B
8 550 R0 5537 06 B e VAR B, PR T — MR T
SPPs-CDEW i & 85 2 I MV % K L 4% - 22 TS Tl
SN BRI TR, W REE THESER
i b 27 35 B 0 % K B g N 22 AN 4 TR AR - %1 ok
{00 355 K TR S gl R 5 4, B PE R A G AN 2R THI AT %1
Tt R AR S 25440, IR L bR R T D 1A 5 B4
1) 25 B A7 B AR PR R T, B 4R IEOR 1) SPPs 1)
RO, IS FITE NS 7 T e B S I sRAE L, T
FER R 7 1) 56338 S B0 4 SR RBLH 4k —
P (B A A S RN, 2t FG HE S R PR T ik
HUE AU, 132G (extinction ratio) #%
pNRIIIE R g UK VA W SV @ T o iy &= 4
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(B[ N P, B T IEOLLE, LR SCHR [37] B A -2 WS K S50 40l —WAE T2 0 T Bk

14.6 dB, R KiHOLHIAS38.3 dB. B8 - R X[ RE ASE 2 (3 B A HE 3 A ECELO 3, PRk
i 72 HRURE L PSSR A [ A (MR 8 H AN

AR SCRIE FE R LA 35 T 1 o w0 ) 200 R ) R B

:E N
2 HAZHMER S5 T A T B B 1 . O £ X B
9.1 IBipiaE HUBE, AR JEE E = 200 nm, 5 SC#R [37) R FF—

B, AEARIE BT T — 2% R TR 20k 1 20 AR M)
Lalanne % (5 38 iof B HE S AEE TH 5, IR fill: FARGEARNUIAE RSF 5 3CHR (6, 8] ARTR], RIVAREEHY
BIF5E T <o JaR RLMEE FP R 4 - B [V 25 A4 o )38 A9 1 5 e AR PR AT — SRR IR, 5% T8 A0 VIR 58 FE 1
IR, FEEINERE T SCHR [6] 5% T Bk 4% - PR I Rl 4 Hw = 100 nm, MAERE L = 100 nm. —HEK
Hey e ize 3737 Y BE SE R BE ARG I SEIR S5 2R, IERT T A = 850 nm [ TM P (p AL IK) T NI 2
SPPs & 145 4% - 5L [V Rl 45 1) v 32 37 3 55 A 91 A ZAeGE - MR 5 1), JF 5 I AT R B ST, A
A3 SR B 59 1) 2 B R (HR G T 4 R A SCIE I A B SR A vt 2 (8] R ER RS d SR 5T
e 5 - of A XM Al 45 44 10 B AR ABE 2R DA R R 378 37328 B XM I8 () 2 TR o B S5 S (s . BRI A v
It 44 A 25 A A 77 T R 7 E R AL T Y B WAL 850 nm KL ZLAMGTE B SN 58
AR SCHTHR HE )5 T SPPs-CDEW VR & 455 2 1) 0 33 B B0 P epy = —33.06 + i1.166.

T
VY '
B ST AR AN R B

Fig. 1. Schematic of a subwavelength nanosingle-slit surrounded by symmetric double grooves on silver film.

2.2 SRERIRERIRGE-JFFRWMFEERFH a1 = to + aWqvy + aWaug + roVby,
SEiEs az = to + aWivg + aWauy +1oVba, (1d)
W 1 TR, 4SSO w Mo 53 B R R e AR ) 23 S = to + aWius + aWius, (1e)

SURTA BCAE RN 2 WM R0 gt o e g 4 1 B B AL
SPPs BIIMRLL, o AR ERIWIE g0 gy 2 pps st & O R 2L B R AN
T A AT ORMIEARBROBIER o o s 1 0 %2 SPP 1) B 4
B, L 2 SRR, BEH g o 1 o o i o A

ATRALITS RLIEF, Wi M2 5K T ) SPPs iU
vr =B+ rWiun + Wiug, L% 15 0 AR A BRL 7, Wy 2 PR AN 22 18] ZKSF 7 1)
vy = B+ rWiug + Wi, (1a) SPPs A% 1 (A AL 5, ARGLIE 7V, Wy AW, 70
up = B+ aVby +roiWi + rugWa, ARV = exp (iknegh), Wi = exp (iksppd), Wa =
ug = B 4+ aVbg + rvgWi + ruis Wa, (1b) exp (ikspp2d), HHft gy %M%%Zﬂﬁﬁﬁgé;&?ﬁ
by = 1 Vay, by =1 Vas, (1c) B2 (nese = 1), SPPs# K kspp = ko /EAgAil;
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hONTMRE R EE, d IUIRE B &% 18] 38, ry, Al rg 23 51
72 U1l ik A A5 7 V18 JE 30 -4 i e S 23 AR U A
TR - SR B R, r a2 SPPsER &R R
AL 7 2 884 DAL )G I )9 R 3G S 2 H
X R R TUT RS P % T B 4% N AR R R B R & R 4L
to TN AE A VTR (175 0 T 32E N 4 J8 o Bk 445 A
MR G RHL, |S)? 2 B 5% N AR IR R B R A Th %
(VA4 A T Y B 2% PN BE R G D 28 [0 )?), BRI
|S/to|* Kot AINLINIG 1283515 5
SR [12] % AN (7] 4% 55 4 Je8 S8 1l P 1 AR AN
[ A N S P THT 8 30K SPPs IR RO EAT T 1
gy, Horp
1 (471% \/@ w/) i Il
i\ mng —eay — nd 1+ (ng/n1)w'ly’
na sinc (w’0)
TV Ve
Io, Ir 0T B s 0 - U0 b 25 SRR 23 0 ey 0 - LE A AR 4y
EHE

Iy = / dusine? (mw'u) /v/1 — u?

= 3.0714 — i3.7492,

I - /oo du sinc (mw’u) cos (Mw'w)
Bl . (Vg Y L
—u —u
£+ nj
= 0.7358 + i2.8538.

HERE N Y A AT B 222 SR [15]) BT T
AT LAMS i ny = 1.22, S8R A0 NG 8]0 51 47 33 2
ng = 1, FEVH— LS54 5w’ = %w = 0.1174
(4% T o = 0.3245 + i0.01214, B = —0.2938 —
10.01099. B 5% FIRE Py 36 53 & SPPs 2R 1121 0h
esp = lat(w/2)]> + la~(w/2)]* ~ 21.1%, {EEH
NG (0 = 0) FIZAFE T, NSF PR SPPs %
Hesp = |8 (w/2)° + |8~ (w/2))? ~ 17.29%. TE
() KA rm ~ =1, ro & B WP KGEH FIKF-P 54t
PR HH Sy 11 25 T Ak ) S5 3R 2% SCR
[41] F ) (20) R4 H g = 0.941 — 0.595 ¢~ Ta5a7 —
0.443 ¢~ sow’ = 0.5433, Wk VAl TH 30 -5 <
ST EBUR R T s R ENE. KA
Ir| < 0.05, KL Hr = —0.05, ry Alr 75 E
TN IS AR K TN T AR 2.
MR FRH AT 2
S =ty + 2aW; [ﬁ (1+rWh) (1 — ronVz)

o =

+ Oé?"mV2 (to + Oé,BWl) ]

X [1 — rormV2 — rmra2V2W12

— 2w} (1 — rormVQ) e (I/Vl2 + Wg)
—r (W2 4+ W) (1—rormV?) ] . (2)

B 245 T (2) NEH ML T R 53
55| S o | 4% - X BRI 0 B o JE) 39975 9% 48
il 26, A1 F A R 70 77 (the finite element
method, FEM) S0 THE ()45 5 7 L. B2
L SE 2R AR FEM i 51035 51, 15 e kAR %
FIH (2) X SPPs HISTHE H SR, K 2 T LU
i, TEBRSE - FROB A8 (8] BE 585 d > 4 pm LS 78
Fl, SPPs #RHE T 145 A FEM B4 45 SR AR 6% L
BUF R Ar . SRR UL M et B 4% 375 S5 348 55 1) RCR L
VA U (23735 S 15 T 2.2 5% 2 A, AE5 B3
SR L BT X, LA R KT A U T
0 H6I] 325 B O 1% 28 45 e AV, B B P 3E. U B T SPPs
PR AB Y SR fR R T2 3732 ST 1) ) AR AR 2 A IS 1.
HEAEd < 4 pm KJEE N, SPPs BRI F 1)
2E JOR FEM AL 5 10 1% 28 i PRI . WG 47 L 45
KA T2 5. FEM 45 3 0] LUE 235 5 1 98 1 1%
2 AU b A5 W B R R T e W )RR Tl S A A - RO
[T 6] R BS d = 594 nm AR (R 2040 Th 3B it R 8L
A DLk E 3.81, T SPPs #E 5 (132 S i PR S A -
FETHE W, X2 SPPs HUR VAR I, N IEIRAT
5| N CDEW # Bk %} SPPs B A A HEAT 15 1E.

4.0 :

351 Computation data with FEM _
. Model predictions from Eq.(2) |

3.0k Model predictions from Eq.(4) |

2.5 F

2.0 -

1.5

MBS S/t

1.0

0.5 H

d/pm

2 (MTIEG) FEM £ il 5. SPPs B2 Fl SPPs-
CDEW iR & U 245 th 1 B S 1RV o S 922 AL ) 4
LI B I

Fig. 2. (color online) Normalized transmission versus
the distance of groove and slit d given by FEM nu-
merical computation, SPPs model, and SPPs-CDEW
hybrid model.
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2.3 SPPs-CDEW B &5 8 k55 - #
WU 5 E SR A

CDEW £ 7 710 N B e 76 B 4% TUTA 25 s
A AL P % T 0 26 (1 R R 73 D B S U R SR THD %
F R ke < kol W2 RHR S H 25 4R A
WeR ky > |ko| HIEBAr RARIE TN T NG IR 1M
WL BT A IR AR R S (SPPs 2%
T B —Fh) B — DN E A W EsRIE L
B CDEW 3 AT _E o NG e 4% | (1R S5 e
Ab =R FIAT TR AR G, FURRIAERE I Rk
AR IR RN
Ecprw(d) ~ Ao% cos (kouet - d+ @), (3)
Horf Ag ARIE R KL, w RS2 TE B, o AT 4%
FEFE S d = 594 nm I IE 2 5 K F G 0 1) ) 4R A
B, A REAE Ag = 1, ¢ = 0.44TT, kgus A2
CDEW K [HI 3 (1)1 351 o
I 2711 _ 21
Asurf 800 nm
M (3) AT LUE Y, BfAE & Al PR BS d ()3 K CDEW
BRI S T RIS d R R R, ] CDEW
BTy . 9 T I AR FEM AU (A& 2 o
TSI ER) BRI T 2233 56 1 4R M i P52 o o A% 7K
o B3GR BRI SR, A5 N CDEW i 4Y
X SPPs B B A 3E 4T 12 1F, 42 Y SPPs-CDEW i
G 15 21 B 4% 0 FRUOLIVTAE A A% 46 R A
e RS H
S =ty + pEspp + ¢EcpEw, 4)
Hrh Espp LA (2) 2,
Espp = 2aWi [B(1+rWy) (1 —rormV?)
+ ary V2 (to + afWh)][1 — rorm V2
— rmraQVlez — r2W12 (1 — rormVQ)
— rpa?V? (I/Vl2 + Wz)
—r (W2 4+ W) (1 —rormV?) ] .
Ecpew H (3) &G W, p, ¢ 5 3K 7w SPPs A 5 Al
CDEW #0# B BT o e X bu il =4, ML)
(I TR B | S /t0]” 45, #3511 SPPs-
CDEW ji & 15 B A1 25 LA FEM B 40 25 SR B A
fFé, B2t g frn: A EgREF A
(4) :U SPPs-CDEW i & 155 UL Y o1 5t (1 45 2R
REARTE d < 4 pm [ P, 7632 5 38 5 11 % 28
b IR O R A VK T A . HLIE 2 B 2R

= 7.854 x 10°.

FEM 5 FHR IR T B WAE A7 B 45 R 5 AL SPPs-
CDEW i & B U R (21 (15 2% T Ay 46 S — %,
i B 7E B 4% RS AR U8 BE B8 BRI (d < 4 pm),
TG 3% 3% %1 5t SPPs Al CDEW L [7) v 2 1. Horp
CDEW I i i A% 45 25 29 3 ) ) R PR e 8 T 32 SiHis
MR T BRI SR, AR ol A I 125 S i 2R WA P S
DA A7 U KT 72 W D 8 58, 1R K — 3843 /& CDEW
W ITTER; 4 CDEW 3 B 5 15 36 2H 20 1l 3 ),
SPPs £ 5 T M AL 7iE §Hi, SPPs € T &
S A EAIRIE. W =B 5, BT
VPRI AR FF 2.2 THEA, I Hd > 4 pm )
0 Bl P 325 S5 1% 3 5 X it I ) 00 v e U KT T
Filég.

3 A% REHL

AR SRR H T BBk 4% - 2 [UIAE A oK 254 (1
OGBS U 3 (a) BToR, BRIR B IX R

L, L» L, °,% Ly L L
w l.—'_,: 1 2 n

L., Lo Ly =] Ly Ly Ly,

4.0 -

T T T T T
Computation data with FEM ]

| Centers of wave peak

|  Centers of wave trough

3.6]
3.2 _,;v‘
2.8
2.4+

2.0
1.6 |-
1.2
0.8 F

MAMEESTR |S/to|?

0.4

d/pm

3 (a) ZETFRRGE -2 MIRRYR G5 H A R a5 R
B (b) ARG A RE SRR R HE d RHAR AL L
Iz 73 5

Fig. 3. (a) Schematic of optical diode based on a sub-
wavelength nanosingle slit surrounded by symmetric
multi-grooves on silver film; (b) normalized transmis-
sion versus the distance of groove and slit d calculated

by the finite element method.
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W fEEEE = 200 nm IR FIF T — %
B OBk A% N B R R 2 T 43 ) AR 1 ok
T om S%oF (9] A R o X [T R, OBk % RN [ BE BRSO
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SR 1% 4506 TR B9 T T 3 (p WAk 3 F i
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G 0 I AR AR S 0, FIT DA o AL 1 2 S |2 B A
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EAVE ST LR NP I S N TR LR
(4 B ER 1R A0 S e AR RR A, BN
L, L' o L' | Lh, Lby - L), BT 148
SRR L, = —L,, mARFR T R X FRMHE )
XL

N T SEI I ) BT ) S, AR S A R E
% 5 A6 rp R AR 9T 47 B AR R T R AR
M AR T B GG IE ST R (S, °, BN IE
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Fig. 4. (a) Forward enhanced transmission versus the pairs number n of grooves in the single slit-symmetric multi-

grooves structure; (b) reverse weaken transmission versus the pairs number m of grooves in the single slit-symmetric

multi-grooves structure; (c) extinction ratio versus the pairs number n of grooves in the single slit-symmetric multi-

grooves structure when the incident wavelength = 850 nm; (d) extinction ratio versus the wavelength of incident

light for an optimal optical diode of n = 5 on the top surface and m = 6 on the bottom surface.
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Fig. 5. Average electrical field intensity distribution calculated by FEM when the extinction ratio of optical diode

is 38.3 dB: (a),(c) Forward enhanced transmission illuminated from top to bottom ((a) with grooves on the bottom

surface, (c) no grooves on the bottom surface); (b),(d) reverse weaken transmission illuminated from bottom to top

((b) with grooves on the top surface, (d) no grooves on the top surface).
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Abstract

All-optical diode is the most basic photonic device in integrated optical circuits. It is of great significance to
develop a modulated optical diode for preparing complex optical circuits in the near future. However, there are few
studies on constructing all-optical diodes in subwavelength metal micro-nano structured devices based on the hybrid
model of surface plasmon polaritons (SPPs) and composite diffracted evanescent wave (CDEW). In fact, most of the
researches have been focusing on how to effectively enhance the unidirectional nonreciprocal transmission of the optical
diode and improve the extinction ratio. According to SPPs-CDEW hybrid states, in this paper we put forward a novel
method of designing an optical diode and its structure. The structure consists of a subwavelength single micro-nano slit
surrounded by symmetric multi-pair grooves on a silver film. First of all, on the basis of the single slit structure of the
silver film, the pairs of the groove structures are etched on both sides of the silver film: the positions and quantities
of the grooves on the top and bottom surfaces are asymmetric. Then combining with an effect similar to Fabry-Perot
resonance effect inside the micro-nano slit, the function of beam unidirectional transmission is achieved by controlling
SPPs through changing the geometric parameters of the structure. Furthermore, in order to realize unidirectional
nonreciprocal transmission, by means of theoretical derivation and the finite element method (FEM), in this paper we
analyze the transmission enhancement phenomenon of single slit-symmetric pair of groove micro-nano structure, discuss
the physical mechanisms of transmission enhancement and weakening, and also give the far field transmission spectrum
of the normalized transmission changing with the distance between slit and pair grooves. The results obtained from
the rigorous theoretical formula are in excellent agreement with the numerical results obtained by using FEM. Finally,
as the position and number of the pair grooves are precisely determined by this transmission spectrum, the optimized
all-optical diode structure, of which the unidirectional transmission is effectively enhanced and the extinction ratio of
the optical diode is improved, is achieved with five pairs of enhanced transmission grooves formed on the top surface of
the Ag film and six pairs of weakened transmission grooves formed on the bottom surface. The maximum extinction
ratio reaches 38.3 dB, which means that the forward transmittance is 6761 times the reverse transmittance, i.e., it
increases 14.6 dB over the result from previous theoretical work. And there appears a 70 nm wavelength band width
(>20 dB) in the operating wavelength 850 nm. The proposed optical diode has the advantages of simple structure, wide
working bandwidth, easy integration, and high coupling efficiency. The research of the optical diode is valuable for the
potential applications in optical signal transmission, optical integrated optical circuit, super-resolution lithography and
other related fields.
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