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Abstract  Based on the transmission characteristics of the surface plasmonic polaritons in sub-wavelength
structures, a metal-insulator-metal (MIM) waveguide coupled dual T-shaped cavity with metallic baffle structure is
proposed . Under the action of near-field coupling, the narrow discrete state formed by a single T-shaped cavity and
the wide continuous state formed by a single baffle form the asymmetric double Fano formant through complex
interference cancellation. Based on the coupled mode theory, the mechanism of Fano resonance of a MIM waveguide
coupled single T-shaped cavity with single baffle structure is studied, and the structure is simulated by the finite
element analysis. On this basis, the formation process of quadruple Fano resonance with double T-shaped cavity
structure is studied, and the influence of upper and lower T-shaped cavity structure parameters on Fano formant is
analyzed. The results show that the Fano formans generated by the upper and lower T-shaped cavities do not affect
each other, and two Fano formans can be tuned independently by a single T-shaped cavity, so the MIM waveguide
coupled double T-shaped cavity structure containing metal baffle can achieve four Fano formans that can be tuned
independently. This structure can provide an effective theoretical reference for the design of differential sensor and
wavelength division multiplexer.
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Fig. 1 Structure diagram and transmission spectrum. (a) Structure diagram of waveguide structure with single T-shaped

cavity; (b) transmission spectra of waveguide system with and without T-shaped cavity; (c¢) Fano resonance spectrum of

MIM waveguide coupled T-shaped cavity with single baffle

0414001-2



Es i

TE I A LE P RS (6] 09 1% i A . B% 42 1 /& SPPs
FERE T i 285 ok [l 2 3 Pk A L B AR 2 R
SPPs b g I E AR Il HEmE I #FAE
iz A -0 (FP) I 4R 5 2L 4R 45 78 X T Y
JEE AT 5 PRI E S 53 A o T A% AR i) A AR
B B A FP 4R B A LB FP B IR s L O 9 45 5%
KESBIHN Lin=h s La=h,/2+1 tw, /2, %
TAaEPREY MIM 3R E L T B E, F 5 i
76 A=2859 nm Fl A=1080 nm &b H BT P JEXS i
() Fano 3t 4§ &, 4> % #% & FRP1 f1 FRP2, {0
Lo iR, Y MIMES RS HIC T B, f
SRR ESE A WA 1 (b)) B TR 4 H
BOFRIE T AU TC 4 B B AR I B 25 77 A AR 1 B
B WA 1) LR M E RS MIER T
AH BRI 7= A2 X JE XS AR 1Y) Fano JhfRig
2.2 BigHW
TEE 1 Ca) M5 K4 75 T B, €8 350 43 i 1 €8 350
I35 AR EE & B AT BHR (Ag) Al A R (Ain) » HAEE R
M 3% R 1, Ag W AH XA L B A 18 Al
(Drude) #E RIS o5 K
en(w) =e, —wi/wlw+jy), (D
Ko HAFCHBH R FE FIRGHIR o, =
1.38X 10" Hz; g TR MIHR y=2.73X10" Hz; L&
T E R e, =3.7;) WAL,
TM P MIM St S 254 b il (i oe 200 ]
PLRIR N
ek, +enk coth(—jkw/2) =0, (2)
KA ko ko 4300 RN 42 B G 1 B w0 DK
FIYTERE s e R e, 3 AR SR AN TR 42 S8 1 A HL
B, MARIER IS FPE R E M S Lo 58
PRI K A ZRIP RN
A=2LgReng)/(m —¢/m)m=1,2,3, (3)
Ko BOGH AR IRIE th8 K AL RS 5 Re ()
KA BT SR S o P BE. ETRA
OIS, 4 iR & &8 Pid i MIM S84 & T
T Jis 8 K 1) A o e PR SR AT 20 BT . T S I S ]
el 2N 0] KR

dA ) 1 1
:127__ (y01 Tol ;:Tj At
K. (Si. +S,.) =jwA. (1)
dB ) 1 1
e i) L
Kz(S]+ +Sz+):]wB9 (5)

Kb 1/z, G=1,2) 208 % 1) FP iS4k i Al L
R FP 3 PR B B A BUAE R 1 /o, G=1,2) 531K
RE K FP iR L B FP 4R i i = 08% K
K, PSR FP R E W AMA REGA
SN FP ORI 0 — kR 3R IR s B j& L A FP
IR — b5 IR IE o, G =1,2) 25 8 # 4
FP IR IR BT B A3 R 5 S o A1 S oo 43 51 5
TR SRR IR IR CT AR 1,2 20 3040 2 i A o
LR g 115 £ AR AL 48 D B T 1) .
R F5 B et < 1A D00 O v RE R BN S G
AT LAERIR A

)<l ol
=C +K ) (6)
S, Sot B
AU AR C 7R 283 PR B9 A S5 5 5k
Z 1) PR SRR s K S e 1 2 1] R

BRI, C MRBAN

C—U jt}, D
t r

o A W) R ST IR R R BOR B B IR TR R 2
HMEWE 2 +7=1, K 8B EERER N

K= ’ (8)
— K, —K.

2o« AR MR K =/ 1/ 70 exp(01) 5
K, =41/t exp(j0,), 0,.0, M R /55 4 L.
BRAZ (4) ~ (8) 2, AT A5 B A il 5 45 4 1Y o7 B 3,
i B R Rk AN
: 1/ta
w—w)+1/tq +1/74 N
1/Tc2 ’
(w—wy) +1/tu 4+ 1/14

O ALY =1, =004 8 P40 BT,
BT a1/ cg /AT [j(wo—w) | A& EEY
MR 5 R GEHs 2 15 B BR 3 3F %2  (H I E A
W w B H o 5 T BRI AR o, M H 3%
T 37 SR 2 SR R T TR A A BELATT S 2 P
FRAEIS SR 1/t e /N T 1/ 70 GEIRIEN A &
PAAE AT DL 2w ANt | PR 7 o BS54 | i
BEE— A, WA 1(b) SRR . R HL, 25 A G
JERBR T, H 5 L A FP s (9 4R IR o,
FRAERT  TE B RSB &R R SA S AR
A LIE 1) &R, Y HK ST A SR
W5+ SPPs ANRENT A 15 HLH ) A% 75 8 2 AE 4
MR 7 Az EB 3 BT o 298 o3 R 5 B0 e i — BB 43 E A

S,
T(w) = SZ

1+

ﬁ-—

D)

0414001-3



e ES Es i

TR A T ERRER A WA AR L% M A=1108 nm A% A R A 22 L AR ET 2Ca) L (b)
P PIRPAS [R] AR B 5 T ok i RE i S U I S I AT AE B SR R AR 0 A A 5 S 1 B AR X AR 1Y
WA RE R R A T WA X M AN A A =901 nm X Fano &M B LI, WK 1(0) iR,

3.5 35
3.0+ ® (b) —=— with baffle
' 3.0 — without baffle
251 25
ﬁ
Q 2.0+ & 2.0F
) Z
AL5¢ L5t
1.0} 1.0}
0.5 —s— with baffle 0.5
—e— without baffle
0% ot
séo 960 gé() 9210 960 1080 1090 1100 1110 1120 1130 1140 1150
Wavelength/nm Wavelength/nm

B 2 MK, (a) FRP1 4bBYAHA A ; (b) FRP2 4b 4 4f 47 [
Fig. 2 Phase diagram. (a) At FRP1; (b) at FRP2

i B COMSOL Xt 1% 45 14 i 52 25 8 3 i 47 05 mE 3Ca) frax, [FHELL X 2A=1080 nm B, At
M MBS R 1 (O R T RS 6 B B R A T LTS IR s i e R AR, M B AR 2
ML 50 A a0 & 3 Fias . 24 SPPs VR B I 5 1 i 1% S5 11 1 O 5 B IS v 0 O AR 62 AR ] Al
g s, Horh — 30 43 B = R G B T A IR R b Ot BiE S M4 7E A =1080 nm 4 1 B T FRP2, 10
WP RGN, 24 A =859 nm A, A& K 3(o)fr~, HXF A=901 nm & A=1108 nm,
WA A 4z 0 s | A LR R AR i [ i i THRRES S B RMW SRR EETWAHEN.
e A — IR EE, R T Btk S A fifi SPPs A fiE A% i 21 i 1 o o 3 B35 7E A =901 nm
W T b 0 O A BRS G RAE 7 A R R AR TV A K A=1108 nm &b 5 BLiE 5 ZF i, WK 3(b) L (D
K EFHEAE A =859 nm &b 7= A4 HEXF AR A9 FRP1, FioR .

E,10° E,N0° E,/10°

8

= DN W s Tl S

K3 mygni E; 2Ail. (a) FRP1TE A=859 nm AW H G 0t E, 704 185 (b) 8 — NS 7E A =901 nm AL (9 #8373
i E, il s (o) FRP2 7 A=1080 nm ARy R 75 E, 0 ATl s (DS ZAFEAL A A=1108 nm AL 05 E, 5p
g

Fig. 3 E, field distribution. (a) E, field distribution of FRP1 at A =859 nm; (b) E, field distribution at the first

transmission dip at A=901 nm; (c) E, field distribution of FRP2 at A =1080 nm; (d) E, field distribution at the
second transmission dip at A=1108 nm

S 4k P e ! S A

3 PUTE Fano I H9TF R B 40 El{ﬂ,?l‘ﬂ?ﬂ%@:%ﬁn%%lﬁﬁﬁ{}ic [:i—]i:l(a):]“rﬁ’i
B RS MIM 3588 5 8L T B fis 14 7 28 [ 25 4, 3
% # Fano 4% 78 [F] I 46 0 22 F Fp 0 49 B Bt e, BT AN T OB R Y A A SRR S
28 DA I W oy M AR T T A R W A BT AU AR SR BT T B Y B e O
I, BT 2 8 Fano 2R 503 1Y O 27 8% 44 15 1 52 3 I B e SO IEIN o S8 h, T4, 4350 O e Y

0414001-4



Es #

R VAT, BROT B A E 5 A
[, 5 B T 2 ()0 R A 1) B A TR) . 2 8 B A

w; =150 nm,g=15 nm, & T & B FRP1 F1
FRP2 4}, 7EB S i A =698 nm & A =1280 nm Ab

MIM 3 588 A A T RUE B S8 5k by =
350 nm,{, =220 nm, h, =500 nm, ., =50 nm,

B AN B B Fano &g 06, 43 Il B8 b FRP3 FlI
FRP4, {1l 4(b) fr /s,

0.8 © - /,=320 nm
(b) 0.8 —o— h,=330 nm
—A— h;=340 nm
0.6 —v— k=350 nm
- 0.6 —4— =360 nm
o A P x A - : —4 hy=370 nm
2 0.4 |FRP3| FRP1 FRP2 | FRP4 2
E 204
= g
& 02 g
& 0.2
0 L
1 | 1 1 0 1 1 1 1
600 800 1000 1200 1400 600 800 1000 1200 1400
Wavelength /nm Wavelength /nm
I —=—,=200 - L ,=60
081 (@) 10 nm (e +;Zj$8$ 08 :§;=70 o
i * Siegm ~icom
= B v h,=490 nm —v— 1,=90 nm
08 T | g gl osp B Y iowm
S 5 # i i = = i ]
= B " ¢ LS 1 % by
4 4 B! I z j b
£04 g 5 2 0. [
@ @ - )T J.l & i 5
g § R R g ool 4
1 = n ]
02 L) 1& - W Wi
Ny : i Ji {

800 1000 1200 1400 800

Wavelength /nm

1000 1200 1400 600 800 1000 1200 1400
Wavelength /nm

Wavelength /nm

Kl 4 PUE Fano LR, () F X T B A I LM R ZEIR (b)) P Fano LR %R A0 15 BF B2k 5 (o) & BE by AS TR I X6 7 Y
BT ML (D TERE £y AN RIS XS B A9 37 59 10 45 Ced i BE Ry AN [R) B X 07 A9 38 B ittt 25 (D) 58 BE £, AN (W) B % g 7 3 55

fh £&

Fig. 4 Quadruple Fano resonance. (a) Structure diagram of waveguide with dual T-shaped cavity; (b) transmission

spectrum corresponding to quadruple Fano resonance; (c¢) transmission spectra at different A ;

(d) transmission

spectra at different [, ; (e) transmission spectra at different i, ; (f) transmission spectra at different /,

e, b T RS S E L, F L XA
ARG, R [, =220 nm A, Hifh B
BEHE 4 () — 3, & E hy 320 nm B i 3
370 nm(EK 10 nm), B’ 4 (DB T AR & E Ly
X IO B4 O i i 4 s ) 2L AR R IT R By =350 nm
AR A S BAR AL 3 S8 0 X SR i 7
B, 2800 DIAPK 10 nm M 200 nm 3% i )
250 nm, B A (DG T ARS8 L XN B b
HIE

1 4Ca) Al 1, B FP A 5K ¥ Loy =
By ANZBHC R BISEWR LT LR FP i R s A9 45 5%
KE Lop=h/2+F0+w /2, FZZ358 L W4,
AL, R SR B8 L, X FR1 B AL B A &5

(RER ., SRS E Ry BOME XA Fano LR 14 1
78 13 5 T T A S iR 0 Y L B Y R AR AR

AR A 4o (DFiR, Y8 h HSH L
MR, FRP3 R FRP4 (907 & 3 o8 & A8k 5
W R B AR S8 L AU FRP2 R4 T 407,
FRP1 M0 & JL-F A KA i A S5 h, W
AR B 7 B &R T AR (H R A SR 18
PR e N TR, B R LB R A S SR FPOHE R
—5,

FHE, 08 TR T B a5 S50 h, L, %oy
A~ Fano JE4R M 2 M, R T AU fis S 85011 il A8 Xt
FRP1 #il FRP2 W~ Fano 4 W JLF- A 7= A 52 i)
FRP3 fl FRPA W& S50 h, W3 IN¥ kA T &k
% ME 4 PR B L, B AU FRP3
FEAE TR AN ACD B, ik P TS HE R
PL:FRP1 Ml FRP2 J& il B T B P A4 (%, FRP3 Al
FRP4 EfH N T AT A1,

0414001-5



Es i

4 R AR R 0 A

RAPE S FIE L H T (FOM, X pom) & BEA 40
KT S R AL AR 1 A B B AR b . R kB
A7 4% 06 F ke AR 5 B BT B R s e 2 ) Y HEAE
KR Xeon MR FR TERFE M H o' F o R M FE AT 55
R AR AL 5| 19 A X 3 S 5 B ) AR b . WA 4 B
AR E SR

S =AA/An, (10)
o AT _T(w/’n)iT(w/’no)
XFOM_TAn o T(w yny)An » (1)

KA T (0" ong) R R EEAYT 5K R 0, B 7 X
(355 REGT (o sn) IR n 07X R 45 35
SERBGAn=n —n, N5 UL B 5] I R
2EMH .

5Ca) 4 th T R BRI 5 % A 0 R 1 0
BT A SR oo #hnE 1,10, K N
0.02, HAL S HOM K 4 (a) — 2. YA 398 16 19 1)
B BEE BT R A B R A L

GEP IS — 3. th (DA HE A AT R S R
PR RIE R, B Rl & P85 A 20T 3 09 3 m .
IR Bm, B S E T AP RE I
PP ML FR AT LLE DU A Fano 4 0 1 7 &
5P RA AR IEMLEN LR, W H
(10) /4 i}, FRP3,FRP1,FRP2 } FRP4 Py~ 3k
I3 W 1 R BRE 43 WA 700 nm/RIU, 840 nm/RIU,
1006 nm/RIU 1 1130 nm/RIU(RIU K 4 5 %
TG LK TS BT YT B R AL R ) fE.
Bl 5Co) g5 T R R K AL S B X o » 24 7% B 5
S54RI, O R AR TS FOM {E 7E X I 1Y
BB AL AR R, Hod B 5ok By
YA B R AE 43 5 % W FRP3 . FRP1,FRP2 & FRP4
PaA4~ 2 g% i 4b 9 FOM {A, 4 3 A 2.82 X 10",
1.04X10",3.72 X 10" f1 1.53 X 10*, M fH £ &
Fano &4 7l 37 7T 98 18 5 Pk Fl s X o 57 1 W] DUFE
2 B S B O 1 1 [ B L AT R0 AR e
JvE . ZFEYE ] R Uk oy 2 A A A R 0 1 4R
— 5 B BRI K .

—an=1.00 1400

08F (a)

1200 |
=1
B <
g 23
g g
g < 1000
= 5
=

800 |

(b)
1300 + // 35000 +
30000
25000
11001 ‘/‘/‘/A/‘:/gg% = 20000 |
8
900 / 10000
5000 _J J
./-—f'// ’
700 e —

40000 [ (c)

——FR2

v FRa | ™ 15000 |

600 800 1000 1200 1400
Wavelength /nm

1.00 1.02 1.04 1.06 1.08 1.10 600 800
n Wavelength /nm

~5000 1000 1200 1400 1600

B 5 ABRREFE AT . () 3T 5 AN (RS X 13 9 335 2 #2865 (b) Fano 3LRUE K SIS R 2 MK R
o) AR P e 5 By (1 FOM (i

Fig. 5 Analysis of sensing characteristics. (a) Transmission spectra of Fano structure for different refractive indices;

(b) peak wavelength as a function of refractive index; (c¢) FOM at different wavelengths

5 4 7

FEH T M AR PR MIM 3RS 3 T
R SR ROE B 854 . 2 TM B A 2% ¢
S4h b, o 2 fE MIM 3 5 0 &2 Al e R
SPPs, SPPs fEiMRAL ™ A B i W 222 . Rl 't
fFodt A LT T BRI AR 1Y B HOAS 7R I 1
AR E A A A B 2 B Fano LR, 18 i #F
S ZH Fano JL4IR ™ Az L3 H 25 # S B0k A% iy
PEFNAL AR A2, 7T DL 3 R T B 7 4R
9 Fano Stk g BN 220, H. 280 1, #9728 46 A%t

FRP2 f=/E52 M, 80 1, 28 AU FRP3 =4 5
M, ZH A, (B R WX B (3T A& B
AN Fano Pk 16 16 10 ¥ 7= A= 52w . R ok, A1)
A B PR ) MIM A G X0 T AU 25 0 7] D) 5K
BLPUAS Fano HEHR 06 19 00 57 98138 . Fano LR 14 Xt 348
ST G 23 00 AR S R RO WO 2 R L& T R AR
BRI Gh H S I TR SR 5 S B0 AR R 5 15
FEEH Xeou MAHE S, KNS HAHN b =
350 nm,/, = 220 nm, h, =500 nm, /., =50 nm,
w, =150 nm, g =15 nm A ,FRP1 ,FRP2 .FRP3 }%
FRP4 U PR 04 19 R B S 4390124 840 nm/RIU,

0414001-6



e ES

2
¥

i

1006 nm/RIU. 700 nm/RIU #l 1130 nm/RIU,
Xpom 28 B IK 1,04 X101 ,3.72 X 10", 2.82 X 10" FlI
1.53X 10", 45 #4109 B 11 AT A 22 15 0 9 1% [) st 4G
W, 25 BN AR RN o B2 2% 55 a AF i i 4R it —
UBEINELHE/

(1]

(2]

(3]

(4]

(5]

(6]

[7]

(8]

[9]

[10]

[11]

& % X #
Schuller ] A, Barnard E S, Cai W S, et al. Plasmonics
for extreme light concentration and manipulation [J].
Nature Materials, 2010, 9(3): 193-204.
Piao X J, Yu S, Park N. Control of Fano asymmetry
in plasmon induced transparency and its application to
plasmonic waveguide modulator[J]. Optics Express,
2012, 20(17): 18994-18999.
Shen X R, Wang Y K, Chen Q S, et al. Detuned
square ring resonators for multiple plasmon-induced
waveguide
[J]. Applied Physics Express, 2015, 8(11): 112201.
Zafar R, Salim M. Enhanced figure of merit in Fano

transparencies in metal-insulator-metal

resonance-based plasmonic refractive index sensor
[J]. IEEE Sensors Journal, 2015, 15(11): 6313-6317.
Aparna U, Mruthyunjaya H S, Sathish Kumar M.
Plasmonic wavelength demultiplexer with mode
conversion capabilities [ J]. Plasmonics, 2018, 13(2):
511-517.

LiC, Li SL, Wang Y L,

resonances based on plasmonic resonator system with

et al. Multiple Fano
end-coupled cavities for high-performance nanosensor
[J]. IEEE Photonics Journal, 2017, 9(6): 17282285.

Hirai Y, Matsunaga K, Neo Y, et al. Observation of
Goos-Hinchen shift in plasmon-induced transparency
[J]. Applied Physics Letters, 2018, 112(5): 051101.

Xu H, Li H]J, Li B X,
theoretical analysis
resonator[J]. Scientific Reports, 2016, 6: 30877.
Liu F, Xue L F, Bart H, et al.

transparency and Fano resonances in metal-insulator-

et al. Influential and

of nano-defect in the stub

Plasmon-induced
a numerical analysis[J].

Optik, 2018, 157: 326-333.

Pinton N, Grant J, Collins S, et al. Exploitation of

metal nanorod dimers:

magnetic dipole resonances in metal-insulator-metal
plasmonic nanostructures to selectively filter visible
light[J]. ACS Photonics, 2018, 5(4): 1250-1261.

Zhang ] W, Dai S Q, Zhong J Z, et al. Wavelength-
multiplexing surface plasmon holographic microscopy

[J]. Optics Express, 2018, 26(10): 13549-13559.

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

0414001-7

Chen Z, Yu L, Wang L L., et al. A refractive index
nanosensor based on Fano resonance in the plasmonic
waveguide system [ J]. IEEE Photonics Technology
Letters, 2015, 27(16): 1695-1698.

Jankovic N, Cselyuszka N. Multiple Fano-like MIM
plasmonic structure based on triangular resonator for
refractive index sensing[J]. Sensors, 2018, 18(1):
287.

Hayashi S, Nesterenko D V, Rahmouni A, et al.
Light-tunable Fano resonance in metal-dielectric
multilayer structures [J]. Scientific Reports, 2016,
6: 33144.

Zhang Z J, Yang ] B, He X, et al. Plasmonic filter
and demultiplexer based on square ring resonator[J].
Applied Sciences, 2018, 8(3): 462.

Gao W, HuX Y, LiC, et al. Fano-resonance in one-
dimensional topological photonic crystal heterostructure
[J]. Optics Express, 2018, 26(7): 8634-8644.
ChenY, Cao ] G, Xu Y M, et al. Fano resonance
sensing characteristics of metal-dielectric-metal
waveguide coupling square cavity with bimetallic
baffle[J]. Chinese Journal of Lasers, 2019, 46(2):
0213001.

PR, ERE, YRR, SR XU E B AR E JE-R A
Ji- 42 8 Wk TR A B HE 1Y Fano 4R A5 B T]
HhE O, 2019, 46(2): 0213001,

Gai H F, Wang J, Tian Q. Modified Debye model
broadband

46 (12):

of metals applicable for

2007,

parameters
calculations[J]. Applied Optics,
2229-2233.

Kekatpure R D, Hryciw A C, Barnard E S, et al.
Solving dielectric and plasmonic waveguide dispersion
relations on a pocket calculator[J]. Optics Express,
2009, 17(26): 24112-24119.

Luo SW, LiB, Xiong DS, et al. A high performance
plasmonic sensor based on metal-insulator-metal
waveguide coupled with a double-cavity structure[J].
Plasmonics, 2017, 12(2): 223-227.

Li Q, Wang T, Su Y K, et al. Coupled mode theory
analysis of mode-splitting in coupled cavity system
[J]. Optics Express, 2010, 18(8): 8367-8382.

Wen K H, Hu Y H, Chen L, et al. Single/dual Fano
resonance based on plasmonic metal-dielectric-metal
waveguide[]]. Plasmonics, 2016, 11(1): 315-321.
Zhao X, Zhang Z, Yan S. Tunable Fano resonance in

asymmetric MIM waveguide structure[]]. Sensors,

2017, 17(7): 1494.



