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Numerical Simulation of a Surface Plasmonic Waveguide with Double
Parallel Columniform Metallic Nanorods Coated with Gain Medium
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Abstract A kind of surface plasmonic waveguide with double parallel columniform metallic nanorods coated with the
gain medium is introduced. The dependence of distribution of longitudinal energy flux density, effective index,
propagation length and mode area of the fundamental mode with longer propagation length supported by this
waveguide on geometrical parameters and electromagnetic parameters are analyzed using the finite-difference
frequency-domain (FDFD) method. Results show that the longitudinal energy flux density distributes mainly in the
middle area which is formed by the two columniform metallic rods. The propagation properties can be adjusted by
changing the geometrical parameters and electromagnetic parameters. The propagation length can be extended
obviously with the help of the gain medium. This kind of surface plasmonic waveguide can be applied in the field of
photonic device integration and sensors.
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Fig. 1 Cross section of the proposed SPWs with double
parallel columniform metallic nanorods coated
with gain medium
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Fig. 2 Schematic of fabricating the proposed SPW with double parallel columniform metallic nanorods coated with gain

medium. (a) obtain four metallic nanorods with semicircular cross section, (b) combine these rods, (c) assemble

them to a whole SPW
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ME 3 i LAE . FEWE H, kT o Bl
Ay Bl g X FR oA T H, 3500 856 F o fiA y b
PR SRR AT Y = BBV BE S, F B A 1
2 AR RETE 45 Jm e BT IR 8RS v 8] DX
3.2 HRILAMSHBIFNT

PR RT3 % Re Gue) s A6 BE B Ly, FIAR
SRR A, 2 B 310 25 B 7 RO B L R R Ik
JUAN B R Yy B A, B LR T %5 45 Bl 3 B s 4
A ReCnee) s Loy M1 A, BEP T JLA] RSF 59728 46 56
A, XH,Re(ng)=Re(®A/(2r) L, =1/Im(B),
¥ A 8 SCHREI B S. IR RAR 19 10020 F R
B 1006 BT o5 8 #1181 AR

B4 4y 5045 1 T #E A=1550 nm, r=40,50 il
60 nm L} dr=10 nm,e,=11. 38—0. 025] B 514
TRenu) s Lo, F1 A, Bl ¢ FIZEL R RZE., MK 4
A IE S THER rRe(ug) B ¢ I KE T E
AT Ly BT AL B ¢ B3RS BFHEH, B
BT LAIEL 3 F 7R 189 3 53 A1 1 D045 3 i < X T
B E R o TE ¢ BUNRISRATETS S0 o0 A G BN
54 Ja 2 T P Mk T AR R 3 5 4 U AR A R LA
PR A7 S5CHT 5 3R A% 4 IR 28 o st B s A
cBIRMIZMT W AEEE) . g5 & RKH
P b i T FRE /N 3 5 4 R 0 AR B E A A T
SRR AL RREE B A

0310001-3



th i ot
2.5 18 32
@ — =40 nm | (b) (© — =40 nm
24\ r=50 nm 28— r=50 nm
. r=60 nm| 16 NE oal — r=60 nm
~ 2.3 g i =t
3 3 3 i L
& 9] W\ <14 g 20
= 5 < 16}
2.1 N\ 12} Cvetomnl Tl
2.0f B N r=50 nm [
. Lt / 7=60 nm 8

1.9

c¢/nm

60 68 76 84 92 100 60 68 76 84 92 100 60 68 76 84 92 100

¢ /nm c¢/mm

K 4 fE 2A=1550 nm,r=40,50 1 60 nm LA & dr=10 nm,e, =11.38—0. 025] A 514 F ,

(a) Re(ner) s (b) Ly,

o) A Bl c IR F

Fig. 4 Dependence of (a) Re(ng), (b) L, and (¢) A, on ¢ when »r=40,50 and 60 nm, dr=10 nm
and e, =11. 38—0. 025 at A=1550 nm

R YR E R B A A J5T Y JE R X i A R R 1Y
0,3 T /8 A= 1550 nm., 24 r=50 nm,dr 43 5l
B 10,20 A1 30 nm, H e, = 11. 38— 0. 025j i &1
T ReGres) s Ly, F1 A, B ¢ (97280 SC R L E5 R WK 5

Fis. AWIEL S AT LUE L 1R dr B E 19 4578 T Re
(o) Bl ¢ B3GR /N T Ly, F A B ¢ BOHE R
M3 R dr=10 nm JI % 7 14y 28 F A 850K 10 4% 1%
iRz

2.7 - 15 50
() —dr=10nm ™. ) —dr=10 nm 1(©)—dr=10 nm
2.6F dr=20nm  “. 4y 7 dr=20 nm|
............... djl‘= nm dr=30 nm|
- 2.5 g 13
) L =
% 24 \g 12l
 2.3r 5
St
2.2
2.1t or
20 1 1 | 1 L 1 I I 9 L 1 1 M L L 1 1 1 I I L L I 1 L
68 76 84 92 100 108 68 76 84 92 100 108 68 76 84 92 100 108
c¢/nm c/nm ¢ /nm

K 5 7 A=1550 nm, 24 r=50 nm, dr 43 H|HL 10,20 Al 30 nm, H e, =11.38—0. 025] i 5 F ,(a) Re(n) »

(b) Lo, F1 ()

An Bl c B9AEALR R

Fig.5 Dependence of (a) Re(ng), (b) L., and (¢) A, on ¢ when dr=10,20 and 30 nm, =50 nm
and e, =11. 38—0. 025 at A=1550 nm

HT RS s X AR R T r=
50 nm,dr=20 nm,e, =11. 38—0. 025j,A=1550 nm
MM H, % H, 58 = MIMEREE S. %
I3 B RANTEL 6 o . NIEL 6 ATRLF . EANTHY
oA SR 3 AL 3 03 A A A I FETE 6 JR R BT B
SR P ] X, X TR E Y dr TE ¢ BUNYSRAET

G B A 3 B /DN » B 5 4 T 2 T 4 Ak v B
Y55 4 T A AR EL A SR AT R B RO AR
TR B B LR s T ¢ BORMIAMET - 5 10 0 A S
B 5 4 R AR A ) T R L 5 R A
AR R - A BT S R RIS A% B R
K. ﬁélﬂi)@%?i&ﬂuﬁf%,%%iéﬁﬁﬁ@%l%ﬁ

1.0 1.0

0.8 0.8 0.9
0.6 0.6 0.8
0.4 0.4 0.7
0.2 02 E 0.6
0 0 g 90 0.5
-0.2 02 ° 0.4
-0.4 -0.4 0.3
-0.6 ~0.6 0.2
-0.8 -0.8 I0.1
il -1 0

-300-200 -100 0 100 200 300 -300-200 100 0 100 200 300
2 /mm 2 /mm 2 /mm

K 6 7£ =50 nm,dr=20 nm,e, =11. 38— 0. 025j

. A=1550 nm W& F . EEH H, ¥ (). H, (b Fl

W= MR BE I B S, (o MR B A or A Il . 8 2R 35 7R I 5 45 M G 8 B
Fig. 6 Distribution of the field of (a) H,, (b) H, and (c¢) S. on the cross section when »=50 nm, dr=20 nm,

e, =11.38—0.025j at A=1550 nm. Dashed lines in (a), (b) and (¢) indicate the outline of the structure

0310001-4



Z/NMASE . AR BURJZ 0PI TAT BIAL TR 94 K 4 i R A 1R 2 1T 45 B T 1O e S 1A BB AR A

I 3 g5 R R R S A A . 2 e
—EWF M F dr =10 nm 115 TE (& 3) Kk, 78
dr=20 nm 15T (B 6). 355 4 @ 2% 1 A9 A 0
MeFEHESE T, -2 EERN.E =
30 nm ¥ H BT - 5 4 JE K A B A AR
R, FTUALEIRL S s 2 o — € HO 4 4 o )5 5 0
TN » 373 5 <5 Ja (W) 14 AR EL AR 5 A T o AT 2800 2 R
HER A HE BRI

1550 nm, dr=20 nm LL KA [R] f) 36 25 4 B A B o 40
HIZAE T s ReGue) s Lo, BT A XFSEL ¢ FOs X3 2541
J AR S R AN 7 s . RIK e, —er —Jer s 23 A HL
e, —11.38—0.000j,11. 38—0. 025j,11. 38—0. 050j .
W2 RS R y=rkoer/ex* M AT HIRE I 1 3 25
BH R y=0(e, =11. 38—0. 000j) , y=2300 cm '
(e, =11.38—0.025)) LA Jt y=600 cm ' (¢, = 11. 38—
0. 050j) ,

(€)— ¢ ~11.38-0.000§
¢,=11.38-0.025]
¢,=11.38-0.050j

10

3.3 HEHmARMEI
TR GE B 55 A BN R B A L AE A=
2.55 13.0
(@) ——¢,=11.38-0.000 V)
2.50 £,=11.38-0.025j 125F
245+ £ =11.38-0.050
S g 120}
££2.40 g
& 235 »qg 115}
2.301 1.0F
2.25F 05k
2.20F
: P I P, 10.0 .
215, 84 88 92 96 80 84
¢ /nm

88 92 96
¢ /nm

84

80

K7 7EART e RO T (2)Re(ng) s (b) Ly, MDA, Ffi c B9 R
Fig. 7 Dependence of (a)Re(n) s (b)L,,, and (¢) A,, on ¢ with different g,

B 7 AT LLE S A L X o R dr
Re(ng) B ¢ 1R TR Lo, M A B ¢
MR R T, eI RN R AE R A5 45 BE
BRI, SR X ORI e {8 A BT %
A RS AR AZE . FRBLZ 0] LUK 3 i
TN 03 5 A5 1 LA B B T80 2 00 - A dr s 7E ¢
BN AN I TS BN 9 5 & 8 R E Y
B2 fob 1 B K 35 4 T R R B AR R A BT
SR K AL R B R R s A ¢ ORI A
T G e AT 4 5 4w % T B fik 1 1T B AR
NG5 A TR R EAE AR S A AT S R A N
AR BE B Wk A K . G2 TR P AAFE S 30 T AL R IR
B m .

4 4k e

B T — AT 18 25 A A2 10 2 AP AT 19 IR
FETR 405K 4 8 B #1010 SPWs. BC{H 3155 45 52 %
W L B4 8 T 4 A 7 2 A B RE T 4 T R TR A
froefe] X B, 76 TR B A= 1550 nm [ 15 Bt
T T =50 nm BB R AL P BB .
75 9 53 A5 35 BB 015 4 T 4% T8 432 ok 1) T BB
1 5 4 B 9 W EL AR PR35 A T S Rt e/ A 4
BF Bt E A . ARG T dr=10 nm 95T 3 56
S48 35 A1 TS 8 K B L B 1 90 5 e T 1D 7 R

1 0 R A 80 AT B 3 AR R R ks . A
— & U S S RO AR 3 25 A SR /R
i VLR R N Eo R R S U PIRCE S &
HL 1 2 00 T AR T A S 0 AT AT B R AL BRI A
B A, XAl SPW's 1] DL o 7 25 44 4 1 45 45k

AL I U
& £ X #
1V. M. Shalaev, S. Kawata. Nanophotonics with Surface

Plasmons [ M]. Amsterdam; Elsevier, 2007
2 H. Raether. Surface Plasmons on Smooth and Rough Surfaces
and on Gratings [M]. Berlin: Springer, 1988
3 W. L. Barnes, A. Dereux, T. W. Ebbesen. Surface plasmon
subwavelength optics[J]. Nature, 2003, 424(6950); 824~830
4 E. Ozbay. Plasmonics: merging photonics and electronics at
nanoscale dimensions[ J]. Science, 2006, 311(5758); 189~193
5 S. L. Bozhevolnyi, V. S. Volkov., E. Devaux et al.. Channel
plasmon including
2006, 440

subwavelength ~ waveguide components

interferometers and ring resonators [ J ]. Nature,
(7083): 508~511
6 S. A. Maier.

Plasmonics: the promise of highly integrated

optical devices[J]. IEEE J. Sel. Top. Quantum Electron. ,
2006, 12(6): 1671~1677
7 E. Feigenbaum, M. Orenstein. Modeling of complementary

(void) plasmon waveguiding[J]. J. Lightwave Technol. , 2007,
25(9) . 2547~2562

8 J. Takahara, S. Yamagishi, H. Taki et al.. Guiding of a one-
dimensional optical beam with nanometer diameter [ ]J]. Opt.
Lett. , 1997, 22(7) . 475~477

9 U. Schroter, A. Dereux. Surface plasmon polaritons on metal
cylinders with dielectric core[J]. Phys. Rev. B, 2001, 64(12):
125420

0310001-5



T

L

10 F. 1. Baida, A. Belkhir, D. Van Labeke. Subwavelength
metallic coaxial waveguides in the optical range: role of the
plasmonic modes[J]. Phys. Rev. B, 2006, 74(20):205419

11 P. F. Yang, Y. Gu, Q. H. Gong. Surface plasmon polariton
and mode transformation in a nanoscale lossy metallic cylindrical
cable[J]. Chin. Phys. B, 2008, 17(10): 3880~3893

12 Guo Yanan, Xue Wenrui, Zhang Wenmei. Propagation
properties of a surface plasmonic waveguide with double elliptical
metallic nanorods [ J ]. Acta Physica Sinica, 2009, 58 (6):
4168~4174
SR, W SCHR . SR OCHE. XU TR 94 0K 4 TR e 2 1 4 B 1RO i
SRR PTLT ], 2 F IR, 2009, 58(6): 4168~4174

13 M. P. Nezhad, K. Tetz, Y. Fainman. Gain assisted propagation
of surface plasmon polaritons on planar metallic waveguides [J].
Opt. Express, 2004, 12(17): 4072~4079

14 S. A. Maier. Gain-assisted propagation of electromagnetic
energy in subwavelength surface plasmon polariton gap
waveguides [J]. Opt. Commun. , 2006, 258(2): 295~299

15 D. S. Citrin. Plasmon-polariton transport in metal-nanoparticle
chains embedded in a gain medium [J]. Opt. Lett. , 2006, 31(1):
98~100

16 J. Grandidier, G. C. des Francs, S. Massenot e al.. Gain
assisted propagation in a plasmonic waveguide at telecom
wavelength[ J]. Nano Lett. , 2009, 9(8): 2935~2939

17 G. C. des Francs, P. Bramant, J. Grandidier et al.. Optical
gain, spontaneous and stimulated emission of surface plasmon
polaritons in confined plasmonic waveguide[ J]. Opt. Express,
2010, 18(16): 16327~16334

18 Z. Zhu, T. G. Brown. Full-vectorial finite-difference analysis of
microstructured optical fibers[J]. Opt. Express, 2002, 10(17) .
853~864

19 S. Guo, F. Wu, S. Albin. Loss and dispersion analysis of
microstructured optical fibers by finite-difference method [ ] J.
Opt. Express, 2004, 12(15); 3341~3352

20 C. Yu, H. C.

eigenmode solver with PML absorbing boundary conditions for

Chang. Yee-mesh-based finite difference

optical waveguides and photonic craystal fibers [ J]. Opt.
Express, 2004, 12(25): 6165~6177

21 http://www. caam. rice. edu/software/ ARPACK/

22 Wenrui Xue. Ya-nan Guo, Peng Lier al.. Propagation properties
of a surface plasmonic waveguide with double elliptical air cores
[J]. Opt. Express, 2008, 16(14): 10710~10720

23 Yanan Guo, Wenrui Xue, Rongcao Yang et al.. Numerical
simulations of a surface plasmonic waveguide with three circular
air cores[J]. Opt. Express., 2009, 17(14): 11822~11833

24 P. B. Johnson, R. W. Christy. Optical constants of the noble
metals[J]. Phys. Rev. B, 1972, 6(12) . 4370~4379

0310001-6



