$39% H1W 5= = 4 Vol. 39, No. 1
2019 4F 1 A Acta Optica Sinica January, 2019

PR B A SR AL TR oK Geide SR B 1

—Ij—%'l—'gl’ %5‘(%1*9 ﬁ/%%l %2{%}1 $5%2 3
VPR AE Y TR AR, LIPS KJE 030006
FIIVE R A Ol SOt AR E R L & ORISR, 1P KR 030006
S LV A AR v Ol 2 R IRl BT ot 1L P K 030006

BE RAZWITE B BOE TARSUR ) gk 22 42 b ) g ok 2 8 BE KT O 1) b 499 0K 2k 22 T 1 B B DA
A B I 1Y) DR OK AR L X IR B A B 0 1) AR Ol L T A R A T G OK D R T SRR 5 IR Y RS 4 AT ST S SR S
PR BE HEAT A0 0T . 24 TAESR M 30 THz BB 40 THz I, A S8 5 3R S2 388 R A& 38 K BE /N . 24 Pl 40 %
LRMYEAR N 20 nm BEINE] 55 nm B R 0G SC G K LB AR B AR A R AR . 20 v IR 94 K 2R Y v BE N O
N F] 100 nm B, A7 AT 53R AG SN L bk TR 5 b AR 2 AR R K BE RS K. UK T I B R
&) B FEES M 160 nm BEHNF] 200 nm, £7 B AT K FEM 0.4 eV IR 0.8 eV B A 83 5t A 92w/ AL 3K
t: N

KR RWOLE: RMMEE T A8 S 2WFE;

FESES 0431 XERFRIAED A doi: 10.3788/A0S201939.0124001

Mode Characteristics of Waveguides Based on Three
Graphene-Coated Dielectric Nanowires

Wei Zhuangzhi', Xue Wenrui'*, Peng Yanling', Cheng Xin', Li Changyong**®
! College of Physics and Electronic Engineering, Shanxi University, Taiyuan, Shanxi 030006, China ;
* State Key Laboratory of Quantum Optics and Quantum Optics Devices, Institute of Laser Spectroscopy,
Shanxi University, Taiyuan, Shanxi 030006, China ;

* Collaborative Innovation Center of Extreme Optics, Shanwxi University, Taiyuan, Shanxi 030006, China

Abstract We propose a waveguide based on three graphene-coated dielectric nanowires with a non-coplanar axis
using the multipole method, and analyze the real part of effective refractive index and propagation length of five
supported low-order modes by changing the operating frequency, radius and height of the central nanowires, the
horizontal space between the nanowires, and the Fermi energy of graphene. When the operating frequency increases
from 30 THz to 40 THz, the real part of the effective refractive index increases, whereas the propagation length
decreases. When the radius of the central nanowire increases from 20 nm to 55 nm, the real part of effective
refractive index increases; however, the corresponding propagation length varies. When the height of the central
nanowire increases from 0 to 100 nm, the real part of effective refractive index decreases, whereas the propagation
length increases, except for that of mode 5. When the horizontal space between the nanowires increases from
160 nm to 200 nm or the Fermi energy increases from 0.4 eV to 0.8 eV, the propagation length increases, whereas
the real part of the effective refractive index decreases.
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Fig. 1 Cross section of waveguides based on three
graphene-coated dielectric nanowires with non-
coplanar axis. The black rings on the outside of

the dielectric nanowires are graphene
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Fig. 12 Distributions of electric field of mode 1 when the Fermi energy Er is (a) 0.4 eV and (b) 0.8 eV at
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0124001-8



¥ i

5 ZEHXTL

IR 1 Sy i) 6 SOk [22 ] ) 45 48 A SC BT
PREEM PR 1 ML R R AT R S5 A A
13 s . MK 13 AT LA M, 2 o (] 40 0K 26 9 3 o0
F A RFE RS 6 N 60 nm, ol 2 B — RE i i
AR T AR R | b ) 40 K 4R 9 2 AR OKF 7 T B
R A0 K £ 22 0] 11 BE 825 A A7 B8 075 1 9% K Ag, mT L B
A AR R S T 40Ok B R AR K 1 B AL AR

24t@

—s=—coplanar axis
—e—non-coplanar axis

1. 1 1 1 1 1 1 1 1 1
%0 31 32 33 34 35 36 37 38 39 40
Frequency /THz

—s=— coplanar axis
—e—non-coplanar axis
144
10 15 20 25 30 35 40 45 50

Space a /mm

KBk,

BIFE 13Cb) S, 8 14 45 th T 24 o ) 40 K 28 o
% p, =140 nm B, B0 36 T I 9 5 0 Ik S T 0 S
B FhL B 24 S o L T L A 3 1 45 o
Yo 2 T P, 7 B K 2 122 T 0 A 0 T
S8 S5 MR I 2 0 TR TR L S A 9 K L B
N AR S T R 7 S e 0 I RN 2
7 S 2 WA O 4 2 1 s
W ALK R
(b)

2.0r —s— coplanar axis

\\‘\_._ non-coplanar axis

£

<
g18t

<

1.6 I L L 1 L
25 30 35 40 45 50 55
Radius p, /nm
4
@
—s=—coplanar axis
3l —e—non-coplanar axis

1 1 1 1
0.4 0.5 0.6 0.7 0.8
Fermi energy E . /eV

PR 13 Al S T 5 O AR T S AR 1 RO R R B LA, (@) BB () [ AR 2 Y 2 4R
(K- J5 i) L PIAR A KR B R R 5 (D 2K g

Fig. 13 Comparison of propagation length of mode 1 of the waveguide with coplanar axis and the waveguide with non-

coplanar axis. (a) Frequency; (b) radius of the middle nanowire; (c) distance between two nanowires in the

horizontal direction; (d) Fermi energy

E_/(V-m™)

L1107

B 14 3 o, =40 nm W, GO R ICTT I T 5 (b) Bl O JE LT I 5 19 '8 3 70 AR

Fig. 14 Electric field distribution of (a) waveguide with coplanar axis and (b) waveguide with non-coplanar

axis when p; =40 nm

0124001-9



i

{5

6 4t 1w

WH5E T — MR B A SR M 1) ARl AR L T 0
VIR S22 e A B G (T E SN ELP S-S S
2 T oK £ BE KD e b A oK 2 2 1 Y B
B LA R A S 00 0 S KRR L 2R JH 22 05 0 08 3 P I
JIe SCAF B 5 R0 R B A A A7 S8 b 3 S T A A 4 I R
PEAT XM o S5 RF W - ARG R AT R
TRIE I AR I TR /N o 2 v B 20 0K 2~ AR 4 T
AT S AR SR AE O B 1 R 4 A R K R
Wit~ A R R /N L B 2 A AR IR R e R R
WIS S AEAR AR B /N S5 A AR R I B B R AR Y
R 218 1R B 3 I AL R I T S AR AN 32 42
LA ARS8 DN = W N W e
5 A T B AR SR/ s B 1 R L 2 L R
R B 5 AR B/ B 3 A X 4
FEAANAZ 1w LA AR B R WL I HL X P A5 X A%
KBESEARHIR] . 24 [ B 49 DR, A7 20T 5 R 29k 1
W/ AL R B S IO e O TR B 1
A 2 (928 PR MR B KR B 5 AR AR 2 L T A
33 RS 4 FEA A Z [ AL RIS . 24 2K g
RIS, A 8T S 24 S S 2 T i /1 T A I S
WKL g AR A T 4 R Dl S A LR T R
ey LRk S WD N ' N N DE R )
I TR K 2 T A AR 23 52 7 T Y R R S %

2 % x #

[1] Liao L, Lin Y C, Bao M Q, et al.
graphene transistors with a self-aligned nanowire gate
[J]. Nature, 2010, 467(7313): 305-308.

[2] Lin Y M, Dimitrakopoulos C, Jenkins K A, et al.
100-GHz epitaxial
graphene[J]. Science, 2010, 327(5966): 662.

[3] Bonaccorso F, Sun Z, Hasan T, et al.

High-speed

transistors from wafer-scale

Graphene
photonics and optoelectronics[J]. Nature Photonics,
2010, 4(9): 611-622.

[4] Loh KP, Bao QL, Eda G, et al. Graphene oxide as
a chemically tunable platform for optical applications
[J1. Nature Chemistry, 2010, 2(12): 1015-1024.

[5] Novoselov K 'S, Geim A K, Morozov S V, et al.
Two-dimensional gas of massless Dirac fermions in
graphene[J]. Nature, 2005, 438(7065): 197-200.

[6] Wang F, Zhang Y B, Tian C S, et al. Gate-variable
optical transitions in graphene [J]. Science, 2008,
320(5873): 206-209.

[7] Ju L, Geng B S, Horng J, et al.

plasmonics for tunable terahertz metamaterials [J].

Graphene

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

0124001-10

Nature Nanotechnology, 2011, 6(10): 630-634.
TianZ H, SiCF, QuW S, et al. High-performance
organic
graphene oxide [J]. Acta Optica Sinica, 2017, 37
(4): 0416001.

MIE, ", M, 5. 3w o T84k A
BIGM AR A VUK IR [J] . ek, 2017,
37(4): 0416001.

Geng L, Xie Y N, Yuan Y. Graphene-based antenna

photovoltaics  using  solution-processed

with reconfigurable radiation pattern in teraherz[]].
Laser and Optoelectrinics Progress, 2017, 54 (3):
031602.

WK, AR, SR . T AR 1 K 2% I ) 1 T
HRLT]. WOLS5m T EE R, 2017, 54(3):
031602.

Barnes W L, Dereux A, Ebbesen T W. Surface
plasmon subwavelength optics [J]. Nature, 2003,
424(6950) : 824-830.

Xu W, Zhu Z H, Liu K, er al.
graphene plasmon waveguide [J]. Optics Express,
2015, 23(4): 5147-5153.

Lao J E, Tao ], Wang QJ, et al. Tunable graphene-

Dielectric loaded

based plasmonic waveguides: nano modulators and
nano attenuators [J]. Laser &. Photonics Reviews,
2014, 8(4): 569-574.

Dai Y Y, Zhu X L,

Nanofocusing in a

Mortensen N A, et al.

tapered graphene plasmonic
waveguide [ J]. Journal of Optics, 2015, 17 (6):
065002.

Liu P H, Zhang X Z, Ma Z H, et al.

plasmon modes

Surface
wedge
Optics Express, 2013, 21 (26):

in graphene and groove
waveguides [ ] ].
32432-32440.

He S L, Zhang X Z, He Y R. Graphene nano-ribbon
waveguides of record-small mode area and ultra-high
effective refractive indices for future VLSI[J]. Optics
Express, 2013, 21(25): 30664-30673.

Yan H G, Low T, Zhu W ], et al.

pathways of mid-infrared plasmons

Damping
in graphene
nanostructures[ ] ]. Nature Photonics, 2013, 7(5):
394-399.

Gao Y X, Ren G B, Zhu B F, et al. Single-mode
graphene-coated nanowire plasmonic waveguide [J].
Optics Letters, 2014, 39(20): 5909-5912.

Yang ] F, Yang J J, Deng W, et al. Transmission
application of
CGPW [J]. Optics Express, 2015, 23(25): 32289-
32299.

properties and molecular sensing

Xing R, Jian S S. Numerical analysis on tunable
multilayer nanoring waveguide [J]. IEEE Photonics
Technology Letters, 2017, 29(12): 967-970.



ot &2 # 2

[20] Zhu B F, Ren G B, Yang Y, et al. Field [J]. ACS Nano, 2012, 6(5): 3677-3694.
enhancement and gradient force in the graphene- [27] Nikitin A Y, Guinea F, Garcia-Vidal F J, et al.
coated nanowire pairs[J]. Plasmonics, 2015, 10(4): Fields radiated by a nanoemitter in a graphene sheet
839-845. [J]. Physical Review B, 2011, 84(19): 195446.

[21] Xing R, Jian S S. Numerical analysis on the [28] Wijngaard W. Guided normal modes of two parallel
multilayer nanoring waveguide pair [J]. IEEE circular dielectric rods [J]. Journal of the Optical
Photonics Technology Letters, 2016, 28(24): 2779- Society of America, 1973, 63(8): 944-950.

2782. [29] Wijngaard W. Some normal modes of an infinite

[22] Wei Z Z, Xue W R, Peng Y L, et al. Modes hexagonal array of identical circular dielectric rods

characteristics analysis of THz waveguides based on [J]. Journal of the Optical Society of America, 1974,
three graphene-coated dielectric nanowires [J]. Acta 64(8): 1136-1144.
Physica Sinica, 2018, 67(10): 108101. [30] Huang H S, Chang H C. Analysis of equilateral
ToRR, BESCHRE, I, . R TREARMN = three-core fibers by circular harmonics expansion
AR EA TR KL THz I S iR a0 (0. W method[J]. Journal of Lightwave Technology, 1990,
Az, 2018, 67(10): 108101. 8(6): 945-952.

[23] Luo L. W, Ophir N, Chen C P, et al. WDM- [31] Lo K M, McPhedran R C, Bassett I M, et al. An
compatible mode-division multiplexing on a silicon electromagnetic theory of dielectric waveguides with
chip[J]. Nature Communications, 2014, 5: 3069. multiple embedded cylinders [ J ]. Journal of

[24] Yang H B, Qiu M, Li Q. Identification and control Lightwave Technology, 1994, 12(3): 396-410.
of multiple leaky plasmon modes in silver nanowires [32] White T P, Kuhlmey B T, McPhedran R C, et al.
[J]. Laser & Photonics Reviews, 2016, 10(2): 278- Multipole method for microstructured optical fibers 1
286. Formulation [J]. Journal of the Optical Society of

[25] Wu X R, Huang C R, Xu K, et al. Mode-division America B, 2002, 19¢(10): 2322-2330.
multiplexing for silicon photonic network-on-chip[J]. [33] Kuhlmey B T, White T P, Renversez G, et al.

[26]

Journal of Lightwave Technology, 2017, 35 (15):
3223-3228.
Bao Q L,

plasmonics,

Loh K P.

and broadband optoelectronic devices

Graphene photonics,

0124001-11

Multipole method for microstructured optical fibers II
Implementation and results[J]. Journal of the Optical
Society of America B, 2002, 19(10): 2331-2340.



