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Fig. 1. (a) Two-dimensional profile of waveguide; (b) Three-dimensional structural diagram of waveguide.
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Fig. 2. (a) Normalized electric field distribution of the fundamental mode of proposed waveguide (r = 130 nm, d = 13 nm,

h3 =3 nm, 0 = 65°); (b) normalized electric field distribution of the fundamental mode of no air gap compare structure
(r =130 nm, d = 13 nm, h3 = 3 nm, 6 = 65°); (c) and (d) show normalized eletric field distribution along the horizontal

and vertical dashed lines in figure 2(a) and 2(b).
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erage energy density; (c) foundation modal volume.
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plated structure; (c) end silver-plated structure of previous.

8 a8 5 A 5T B DR A R IO B8 TUE
FRvE R E SR RO A% T T 8 28 A g, 2
gin = (koegs +In(1/R)/La) /T (Negr/ Nwire )
o AR A OB Kt DL 2 OR SO 3 k E
ai A, HAE BN, OGS SIS ORI Y A
A NS N OD [ =TI N Sl NS T e o 1§ R LTRIS
J¥, UL, = 1550 nm, R 7N 881 &5 %,
R = (negr — 1)/ (noge + 1) NUWITE 5 () BT 75T
R it TR A I B4R 2 S S B i i A =X, il 5 (b)
JI 7~ £ B PR B T8 48 2 O 50 nm (19 4R )2 5
BEIB R = 0.95. myiee /& 1 28 A0 5310 47 5 2,
Nt/ Nwire ABLEA R S Z WG 5 & 7. W SR g
KA I FE Ly, 4 55 23K 2 ) 55 T4 2% S5 35 0
K, BB GOR B 8 RE E B R B B k. Frblix
B EHEHIFE. PiER T Q 3 B REAEE
IJERREE 7T, Q BRI GRR RE J1Bk g, X%+ 1 it

TR AL . g SON B0

Q=2mfm = 2mf 10 (6)
A
L, = qia (7)

195204-6


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

¥ 12 Z R Acta Phys. Sin.

Vol. 67, No. 19 (2018) 195204

0.20 -
(

0.15 A

\

{1 —#%—d=3nm
——d=7nm
1 —4A—d=10 nm

d =13 nm |
1 —4—d=16 nm
R =10.95 .
0.05 1 —+»—d=3nm
| Previous structure 7
—— h3 =3 nm |
T T T T T

12.0 A

Threshold /pm !
o
=
1S

—8— d =3 nm

—e—d=7nm

—4— d =10 nm
d=13 nm

—<4— d =16 nm

R=0.95

—»— d =3 nm

1 Previous structure

—4— h3 =3 nm

©
o
Il

Quality factor/10*
o
=

3.0

60 70 80 90 100 110 120 130 140
6 WOGEHMIG S RE . R E T e A d IRl (a) B
e BME; (b) BEET

Fig. 6. The g¢;, and @ of the proposed nanolaser with

different r and d: (a) The threshold gain gyy; (b) quality
factor Q.

Horp f R N IR, T FE TR I 1A) 5 4 6 02
i AR FE; /& IEBEH0G N IR, T RELERY
Jis N B AR R B R B, s A A e UK 1 B £
WE 6 (a) BT7R, Mr 5 dB/NF, gen #7241, BLBAN
K ER AR B R B oK AR B R ) 38 2 ) {1
K, ARIFEOEH =4, f£d = 3 nm B, IAFER
KB G (R = 0.95) 38 25 B8 9 8/ T £
NFER I B g M s, 4 d = 3 nm, R = 0.95,
r = 65 nm i 5/ B3 35 BRIE A 4.14 x 107* pm 1.
K16 (b) R T Q K » il d 138 KT AR/,
2 R AR /N 3R B O G R B g ek 8. Rk
3 B 5 1 2 & IR 7 TR RE R RN IR oK 48
BRAGKE BAR, [FRE IR I S B 45 4 )
(R = 0.95), o & P73 KT R I N B8 8 I o
iR, RKMEHIAEd = 3 nm, R = 0.95,
r = 65 nm i ¥ 1.23 x 105, X ¥t B %/ B 90K 26
ARG G B AT DRI e e, 8
FETEE 6 (a) FIEL 6 (b) H sk & S 805 S i 5 04 (n

BI5 () FTonTEARIE LT S50 R ) X B, R B
an A geon 18K T AL H HRER T Qi/NT
IR BB 450 5 (R = 0.95) IAZER). g
INTFHERT 4589 200 5 P L, Q ST S5 R 10 fi5 /2
H. REMESANSHEER TR T 958
M.

4.2 WHAEFEREFEIT = 4EERR S AR

2 N kil it COMSOL Multiphysics B4 1) =
YR HAT =4 o ir. FE = 4E R B 4P
AT Z b ab 2 BB =4 REH Z B Er$r
EE BN Ly, 4 = 4E 07 b 5 AR A F S S50
NAZ = YRR LR S B e b i B T AR
41550 nm FEHEAT 05 B3 i, i th 45 SR a0 7 R,
Bl 7 (a) ABOLA R =40 B, B 7 (b) ABOLH
TE yz B B3R An &L I 7 (a) MK 7 (b)
ASTE AT T E B, Ag KRR REYS
25 A R InGaAsP 73 B&, K H i A = R 38 7E
WU WA R S)ZE . S EAK &R
SPP BRI 25 /5 5 2 (138 4 vl LUK A f G, 1X
PRl & ml DA 25 B8 7R e A X (SPP) S E /)
IRRRVE N 55 B TR oT. RN, 7268 3R 1 ™
AR TS B T IUT IR E N BUR T AR 5, JF
FEPR G 1 T8 AR AR R O TEOK 7] By PE 442K 2 () 4
oty [ A S . B 7 (¢) o T =4GR T OB A
AR BE DK L AT r T R BAR d A2
IR AR, AR AR Vg 7T DU 25 1 PP =4 )
AL BRI E 7, A2 S BOBOE 38 S0 1t BE 1 S
. DR BOE AR S R B IR 5 ORREE
b e X, How SR B2

Vet = W

max(W(r)) (8)
Herw(r) Agsers, [F (). HET7(c) i
B, Vige B 188 B4R | B I/, BE dROHE K
I A XU AR RGN oK 28 2142 v AN
A AR d ] LS B85 KOG I BR &, 5  3%
Ae i ) d R AR P e k. He e /MR AR A BT DLIA 3|
0.001092 m?.

H 7 (c) n] R0 B9 RO AR A AT DASZ R
YR RS NR/ANEHE, A FUA Tl ) B R 3 % B K
SRR AR XA R S T DA ot s B K
A, Purcell CAUEM M FEE =1 5B T
o AR HT 5 R A b i, R GRS R AT DA

195204-7


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

¥ 12 Z R Acta Phys. Sin.

Vol. 67, No. 19 (2018) 195204

1.64 x10°

x10-7

x 108

0
0.010 T T T T
1@ ]
)
E -
= 0.008
o
> 4
E —8— d =3 nm
ks) e |
g 0.0064 —®d=T7nm
g —A— d =10 nm M\N‘V
g 1 —v-d=13 nm M
B —<4—d=16 nm e |
ﬁ 0.004- Previous structure
S| .
0.002

K7

Fig. 7. The 3D simulation of the nanolaser: (a) 3D simulation diagram of nanolaser; (b) the field intensity distri-

BOLBI =i R (a) =M R4

Purcell factor/10°

(b) x10-7 2

1% d=3nm
8- d =7 nm

—A—d =10 nm
~v-d=13 nm
<4 d=16 nm
R=0.95

1> d=3nm
- d="7nm
- d =10 nm
—#-d=13 nm

6.0+

3.04

—*—d =16 nm
{ Previous structure
—@— h3 =3 nm

30 40 50 60 70 80 90 100 110 120 130 140

r/nm

i (b) yz BURHIAIA; (c) ARAIBEEAER; (d) Purcell ¥

bution of zz cross section; (c) the effective modal volume Vegr; (d) Purcell factor PF.

P58 X5k & Purcel UM, Purcel 23 v DL i
Purcel 57 (Purcell factor, F,,) K& &k, H
ECOR, P& TR, AR B AR S i 2.
F, e SOk B354

Q

 ONCH I

Horfn AMRH A AT S 2. 1 (9) RArEn, T
Pl 1) B R RS R, SR R R T Q
HIN Voge. BHEE 7 () wTAFE S 4 o T A DN %
BRI F, B e A1 d 3 TS, R NEAR
R BEEEM G (R = 0.95) F, B4k B r (938 K
K, (HAEBEE d 38 KA R IS FL 1
HAE 378 R F A IO\ B R I S 4 4 R I U, R
I = 3 nm, R = 0.95, r = 120 nm i N
8.29 x 10°, MHF ) Q{E RN 1.23 x 10°, H R 4k
19 0.001092 pm?, SEIL T 5o & K- Q AR
KA XA T HE R F,. HE T (c) BT (b) F%
AT 4546 (A0 5 (c) ATz b m] LA A 2o s i
PG /N T S i 45 4, TR 2 T 45 K 1 F sz /T

s S T NN S B RO 240, LR K RN B S8
BEHIGEH. Ve /N THRTHTS5H 6.5 (5 LA L, F, KT
RTE5H 6.5 5 /i A

i

ARICAE 1550 nm BB Beit 1R A 2
I BR8N oK 2k 45 1) 1) THP MO 25
T8 P 7 TR AT e O R T KOG A
P RE, LFE R 2 1 Si02 E A =M
ST A ol s 7 i T 0 — o L FE AR AR 2. 0 sk
HIJE ST T RS, BB 1L
R e DL OO SR SR EM =4 RE E
BOCAR I UE Rr e, 7E 4 R Nl T Eot 4 i)
FER R I AT A 3, It Fom (45 5 7] DL AL
i AR A S A FE RN AR B B B 2 TR F JE R &R, FRAE
i J DR R AR AR () 45 5 15 BV B A AL
FEI% B THPM OB A8 4540, WOt s & ke it stk 2
B Nr =65 nm, h3 =3 nm, d = 16 nm, LI T

5

Za

195204-8


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

¥ 12 Z R Acta Phys. Sin.

Vol. 67,

No. 19 (2018) 195204

XGRS L iR K A 3 =
RGN, K o OB RN = 4 B 0 38 U e
PR T A5 2, 38 AR B RUE S 1% — )2 50 nm
JEHHRZE AT PR ZE AR O A8 B Uk v, T8
B FSHORA T R T AR 25 R DL R
MEIA T 8 A7 RO AR BRI 5 9 Purcell
T BT A, R S G i, MR AR
I EE R ZHC L, A SO THPM SO &V e &
TSR T SCRR IR H O AR U I BE. 2R a8
Ao M BB, AR BT I THPM O 4% finkr
RARIE LT 4550 S U Re 1t S5, fefEas
FIZ A% Ed = 16 nm, t = 50 nm, r = 65 nm,
hy = 3 nm &b, B RIHEOE 3 S5 P REAH X B AL
Z THPM 806 &% 45 M7 TN K6 7 a1 BL KOG
B YUK R AR M A 2 M 2 B e
77 1) AR ) KRR 7.

S0k

[1] Han QY, Tang J C, Zhang S, Wang C, Ma H Q, Yu L,
Jiao R Z 2012 Acta Phys. Sin. 61 135202 (in Chinese)
[WRIERE, HRE, KR, ), D, T, £5R2 20124
2R 61 135202)

[2] Zhang Y, Zhang Z 2016 Plasmonics 12 1

Wang M S, Zhao C L, Miao X Y, Zhao Y H, Rufo J,
Liu Y J, Huang T J, Zheng Y B 2015 Small (Germany:
Weinheim an der Bergstrasse) 11 4422

O’Dell D, Serey X, Erickson D 2014 Appl. Phys. Lett.
104 043112

Maier S A, Kik P G, Atwater H A, Meltzer S, Harel E,
Koel B E, Requicha A A G 2003 Nat. Mater. 2 229
Berini P 2009 Adv. Opt. Photon. News 1 484
Ly-Gagnon D S, Kocabas S E, Miller D A B 2008 IEEE
J. Sel. Top. Quantum Electron. 14 1473

FuY, Hu X, Lu C, Yue S, Yang H, Gong Q 2012 Nano
Lett. 12 5784

Bian Y, Zheng Z, Zhao X, Liu L, Liu J, Zhu J, Zhou T
2013 Opt. Commun. 287 245

Avrutsky I, Soref R, Buchwald W 2010 Opt. Exzpress 18
348

Oulton R F, Sorger V J, Genov D A, Pile D F P, Zhang
X 2008 Nat. Photon. 2 496.

Chang S W, Chuang S L 2008 IEEE 2008 International
Nano-Optoelectronics Workshop (i-Now) Japan, Tokyo,
August 2-15, 2008 p195

(13]

(33]
(34]

195204-9

Zhang Z G 2015 M. S. Dissertation (Qinhuangdao: Yan-
shan University) (in Chinese) [3K#[E 2015 fifi - %A1 i
(R flK)]

Purcell E M 1995 Phys. Rev. 69 11

Oulton R F, Sorger V J, Zentgraf T, Ma R M, Gladden
C, Dai L, Bartall G, Zhang X 2009 Nature 461 629
Wei W 2015 M. S. Dissertation (Beijing: Beijing Uni-
versity of Posts and Telecommunications) (in Chinese)
(B8 2015 12200163 (b50 JLsoilb k)]

Li S X, Bai Z C, Huang Z, Zhang X, Qin S J, Mao W
X 2012 Acta Phys. Sin. 61 115201 (in Chinese) [Z*1H
e, B R, BB KR, R, BXE 2012 PEAEH 61
115201]

LiQ, YuB Q, Li ZF, Wang X F, Zhang Z C, Pan L F
2017 Chin. Phys. B 26 085202

Zou C L, Sun F W, Xiao Y F, Dong C H, Chen X D,
Cui J M, Gong Q, Han Z F, Guo G C 2010 Appl. Phys.
Lett. 97 183102

Zhang B, Bian Y, Ren L, Guo F, Tang S Y, Mao Z, Liu
X, Sun J J, Gong J Y, Guo X S, Huang T J 2017 Sci.
Rep. 7 40479

Huang H, Zhao Q, Hong K, Xu Q, Huang X 2014 Phys-
ica £ 57 113

Tian J, Sun M 2016 Eur. Phys. J. D 70 4

Piao R Q 2016 M. S. Dissertation (Qinhuangdao: Yan-
shan University) (in Chinese) [fM3i¥ 2016 fifi - %018
X (R FlK)]

Dai D, Shi Y, He S, Wosinski L, Thylen L 2011 Opt.
Ezpress 19 12925

Gamzatov A G, Batdalov A B, Kamilov I K, Kaul A R,
Babushkina N A 2013 Appl. Phys. Lett. 102 032404
Chu H S, Bai P, Li E P, Hoefer W R J 2011 Plasmonics
6 591

Zhu L, Zhao Y 2010 J. Opt. Soc. Am. B 27 1260

Liu J T, Xu B Z, Zhang J, Cai L K, Song G F 2012
Chin. Phys. B 21 107303

Cheng P J, Weng C Y, Chang S W, Lin T R, Tien C H
2013 Opt. Express 21 13479

Wei B, Sheng X Z 2007 The Principle and Application
of the Laser (Chongqing: Chongqing University Press)
pp116-120 (in Chinese) [#l%, #&#iE 2007 WO F#H (E
PR PR L) 2 116—120 1]

Sun W Z 2016 M. S. Dissertation (Haerbin: Harbin In-
stitute of Technology) (in Chinese) [#)3C4!] 2016 fifi+ 2%
Br S (/RIE: TRIE TR )]

Chou B T, Chou Y H, Chiang C K, Wu 'Y M 2015 IFEE
J. Sel. Top. Quantum Electron. 21 6

Wei W, Xin Y, Xia Z 2016 Sci. Rep. 6 33063

Lu Q, Shu F J, Zou C L 2013 Opt. Lett. 38 5311


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
https://doi.org/10.1007/s11468-016-0228-z
http://dx.doi.org/10.1002/smll.v11.35
http://dx.doi.org/10.1002/smll.v11.35
https://aip.scitation.org/doi/10.1063/1.4863815
https://aip.scitation.org/doi/10.1063/1.4863815
http://dx.doi.org/10.1038/nmat852
http://dx.doi.org/10.1364/AOP.1.000484
http://dx.doi.org/10.1109/JSTQE.2008.917534
http://dx.doi.org/10.1109/JSTQE.2008.917534
http://dx.doi.org/10.1021/nl303095s
http://dx.doi.org/10.1021/nl303095s
http://dx.doi.org/10.1016/j.optcom.2012.09.043
http://dx.doi.org/10.1364/OE.18.000348
http://dx.doi.org/10.1364/OE.18.000348
http://dx.doi.org/10.1038/nphoton.2008.131
https://doi.org/10.1007/978-1-4615-1963-8_40
http://dx.doi.org/10.1038/nature08364
http://dx.doi.org/10.7498/aps.61.115201
http://cpb.iphy.ac.cn/CN/Y2017/V26/I8/85202
http://cn.arxiv.org/abs/1009.3322
http://cn.arxiv.org/abs/1009.3322
http://dx.doi.org/10.1038/srep40479
http://dx.doi.org/10.1038/srep40479
http://dx.doi.org/10.1016/j.physe.2013.10.038
http://dx.doi.org/10.1016/j.physe.2013.10.038
http://dx.doi.org/10.1140/epjd/e2015-60244-y
http://dx.doi.org/10.1364/OE.19.012925
http://dx.doi.org/10.1364/OE.19.012925
https://aip.scitation.org/doi/10.1063/1.4776700
http://dx.doi.org/10.1007/s11468-011-9239-y
http://dx.doi.org/10.1007/s11468-011-9239-y
http://dx.doi.org/10.1364/JOSAB.27.001260
http://dx.doi.org/10.1364/OE.21.013479
https://ieeexplore.ieee.org/document/7160801/
https://ieeexplore.ieee.org/document/7160801/
http://dx.doi.org/10.1038/srep33063
http://dx.doi.org/10.1364/OL.38.005311

) 38 % 48 Acta Phys. Sin. Vol. 67, No. 19 (2018) 195204

Improved hybrid plasmonic microcavity laser”

Dong Wei Wang Zhi-Bin'

(Institute of Electrical Engineering, Yanshan University, Qinhuangdao 066004, China)

( Received 31 January 2018; revised manuscript received 23 July 2018 )

Abstract

In this paper, an improved hybrid surface plasmon nanolaser with a gain medium ridge and a layer of air gap is
proposed. In order to achieve low propagation loss and sub-wavelength field confinement, a triangular air gap and a
50 nm microcavity end face silver mirror are adopted in this structure, and the combination of this particular triangular
structure and silver mirror effectively improves the performance of nano-laser. In this paper, we numerically simulate the
waveguide by using the finite-element method. The COMSOL multiphysics software is a superior numerical simulation
software to simulate the real physical phenomena based on the finite element method. On the basic of the COMSOL
multiphysics software, a two-dimensional cross-section model and a three-dimensional model are built, the transmission
performance and microcavity performance of the improved structure are analyzed in detail at a working wavelength
of 1550 nm. Some quantities including the electric field distribution, transmission length, normalized mode field area,
average energy density, foundation modal volume, quality factor of the structure, threshold gain, quality factor, effective
modal volume, and Purcell factor are considered here which are dependent on the dielectric constant and geometrical
parameters. The results indicate that on a two-dimensional scale, the contradiction between transmission loss and
transmission distance can be effectively solved by the guidance of Fom value, and the IHPM laser structure with optimal
transmission characteristics is obtained under the guidance of quality factor and foundation modal volume. A deep
sub-wavelength constraint on light is achieved: the propagation length of the electromagnetic mode reaches a millimeter
level and the longest distance can reach 1.29 mm. When testing the microcavity performance of the laser separately on a
two-dimensional scale and three-dimensional scale, the high quality factor, low gain threshold, ultra-small effective mode
volume of 0.001092 pm3 and ultra-high Purcell factor of 8.29 x 10° are obtained by adjusting the structural parameters
and plating a 50 nm-thick silver layer on the end face of the laser microcavity. Compared with the previous structure
without air gaps, the designed structure has a low laser lasing threshold and strong micro-cavity local capability when
these two structural parameters are unified. The designed hybrid surface plasmon nanolaser may serve as a fundamental
building block for various functional photonic components and can have applications such as in sensing, nanofocusing,

and nanolasing.

Keywords: hybrid surface plasmons waveguide, nanolaser, finite-element method, micro-cavity
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