Chinese Physical Society
M!lﬁ!ﬁ Acta Physica Sinica :

€D Institute of Physics, CAS

WUBERELMNERY-IE FRAFNBERK
waE Ak Rl Wil Y FE
Numerical study of metallic semiconductor nanolasers with double—concave cavity structures

Zhang Bai-Fu ZhuKang WuHeng HuHai-Feng ShenZhe  XuJi

5|5 K&, Citation: Acta Physica Sinica, 68, 224201 (2019)  DOI: 10.7498/aps.68.20190972
TELR 12 View online: htips://doi.org/10.7498/aps.68.20190972
AN View table of contents: http://wulixb.iphy.ac.cn

BT BB A HAB S EE

Articles you may be interested in

IR AF B O

Topological surface plasmon polaritons

PB4, 2019:  https://doi.org/10.7498/aps.68.20191085

R £ BN S BRI 90 ok S I K GO M RO L 2 B0 S ME DL e e
Conversion of external cavity mechanism of millimeter—level external cavity semiconductor laser by significantly increasing relaxation

oscillation frequency

WIFEAEA. 2017, 66(23): 234204 https://doi.org/10.7498/aps.66.234204

TOEARIE M B e B R
Transmission characteristics of surface plasmon polaritons in —shaped resonator

YIBR2EA. 2017, 66(1): 017301 hitps://doi.org/10.7498/aps.66.017301


http://wlxb.xml-journal.net
https://doi.org/10.7498/aps.68.20190972
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.68.20191085
https://doi.org/10.7498/aps.66.234204
https://doi.org/10.7498/aps.66.017301

Y] 32 2 3R Acta Phys. Sin. Vol. 68, No. 22 (2019)

224201

W HEERELSHNERFSE
MR EERE

KEEV AED Rl

HogED)  wEy wE?

1) (R TR, B TSGR R 202, Fist 210094)
2) (FRUIRHLRE, T 562 TR, i T2# 8%, MaT 210023)

(2019 4E 6 A 22 HiIg#F; 2019 45 7 A 29 B EHERH)

PEAESR, 48 F ARG BOL A /N ROT L IR Z b 58, HAE w4 ml i . R BOBH 3% |
D3 {5 A U B AT T AE B L. BB T IR I AR A /D, SO A P FE o TS A, X BELAS T Ot AR i —
A B/ AR SO T — b T UM R R M 4 <6 R 2 AR AR O AR A5 . IZ SR B IR AT B4 S A s ThT
R PAY TETT ) 25 00 B | B A0 o 30 AR ASE AR T T v I D/ e S AURE DT B T BT PR R R AR O 4 (L
AR SO T S8 PR 22 0 J7 1 BRI B8 T =l AS [] pt e 0 BE (9 0L MR RE . R0(EL 5 ELA5 SRR W], A L TSR I
TR P R, AR AR M 0 X IV 235 4 11 oI5 IR 9 85 24.8%, 0O 7% 1B (L Pl T R KK 67.5%, RERS A7 s i T
aeERE . 1245 F AR /N B 5 A S R KO AR U AT A (L

KR P ARBOLE, MR, R RMOC
PACS: 42.55.Px, 42.55.5a, 73.20.Mf

1 3

B ARG T AR R ARG 4 IR i
(photonic integrated circuits, PICs), /It H
OGRS Tz U0 S T R NBO G ER
R, ZRORRIE IR I DL 1 SCge 5k, 4n
AL HOL R Ot 7 SO S S 0L R e A
2007 4F Hill 55 B 5 YR 45 8 A2 1 2 AR g ok
FELSHE ST LI, 4@~ SR GR O GH P H
RSN e 9 3 e SR B R T I AR R AT 5

e H i A28 4 8 ~F SR 9K O f RIS
Hr, J2 B T [B] 9 BE AR X (whispering-galley
mode, WGM) A9 [B] 3 8 Ji 19120 1358 F 2 A BL -y

i

DOI: 10.7498/aps.68.20190972

B (Fabry-Perot mode, FPM) B HiJE i 1316
SRR IR A R . A T BT B Y o
¥, JEA SN FPM B SO AR, 8 5 i ot R4
fiX, (HEABRE RS TG B4R L 5 b 5810
B N THREIET FPM 482 SR 0L i1k
e, AT T 2014 4F 48 10 T — Pl e 48 AU 385 IR
(capsule-shaped cavity, CSC) 454 I7, F| F IR 44
TR 18 52 St TR TR i v B B PR B, iAo he
AR E TR, DIV HAE 45 T (B 1 e 5t 40 A1
M IN G JRBAFE. Bifife, CSC RUZEAY (1A 304
SEYGUESE 089, ST AR, CSC R L5 XT A5
(transverse electric, TE) #2951 A 5~ 2 T 5
K, MM BE 9% H1 i A% #% (transverse magnetic,
TM) BB, EHAEE T A PICs 2540,
HAEI N HHE. R0, i CSC B4R i

*ERASRERERES (HHES: 61604073, 61805119, 11404170) FIVLIRA FAARLA2E4 (itiES: BK20160839, BK20180469) ¥t lh

FYURA.
t BIE1EE . E-mail: zhangbf@njust.edu.cn

©2019 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

224201-1


http://doi.org/10.7498/aps.68.20190972
mailto:zhangbf@njust.edu.cn
mailto:zhangbf@njust.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 68, No. 22 (2019) 224201

RGP 470N, Hodr TR ARG A, i ot A - s
e AT DT 3 SO LA 52 BT, 1R 0kt i 5% 2 i )
1) CSC BUHOGA ST TE 1.6 pm x 1 pm f2K.

J T i — 5T FPM W 4 & 21 AR 90K 3%
JeantERE, FATH I IFEUE U7 B RE T — Mo A Y
TR I 45 1) = T RS BRI (Gaussian-shaped
cavity, GSC)P, H LT 25+ A s o6 RAL R 1Y
W3, TR I B BT 1) B S5 o T R T 2 A )
PR, LAY B e 397 80 (R VSRS =X AR bE T A R
PSRV IE R CSC RIZ5H, GSC BIZEHIRER
i Re e A b TR oG, I 25 42 s
MEE I ek /N4 T HFE. [RIRS, GSC RIZE A 1 il il
BEAA I PR A T T 46 R N B 1 H, 37 0 B sl )
T A 5 ] T 2 T 45 B OT (surface plasmon
polaritons, SPPs) f=CHUA , $E 5 1 BRI K+ F1
A BT PR, BRI T OGS EL. SR, T GSC Y
JEE B TUART 5 1) S A v ST AL R R BT 3 A &R
FEAS B T A A S5 i i T 174ty 25824 A8 R A0 B 1 42
IR, PRI BR i 0k /N B O Y5 Y B A ]
UL

A SR IR S U BT T —FloR A
T8 T4 R ARG OK BOG A I ST TR 1 45
. AZEE R 4 S S s T R (R A, MBE B SRy AT
AT P e, AT AT DA RS, A4S
NPT TR A AR TR B i 194 it B DR A SO FH e 3
A B 2% 41 (finite-difference time-domain, FDTD)
Tyt 1.55 pm BT A A (9] i 2 04 2 S5 s T

RIS [7) ph 4 8 A B 255 ) 20 P9 XS s ) i PR

FIR A A g {0 4« o L P U A B B AEA Y 1
ARGV, BUE S HA RUEN] T AR H A
UM LSRG AH T CSC 2540 BAT B /NI IR AR | B
153 P it SO DAL A SEAR ) B, o T4/ R B 6 T

(a)
Ag __
SiOs i
n-InGaAs ———

n-InP :

RGO AR A BT IR B B

2 JRIEFUIT

AR SCHE H I LT 4 T s ARG K OB g
P Jes 25 A A TR A T 1 S5 S it T R DAY 0T 42 g )
BB B il £ g Sy TR, AT B R — R R g,
PR (N 4 B 5 ) L = PR (W 4R X R
B0) 45 LA 2 A A ), R IR I 45 7 7 R 1R
& 1 . ZRSCAERE 1.55 pm K A1 Btk AT
B, W IR 0 R R R R R R E N
300 nm [ InGaAs, HFJZHK 500 nm JEH) p B4
InP f2)Z, FJZN 500 nm JE#) n 2% InP ()2,
JFE#H 100 nm JEH n 2% InGaAs 1E R i)z
e A B J s S vt T PR R 30 nm Y48 2% 1A
MR Si0, B 35, B AR 100 nm JE 1 48
Ag fIZE.

ZRU LR Jis B AR ] 1(b) s, i
KR L, R R R SE I R W, e s 5 1y
Wo. IR I 14 S5 i s TR 2 EL A — 2 T 23 A JB A
SRR N R, WUBE Hh 2l 7 T . ZEA S, DU
— U2 | P 2 TN 5% R BT 21 25 0 B Sy
), R =440 FDTD J7 125 % XYL s 45
FHEA TR T FLOEST. B AR FIN BUAT B InGaAs,
InP. n-InGaAs. SiO, BT 4 % 43 51 % & h 3.53,
3.17, 3.6, 1.45. fEHE {5 &+, B #& Drude-
Lorentzian £ A H S50 (H P12 A T 4
JERE Ag RO LR B TR B R SE LI LR
R WM S5, THE X IR 5 nm 1 25 A
FHUMUE RS B St Fn s pRuskt (43 1330 et ).

I AR B A IR I SR Q R LA
SRS TR T Qo FIFERLEN TN 7 Qs BT

(b)

L.

P ML ARG UK RO S IR IR B (a) SRR ZE A (b) IFRLIA

Fig. 1. Schematic of double-concave cavity of metallic semiconductor nanolaser: (a) The structure; (b) top view of the double-con-

cave cavity.
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Fig. 5. The confinement factor I', threshold gain g, and threshold current I of the metallic semiconductor nanolasers with three

double-concave cavities with curved sidewalls (L = 700 nm, W = 520 nm, L/R = 1.43) as functions of the Wy/W: (a) I’ (b) gu;
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Table 2.  Geometric parameters and simulation results of the metallic semiconductor nanolasers with four types of cavities.
ZH ligogi kv L AT vei]
L/nm 700 700 700 700
W/nm 520 520 520 520
Wo/ W 1.00 0.75 0.8 0.80
L/R 1.43 1.43 1.43 1.43
V/A3 0.267 0.258 0.257 0.258
A/nm 1564 1552 1550 1551

Q 141 174 175 176

r 0.460 0.441 0.440 0.445
g/em ! 2190 1870 1850 1830
Iy,/pA 800 290 280 260
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Abstract

Metallic semiconductor nanolaser, as an ultra-small light source, has been increasingly attractive to
researchers in last decade. It can have wide potential applications such as in photonic integrated circuits, on-
chip interconnect, optical communications,etc. One obstacle to miniaturization of the laser size is that the loss
increases rapidly with the cavity volume decreasing. In previous studies, a type of Fabry-Perot cavity with
capsule-shaped structure was investigated and demonstrated both numerically and experimentally, showing that
its cavity loss is reduced dramatically in contrast to the scenario of conventional rectangular cavities. However,
when the cavity size is reduced down to nanoscale, capsule-shaped structure surfers high loss. To overcome this
difficulty, in this paper, a novel type of double-concave cavity structure for metallic semiconductor nanolaser in
a 1.55 pm wavelength range is proposed and numerically studied. The proposed structure consists of
InGaAs/InP waveguide structure encapsulated by metallic clad, and has a cylindrical reflection end face and
concave curved sidewalls.

The cylindrical reflection end face can push the resonant mode into the cavity center and reduce the optical
field overlap with metallic sidewalls, which can reduce the metallic loss. The curved-sidewalls topologically
reduce the electric field component perpendicular to the sidewalls, and thus reducing the plasmonic loss. By
optimizing the waist width of the double-concave cavity structure, the radiation loss can be effectively reduced,
resulting in the improvement of cavity quality factor and the decrease of threshold current. Finite-difference
time-domain simulations are conducted to investigate the properties of the proposed cavity structures such as
resonant mode distribution, cavity quality factor, confinement factor, threshold gain and threshold current in
this paper. The numerical results show that the double-concave cavity laser with cavity volume as small as
0.258 A increases 24.8% of cavity quality factor and reduces 67.5% of threshold current, compared with the
conventional capsule-shaped one, demonstrating an effective improvement of metallic nanolaser. With those
advantages, the proposed structure can be used for realizing the ultra-small metallic semiconductor nanolasers
and relevant applications.

Keywords: semiconductor laser, microcavity, surface plasmon polaritons
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