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Abstract

Abstract

Optical microcavities have attracted great attention due to their unique
properties, and they are suitable for the fabrication of optical communication devices,
such as lasers, optical filters, optical demultiplexers, optical switches, optical
modulaters and nonlinear optical frequency converters, etc. This dissertation mainly
studies the mode properties of nanowire optical microcavity and square optical
microcavity through theoretical analysis and numeric simulation because of their
special optical properties. This part contains the following contents:

Firstly, we introduce the developments of the optical microcavities in these
years, research background and the applications in detail.

Secondly, we introduce the Finite-Difference in Time-Domain method (FDTD)
in detail, including the deduce of the difference format, the usage of the Mur and
Perfect Matched Layer (PML) boundary absorbing conditions, the selection of the
exciting source and numeric stability, etc. For the information from FDTD is in time
domain, we must transfer it in frequency domain to obtain the frequency information.
So we introduce an analysis method for frequency spectrum: Padé approximation
based on Bakers algorithm.

What’s more, we introduce the FDTD with Mur’s absorbing boundary
condition in the cylindrical coordinates. Then, we transform the three-dimensional
(3-D) problem to two-dimensional (2-D) one based on the azimuthal symmetry of
the nanowires to simulate the free-standing nanowire microcavity and nanowire
microcavity with sapphire substrate at different size. Then the time variation of a
selected field component in some points inside the nanowire microcavity is recorded
as FDTD output, and the Pad¢ approximation based on Baker’s algorithm is used to
calculate the field spectrum for obtaining the O-factor and the modes frequencies by
fitting the Lorentzian curve. At last, we calculate the mode reflectivities for different
nanowire cavity from the mode Q-factor and the group refractive index. The results

show that HE;; mode has much larger Q-factor than that of TE(; and TM,; modes as
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Abstract

the radius of the cavity is one sixth of the wavelength, but the Q-factor of TE(; mode
increases quickly with the increase of the radius. TE¢; mode can have much larger
Q-factor than that of HE;; and TMy; mode for the nanowire cavity as the radius is
about a quarter of the mode wavelength. Accounting that the whole nanowire is a
gain medium and the confinement factor is very large for the nanowire cavity, we
can expect that the nanowire cavity with Q-factor of several hundreds have the
threshold gain comparable or even less than that of edge-emitting heterostructure
lasers.

Last but not the least, the 2-Dimentional FDTD technique is used to simulate
the semiconductor square optical microcavity with 2um side length, and we analyses
the mode characteristics which is compared with the mode frequency obtained from
the Marcatili method. The result shows that the mode frequency from these two
methods is very close. Also, we used the Induced Coupled Plasma (ICP) etching
equipment to fabricate the InGaAsP/InP square microcavities with side length from
30 to 150um. Distinct peaks are observed in the PL spectra of the fabricated Square
microcavities measured at room temperature under continuous wave condition,
which are verified to correspond to the FP modes of the square microcavities, not the
fundamental transverse modes or WG-like modes. We analyses the reasons and bring
out the suggestion of the experimental method, materials, test method and process,

etc.

Key words: FDTD; Nanowire; Square microcavity;

v



H X

1.1 RERERMERESFEER ...
1.2 BRI
1.3 EFMAERITIE IR o
1301 RO ss. o
1. 3.2 6T B AR I S B B e v

1. 3.3 [EZILIEMIE OGS -

1.4 BB E B e e

EFZE MEAERESHAZE. ..

2.1 WEARESFHZENOEEREE.........
(IR 81 - SR
1.2 Yee RBBRED MR IR...cco i
1.3 BEREE RO,
A BRI R e,
2.2  FDTD RUGAREZHSHT........oooo e,

ST ST SR S

2. 2.1 Mur WG S 4 AL EL -
2. 2.2 PML WY St A4 R -

3.1 5lE T NPT
3.2 —H LR THEBERES ...

3.2.2 MK REHE...
3.3  EBEAPAREAFZRIFERNFENIRILHR. ..

13

A3

15

A7

18

19
.19
21
2.3 ET Baker HIEHY Padéiifll 534,
2.4 AREINGE

EFZE  AREAFHEAERFERR......

27
29

...31
B
3.2.1 ZHHAETHHBAERESNA. ..o
.34

.31

...36



H

3.3, 1 YKL B (I AR TE e eeneeneen e e e e e e e e e
3.3, 0 KL I S [ B 25 e veeveneeneeneensensensansansansansanens
3.4 A B N

FOE  EAEAFHESEIGERR.............

4.1 EAEASFREENFFEHEIEMR ...
4.2 FSHEERFEREROTESE......ooc
4.2 1 ZTET TR G eeeeereeermmnmmnnnnneneee et
4.2.2 TETT ARV RIRERL IR oo e veeeesmmneneeenaniene
4.2.3 TE T TR B [F) T B i oo vveeeenremmennanecnnins
4.3 EAEREMARENEURSHER. ...
4.2.1 MR B LSS G oo ovmnreeeeereeoninsint ittt it teacee e
4,22 MEZE R ccoveeiiiin e e e e
4.4 SERFIHE ..
4.5 ARG

ERE 8

B N R . e

VI

36
37

.43



Contents

Contents

Chapeter 1 General ReVIEW.........covi i 1

1.1 Optical Microcavity Effect on the Spontaneous Emission............. 2
1.2 Optical Microcavity SOrt..........coooiiiiiiiiiiii el 2
1.3 Optical Microcavity Research in Situ.................oovi 3

1.3.1 Microdisk Microlasers..........ccouviueiiiiiiiiiii i, 3
1.3.2 Photonic Crystal MiCrolasers..........cccuveeerviuiiieiiiiineeianiieieeenieee e 8
1.3.3 Polygonal MiCrolasers.........ccccueeeriireniieeiiiieniiieiiiiienieeeiee e 9
1.3.4 Nanowire MiCrolasers.........o.eviuiiiiiiiiiiiii i, 10

1.4 Main Contents ot the Paper.........cccooceviiii i 11

Chapter 2 Finite-Difference in Time-Domain (FDTD) Method....... 13
2.1 Principle of the FDTD method.............ccocoiiiiii i 13
2.1.1 Maxwell Equation..........c..cooiiiiiiiiiiiiiiiiiiiiieee 13

2.1.2 Yee’s Finite-Difference Grid and Scheme............................ 15

2.1.3 Numeric Stable Condion.............c.coooeiiiiiiiiiiiiiiiiiiiia., 17

2.1.4 Exciting Source SettiNg..........c.ovveieiiiiiiiiiieiiieiiieeieenneennn 18

2.2 FDTD Absorbing Boundary Condition Analysis......................... 19
2.2.1 Mur Absorbing Boundary Condition Principle..................... 19

2.2.2 PML Absorbing Boundary Condition Principle..................... 21

2.3 Padé Approximation based on Baker’s Algorithm...................... 27

2.4 Chapter SUMMaAry.........coii i e a0 29

Chapter 3 Study on Modes Characteristics for Nanowire Optical

MICIOCAVITY ... ettt e e e e e 31

3.1 INErOdUCTION. .. ...t e e e 31
3.2 FDTD in 3-D Cylindrical Coordinates................coccovviieiinnn.n. 31
3.2.1 Introduction of the 3-D FDTD.........c.oooiiiiii, 31

3.2.2 Absorbing Boundary Condition................ccovviiiiiiiiinnnn... 34

VII



Contents

3.3 Study on Modes Characteristics for Nanowire Optical Microcavity..36
3.3.1 Numeric Models of the Nanowire Optical Microcavity.......... 36
3.3.2 Numeric Results of the Nanowire Optical Microcavity.......... 37

3.4 Chapter SUmMmMaAry..........ccco i e 43

Chapter 4 Study on Modes Characteristics of Square Optical

MICIOCAVITY ...\t e e e e e e e e e 45

4.1 Theoretically Study on Modes Characteristics for Square Optical

1V LT o= Y/ | Y2 P 45

4.2 Fabrication of Semiconductor Square Microcavity..................... 50
4.2.1 Brief Introduction to Etching Process..................coooeiiininn... 51
4.2.2 Material Structure of Square Microcavity...........coevvvvvviniinnnn. 51
4.2.3 Process for Fabrication of Square Microcavity....................... 52

4.3 PL Spectra Test and Results for Square Microcavity.................. 55
4.3.1 Introduction to the Test System..............ccoviiiiiiiiiiiiinnn... 55

4.3.2 Test Results.....cooniiii 56

4.4 Analysis and DISCUSSION.......oevie e e e e e eae 60

4.5 Chapter SUMMANY.......ccooiiiiiiie e e iene e eene2 B

Chapter 5 SUMMIAIY . ....e i e e e e 62

R O NS e e e, 63

VIII



QEREOE AW 5 177 TG A R B E DT

F—E £t

JCIE TR S5 BB CPRACRE, RDOGH T a8 fFR H TOBTHY 2K . XL SR
ELANEILY AN 1Yy & SNIETE S91 AN (190 NN VAS TR ) VAP 0 S SR S92 SR
TR SR R 1, (HIL e SRR IR LE S 1 L 20K T RS
i, QYERERANE A URGBRS Al I CHoR . Jesa il i R (045 A
IEBOIGBZ 2T SGE, E3d A MR 2 Yl AU s, oty e
Peds B EAR JeIrR. Jeblas LR IE IR B i s 25 . IXSBICHEds
PERTARIHEAR Z2 37, o He s AR R 25 DT RS A B ok g R 7 2
SRS SR S T EE M P AN 5T e PR AR AT DL AR A
ELZ: 0 WIEYHEA TSR R, MR T HRE) A0, R2 08 E K
MIRHIEA BT, WnsGl, HA, eSS, Mo KRNSO A MR IpTT, 315
= M 2R — AN, AT ORI AR, B T E R

1. 1 RFERENBLXESIER

Purcell £ 1946 A5 SCA/E RIS EIRE T IHRIERT B AR5 54 s R4 1 £
HI[1]. 14 4FJ5, Drexhage MSZHS FAFSE TiX—Ti5 [2]. ZAZ Xd T — 14,
Goy[3]. Hulet[4]. Jhe[5]. heinzen[6]. Martini [7]1%% A\ XA T 1R % IR N
WF, L B0 U 5% ST RN 0 I8 B VB 4 s o) 52 88 11 R A S ) e e R4 1
TEH

Pk B RS, AR — B, AATT—H DL &P A . (R
S, BRI WA G AR, 2R T 5 B A I R S 1R
FIEE R B2 BRI — B IR N, AR RS, A AR
RS R BORE R AR AR IR 5, HARAS SR PRI E T A T R I IO AR SR T D2 A
2 25 (8] 3 AT AR ST o 2452 W18 8 RS 1R 5 00 2 U R s T 8
KA I, SR T 10 B RS A 215 B B0, IS sm A5 50 2 Purcell K7
MR 52 WR T B RS R BRI 2 18 P s IR PR A — B, 2R 7
[ 1 R B SR B A B AR 2



YRLOE A S TEJT TG AU B R ERT

M P SCHR 1], 9 9m - R Purcell BIFnf LS AW R B
F=0QX [8aV (1—1)

B, QAR ST AT, 1V RATRIIB AR 2 (1—1) KW, Einstein
F RS RO LR B i A 1 # 5B i A 1 @ BB LE, 55 1 BB
B bt o B DA e 485 201 ot Joi DAL B 9 /N A A AR T L i sy 4 i A 5 R
Purcell A1~ XN, ASEHAT A AN HER I m, M0 H B AR 10 1 4
BEAIEEAE IR ORI e I, X RO A ROR S, tse ) ELpli i
JiE, B R 90K, HOGBA/INIAER IR UG, 1T AR AN R AR,
ROR- S ECRA R I B AR LA, LBARR A AR R G I R sE T 1,
s, e AR R A O e AR, n] EUSEEURAR B £ 22 8 BME I O 4% -

1. 2 AFMA=RI S 2

JCEEE S AR AR 2 (AR A AT IR s T R AR N A AR R AR
L TR 7o AT VA AU IR AR, @ ARRB L
2N Purcel L [ IELGT @V It K 1438 (1 6 1 P i o Y6221
Jisde — Moy 25, SR 8] 75 b =28 1. Febry-Pérot (FP) KAL[9]; 2
Whispering-Gallery (WG)Z8%![10]; 3. Photonic Crystal (PC)JG @AY
[11]e X=ARA 3l 1.1 fos.

A}

1 pm

(a) (b) (c)

B 1.1 FEBHMEN=MEHE () F—PAE (b)) W—G& (c) PCH
N, BRATR—F, X=FEE M0 R TS, FP 4 M 2



QEREOE AW 5 177 TG A R B E DT

AN Z PP R R S5, R O DY 22— B 0 0 AT A iz Ak S S HE
(DBR), A1 S bb 8, TR milf B Ao XA af i, i I ORI
B, FRRRRE AR, WOREAGR SN @, AT EAR A SR, IXESK B
NEAMRZ XS DBR 45H; W6 BEATHI I, AR mAT R,
FEL AT R A BRI 2 (ol i 20 NS K, Sl A A R KT e 2
KL A, aeid 2 a0 AR BRIZE R A, T BT 1 1A R e A
(Whispering-Gallery), M1 KR/ AERMIRBIEIEN, —fn] UE AR
Q M, XMIEAX NS T RS A oA TR T B 230 Bl 45
Je ARSI RS, W R A T A, SIS BRI . St T
e AE 1987 4F, 1 Yablonovitch[12]41 John[131 7 5§ H KK, & AR K )
PRt /NS AR AR, LA K Purcell K. SCik[141, 1 FDTD it
HARH, RO TSROt 8 10 B A S P LUK T 0.8, T RATEE T
PRIRBEIOL s e F AT Sl B AORS IN 708 1 BIITIR < EBM{EMOE S 7

1. 3 XFME=AARIVR

1. 3. 1R MERoLS

T — B2 AN A, i R O G E A — B TR Mg, 3
FERAPAN T R, i BB, e LR 2 Wi sE IS ot 3
[R5 I BT o AR IX AN ), A0 LR R O e e ) S A T ER
f—.

Hefrgnig, H—AmlE BB oA 2 h 2 E ATRT DURSEER % 1)
McCall 25N, T 1992 4E% ] InGaAs/InGaAsP/InP -S4 RI G [15] . 4 0
CF, ESDCAIH I T EA, AT DABOR E RO S I AR, B 2 (a) AP
%R HCL 50 InP AT 38 R Fo Tk i B2 Je A A o B 9 AR RS A
3~10 Tk, HEEA 100 492K, HCL ¥ B A InP AT, HAER 2 2 A
B R IH G R AT % 22 (InGaAsP 5257, M et s bR g, i
AT DU G LA o R RS B e N At JER AR/ 1 Q B, [FJIS InP AT 741
AL B S RIS VE I o Al —4F, 25N T T 56— A aili ka



Degree papers are in the “Xiamen University Electronic Theses and Dissertations Database”. Full
texts are available in the following ways:

1. If your library is a CALIS member libraries, please log on http://etd.calis.edu.cn/ and submit
requests online, or consult the interlibrary loan department in your library.

2. For users of non-CALIS member libraries, please mail to etd@xmu.edu.cn for delivery details.



http://etd.xmu.edu.cn/
http://etd.calis.edu.cn/
mailto:etd@xmu.edu.cn

