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Abstract

Abstract

Topological photonics is a rapidly emerging field of research in which
geometrical and topological ideas are exploited to design and control the behavior of
light, drawing inspiration from the discovery of the quantum Hall effects and
topological insulators in condensed matter. Topological photonics promises to offer
unique, robust designs and new device functionalities for photonic systems by
providing immunity to performance degradation induced by fabrication imperfections
or environmental changes. Technologically, the exploitation of topological effects
could dramatically improve the robustness of photonic devices in the presence of
imperfections. As a result, it will become easier to design robust devices.

Photonic crystal cavities design is crucial for the single-mode semiconductor
lasers such as the distributed-feedback laser and vertical-cavity surface-emitting laser.
In fact, both phase-shift DFB and VCSEL only use one-dimensional periodic structure
and that limits the flexibility of light control in another two dimensions. Photonic
crystal surface emitting laser consists of a two-dimensional periodic structure which
has the potential to generate large optical power in a narrow beam. However, PCSEL
again have at least two high-quality-factor band-edge modes competing for lasing. It
is obviously important to have a 2-D cavity of a single mid-gap mode, which has been
lacking since the notion of 2D DFB was introduced. Thus, to obtained a stable high
power single mode laser, one way is to design a structure that support a 2-D mid-gap
mode. To address this challenge and meet the current demand for single-mode lasers.
We have completed the following related works.

(1) We first proposed a Dirac-vortex topological cavity, and it is theoretically
predicted and experimentally demonstrated that the Dirac-vortex topological cavity
has a single 2-D mid-gap mode. Dirac-vortex topological cavity can have a tunable
mode area across a few orders of magnitudes, arbitrary mode degeneracy,
vector-beam vertical emission of low divergence, compatibility with high-index
substrates, and largest free-spectral-range (FSR). It provides a single mid-gap mode
with a large modal diameter continuously tunable from a couple of microns towards
millimeter scale. Consequently, the Dirac-vortex topological cavity has an ideal

single-mode behaviour over large areas.



Topological cavity surface emitting laser

(2) we demonstrate the first Dirac-vortex topological-cavity surface-emitting
laser (TCSEL), with outstanding performance at 1550 nm, under optical pumping and
room temperature. The TCSEL, of 500 um diameter, provides 10 W peak power,
sub-1° beam divergence, 60 dB side-mode suppression ratio (SMSR) and the ability
for 2D multi-wavelength arrays. 1550 nm is the most important telecommunication
and eye-safe wavelength.

Topological photonics enabled us to design an on-chip optical microcavity with
separate controls over mode number (w), mode area (R), radiation coupling (mo) and
far-field pattern (o). Here, we address this fundamental difficulty of 2-D mid-gap
mode with the Dirac-vortex topological cavity, which offers the optimal single-mode
selection in two dimensions. Based on our topological cavity, we design and
fabricated the Dirac-vortex topological-cavity surface-emitting laser. TCSEL, as a
new-generation high-brightness surface-emitter, can be directly extended to any other
wavelength ranges and is promising for an extremely wide variety of uses.

Comparing standard industrial products, TCSEL wins in both power and
divergence, and offers the new feature of monolithic multi-wavelength
surface-emitting arrays. Comparing the pioneering photonic-crystal surface-emitting
lasers (PCSEL), TCSEL has a more robust mechanism for mode selection and
potentially stabler operation. We explore a 2D broad-are mid-gap mode with
out-standing performance, whose design is consistent with the historical success and
development of semiconductor laser: from 1D to 2D, from band-edge to mid-gap

mode, and from edge-emitter to surface-emitters.

Key Words: Photonic crystals, Topological photonics, Dirac-vortex, Cavity, Laser
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Figure 1.2 Noda’s team produced a three-dimensional photonic crystal structure?%,
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Figure 1.3 Summary of various photonic crystal applications[?®],
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Figure 1.4 Resonant spectra of cavities with various shifts of air rods and their SEM pictures. (a)

Resonant spectra of cavities with various shifts of air rods, (b) their SEM pictures!®l.
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Figure 1.5 The basic photonic-crystal structure and photonic double-heterostructure. (a) A 2D
photonic-crystal slab for triangular-lattice structure. (b) The calculated band structure for (a). (c)
Photonic double-heterostructures, constructed by connecting the basic photonic crystals structures

I and I1. (d) Schematic of the band diagram along the waveguide direction[*3],
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Figure 1.6 Experiment set-up and results. (a) Confocal microscope set-up. (b) Principle of the
reflectivity measurement off a photonic crystal cavity. (¢c) Suspended structure composed of a
heating pad and a photonic crystal cavity. (d) Reflectivity spectrum obtained by tuning an empty

cavity through the probe laser!#¢l,
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Figure 1.7 Schematic structure of a GaAs distributed-feedback laser!>®).
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Figure 1.8 Schematic of metasurface-integrated vertical cavity surface-emitting laser(¢4],
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Figure 1.9 Cross section structure of photonic crystal laser!!!.
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Figure 1.10 Cross section structure of photonic crystal laser[®7].
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Figure 1.11 Schematic structure of photonic crystal surface emitting laser and SEM images of a
photonic crystal. (a) Schematic of the PCSEL structure. (b) Top-view SEM image of the fabricated
square-lattice PC before burial by MOCVD regrowth. (¢) Cross-sectional SEM image of PC air

holes in the x-direction after buriall®8].
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Figure 1.12 Schematic structure of double-lattice photonic-crystal resonator!®],
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Figure 1.13 Schematic structure of topological insulator laser. (a) Microscope image of an active
InGaAsP topological 10 unit cell-by 10 unit cell microresonator array. (b) Scanning electron
microscopy image of the outcoupling grating structures. (c) Magnification of the blue-outlined
area indicated in (a). (d) A schematic of the topological array when pumped along the perimeter to

promote lasing of the topological edge mode!®3l.
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Figure 1.14 Slope efficiencies and associated spectra of topological and trivial laser arrays. (a)
Output intensity versus pump intensity for a 10 unit cell-by-10 unit cell topological array. (b)

Emission spectra from a trivial and a topological array when pumped at 23.5kW/cm?(38],
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Figure 1.15 Design of a terahertz quantum cascade laser with topologically protected valley edge
modes. (a) Simulated electric field distribution of a transmission mode in a topological waveguide
with a 120° corner. (b) SEM image of a portion of the fabricated topological waveguide near the

corner, corresponding to the area enclosed by a white rectangle in (a) %,
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Figure 1.16 Fabrication and characterization of topological terahertz quantum cascade laser. (a)
SEM image of the THz QCL. (b) Calculated Q factors of the structures eigenmodes. (c) Typical
eigenmode electric field profiles at around 3.23 THz, with no outcoupling defect, with a side
defect, and with a corner defect. (d) Emission spectra for the QCL with no outcoupling defect

(top), with a side defect (middle), and with a corner defect (bottom) 21,
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Figure 1.17 Design and fabrication Dirac-vortex topological laser. (a) Conceptual illustration of a
Dirac-vortex topological laser. (b) Scanning electron microscope image of the fabricated
Dirac-vortex topological photonic crystal laser. (c) Illustration of the detailed structure in a unit

celll®3],
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Figure 1.18 Experimental characterization of a Dirac-vortex topological laser. (a) Measured p-PL
spectra of the Dirac-vortex lasers under different pump power. (b) Measured p-PL intensity and
linewidth as a function of the pump power. (¢) u-PL spectrum measured just below the lasing

threshold31.
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Gy HuE BIRTHARBR , TS D68 o B FLAR IR 25 0 o 3R b 77 25 A2 1 o 4
B UE R PR B e ik 702, s R S g A T LK B K — 2, X T
AR 100 nm F4, HE/NT 100 nm BB o X057 1R o T
DATE R AN 5] P 56 SR TR B, 5 s A2 0 148 1) B A ) PR A

YK EENYE%] (Nanoimprint Lithography) & —FhIt T 577 B O 21 732
AT & R A 1 5 20 W HE T OB 2 T VAR 25 G R BOR U0 105) - e BIVSEAR — ik
5 FH vk FEE P FEL - RO B AR 3 56 B2, 8 B R BIASEAR FE R BN IR B % — AN )R
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FERIRE € B S, 9K e B A FARHE (1 B SR A Ok, L S 8 88 1 2 gk A7
BIZ RS o KR ENEOR R — Tl 77 & 1 P I BRI HOR , (H 2 2 IR0 B 22 1
[ 7 A RS FE

R AL B T (Focused Ton Beam, FIB) H AR & —F B 2 T HE RN 1T 77 1110610,
ER A SR ENE T B, i 250 00 s A B4 S m LA R
T, s B o R T 1) s i o T BRI SR IS, AT AT BLSE IR R
SRR . AT S B, N TR R, RE A KA R ST

H 7 AOGZIF AR (Electron Beam Lithography, EBL) &) ] B T- A 7E 3L T 5
PR HRE AT B &, XPHER R T AR AR AT B R ROk
X Fa¥ R85, ©HAEMRMSPEER, aTLSEI/NT 10 nm JSF S5 ETE
I HATZHIE G EARIBER, BT s 0 PR R, 2 N TR RS
SERIE ST AU O, JRATT R ST A ot R F T MO R B BEAT R £

22 HEECHNXTFRAENTIE
22.1 HIEBLZRE

i LRI SRR TR sk e, BATE A I R KR s
I B I IR T AR AR R I 4 A1 SO R A . T PAZE SIS b R A
¥} (Silicon on insulator, SOI) AFIAGAE— T —4E56 7 E AN Ll L 2t
2.0 N L2, FEAE: (@) HPRERERMES. (b)) BFHEZL (o
AR ZI, (D) A e %I 256k
(a) HLFRRMEMEEIRAER . P MBI I v & S B0 R i IS B AT 3R
SERI e, B BiE DA FE A VIS e A EHUIE YL, A HIE BRI — R A
VARG DE . SN EEARNEYE . X FKIEBMA AT, Hig it 2T Lo
A%, B ZRME R RZ0HEN .. THUEBIRE — RO Sh A
ey BEFKEHRAMEART, FERERMSEAK. TR0 &R S 15
G o JEVE T IRE S E G IR G2 2 T Se BEAE AR EEAT b, FH D22 B i
RIPE K>, SRIGIEFEEIE R T AROCZI . iR . Jbs iR ok 58
ML %, B SO 2 R BAT P LE S5 T AT A 28
(b) HFHZI: AR 2 BRI, il b7 RS2
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MIRNL, e B AER, KA ZEN AR 2 73O L.

(e BEMBIZIMh: 81Ok DL 7 HOCZIR B R, #2200 B
EER BIEASR b, T3 R RATIE e 2 RS R, D 1 3N 2 ke 3
b, PRIEEDER SR, B e EXE A M2 AT mrii m B, AT ORIE S T
AR DR RS W PR AT BEELVE , AR SCSI B0 o b 655 B8 5 2 5 VAT HEAD R 21
b, BRI I B AT R L, AT e BRI He2

(d) RIAICRIM LR Z00Ja 1 -7 HROC I IR PR 778 3= e )
RERR, T TAZIM A SRS E SO, I BURAELER, B
AT DA e AR BT A

(a) Resist coating (b) Electron beam lithography
si [ e
Si0,

Silicon on insulator (SOI)

(e) Silicon etch (d) Resist strip

K121 BTHROCZITZMAER. () B iEsl THROZIKR, (o) BT AOtZIEE,
(¢) ICP ZI kAT, (d) RIE ZIMh R ZBROGZIK .

Figure 2.1 Schematic of Electron beam lithography process. (a) Cleaning the substrate and spin
coating photoresist. (b) Electron beam lithography patterning. (c) Dry etching using ICP to

transfer the pattern. (d) Dry etching using RIE to removal of the photoresist.

222 HFRAEZIBRGFE
HL T AROE ZI R TE FL T RGN A kAT B AE SR AN R I FR A5, 43 M IE 1
FZI A ZIE, BT R AEZIE A DL S8dehs: PR, XTHE. ME
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i B FFanss. Hp R ENEIR R (Polymethyl Methacrylate, PMMA)
Je—Fh )z B IEPE B ZIR, HSQ (Hydrogen Silesesquioxane) & —Ffi4) 3%
LA E] 10 nm Fi 20 s e R . EIEMORZIRF, ZEPS20A VL 7 HF
FBRI 2 SRR 2 T2 W, (R B R R L 22, A A Xt L A Bt
AR-P 6200 2 — Bl M IEMOCZIR, ERA AR SRR EE, ATRASEIE 10 nm
i, JF B RA S rERe S B TRz A e v, HYERErTLLYS ZEP520A
MU, JFHEAMKITERS, ATEAER ZEP520AML,

LT HOCZIIR I T 2R — el BKHRE . SEREACRE ., Jieik. Ak, iR
Yo BREER. EHt. BFHRIEZIE AR-P 6200 R FIAE 6000 rpm~1000 rpm A [H]
Fed N, RIS E] 50 nm~1600 nm ANF] S RDGZIRHANR, GEW% 2 & T
i oRUBL, FRATTSLE0 sk F f 7 RO ZIE AR-P 6200, JEMRIEZEN 2000 rpm. i
URETIE] 60 s+ RTHLIR B2 150°C BUEBRTTA] 60 s, DAEAF | LA IS0 45 5

223 HBHTRAZUNRYG

K22 HETHIEZIRS IBX-6300FS4,

Figure 2.2 JEOL JBX-6300FS Electron Beam Lithography System[!!4,

FRATT A i L8250 = - ROS % R4 852 TBX-6300FS, 22 =
WAL MY, FEAHE: Bra. E RS, BB WREES. Wik,
Y. LR, RIS, TIEG LES RS, A7 R EE MK &
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Fit, 1ZRGE R BRI & B AR — A XA R . LA X
tel 2 (BB R AN B A ), FIH LEBGE R T R LEZ A IEH T HT
FR AT P AR A, RUMEER AL b, WAL AR R EDE . &
T AN AR IEH Y 10 kV ~100 kV, BT 35 70 PR A 7 B0 % ob 2RSS
R, W N TR RS A

JBX-6300FS R4GMA —MEAEEEKF &, “F&KH 19 . 0.125 nm 73 #F%
(R R 5E 7 DAC A1 0.6 nm 43 ##4 (HOGTIAL, AT LI/ 9 ] 380 0K TH AR 45k
9 nm AL EREE . RGEAA 50 MHz = #0H R, IF H AhEREE, Wi T
B E N E R GERT PALE 25 KV, 50 kV. 100 kV I HEE Figf7, £ 100 kV
IR T E DA% 2.1 nm BASHIHE TR, PTRLSERL 8 nm EIREL. thAt, #%
HLF R RG] LASEIH 9 nm (s DHERE S8R5 RE . X5 T 500 pm x 500 pm (53
JEEL S HERN 1 nm, 62.5 umx62.5 um MG, HiiS PR
A LLIAE] 0.125 nmo HHFHARBRIRRE, FATESL56 - R H o7 AR %1 7572558 ik
BRI &, BTG INE LR 100 kV,  HJRE 500 pA.

224 FEZIMARS

SR THORZ REAERE, B B R A TR T AOG R
b BENORTRELE K A T AOCZIR B R B REAT R, H A 7 2
ZVHEOR, FEZ)0h T2 R 7 0 L HOGZIR AT JE M, DLORRE %1 ik 4% EE AN
TR e B 1

X5 T 2V BRAAAE IS RBETT T, — N7 TR ZN AR R T [, 5 — A2
PRI Z MU BE L o WVEZ AN AR R B R R 2 TR, 1Rl RT
PEALIT I ZN O B L, AR AR AR 20 ok RS v R, AR AR S % 1) e PR Y 2
Z\hs VAL v 32 R I A B TR SRR S, e AT LSRR ik A B
R ) S R, F H R AR A2 ORE LR, (R i e #R LA 2R, —
FECIE 0 D6 2 A ML T AT 2 221 ok ) 5K, L %o T i B B PR 9 100 0 5 At
i, bhunfEALREE. BAEE. SRS

SNBSS FZI0 (Reactive Ton Etching: RIE) J& —MH B 1% i 50 e M
SEMER RS, B 2.3 &&PETFZIM RS EER R MR & R, R84,
THRRG. WA, BERG. AT RGE, RNSUAEEMEIERE,
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FICASEIURER B REALIARL . S TI-VAP R ZI ik, A SC st v JAT8 T
IS § 2k 2R GEREAT AL RE A 2B IR Z1 1k o
(a) (b)

GAS

L

L 1
PUMPS i
TABLE
POWER
K23 RSB TZIMARGE . () ST 21 RSB, (b) SN B 120 R G 1 1),

Figure 2.3 Reactive lon Etching system diagram. (a) Schematic of the RIE system. (b) RIE system

picturel!13],

T i R G LE TR G548 SN B 221 it 2R 45 (1 %) T e g U R B 0 AS A2
Oy AMIURIET =21 R G- BG5S 58 FAZIM RS (Inductively
Coupled Plasma Etching system: ICP), [ 2.4 /& H RS 55 B A Zih R 40 5
AEEMELEENY, BRTASMSAR. ARG, RIERG. AT RES,
NHAINT — A SR ZIF-ICP Y5 . ICP JFEBEERUBRETE, 1 7= e 2 LR
AR TR, IR T A2 SRR L, A5 R 1 AR X R Z ok X
A e S RN, 0 T LASR Bt i S R e, S B AR I N [ e f R R A
AT LA BIR KA o 76 B LA b N RIE i B Ih 3R, WA BRI T R AT
S . IXFRASL I PF ORI ICP A4 T DI SZ Pl Th e, DT s 4 )
H B L, SCIUMOST IS B T REE A, R TIRE N T EREN, AE
AN B AR Z R TR o T DA S fH 25— i SR ST I 26 P AN 45 7 P 42
AT PAZE RIE R R TR LN 2R R N o R G0 R i P >R FATUBR IS R A US4 2
FE, ORUE T B 5 2 18] R AT B S, SR T RAF (IR AR A2 iR
FER PR L
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(a) (b)
GAS ICP
POWER
o ‘
o )
o °
. °
o o
[ ]
TABLE
PUMPS e

K24 REBRSSETERZIMARGE. () BEESEE TERZMAGEIE, (b) HK
& B TR ZI R G el

Figure 2.4 Inductively Coupled Plasma Etching system diagram. (a) Schematic of the ICP system.

(b) ICP system picturel!'¢],

ICP 5 RIE RGiAHEL, ICP &% Em, MWMZIMEE s, RIEETHEL
BFReE AR FER] . ICP B 1R E B ICP ThE M. BT REE H RF Thss
i, ATRAYEARES FREE T, WA FREER M2 MER, KRN LA &5
TR N ERE 2 o e . S TR IRAT N R AR S R RS (ICP)
ATTEME TR 2k, Z0 S50 26 9. IR E 20°C, <& HBr:50 scem, ICP Dj3
800 W, RF I 100 W, JE5# 10 mTorr. HH TS50 A5t BT HOEZIE AR-P 6200
AT T FEZ o, RIS 00 25 B v 7R Lo 2 B, T JRAT TSR A RS 19
T R G (RIE)D, i A B TR L BRI AR BOCZIIL, S50 5641 9 TE 20°C,
A 02: 50 scem, IHE 100 W, JE5E 100 mTorr.

X T A SRS M RO RE G T A AR, 7RSS B b L 2RI S AT — AE T
T, £Fa 2R RS S, b BRATHRI& T =M SR g
TR T AR, AR ARy MR AR (HF:H20=1:10). £
TR BART . DA E T2 S &N LR, FATHR R AT
R RAEE (SEM) RAE, RN THRZEBFEER, K 2.5 2EATER
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% 1) 46 T R AR T AT (SEMD B .

— ', UL\ E—

LMF-IOP

K25 St E TR T ST

Figure 2.5 SEM images of photonic crystal slab.

@ W

« Exp.data
| —Fit

Q=3.05*10"

A=1552.2nm

Intensity (a.u)

| .

.._' 1545 1550 1555 1560
Wavelength (nm)

K26 Sty e EAROLE . () Ot iR e 7 RHEE, (b
JeT R IR .

Figure 2.6 SEM image and resonant spectra of a photonic-crystal cavity. (a) SEM image of the

fabricated photonic-crystal cavity, (b) the resonant spectra of the photonic-crystal cavity.

AT S EOSCHRIOE B3k T ARG i, EAT TN LIS RO RAE, 5
—M L3 g i A, A T IRACERI SR F Q, 4R T ks A A
iy 1 A2, B 2.6(a) 6 F R R BT RS, KB R
FLALEF T M E R &b, g a=420 nm, BIIIEEER 0.15a%, AT
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K AE X Afmdis 5 51 I 5 28 Gk il 2% /G T im AR s 3h 4T 7 Ok is &, AR Rl &2
BRATEAE I TGN E . el = gs Rl 2.6(0) s, 6T iR iE i
FAF Q N 3x10* &4, FHLHRPK N 1552.2 nm.

+ Exp.data
| —Fit .
Q=5.35619*10

. 4 A=1555.04nm
=
S
2
‘@
=
2
£

+ ; _I

‘) a2 A S APt 1554 1554.5 1555 1555.5 1556

: 50061M)Vb.a)nm}) tr ) J o J‘m):m Wavelength (nm)

K2.7 SETXUCR R HE 6 T B ARG . (a) 670U B 45 M JE 4 i
BEEE, (b) FERFERGE.

Figure 2.7 SEM image and resonant spectra of photonic double-heterostructure cavity. (a) A SEM
image of the fabricated photonic double-heterostructure cavity. (b) The resonant spectra of the

cavity.

WAL LA 7B 1S HRSUSR FAsHGT iRE, B 2.7(a) b1 i ik
FEE R T R R, S A 0 ai=410 nm. =420 nm!*. AR AL
AR S5 0 B R Rt i £ B AR AR R FEAT ORI, I A 2 R A ]
2R, JeT e R T Q N 5x10° B4, HARIEKH 1555 nm.

2.3 BHMLSEE T REAHIE
23.1 HIBEIZRIE
HI-VAPEHE OGS . RIS S8 F A VAR, T I-VAPRL n LT
I RAEEE, AT (InP) EEARL B -V A RHE R n T3 A7
TR LA . BEALHE (InP) JEADRHZITh %A STESAPRLA ], B (InP) J
MORHZI k= ML O, 20— IR TR B IR, N T R B i = s
ARREER, FRATIE P R AR R R AT I 21
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(a) Sio, growth (b) Resist coating  (C) Electron beam lithography
Sio,
InGaA<P [
4QWs and barriers Ve
InGaAsP
InP
(d) Oxide etch (&) Resist strip (f) InGaAsP etch

K28 BotdtfELZRER. (a) EHRFERERAMLE, (b RFETAOLZIR, (o
R HOLZIEE, (d) RIE ZIHSRERETE, (e) RIE ZIMHREEROLZIL, (6 ICP %)
hHRFERZ I

Figure 2.8 The process flow for the fabrication of laser. (a) Cleaning the substrate and growth
silicon oxide, (b) Spin coating photoresist. (c) Electron beam lithography patterning. (d) Dry
etching using RIE to transfer the pattern. (e) Dry etching using RIE to removal of the photoresist.

(f) Dry etching using ICP to transfer the pattern.

FEFVEZN ot T2 TR B PUE 1 AL R 4551, Oy 7 ERIED
T AR ZI A B BE B, T AOGZI Ak £ B ELEOCEEPE R, R
FHOEZIR N PMMA, BRIEE . MRst e . HFHR T E L%, H
FEAEMS 200 73 H 2557 A A I E 2R . BT AL AR-P 6200 2 —F
PEREFT LT ZEP ARG SE I BT AOGZIAR, I HEAA TN ZI it w0 Hr 2 5545 5
A58 T Y o OB AR-P 6200

BEAAH (InP) HOLF SN TR 2.8 s, FEAHR: () FibhE
ERAR. (b)) SRR (o) AL (b AMEEZI. (o SRR
BRAT (f) InP #4RFZ
(a) FULTEREIE A Jex R BT ALY, AR NERIEE . RIE VL
BT AKERE . BART AR . FRATR A S5 5 7R3 s 1k 2 KA DURR 2
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(ICPECVD) A KAAMEEHE, JEE N 500 nm, KK R: BE 80°C, ik
1 Pa, ICP H% 350 W, S 4&°4 SiHs 7 scem Oz 13 scem. Ar 130 scem.

(b) SZIR e ERRICZIRZ AT, X FE T AHIED, AR
TEVE WRE . BB TR BT S R AT A I RO
& J& AR-P 6200, JERIEZFN 2000 rpm, FEIRESE] 60 s, AR 150°C, At
INFA] 60 s

(¢) HTHIGZ: BRI TS5 % B 7RO Z R S8 IBX-6300FS, g it &
100 kV, FLIf 500 pA. 78R T LB, ot & i B d A
TR EER, HE T —PS L8, BT =B T2z, AT RIEZ
AN B iR AT e b, Ja bR EE 130°C, Ja Bkt fa] 2 7rgh.

() FAhEZIh: MR FZIM RS (RIE) ZIERE, ZI0ho% R
RF I 200 W, Ar: 10 scem, CHF3: 90 scem, #@/% 10°C, JE5# 35 mTorr.
(e) JZM LBk WATRARP S FRIMRS (RIE), LBRBERIDEZIR, 5=
B 4EN: IR 20°C, A4k Oa: 50 scem, RF ZHE 100 W, JE 3% 100 mTorr.
() InP RN FRATIIR Se st FH SRS AR S 200 o 5 = Ak DAEE S 30 s VR 9 L
W, T24%MR: BE=IEE 180°C, ICP % 400 W, RF HE 70 W, JEiE
6 mTorr, “SARVER Clo: 15 scem Na: 60 scem.

232 ZMITZ0H

fE M-V et S MR ZI T2 s SR c R, MR BUEAEREA
FEY, B xRS EEN CLH Bry, BRESRNMAWEEN CHyH, I
CoHe/Hao X T IRERMA W ZI i, BT CHa EAL &Y% 5 B & B L 3R 1
TR — A A DA 25 B, AT = A B RDRE IR 20 PR T, TR XA T2 2% M LA
SR 2O 2R SRS LG A ) S P ol DL RO B 2 i LTSI i
RZSCHRIGE T3 T B RUAZITE TV SRR T2 54011200 Jr R
ZI AL (InP) FERARE, N T il 4 % o LG RO U BE ) 7 d i, R T s
JE PR RETOG A B 28 T5 2K, FRAT T B AR 2 phgE AT 1] 407

TEAEIR Z P SR G 7 T H T (InP) BRI ZI 1 Cl/Na, Cly/Ha,
Cl/Ar/Ha, Clo/Ar/CHs, Al CL/AY/N, %5, ZIThEEFFIEIZ Z P =52,
WA AR T IREE . ThE KM B RS R . Hhsoh s A S
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R G SE Cl/Ny,  Cly AR, BE T ZIIE A /N No AR AU,
AT AR 2 Pl B A )t e ) B ) o e L 191200 ) il R A4 PCL R
InCly 25 BRAE 2R P ZI sk 52 . FRTRDRERE (0B KEAS 52 R 5 Bk ¥ DG,
T AT Lhd i 2k S B A AR B T O i 5 B B2 b g R0, ST e i
ZIh S, R E BT 2004 PCLAN InCly 45, BIIE I 1 Zpdus 2% . () B
BEELME . A B TR B ORI 2R T, TS EsR e T ARz T2
Hi.

XA R G 7 S R 20 v B — @ BOMERE, 2 H T84 n A 23,
BN RBATEN BAKRATT AR Z ko FRATESE 7 PR S5 MR T b Ak
K SALGE I FIGURA T AT Z 1 o W Tk s LA M ZI ol T 2540, A
SEACREREHENRAN AR-P 6200 1IEXGZIKE, BARBIZI A6y : R IRE 180°C, ICP
IhZR 400 W, RF TIZR 70 W, JE5% 6 mTorr, AR & Clo: 15 scem. Na: 60 scem.

SUS5000 10.0kV 5.3mm x70.0k SE(L)

K29 Jorifar fLE R SEM Bl () HH T BAETILEL, (b) 3 HE 7 55
i A

i

Figure 2.9 SEM images of photonic crystal. (a) Top view of SEM image. (b) Tilted view of SEM

image.

FATH 2 HO6 T B AR A ALEE & BAZR 200 nm BB, I H10Y 500 nm, I
Ti T &S o FRAT T I 43 4 H - OB X 2 ik s e 45 SR AT T RAE, Wil 2.9
Fir . Fedt B 2.9(a) o Tk SEM -1 P, 181 2.9(b) 5 6 T @t SEM i ),
A LLE B Z R B 2 v DU 2 pm, PRFE LLEEIT 10:1, W] DA &2 & FLas 2R in
Tl R

N\
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X5 — AR A U G R R R BAR 200 nm (IR, A0 500 nm,
= R o AHR XA S5 1) T 2R A, FATEH HSQ Ttk %Ik,
A2 R i PG XSO I 5 W AR R A AR, W] LB 24 48
FEEAEAEL, T ARG X IO 2R T 5 Ja s BRI s, T2 AR B AT A R R
MIAEARANZ) k2R AR ] 5 o JRA T I 49 4t P 7 R A 0T 220 P S B 45 R
HBEAT T RAE, Wil 2.10 Frax. Forb ] 2.10(a)F(b) 73 5l AN [FBIARY fiy BT 221 it g
InP A BURESE AT RAL, ZIPHRIAKAE LIS S BE B, A 1 1.3 pm. il
UL B af R tr, N ZMEUEN 1 3ATRA I T34 i 7 R g A )
T EARRIRE ST, WA RO A R & R AL 7 IRk

SU5000 10.0kV 8.1mm x35.0k SE(L)

K210 Je7 @R goKEESs /K SEM 8. (a) HURE 5 B 7 A, (b) B} 45 FE4T
EiH AT (SR

Figure 2.10 SEM images of photonic crystal. (a) Oblique-5-angled of SEM image. (b)

Oblique-45-angled of SEM image.

2.4 KENE

e 1 B T R R Y ST BN B T B R BT AR N T T 2 A, A
FAE T H AT RAEES T EE, BAUR T e e A HI TR R T
o BT HOGZIHAR T LS A PRIE N T 4, 38 wT DL 2 K B 2K %
PRSI TR R, SLgrh AT e PO T2 B8 T 4k
AR T2, A0 T BT HORZIR. TR RS TIEZIR G
Rtk 4T L3 S5 M AIXUR R A5 F MG T i, SRAE BT 1 46 25 A
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WEE. 4 VML (InP) B 7 fidin L& T2, X LZSH0HT
T e % T BECH (InP) JEGOR A FLELFIANGR A BAE S5 F4 1 it
A, SR 7 R B ) 45 R AT TR A . WL ZA LR 1 BA15%
W 2 AF B AN TN a5 H0E TR PRI RE ST, IOt S i liE SR O 1 RS e A
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8 3% AT IRIER

BIFE IRRwALERE

jilllg

3.1 5|

R SARBOGAR R OGIEAE | oA BRI A U AR R, T LG
WA (1) 70 A7 [ ot 4% (DFBD, MBETF T RE , IXFBOCTAFAEPT M,
TRAESEHLA R Y o 9 7 Se IR AN, AATTRRE T AR 70 An R o as . RIE
— A SO DY > 22— B RIARRE BT, RETT 70 B AT AR R £ B iy ]

5, TUASEELRE O R, sl 3.1 Fr Rt

Mode Bloch band-edge () Topological mid-gap (=)
1D DFB Afd-shifted DFB, VCSEL
{commercialized) {commercialized)
E.dg_e NAWNWW* [/V\NW"\/’\NW‘ —
emission
\h ‘:/ ; \\_ j/ Shockley
) Two guided : .
First order B Illﬂdﬂﬁ'. Jackiw-Rebbi
feedback / \ ) / _H\\ SSH
m ka m ka
2D PCSEL Dirac-vortex cavity
(this work)
Surface
emission
d . “
Second Two high- Jackiw :
- ackiw-Rossi
order % () modes
feedback
r ka r ka
Advantage |Simple fabrication Stable operation

%] 3.1

IKILTC i IS =AML B R . BRSO A I R LA 2Y

Figure 3.1 Comparison of Dirac-vortex cavity and the three types of commercialized

semiconductor laser cavities for single-polarization and single-mode operation!'?!,
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VU 53 22— AR A S Bt a - LR R Jee 1) 3 LM TR S ol 4% »
MBET ARG Ty A (A, AT DASCBL RO, (AR EAE A — MR AE ST AR
Ry, O RS D, Sl Th AR AR MR . 40 T WK TR S OGS
(PCSEL) ] LASEHlm B 210tk . JF HIME Cg) 2 A mkh R . A
e B T ARG 21, SRS A AE P R Q IBLAGE S, b2 TRVRSE I s i
PR IAE R — P B A 0 (mid-gap mode) M) 40T db ik, AT
FAFHOEER T, KPR R R IEotE . RATWE TSR &, Wit 7 —
MYCHL e i P AN, B KA AEE . K E HDOGIER . AR R
EVCHUREIA R LA 22 Bt A RS o AT et B AR o i et
HA B — g [, IR 5 2 B ATHOCES Bk I RE K, IR seimieshi 4 g 5 =
MR AL IR . BRSO 8 I B TR LU AR 0L LI 31021,

3.2 JRRITEIRARRE I

N T Tk e R R, FRATE e b T A RSO AR (DFB) Al
B I MR SHEOGEE (VCSEL) Ml IR, MAiTsehs Fogdhdhm, 7E80% 1
5 —4E ) JTackiw-Rebbi kink #5 A1 Su-Schrieffer-Heeger (SSH)iZ AL AL, X
S AN FRAT TG 17 4K Tackiw-Rossi R, 38 Id AT i e BRI Ak s 7
JGF ARSI o
3.2.1 —#k JACKIW-ROSSI #&#!

ML AR — MHX R BT I F AN R, B 1928 HF i E YK
Dirac #& 122, 53X AN J5 R4 B R0 SOk ¥ AR B 7, S0 A a7
I, AT 3R A8 S5 A 55 AR R RIF S AR 2 T Hchs s 5 R AT R oL 3130, Hesy
i FIE XN

H=cp-a+mc?p 3.1
Lo, mNE R, aflBRACh SO RE, AT A B2 e )RR
R
T SR A T A7 DX S AS ST AR SR AEAS ) AT LASR /R Ak o 7 R S P A
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Figure 3.2 Schematic diagram of Su-Schrieffer-Heeger (SSH) [128],
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Figure 3.3 Symmetry analysis of the 2D Bosonic Dirac Hamiltonian of four bands!!2!],
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Figure 3.4 Design of photonic-crystal Dirac-vortex cavity in an air-clad silicon membrane. (a)
Honeycomb supercell of the generalized kekule modulation. (b) Double Dirac cone band structure

of the unperturbed supercell. (¢c) Band gap opens for 2w angle. (d) Band gap size as a function of
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Figure 3.5 Illustration of Dirac-vortex cavity and the potential-well functionl!?!-12%],
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Figure 3.6 SEM images of a Dirac-vortex cavity. (a) Top view of SEM image. (b) Tilted view of
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Figure 3.7 Schematic diagram and equipment diagram of cross-polarized reflectivity measurement
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setupl!21],
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Figure 3.8 Optical spectra and far fields of cavity modes of different winding numbers!'2!:121,
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Figure 3.9 Optical spectra and far fields of cavity modes of maximum modulation amplitude. (a)
The cavity spectrums as a function of my, (b) The Qs and resonant wavelengths as a function of mo,

(c) The far fields as a function of m!'21:129],

343 JRAEEFRSLWRIED
K 3.5 Fr AT bRy B IE AR R AR T AR %, BUETSE YK FaE % T
, IKHL I e R e R ANEE S — R IR )E, a4 )ZE ] DUR IR

51



MR E RS ROERR

ERp e, ERH LR RS G —E BN 50 /N 12140,

FRAT T8 3 S8 5V AT KL 5 e T M T R H AR R 23 AT, SRR v TR R 2
R R a=490 nm. JEAR A Tro=4 ZE55T w=1. £ KR HIPRIE me=50 nm.
r=0.32a, I8 A KR 0 T W e AR SR S AR AL, SR
RN 3.10 FraRtahon, i e o B TR i BE A KR o i T s i g AR R AR A 1
O, N 3.10(a) s Al LLE iR e e N, kb ve i el R A — R, W
PAEZAE (W Y ¥ Cos | |: N AN )1 o B io @ S R E VA iz |
T R=0 pm [PEHLRE I AN BRAR I 103 TR PR, e T T7 ), b 4
AR RIS SN T Q WARNT L0212,

(a) \ . (b)
=0 )
A 2R = 10pum 10° 1600
P A | \ Q/Q__,_Q 1590
M ZAR zoumﬂ A o = 1580
— A : A E
3. O K c
S W 2R = 30pum 5 1570 =
% 4L Al b é 1560
5 2R = 40pm
=
- A 102 1550
9R = 50pm 0 100 200
! Cavity diameter 2R (um)
) L. i l‘
1550 1600

Wavelength (nm)

Exp
Far-feild
|E I

2R=0pum 2R=10pum 2R=20pum 2R=30um 2R=40pum 2R =50 pum
3.10  AER RN EROLEMZEER. (@ ARIEEREAE R FPOEEER, () A&
[l fEf42 R HIsh 5 R 7 Q FIIEIRICIC KR R, (o) AFihEF1e R iz E B2,

Figure 3.10 Optical spectra and far fields of cavity modes of vortex radius. (a) The cavity
spectrums as a function of R, (b)(c) The Qs and resonant wavelengths as a function of R, (d) The

far fields as a function of RHI21:129],

52



% 3 & KhSIRiEs

(7 AT S 00 0 7 2K R T S 3 MR 2 2 B R AR IR R A 1 5,
Bl 3.10(0)fT7R, T imi sy 5 A7 BE & i e AR I G R Mo, e lig 12 R
OB, A E R, A BEARRFE 10°H0VEHIA, PRI I R & AT
PEAR APk L T b e s (1 AR 1 B R IRIE R, T DL AR R L IO 28 45 ek
82 FH 75 SR 121129,

FRATTIE A3 ATV AL T KL T W I e AR 0 o PR 7 Q A KV,
Kl 3.10(0)F7r, kv le s imiE B N 0 22463 200 um, FEIR HE AT B0
IS AR, Ph AN 2 1 K 1] 8 O A% e T [ e (E, BIKCRL 2 s X R
K BT Q M 102 —E I 10* &4, SCIMEATEE] 3x10%, &K1
P 23 T R P R P T 4 e S 2K i e T s 1 8 FH AR T 2 [ mT R RO
A, AR IRATB AL S I e Jis PR B R 2 i e 1121129141

3.44 ERIEMRIGLWRIED
Wavelength(nm)

— 1560 1580 1600
E O e
10

N

820

£

5 30 q q

©

§40 \;\ b\ c )

R p—

O H

Intensity (a.u)

Sim.

Far-feild [E? <«—>
B 3,101 BKchr i e H D R 5 2 12129041

Figure 3.11 Dirac-vortex cavity spectrum and modesl2!-12%141],
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Figure 3.13 Cavity properties as a function of the vortex size studied using 2D calculations. (a)

The cavity spectrum and mode profiles. (b) At the large mode limit, the mode diameter scales as

Ra+1, the FSR scales as L, the far-field angle scales as L1[121:129.141],
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Figure 4.2 Topological cavity surface emitting laser modeled by coupled wave theoryl'>*l. (a)
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Figure 4.3 Illustration of the epitaxy structure of quantum well sample.
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Figure 4.4 Refractive index n+ik of a-Si measured by ellipsometryl!>4],

423 XRBMARS

N T AE SR T ISR S TR SO 1 = DR R, s PR R
FRATTI 5 2 B FH ke 2% AR RO IR R 20, FRANE SR8 S 45 3 1 O A8 6 2l
MRS, TEH WA 1064 nm DL RS GEGL). 1550 nm G
MERG (At MksEhRe (BEL), WK 45 PR, RAFEEAE
FEHOGIR . Kol g, K TAEIR RIS FRBIEE . PUEIRI S DA
Thy ZLAMENL G AT RIS HN A SO AR,

FMEIRATIEFH SPL AR 1064 nm Ye4FHOEES (SP-100P-A-EP-Z-B-Y),
otk AT DU S ] DUk el OF B 2GR G IR T G B 1
RIS AT 5E B 4 ns, MM 250 KHz, B 25 EE 1:1000, 3& AT

66



%45 PINERRFELR

“HAE AT A& (dToF) JiikMWOt L. 1064 nm ZRIH G — MKl
s, FEd MK TR, BIARART . JATEH T Mitutoyo
SX WgE, BUEALAEN 0.14, ERERTLABRAR GO, AT DUSCER UL, BT
BATZAER AR « WORE B KB0E s, FE —ANaE e F, o
FERIZHEES, BBERMMMNRARS, 2 EEIR R RO i 5 th
(Thorlabs: S146C). ITZLAMANLH TRALBOEHZ (5 2 (Hamamatsu: C2741
Infrared Vidcon Camera), il s #T{CH T/ #riot ik (5 S (Ando: AQ6317
Optical Spectrum Analyzer). ZRiHIEFIBUR Rk IEIRATE L — 1 InGaAs
PUEIRINZS (Thorlabs: PDA0ISC/M) #EATMIE:, Wik #iEid GPIB. RS232.
USB %828 5 ez, T DASesl A 3 & .

RS5232

Computer
RsS232
Pump laser
i USB
1064 nm Oscilloscope Cable
Power met: GPIB
— Infrared
L InGaAs camera
Flip mirror detector
5X objective Notch mirror
I_g—‘ Optical
J spectrum analyzer

Sample Dichroic Mirror Flip mirror Flip mirror Flip mirror

Kl 45 StHBNR RS, WHOLHN 1064 nm ZETHGEE . 202809 1550 nm BN YEGEE
{025 7 HL I FRL A 0154],

Figure 4.5 Optical pump measurement setup. Blue lines represent the pump beam path of 1064 nm;

red lines represent the lasing beam path of 1550 nm; black lines represent electrical cables!!>4,
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Figure 4.7 TCSEL Performance. (a) L-L curves of TCSELs with different m. (b) Lasing spectra of
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