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Abstract

Abstract

A mew generation of information technology such as 10T, 5G and artificial
intelligence have gradually come into our lives. The ever-changing new technologies
require enormous computing power and data transmission rate support, which poses
new challenges to the existing communications industry, namely, we need smaller, more
integrated, lower loss, and more efficient tuning of communications and computing
chips.

As a kind of traditional nonlinear optical material, lithium niobate crystal, which
has a wide transparent window (0.4 ~ 5.5um), a large nonlinear coefficient (D33 = --
41.7+ 7.8pm /V), electro-optic coefficient, very low absorption loss (~ 0.17% cm-
1@1.32 1 m), birefraction effect and other characteristics, is an important candidate
material for the next generation of on-chip optical photonic chips.

" In recent years, commercial lithium niobate single crystal films prepared by ion
implantation stripping technology have been gradually used to construct on-chip |
lithium niobate micro-nano photonic devices. Compared with the photonic devices on
traditional silicon substrates, the photonic devices on lithium niobate plates retain the
excellent characteristics of high integration of silicon-based devices, and at the same
time greatly enhance the electro-optic tuning efficiency and reduce the optical
transmission loss. It has been proved to be effective in the fabrication of various
photonic components such as microcavity, waveguide, directional coupler, beam splitter,
etc. and has realized cutting-edge applications such as low threshold laser, optical
frequency comb, quantum light source and optomachinery. Thus, the photonic devices
on lithium niobate plates is expected to build more complex photonic circuit integrated
chips and has a broader application prospect.

At present, the preparation methods of on-chip lithium niobate photonic devices
are mainly planar lithography, which is represented by electron beam exposure and
ultraviolet lithography combined with reactive ion beam dry etching, and femtosecond
laser micromachining, which is combined with femtosecond laser direct writing and
chemical mechanical polishing.The first technology is mature and has the
characteristics of parallel processing, which is easy to realize mass production, but the

preparation process is relatively complex. This method needs to do pre-phase

i}



Nonlinear optical processes in lithium niobate thin film whispering-gallery-mode microresonators

homogenizing and exposure reprinting of thin film samples and the development cycle
is long. Therefore, it lacks flexibility for on-chip lithium niobate photonic devices
which are still in the prototype preparation stage. Femtosecond laser lithography, by
virtue of the flexible processing characteristics of femtosecond laser direct writing
technology and the surface treatment ability of chemical-mechanical polishing with
ultra-high smoothness, can flexibly, efficiently and quickly realize the fabrication of
high-quality lithium niobate microcavity and other micro/nano photonic devices.

In this paper, femtosecond laser lithography and chemical-mechanical polishing
technology are innovatively combined to develop the preparation technology of high-
quality on-chip lithium niobate micro-nano photonic devices, and the performance of

the prepared photonic devices is characterized. The main contents include:

1. Using femtosecond laser lithography combined with chemical mechanical

polishing, the quality factor of lithium niobate optical resonator is over 10 million

' for the first time in the world, reaching 1.47x107. After that, the quality factor was
improved to 4.7x107 by optimizing the chemical-mechanical polishing process, |
and the wedge angle of the edge of the micfodisk was continuously adjustable from
9° to 51°.

2. Femtosecond lithography combined femtosecond laser etching with chemical-
mechanical polishing was used to fabricate on-chip LiNbO; single-mode
waveguides with high refractive index contrast and mode field size of 0.9um. A
perfect Machzender interferometer was designed and fabricated to characterize the
wabeguide loss ~ 0.13020.008 dB/cm.

3. By combining femtosecond laser etching, focused ion etching and chemical
mechanical polishing techniques, the on-chip coupling structure of Si3Na
waveguide and LiNbOs microring resonator was successfully fabricated with high
integration, and the coupling state was controlled by precise control of the coupling

distance (~10nm).

Key Words: Lithium niobate, Whispering gallery mode microresoantor, Femtosecond

lithography, Chemical mechanical polishing, Single mode waveguide
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coupling with a silicon nitride (Si3sN4) waveguide in the vertical configuration. (1) 3D
diagram of the coupling StUCHUIE. .......oooiiviiieee e 83
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Figure 4.5 Scanning electron microscope image of the coupling structure of silicon
nitride waveguide and lithium niobate microring resonator (a) Top view SEM image of
LN microring resonator and Si3N4 waveguide. (b) Sectional view SEM image of the
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structure at the location of the bule dashed box in Fig. 2(a). (c) Sectional view SEM
image of the structure at the location of the yellow dashed box in Fig. 2(a)............... 84
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Figure 4.6. (a) Top view SEM image of the fabricated LN microring resonator. (b) Top
view SEM image of the trench fabricated in the SiO2 cladding layer. (c) and (d) AFM
images of the surfaces of the microring in (a) and the trench in (b) respectively........ 85
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Figure 4.7 Schematic of experimental testing setup. Inset: optical micrograph of the
fiber lens coupling with the Si3N4 waveguide. .........c.occooiiiiiinii e 85
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Figure 4.8. (a) Transmission spectrum of the LN microring resonator. (b) The Lorentz
fitting of the splitting modes at the location of the red dotted box in Fig.4(a) reveals a
Q-factor of 1.49x107 (red solid line) and 1.09%x107 (green solid line), respectively. .86
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Figure 4.9 Sectional view SEM images of the coupling structures when the thickness

of the SiO2 cladding layer are 1100 nm (a), 600 nm (b), and 100 nm (c), respectively.
The Lorentz fitting of the modes of the structures in (a), (b), and (c) are illustrated in
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Figure 4.10 The process flow chart of the optimized femtosecond optical direct writing
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1.1 $eERSE R EYeFaRfhiiik

1.1.1 $EERSEMmIE

B R F A EE R AR &5 (Lithium niobate, LiNbO3;, LND, 1965
TR SEIR % (Y Ballman 25 A\ ESeiRBAE KL, ELIMESKH 7HRRE M,
B 2 SRR AR 9 — P B I e R AR S R . SRR (g B 4%
&) Tk, HEAN 465X 10°Kgm®, HREEN S, FEREKLAR 1140C, &
B 1260+ 5CARBRAL A S B T 3m & R, & HENHEM L, ff% % a=0.5147
nm, ¢=1.3856nm, WK 1.1 P, @EKESEHS S AZ=ES, saldser. 8
FEFURRE TR 4R ERERT 1140CH, FERBRF B THRANMEM, 4
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Fig. 1.1 Crystal structure of lithium niobate :(a) cell cis-electric phase;(b) crystal cell
ferroelectric phase.[2]
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1. #EAM (Thermo-optic effect)
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2. ZMEEERR (Linear electro-optical effect)
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H (1.7) AT, e S ey i R, 37 SRR M
KA, FHEFERTHESFTETEERINN IR TAREIELD:

' 1
ny(E) = n, — Erlgnf,’E (1.8)
1
n.(E) = n, — §r33n§E (1.9
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FEHTHRRNER, XREE T L% 15 R (Silicon oninsultor, SOD
HETEMMERES BB XHEAERRENEERES TRN _SEZEZ
IEIAEEE BRI S R 2, BK AT i R 2B AR AL SRR AR AT LN T
600 4K, BB LNT 10 HOKR[S], EBKRKIRA M Lot e s
AR, ERAA/NLRREE E T 2 RO T R [6-9]. MR TRE, JERREEEE
EHEE. TERE O, BN RS, HREFANEREER (Lithium
niobate on insulator, LNOI) HBLZ 81, AR fE7ESRRER b B 798
INER ST ZB/NIY B 2 10], /N T 3 25 1 e SR R T
Bk, BEEREK GEEKT 500 Bk, X™ERS TETRRENETH
PRI, SRAHIR R |

AT BIERENRBREREE, RARNERESMINE, 2SR
[11] (Chemical vapor deposition, CVD). Ri#EilHT (Magnetron sputtering)s 73R
SN K[12] (molecular beam epitaxy, MBE). ¥AJ-EIZHE[13] (Sol-gel)s #A
6% [ 14](Bonding-polish). Ak ITAE (Pulsed laser deposition) % £ F i
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AR (Crystal ion slicing), ¥ HJGREIIR A 2R B EE A& & E[15].
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Figure 1.2 Schematic illustration of LNOI (blue:LN, yellow:silica).
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Figure 1.3 Schematic illustration of fabrication process of LNOL [15]
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LT R A B L. W BB — RO IR, BSTIRE. IR
= SE . HAEATRE L B TR, TR B
AR R, BRI SR R R B e . TIRATERIE T2
FF R T R R U RS, BT Y SR R e

R ot ST A R g SR BN SIS, SRR
(7 Bk 8 (Ti diffusion) F1JF T3 #:(Proton exchange) Pl & R [16]. 2kY™
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HEERERE R, DA — TRRENSESTARERAERE T AR KRR
g A[17]. FTUAHI &R PR EEREMORTH (KT 400°C) RIHIETT
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BARIX AN R DA SRR 4 ISR S, B T HK S EMERN
N ERES N SHE FHBELRBEERT 1mm, HrORMERR B SRR
BRETEREET S b AN EAR R SCRAE A IR AR T 5 e b8
W, FTUGEE XA —MRRIRS KO, SREILNNA.

w=24um

Ring, r =80 um

B straight

B 1.4 ET R TRERNS S RME TR MR REREE (120

Figure 1.4 Lithium niobate waveguide based on electron beam exposure and combined
reactive ion etching. [120]
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Flgure 1.5 Lithium niobate microdisk resonators prepared by hthograﬁhy and focused
ion etching.

B e EREmmERET Hﬁ%ﬁiﬁ_m‘ﬂ!ﬁ%ﬁﬁiﬁ [19]

Figure 1.6 Polygonal second order qpnlmear‘ optical field in a lithium niobate microdisk
resonator. [19]
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Figure 1.7 Nanophotonic LN modulators with high modulation rate. [20]
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Figure 1.8Mechanism of single photon absorption and multi-photon absorption. {142}
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Figure 1 9Actual beam proﬁle (solid line) and spatml distributions of laser energy
-absorbed by tmnsparent materials by two-photon (dashed line) absorption. The solid
horizontal line indicates the reaction threshold. [143]
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Figure 1.10Timescale of the physical phenomena associated with the interaction of a
femtosecond laser pulse with transparent materials.

B 1.20 3 WBEOERIN TR b & A s AR R ] RE[144], REME
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FHetEMERIN T, BB NEE,

B 1.1 (2 80t (b) BBECE (o) CRBOEXSERmBTIT AL EmERSR

T MBI [145]

Figure 1.11 SEM photograph of a hole drilled in (a)nanosecond, (b)picosecond, and
(c)femtosecond laser. [145]
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RThEe L ERS I, B 112 (D AEHREEASEER S KA,
e CO2 BOCH BURER T Ml b, ST BEE MM RHENE, R
FERPAIEE] 1.2x10°RIU[148]. B 1.12 (&) A KBEOL RS Sl & HRn s -5 -
RO, T UASCBUE SRR AR A B aE B ], I8N 1.8GHZV,
WA R Al g 10s, PRTFAEGHOETARINA FMEE[149]. XETTHITIE N LR
BT R &, AENERRER T ERNENK.

]
':w
y-3

i.
%sx
=

Sx()2 ;,L-tOl“Old Q=3.58x10° sk Q= ,
(d) . (e

Refractive index sensor Thermo-optic tunable pi-toroid

B 1.12 A BB E SRS Ea T [148-149]

Figure 1, 12 On-chip photonic devices fabncated by femtosecond laser micromachining,
[148-149]

KB E SRR AT EOC RS S BORML, ZRENEARET
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A BT B AR S RRE

CLREMR. BT AFERLSELZPRERKN AHEEREI PR, B
HEMLALURE N ARSI ER. REETRIM THEAE
R ETFRZME R, PRZARAM TR B R4 R &, HEULIX
MR AT I, X USRIk TRLE RS W BORE S
EMETRERT RETM TR MHEZ T, WFEIRACM TR MR, o
PARIE RAT RN T2 SR, R AT A= R DGR BB R B & A SCRIHTE
g AR ISE R A T e i Ls TRkl & b . BARE, H OB
MH S5 G ARG 175 EH & R v a7 28k e 4 vl A R IR
LI HITER, (ALTZMRER, THRREEHZERE. XA CBtESE &
FEHUBHL I 7 5 & MR A BT SR RPLE 5Bk, ASCBUR R W
MESLEEFIRIE T Z v, R T &M A DTSl &Lis, N
SR SCHL B A AR T R T I B IR R PRSI A Jr BB T SRR, FFRR A+
FEHHTFHLFEIAR.

1.3 HWEHHHERAR

AL 4ERFH, International Business Machines Corporation(IBM)7A #]
BRI B AL E AU H AR (Chemico-mechanical polishing, CMP ) [26]. 7T 1988
WAL NI BOR B YN 2] 4M DAM HIAEF=r, RSP AR
FURIE R B AGER. THRERPBILEARRE, PRI sERSGE THFER
PLTFE SV RS E R, BB S T B B AU G B R 2 Th SR AT
B, XOTULHUBE A s TG SRR g . R FBERESR A
FE— WM, BIE TR FIERAEAEXES), BT BRI
BE R SPCHRAR AL IR T R MU R SL FEE A, (RO TSR
AR RSN RAT AR B . EREENET P, BAHRANIH RN
BRI R BIR R A b TaF RISl & T2 T,

1.3.1 EHME Rz NF RIE

WAL BR DL A KM E R B & TZHNLER T —HEE
KR, B, BRI LEYII b i R4S 7 =3 REN T R RA A%
T, X FE R T SR YR AT BE SR < [A] A AL AR R sk
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&

SRR BRI RATN B IR Preston FRE[25IATF, 4 HLENLIRI
FeBh J1 2 B AKERL, X MR AT DURE FEAL LRI b fh B R S LR
TIU RIS R E 2 BRIR R

R=KXPXV (110

e (1100 B2 M Preston 578, Hh, REFRWMEMERER, PRR
Bedhye T BIFE R R SR, V Bt LA LR SAEN T EK
RHE, K 2— V&, W Preston 2% .

Polishing pad

&,

Polishing head

B 113 U R R A

Figure 1.13 Schematic diagram of chemical mechanical polishing principle.

11 1.10 B8, Roc e OESEREA OB ELEE. Q it
et f EAEE— S, Ra RIS O RMERS FEE S Q W ERE.
R 2 e 5 At S EEE — SN B RE. Vo RIDLHR LER R
RIZRTRIE, Vol Wo R e AR BRI AR, Va fl W6k L& A
M, RN LTS RA:

VQ = Vp + VH = —(Wp X RTH) +(WH X RH) (1.11)

¥ Rma=Rcc+Ru HAR (111D H
VQ = - (WP X Rcc) + (WH - Wp) X RH (1.11)
AT I, 24400 e B A 0 A R S MO Sk B I A i P A R AR R B 4R, B
Wy = Wp IRHE e RE 5 AR — SO EARN TR AR AR, &
K/NAWp X Ree, FRYE Preston 7 F2 AN SR G5 HMAEIECFE M AL — S AR5 AH
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A LR T R ROH F AR

B, AT LASCEMGRE & B — S ERREEA R, BRT USR5 R
SIS LR

R R 8 S AT T A NG 1R TR D I X A e R BRE R
RIS, SERBRITENLS S R B TR TR p 42
B B AL U BE B3 . BT AR 1% IR R B T BE ML [28,29] IR BY
RE BB [3014645 . (B R IX LI MR AL AR L A R 3l ) it FE o 447
FE—E M RRTE.

132 (LM% &E

LS, S REAREEIY, T & ERE AP U
P E AR B UL R R B . AL HURIE K & A 1988 SEEIUAERET K.
B AT AL AU R R R B A 1H . H A Toshiba Machine =4,
HP B 9 CMS-200 B4 88 5 AL VU el ; EERY Logitech AF], H
PEEEE N PM. DP RFIM AR EIOL & EEM PEC 27, A& RE
g IPEC472, 672 %#%& . ERIHMLENUMIE R SRS RE, =i
BN T A B A M E SN, XME—ERE EH4 T B A SRR
R -

A 114 iRt R SRR E B

Figure 1.14 Schematic diagram of the principle of chemical mechanical polishing
General chemical mechanical polishing equipment structure diagram.[31]

T, ALFEIURI L AR TR AR RAERE[31] : CMP #%&. CMP E¥ER &
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POE 4 ST R TEBHRS. WX RS RRAEMPERES. WHE
1.14 Fig, A TSI R &SRR, BRERA RIS AR, ki
J6 & (Polish Plate) , & EWH ML, REFEEEE, HAHLX

(Carrier) o

EPEIE R, SRR AIE A R R B RO, IR @I R
Bk, MR RREHRRE MAWREE, REMIER. Bwiltimizn
HHA RS EOIEII IO R TESURIR . FEl R AR A FLER R BL R
BEMMPIABLENS. BT ERNHRE, KT ERAFS, EIFEEHR
B P B AT B 7 VR0 LAY 2obE R R BB SL, SRR MR T
B R NI BT BE A E R . TAET IO B M B — RO R I & B, #eBRm
AMTT AR |

FETWAL B A&, —HCRA LIRS B R MR E e R Fr. i
SGER T, WA T RS, YL (Sturry) T B SR D — 2
Eﬁ&,ﬁ@%ﬁﬁ?%%ét,&%*Eﬁﬁﬁoﬁﬂﬁﬁ@i?m%%ﬁwn
XSGz, WHETFRTHEES, FEILEEE, £58 23RN
WAL T se it RATEN STEEIDEE R PR Rt & Ml 7 5tk
e 7 R E AR, DA b3l # vt S B R B 0t R, AT 5 L4
JeRE AR

1.3.3 Mg EH Mt er R =R

LN N R R EARE. WL e, Mt
mE. BE. EHUREE. |

1. AR

WL EEASEE (BB AULSRFIRTS. B SR
SRR E R WORREEIEE . AT R EEARRRIR . XA
RIRIEAEL, PGB A A AR S B R AR A —#E . BRI
ﬁ*%ﬁﬁ%%ﬁ%%%mﬁﬁﬁ,%Eﬁ%@ﬂ%ﬁh,@ﬂ%%ﬁ%ﬁﬁ%
FRUIEL, FTEERRE RRE N R BEERITSFEER AR, #E.
W BENHESE EAFEIRILTE RN ER amEAs. Sis. SR
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F ERERE T BT A ZRRIE

A ZEAES WERRFEGS RIESBRELSHEBRNENT. TnEER
REANDBMOEAT. HH2 B R s BRIemERm Tk /4 i
e RR T 5 B MR IR pH E RS MR R
B BUE A EEN. BRI B B R

2. HLH

WOLBRMARAO R . WA I, HRESHWAI A FEE. M
RERR LR S REM BRI AR AR It RNE S
R e SRR R A B4 SEMERA 2 S s B G I A [ X
Kb E E R BT HEAT R LA RS, BRI RGRICR; #w
P AR E R E IR, T AL F R #AT; ROt
MR REALE, DERGEFNE N RERHR. BFERNZ-EMR
HBIERE . B4 BRE. AREURERESSH, HPtRIERIUE it
NP R E R R, R4 R MR PR TR T, IR B2
BLTHAR R PE BAF MG I B &

3. PWOLBHIRE

R R EN GRS, WL NRIHEE AR, SRER/
M, SR BRI R BB SR, 6)E RIR A RS
Ko MH, EEHERELENGIRETREEELS, ARERTREEZS.
T AR, TGS R R ERCEE —E RS E, T B RN AE RIS
YT UL R B R . B2, WRREER, MUESRIRSE, T HSBREELE
TERTER, R RR. —RIVFA T ERANTEREN/MNUE, FiRE
HEEEETEEE, BRERSETVKE, ERENBRHABKIE.

4. BFE

R FE PSR PRSI 2 I N R RIZURE RS, FEE TG HUR I =
b2 I RLE BE I, ot AR & - 14t RE AT IE & I e A R PR
ERMERES R, ¥ RELSTRIZL, 751 RR B R R 7 AR = K R R
K> DTG R e ISR T R

5. ¥R
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— R, PR BAIE K R B AT %, AT 20 F/4 Bh(pm), 1
SRR, AL R BB . REIHOR 2 DL R S
PSR L LSRR . (R, MR R — R RN, IR A
I EFEE T, MUERGNS . SRR R, HORE ot
WA RE BRI, SR 5 e R SR R ST TR AN 102 I3 LR U FU AR B
&, T SEEHEE F .

14 AXHMRENEEZTEASE

AR EEENRENT RE—BRRE. BRE. ERAR A LR
HLTRARE S TR, FENEEMITREANENRT

w—, DOESHANE, NMETRRESENISTE, FET EREE
BHARRNG S HENME T EEERER TS, HFEENET SRERE S
TR & T ARG . B T WO T A R S, FiE
RT KB EOEE S AT TR, B & PR T HLIB. M8 TN
PSR A IR BT 8, 3F1E B T A MU 1 5 SR 28 5 B4k S ML G Y
FERE.

Mo, NATEEREOEE R A, RESH. A
L T R B R S BB e 5 45 A R T SRR
BRI TSR, HRIFCAARIE S, BB IR B 5 1 5 AL
ETHBRATEL 147X107, AT E—SRIEBHSEET, RIOGALT
FUCT 23— B E 1550 VLG MURHY B R B IRFH 2 470 X107, JLAMRATER
T 1 BB T 1 R B A B I SR TR E, SUR TR S AR
Rq H 0.115nm. FIF IR HITEH1E T K BR R EG K L RS RIS
A RN, FE AR T A Q RSB R AR, BUBF
PR 18 ek R L S B R HE R B, FRAT 0 SR BRI AR B (3 b
BEIT 0 S1° MLV, NIRRT —
SHET I |

FE=E, AR T BATAHE— SR T S BUE SR BRIt T
A, HRINEIE T BT AT S LB AR IR A G RIS T 2REEERR L.
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BB e F R BOHI B AR AE

FEAR RS S R LT — 2 600nm E GBI, 2. P W BOEESH R
Bk SRR RZE 2SR % LIRRBR p SEE, BEE 1.1 50K 3. FIA
WEHI R EE R R LR IRREMRE L, BRRRERES; 4. FIAH%
JE BB R AR B IE, 5. ML URTTR RS £ — S & /= . ikl
HHMNEREARES, BSENERESESE SLENITH R EZEER
0.7, [F153SHHEZ LR/ S0 0k, 2T ERIEAR, B & T 006
48: 52 MZETHHER. FETZHRTYBRS[RIIME 7 2RSS
REETEAL FhbrE T H by 28.8dB, FHBIEN 15V. FRBERS N
Tk G BT W OCEE A R B e IR 8 B 3 (B ST I 48, J8 5%t B P AR FE A
LM eI, 15 BT O PR IR B AR B SARFED 0.13dB/em. A T RTT
JELF BT & BT BR G T i RS 2R, B TR R B4 A AL S et
TR T S Sl DR SWOL SR, Hom D AR5 LUK, ik
FoOGLF B, S RXMTE, ARG ARREREMN 1%EITE 15%.

BT, MET R ERNEN SRR L. FFEEYN T & T 2R
S SRBREBMINERIE T EREREN EFRARASN, E VB SH
BHEIE U P RN T REE TR H % 07 2 . S, BAMERZEN
TP ST B AR A B O B IR I, B3] T JeA RO ER IS 10E
S, HE dobEVEHE FSR 9 3.34nm, SBHTRE L 1.49X107, 4L 1 4E
MG T ZHGRE +, BATR G W HOLE S FBh L EIIE B AR KR
W LMRFR SRR . RN, SRS ES (~10nm) SEITHE
WEWEE, BRTERe. RBESAHIGFRG =ZMAERE.

BT, REAXTETNEF RSP RLL, H AR STATARURN
S E NIRRT BRI & TEN 8 &MT . FRET —
B BCa 78 TAE
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%25 BEKREFRREMENHZ

F28 BERRETHRREMENGIE

7 21 S0 15 B [ B R G I B R B R 5 R R 5, ERA AU E
BB OGBS 4 A (PRI i TR T R R R A R
[yl & 75 ML S EHIRAL

2.1 F ERSRIEREELE

5 5 BEARAAUR [T SH38 % L v BB R X AR LG R T A B
RS A RIS (— BT SREA) NIRRT R, (A NS E AT
SRR, FREFEER, WA RRARES, REMEARINE
IR

2.1.1 NERESHEFEERR

O MIBRR RN E SR AT SR M IS, £ 2.1() LR RIE.
(b) BBEGEE KRB LRGN ENEENESS, DB AERURS RIS |
B, B—AMATEEEERTREEd, KR A REm S S, WA= &
ER TR LIRS N EF RN . X— RN RHEREEIRKE Rayleigh 5
Hi[33], T/EHL A FIRR SR BRSO B [34], BKIREUNE IR 1961
4, S0 b YRR AL A ORI rh TR i B o BEAS S DAL SEBR T s S s R
F 4 1 [ R B s 23 [35] - 1981 4R, i Inl i BER A F 0 B WK B TR
PRI R IR IR [36].

g 2.1(a) (b)%fﬁag‘%% © (d)fﬁ%t%ﬁ?kﬁi (BREEH m%)a

(d) thspermg gallerv structme in the St. Paul Cathedral in London
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BRI T SRR AR

B B AR DR SR B LTG5 A P R, SRR SE bR R A BT
5 8BTS AR A, 845 A BEOGIZ IR A Y R 1 20 RE U
PIER, AT HAZR A B R FE s P A5 4 TN 2.2 (a) s o T4 AT Ctotal
internal reflection, TIR) (XS5 ASF A (B5) MHrht M, FitullFERAKE
AAA AFEEBAEME R BIERE DA, B—MRBKNTRENR. Mt E
5 B AR U P ' L 40 AT B e 167 B B A R 3 T LUK R B BR R P ot 37
HHNEAE T HHEITHRB7], TERMOINGRRE, #afkEEFrnEl
o la] & BEAR

z
(b)
' 2
TE &y
o )
TM=— 2. y
l'i:"

B22 (2) ARBMEFEFEEAREE (b) RAFRFHEREFEERRWR[BT]

Fisure 2.2 (a) Schematic of whispering gallery mode (WGM) in dielectric sphere in ray
optics (b) Polarization of WGM in a sphere in the spherical coordinate frame. [37]

111 BRER R A A [ BEAE X

B E—ANERRARR T & RSN FEERE, RiREERERTERK (2R
» ), MEBERRKTHEEKUTTEERKT . BESHER T HEMEREE 4R
e, EMERTREPRIED RN, NER TR E r BT,
MR RMNEASIRR (x, y, 2) BIBRBER (1 0,.¢) BRHEIIANT —PEDL
%, W Debye $#[37,38], 1Rk T —MREDFKAM, RXTREMFEILE RSN
HAEATE Mie FITAEFR EHHF[34]. RIE Debye HHEL, HREAIBETUHND
Wsr% 8 (E- Ee Ep Hy» Ho Hp) fiiR, 7 APIHEMIREMIERNRES,
4351 R5 3% (Transverse electric field, TE 3%) F4iH43% (Transverse magnetic
filed, T™M 37, XHE “H” fHEETHMERERERT, W& 22 (b). HiHkEF
BimiE K TR, TE B £ E A0 E0 77 6], TM S F 82 /r A fE 1 J7 [,
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F28 ERRRETFRREMENGE

R mR I gy TR WL R A

Epnig(1,0,9)~,,(nkor) xPf (cos )™

(1.1
=, (k) < Y7 (6,0)

XH, jo AERAMFRERE T m B Bessel B3, P™AIET Legendre £ I,
YURERE RS (m, [ @ AHRERE AN EEEEXS A= e, Hh g
1 RH (Radial mode number), &ER M /R B E ), 42 A LRI AEL q
BUEN 1223+ ..., 24 =1 IR EIZ R WGM HEHE; m JyA MR 2 (Angular
mode number), FRFAIEL EHKEL, ATHm =2nRn/A FRMAE, R OVRREF
7, n AREAXATHE, m TUIHRE, RRRAERE WOGM; HHEERp=
1-mx REAR [ AR, SRS S, — & =m|, WNFERAT RSN QE
AR, I 2.3 FR. |

Analyricad; Numerical Nusierical Curiiparison’

Anglsthical
e Ngpiterival

Normalized Apiplitode:

" Normalived Ainplitude

& 2.3 MRS BRSSO S B . BRI RN B By
M, BEBEAMBEHR. BT AREEEEER =1, p0; F_TEAEA 2,
p=2. AR AR SRR i H— L IR IRIE [32]

Fxgure 2.3 Field (hstnbutmn of whlspermg gallery mcdes found analytlcally and
numer;cally The lesonator rotatwn axis is vertical, and the dashed line indicates the
resonator ‘boundary. The top row represents the fundamental equamnal WGMwithq=1,p
= 0. In the bottom row, q =2, p = 2. The right-hand panel shows the field cross section along
the lines shown on the left-hand panel. [32]

T AS R IS £ 1 B R AR v g T CAR FH MR T RIT B 00 1 R
BFFR[40], #IUITA:
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BB T BRI B AIRAL

1 1
1\3 1\ 3
leq:M(m“LE)—“q 7 I T

c /3 (n 3 [\"1/3 w
- {l—aq(z) \/_ > q(z) }(é}hlml > 10) (1.2)

¢={ L IE ™oL om0 (13)

Hea, A Airy HREIE g MAESME, (m, 1, @ XK WGM ="K
.
212 MEMRIESH
2.1.2.1 @BHETF 5

iR MR EENRESHZ — R MIE SR KT (Quality factor)
BN QE, ATFRIEEHETIIREAR, SMBRMFEEEMR. HECH

U U
Q= op = ~“oug7a
Hr, UNMETREEREE, P=dU/dt HREERIIE, o ENERAME. B
TFHREMMATE, TERIER, BARCTFHEE—ERG, E X METhFHEER
TRAERIGEIE R Ve FTREMN AN FHa, B (1.8) X[

(1.8)

U(t) = Uye™@ot/Q (1.9)
U W¥IE =0 B IS g RS &, AIALFRGRERA

=2 (1.10)
Wo

0 (1.9) KABHGNRERER EQ)=FEecos(wnt), 518 BIHAFHITE

E i i
E(w):io- —— l. (1.11)
wo—w+z (A)O-I—Q)—Z

How ~ woltt, BENESBEN
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#£2% BaALRETRREMENG %

B~ ————— (112)
(w—wyp) tiz
R MR, LA
_1_@
50)—?— ) (1.13)

RIS PR FERE AR H, RS A R0 QB Qe FT LA LT JLANEB Iy
Qtot - Qabs + Qrad + Qscatt + le . (1~14‘)
Qups RAFM B AR BARFE, WILLIRRN

Znﬁ 2n [ E*(r,2)E(r,2)n(r, 2)rdrdz]?
A& A [E*(r,2)E(r, 2)n(r,z)a(r, z)rdrdz

Qaps = (1.15)

AFARE BT ER, a R,

 QroaXT BRI AR MRS, RN Hﬁ@ﬁ%ﬁ’ﬂé&%ﬁi%i}%%%é
(91391, &F—#Ms iy lEEHR, ERREERNIRFE42].

Qscare X RIELETIRFE, FERMBEREAHSERMEEEDFE, AT LLELR
WHIRTZ. BEMERERITE. MINRIEFES T ERRZRAME. X
MRS R RE IS E s TS I RBCCE B AH5-[54]

32°R
Qscatt g5 5727

PAE=TQ0pss Qraa~ Qscare T AGFRNMERIAAE Q H Qo Ei%i@fi
b, BEEEEEFEARS. E. BRISIERESS, XESHHEE
SR AT —— R A B, FTUUA SR QM Qe RIE. Zik,
FEEE Q Qe BTSN

(116>

= Qrr+Q:1 (1.17)

2122 #EAER

T s, REENRBAAUETAFREN QHE, BET LI
WHAE— MRS/ MARA, BREAMRERE, FEX—FENYEENI

27



Fr ESRERE LT 3R B0 AR AL

B (Mode volume). % WGM HIEEERE AN

1 1
wo (1) + wp, (1) = EEEE +ZBB (1.18)

U R XA

_ f(We(r) + Wm(T‘))dV _ fE(r)lE(T)|2d3T'

™ max(We(r) + Wi (1) T max(e(m)|E@)|?) (1199

2.123 HEGREEMEARE

FAAERBNZE 1 RSB ISR 2 1A A I K 22 BT (8] [ R A I I B
HGiEyE R (Free spectral range, FSR). fAj8Hl, XKML, 7T EURTE
P b R DM S I FSR. JR7E R PN & AR VTR I B3 2

Heb m AERE, L oEREEK, XERMNBGERERK L=21R, REEH
T B E SR AR S AR 22 B 2

/12
AAFSR - W (1.21)

BBy (A) = nesy (1) — AL RS A BT R, B AMEHTLL, WA

AZ
XoF L AR B B TG B A
A = < (1.23)
VFSR = 2n,(v)7R '

X6 AR R FOHER e A B AL ER RS S, AT MRIE R AR IEME R AR (1.3).
(1.5) XAERBH FSR.
R AU RS 4 BE ] DLR R A UE B OGS VE Rl S B LR S
w2l

Awpsr
F =
Sw

(1.24)

28



F2E EERMRETFRRERENHZ

2124 BHIEITHE
mX (1.20) °1E, &dH®E

me (1.25)

V= Zaneff -
XHEE (1.2) (1.5) F (1.25) R, W] BAS 5148 BRI 55 IR Bk R fUls B 2
FatR, FXE BERSHERTRKMELT) ‘T THTUEA:

1 1
3

_ 1\3 1\ 3
1 1 1 1+ n 3a2(m+35
== (1+—)—aq 22"‘ < a2 (1.26)
neff n 2m 2m m‘\/nz -1 20m 2
L1, ( 1 )1/3+2p(R—p)+R n
Nesr N %a\Zmz2 2mp mVnz — 1
3 ma—1/3
—_ 2=
+2om 4 (7)
aq (2p(R®—p®) +R®
12m p3
2
2nd(2¢% —3n?)\ 71\ 3
e -3 )) ;) (127)
(n?-1)2 ,

Hooh, n REEAETHE, BT (1260 RE (1.27) RPHHEE R FTHRK
F 1, TR, R E R B R BT By < ne TGS RETURE
T RS Eo ESEEROEE, HhEAMES N (~a,) TREEH IR
R KR RS g T WOM BRER B RIBET; (~O KAWL
FEbRIRAISENT Fresnel AIGL, SHRUBIMSEIHAIR, BEERNRE, SHEH
SREE 1, WISHMNRREBITHE (n=1) BEN, X—BELaR T, ¥
PIRBR WGM RAEET . (127 RFEH (R,p) WIRETHERTE
EEERF RS SBOOEES. Fik, MERERITNEas THRAS. f
B, MRS FLEEREE, E— M HdMBaSERNEESH.

2.13 BERANAMSHES
BRSO P A B F B 4 A, T BN EO IR S T,
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AR e T S A9 R RRIT

s s AR RS S oKk« TR A 72 1B & BERR I v 4 SR A R Ul R Th
B, B A A R AR A HE B I T R TP A RESE B & . BE
R A A IME 2.4 PR MG SMREME NGRS, B BE S NREn S
WG ILE, SSIDEEMRESEEEESH. OES ZERNES
BUE5FERNE 1.8 R, BREKREHA155-57] « HALINE[S8, 59]. KT

H60-621 R LA HEFE A [63, 64]-
(a) (b) @

Bl 24 (2) BERE () AGLES (o KE#ES (O 7’&21‘%&%%

@
XX
Q7

FiguerA Sphere coupled with (bzi) prism, (b) angle-polished fiber, (c) Waveguide and (d)
fiber taper.

BER A A R O TR B S R Tl 1 [ B B R =X, @ R e
RIS AR A K/ RO T S 2 A1 R B B 2 50AT DL — SRR
H 80%[HI3E & ZE[57], 2007 5E, Mohageg % AFENUIM YEH] & W= R LR R
B P S BLRAR A SN 97.3% M EH B Uk [65]. L TUIbFREREE
ML RILTSE, RREBERERES T NRBEBETLEE 99%, E2)
G AR A & 66], XFMEMIREF B ZEATREBENES 5Lk
LA F[67-70] HTFHEHIRTHEK, XFHEE T REESHIOCH RIER
PR AR TR MRS, ORI BRI E

1999 4, Vladimir 2 A FBIRHLE A SMF Jtusfim O SLHl TR A3 E /N
fgﬂ@%ﬂﬁ%’iﬁ[ssh HTF A SHUTRS (<10 um) SRR B ZX



28 HaLRETFEREMENE

SRR, AU RS SRR RS, HTaAa e,
KA IAEE T EABERER S FIENREE LM, 55 RIB A s
BN eEt sk, AT LU I oAR i H AL B IR A R KA e A

B 25 SREES SERENEHES 4]

Figure 2.5 Coupling of lithium niobate waveguide to lithium niobate microring cavity.
[43]
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Figure 2.6 (a) Schematic of microresonator coupled with a waveguide. (b) Coupling
efficiency K as a function of frequency detuning dv for v0 =3 MHz and r = 2 with the
maximum Kres at resonance and the linewidth Av. (¢) Coupling efficiency K. and ratio
Q/Qo between total and intrinsic quality factor as a function of r. [72]
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B B AT A BB 7 B R IO S — 3, S BRIk, R R T
HFEHHNSEIEERTE, A 55 B IEREE01, 921, W 2.6 (a). HIHAVERIE
BH RS AEEEIER K. BIEY (CO BB BB RNl s
YU B 03], S BB FI MO BORIE A0 Q (LA BT AT BAFE 1530 nm Y B L
3x1012[94]. h4h, HTTEEAM BN 5B R R, B SSH mE mE E vy -+

LA FHOCHR86, 951, R IIE HEEMI ORI SR BE T T AL

FTRERRE, B SURRH T 64 LR AR H B 408t & 1
HE[96-98], W 2.7 (b) (o) EHREFMREMIHBIARITERE, TEEMEBEH
TERADEEN, UHZRSREARSICE, WK SOt R T R
BRAGR, ERmREUEEAR. iE. = ERMt R S SR A G RIF I N
IR, #lnE B RFREERRBHAMBE DL TIREER Kerr 28R
%, HAAPMDBENHEREEI T BSHERAEDRNES, THRMNAER T4
MFESEERE, BRUKEER 1 pg/mL[99], W& 2.7 (o) firm.
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Figure 2.7 Self-referencmg optoﬂmdlc rmg resonator (SR-OFRR) sensor for highly
sensmve biomolecular detection (a) picture of an SR-OFRR sensor (b) Schematic of an SR-
OFRR bxesensor fabricated by the fuse-and-blow technique, and the two OFRRs were
placed in contact with each other at their equators. (¢) Thermal stabxhty test results of the
SR-OFRR (black squares) and a single OFRR (blue circles). [96-99]

2003 4, Vahala NAIEH T —FMETAELESEFECZI T ZHN AR
ERS AR R0, W 2.8 iR, TESLEARRER E, RREH TR,
BN G 2 2 M IR [100-102] . REREGMEEGHIELTER
B QERSNY, AXEEIEEMERSEATTIEEERE, MR Rk
WAL R RERE, RBRAERE— B8 MG

B 2.8 X TSR E SRR RS BEREE, OFCREMEEAE [100-102]

Figure 2.8 (a)Schematic fabrication of silica microtoroid resonator by lithography. (b)
SEM image of the microtoroid. [100-102]
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%t K% BB B AR B S BT S S E Hes I S I e Tk . 2012 4F,
FRBAMBRENRSFACHECEESEARGE S COx BOGHEIREARER
EP R T AERMANERSE MRS E111], i 2.9 Frix. FIHZ
Ty & B B IR B T AFE 1060 nm P KA ST 69 pW A BRMEL ST
[112]

{a)

Femntosecond laser direct writing

B 2.9 YR BOLE BHARE A BT & =4 A F RO

Figure 2.9Three dimensional WGM microresoantors fabricated in silica glass using
femtosecond laser direct writing.
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BE, WLk —BiRm RAMERREDCREE, 385 Q EINRRERE. i+
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36



¥2% HBRSRETFREREMENHE

E7E 1550 nm JEERAT LUAF] 2.45x108, F4-FI7E X D11 Z U198 MR e e b se 3
T RSB, 2017 4, ARMATBHESEARSFZEAENERREBE £t
T EEBEANRRENEEN, WH PSSR A[113]. AREHN
THERSERTZLE4ET WHEREEENRER FRERETENRK
A, ATHOESI& SRR, B &R EHERHTRE.
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? Beam Acid Solution
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w4 Sio,
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(b} Vhthog,aphy Etching Wet Etching % LN Substrate
Pl EE Electron-beam resist

Photoresist

(c) uv Lithography Reactive lon (Ar'}  Buffered Hydrofluoric
IEEEER Etching Acid Solution

N

B 2.10 SRR SAEREEH £ T E114-116]
Figure 2.10 Methods for fabrication of LN microdisk. [114-116]
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SR RMERETRE L F. 2017 4, FREAFAWBOLESE R
B B TR 2 B R SEIL T AR BB AL i 5 0k S R P IEISR A, Q {EFTIA 1.67X
109[62]. BHJG, WK% Londar IR /E4RRRHE M IE b & Y 42 160 pm RO
HS SIBEEN, i Q ERIE 5%10%

RAFRHN CDEAE S A A RES THRAME ;IR Rk & & 5
AR, sS4 A EARBRAEAURE SRR TF e R ERERSNBALETH
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Measurement
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VF: Variable filter

SH: Shutter ,_,
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B2 YHECtEERESEE
Figure 2.11 Schematic setup of a femtosecond laser micromachining system.
A TS5 o B F A R ISO6YE Y LightConversion 2 8 G4 KL R S,
W 22 () E WS ARG AH T WEEH LB KDy 1025nm, fkeh 38R
BA~270fs, EREMFE S00kHz, PR AL 6 W. HT 5 TR TTE#
MM TRE, HREt@Ed—1 12 Wh 5% E85EHE, RRIER, §
FiF — A 0T o i 25 R SEEL O T R A E S T A .
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Figure 2.12 (2) The femtosecond laser system (b) 3D micromachining stage.
mE 2.2 (b) fizn, =4I F&H CCD ML, 8. —4 aerotech ‘
NFEFRHZENB T ENSHARSEMGEAR. EhYREERRAHIFFEE
Bt Tntt, HEXRIWRDEOE SR NS TERE. ERERNRETAEE
22 (b) FIRMIREYS LEE T —AWRABYE, 7N iR {6 s
TAERRE. BT CDERRBIERE, N THDPRERNREMEE, T
SRS —EHERFAN=ZFEATEFHNERNNIYE. DRENBERERNE
EDRG BEI R AR E B T BN EELARE (NA), ERET WBoLEM T AR
T b, EENERLAN 1.220NA, 5 NA Uk, T NA ERUARER
YigsiRIE, FRHIT BRI TIERERS, ¥RmE= ST R TR, Ei,
FEAEHI RN S TRRE Z RECrE. %E%U%@%Eﬁ@@ﬁ%m‘ TATCRBOG
HREPERNYE, BOKEEA 100x. NA K 0.8 MM LR Bt — A EL 2
i‘a~1mn8@{%,-§o BEWE, T ILEESSHAERHREDE, BERRERSE
BUETFLA VAR TAEFR B e AR S, BROR A% 38 i i BB FLAR RO L A9 A PR B it
A . FHUZFEAFEFNK TEESHE NIR 954 U =AYREKBOE
EESHEAARURTAEENSE. 5 HFRAEENDE, BEAE 014, T
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BEAEN 065, LEFEE 10mm. H—ANREMN WEEDE TS E L E 2 R
=N BTE, wE 22 (b) FYE T HZE— aerotech A TIPS F =487
e, NBHERREN 0.1 nmm.
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Figure 2.13 (a) Chemical mechanical polishing equipment (b) Diagram of chemical
mechanical polishing process.
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Cr deposiiion . Femtosecond laser ablation
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Figure 2.14 Ilustration of fabrication flow.
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Figure 2.15 Scanning trajectory of the focused femtosecond laser.

3. LEEHLRILE

S KPREOCE S I LR, STERREEER Y E R R
. REBEMALAIWMID R EEE R RIRREEEE L, RERMEDT:
1. BEfesh, RATBERATTEM M, I 90°CHY PR R W AT B RITEIR,
JEAEHE B SEAE M R _E AN OKAE S A LRI AEAL - 2. AL F A AT I %, 46
& L2 A A AR KBS T3 E F B RS I 6 R £ 3 6L NUTPOL802 il
Yo Lo TGRS, iR e RIEIE R XD RIVE BN T ik

42



#2% HERRETRREMENHE

It A TR e R A Ao 3. BE S B, Y0 P4 R ) A 107 AR R BN B
B, IE 2 ke MEEIESL, SRR 0.4N/cm? L EIRER, BBEER
2, PG YEH 90 RPM. 7MY AR b ok i e AR A AR RO B K IR &
EHER, BEHEATHRENABE T, U VBB R SRR
F4ER T R [ B . ZEML R ARG 1 4N ER T AL S 7E A T LR
S, HESBERENIREREYSNEBIRRETEE LF bt x
F 800 #K/E Z VIRAREREIAIE, B IITRE AL AL 12 540

4. BIFALEEEh

W2 — A AT ST, —, SRILAOET, TSR o s R
HEHRA, BEEIEMER, ELRHPRITERE Alfa Acsar AT ISR
5 4% 1 Chromium etchant . ¥ 52 PRI (1 RE 5 TE T 491 b 55 A B T48 8 il
EEL 15 A EUREUE A, BEAMEE AESRRT. =, SANRERE,
FE T 52 4k B 5 9% B2 5 B T IMPROVED /A 7 (97 il ZL SR MR 22 ¥k (BUFFER HF)
HIZE 20°C HUSTIRBFEE TG 6 4060 CEEIEAML, MR SRR,
SR SR . B A I E R E 2.16 FTR.

& 2.16 e B MR B E R

Figure 216 Micrograph of single disk microcavity of lithium niobate.
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Figure 2.17 Experimental setup for characterization of the whispering gallery mode
(WGM) distribution of the microresonator.
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Figure. 2.19 (a) Transmission spectrum and (b) Q factor
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Figure 2.20 Scanning electron microscope image of lithium niobate microdisk resenator
(a) Top view SEM image of a fabricated LN MDR. (b) Close up view SEM image of the area
indicated by the red box in (a). {¢) Side view SEM image of the fabricated LN MDR.
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Figure2.21 Experimental setup of nonlincar optical processes in the microresonator.
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Figure 2.22 (a) Spectrum around wavelength of 775 nm (b) SHG conversion efficiency
as a function of pump power (c) Power of Raman S1 as a function of SHG power and (d)
Power of Raman S2 as a function of SHG Power.
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nm, B THREESBEMNOEEE. ERERNZS, FEAEATRMEHNER
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T AWK P T2 EEAN LRI ER R ML ER RN B S5 HH
ke, FrUABA A B A S BRATATIR B @ L AW U 63 2 R d e £
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B 2.23 (a)BI/EH LN S IRENAUESH BT EUBECEM B & . OIEEER
()P EEFRXRE SEM Bf. (o EREMEREIZHEFIEMEAFMEAR.
(OARFEERZGS5 pm. 85 pm. 105 pm. 135 pm. 155um. 185 pm. 205 pm)REER R
HEEWEERS
Figure 2.23 (a) Top view scanning electron microscope(SEM) image of a fabricated LN
microdisk resonator. (b) Close up view SEM image of the area indicated by the red box in
(a). (¢) atomic force microscope(AFM) image of microdisk wedge. (d) optical micrescope

image of microdisk resonator with different diameters (55 pm, 85 pm, 105 pm, 135 um,
155pum, 185 pm,; 205 pm).

AL BIHIR T HAAN 55 um. 85um. 105 pm. 130 pm. 155 pm. 180 pm.
205 pm RTHRRAMBREENRTHUREGSEEA, FHUE TREREGE
1550 BB m MR B, IR0 H o 5 BE R RT AR L 58 R N HUR
K 2.24 (a). B 2.24 (b) BXTFE S BN 105 ROKRERIE BRI A 1542.34
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Flgure 2.24 (a) Measured Q factors of the mcm)dxsks of dlfferent dlameters (b) The
Lore ntz fitting (red curve) of a splitting mode in the microdisk of a diameter of 105 pm.

F2IARRT RS R R RE T

Table 2.1 Q factors of microdisks of different diameters.

1
1542.3382

Diameter Q-factors(sample i) | Q-factors(sample ii) | Q-factors(sample iii)
S5um 2.15X107 226 X107 274 X107
85um 2.17X107 251 X107 3.73 X107
105um 3.22X1(7 416 X107 470 X107
130um 2.94 X107 3.32 X107 3.30X107
155um 1.95X107 2.76 X107 3.16 X107
180um 2.03 X107 2.07 X107 3.12 X107
205um 1.78 X107 1.92 X107 2.67 X107
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HRIERTE AR REFNERZ —. 8%, MERTEX, B
FEAR/DS, AT RE AR 00 5 R R TR . (BRI SIATE LRSI KB
%KﬁoﬁF%ﬁM%ﬁ%ﬁ¢%ﬁ—¢éﬁ%%ﬁa
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(a)
10° wedge angle

silica pedestal

(b} etched region

E 2.25 EREMAERE RS SR, MESHNURE@MHRED). B&
H(c) 50 pm, (d) 100um, (e) 200 pm FTEEERIBEE. HRN(D 50 pm, (g) 100pm, (h)
200 pm. IR B IR B I
‘ Figure 2.25 Side view (a) and top‘\‘riew (b) of structure of simulated microdisk
resonator. Fundamental modes i microdisk resonator of a diameter of (¢) 50 pm, (d} 100um,

(e) 200 pm. Second-order modes in microdisk resonator of a diameter of (f) 50 pm, (g)
100pm, (h) 200 pm.

T BRAE A Comsol 2 & 1 COMSOL Multiphysics X 7 [ R <R B4 1
MBI E T A RN BZES FEHTED. FRmE 225 . PR 2.25
(a) (b) RFTEHMEAUTHE, (o) (D) (e) 4rH& 50 pm. 100 pm. 200
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Flgure 2.26 (a)—(f) Sl(le view scanning eIectron nucroscope(SEM) image of fabncated
LN microdisks with different wedge angles of 9° , 14°,22°,30°, 40° and 51°, respectn cly.

(&) Q factors of m;crodlsks of the dxfferent wedge angies
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FERANCRRRR, A mE 2.9 FRREMEE KNS RE T IREE
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Figure 2.27 Side view scanning electron microscope (SEM) image of a fabricated LN
microdisk resonator with a long polish duration of 90 mins.
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&l 3.1 T PLACE BARBIZN AR _SE S THERESHES

Figure3.1 Lithinm niobate single mode waveguide covered by tantalum pentoxide
based on PLACE technique.
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Figure 3.3 Critical condition simulation of a rectangular lithium niobate single mode
waveguide,

St G SHRE S, OTRI L 0B 5% 5 TRk AH 45° A&
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ZEBIE TN 227 PR B MR EMEERERIDOEE R, JATE
RET T8 5 468 M E KB ) P R OB P 2 AR AL AU B, IX BB R R
ERFHRSINOBE R R ST, TR RATRLGET PLACE
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T BRI, e T LRI AR B B DV 5 B TR I 50% /9 M BE 52 ELAIAETE
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34 REANEAWENRRESSE S A&

Figure 3.4 Critical condition simulation of a lithium niobate single mode waveguide
with a composite configuration.
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Flgure 3.5 Process ﬁow of fabrxcatmg lugh—mdex—contrast single mode lithium niobate
waveguides. (a) Conﬁguratmn of LNOI wafer. (b) Deposition of Cr layer on top of the EN
thin film. (c) Femtosecond laser mlcromachmmg of Cr film to form the stripe pattern. (d)

Transferring 1 the mask pattem from the Cr to LN by chemo—mechamcal etching. (e)
Removai of Cr followed by a secondary CMP. (f) Coating the LN waveguides with the SlOZ
cladding layer.
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Corporation, NAO. 7)== 4 — MEREM A ERL K 08 pm, HEERENERE
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B 3.6 (a) Hl&H LN B SR MIEREREE(SEME & (b) LN HEBREBEAORR
SEE (c) LN 59 1550 nm A6 (d) LN 55 TE SRRy

Flgure 3.6 (a)Tep view scanning electron microscope (SEM) image of a fabricated LN .
waveguide (b) cross—sectwnal view SEM image of LN wavegmd e. (¢) Infrared light mode
field at 1550 nm in the LN waveguide. (d) Simulated TE electric field in the LN waveguide.
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% M T35 584 9% 82 (multi-modeinterference coupler, MMI) £ Fr EJ6T234FH
BEELEZ —, TS558 (Power splitter)~ ik & E2T¥5{X (Mach Zehnder
interferometer MZ1) % . HERERTLETY, EfFeMBELBRERE, H
B E AT . AR MMI =804, BRAKS, SRESXE
%S . SEESRENEERE, TXRENENESEA, SR ESE
S XA R EE A R AR, B8 S K KER L —ERHZ,
BEAERIGEIRTY, HHBUEIN, WERBRBEL (Self-imaging effect). R
EIIARRNS &4, 2T 8 1)general interference, 2) paired interference;,
3) symmetric interference [155]. 7EAZM TS, RAIFZEI], HEEABGH

(directional coupler DC), LM THBAREAERMEHEME, MIFEEEKX,
BEA ST O%H L DR E s, EERPEFER ERARER, &
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BATEREH] % MMI Tk DC.

MBTE _SPNTHESH, AERENTHSETPEEE. FVEN
REELME RN LA EK, HiEH Geode EEHEMLEFTEEAKA
R EEEY, WERITEH python /EAT B % SAILMMNAT G-code 1A,
A E AR B S BT 3558 & 2SRRI FE AT 2R 25 449 1Y python (RUAD MEZEAR BE A5 -
X FA#FE PLACE T2 #IERIZE T ZHTHMMDE 2X2 K173 3K SEM ER&
A 3.7 () fims. HEETH XK UARS )y, BE 280 99K, K 252 BK,
T 18 ek, TN DB e FR, RS DR 6 Hok. MiiftEsR
SPRERE 250 nm, _FESHEEEE 1.05 BCK. @ 3.7 (a) A LARERTR, B
COEMARTEN T, BB e E L ERI o6 48.4% 1 51.6%, iR T
S, [ERF, 2T Comsol A& i COMSOL Multiphysics FIHRIIES R 5 Lig g R —
K 3.7 (b) FiR.
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Figure 3.7(a) Top view scanning electron microscope (SEM) image of a multi-mode
interference (MMI) coupler. (b) Simulated TE electric field in the MMI coupler.
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HETE LT T 55 Ta2Os B2 RIS S Z MM S EORN REE RN T =i st
RS WL, EXAM, BAMEA TSR (EREMRLIT0° ), £k
R S, R RIE T anE 4(@)FT R MR SHERBURED7, MOt MgEmRE A
LR EIAIRIE, NTIRFREA SR F LR RS SR T LU £
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HoiEIE7E CMP Tzt F2 2 BTG4 Pk 22 IR HE 2 X 4 P ) Cr HERRSRSEHH 1 4(a)
FHEER A NEBA SRR 10 ums 70 pme 90 pm R 110 pm A FIHEE K B HEE 58
RS . B 42) THE N RIS R4 E K MR I = R 5T e 2 A M 4L
4h CCD BB . TTUIMZEDEHE I E A N~1 pm I EEC B AR R H AR ~5
um BIEREEEEE. SR S KN 110 pm B, YRR R i R 3509
BEWEM 1% EF] 15%. ROTHEEE T SEEMBEELANMRL, T
REFEMEANE, RERT—SHITERE.

B 3.8 (a) %J%%&@%ﬁ(ﬁﬁ%ﬁ)ﬁ%ﬁﬁé@, :
SHFRULE SEM E&

Flgure 38 (a) ‘thmgraphs (npper row) of the fabricated wavegmde ta;)er (red dashed
box) and mode profiles (lower row) at the different positions mdlcated by the r. (b) Top view
SEM image of waveguxde tapers.
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B4 FURE T 20000 &% 0 L TR R AR T 4 2 (AR R A B B IR IS B W PR IR T
FABIEXRLMOT S RS, T ERALE S — YR PLACE SR & HER
B Sm AT, mE 3.9 fin. 2. MHARSCKARES, ¥t 1 1 53AR
KRR SR, B AT, M S, SRR R
RAET RIEREATZRE . BRIXETFEENE, FAEEERANRER
(& T 2R R R S & PR AT DURER =3 S R . HFO5E, 1R
HETHRETEENER S5, 5 FIERZ L ZH & 05 RN ARE E AR
fRJ1, MEMTET PLACE BURFTHI & RIS HFEME, Xl HmER & HRK
HIAR RO S RS TR 2 O ORI B R 05 K I Th 3832, A TT3R/8 AT S (N e
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Figure 3.9 The waveguide loss was characterized by measuring the microring quality
factor.
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FETERTAE T EN32], AEEIRES N FEREE LRI E
wig.
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FHES VLM MZI LR ﬁ;‘{&vmilﬁ%'uﬁ AFNEESHE ShFRYA N
mm X5 mm. SEH RS 300 nm X VIGEERAEERE, T2 4 pm B SiO2
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Figure 3.1 (3) Schematic diagram of the device for measuring the wavegmde 5
propagation loss. (b) Micrograph of the device. (©) \ixcragraph of the coil-shaped delay lines
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Figure3.12(a) Normalized transmission spectra of output Ports L as a functionof
applied voltage V, featuring sinusoidal-like curve. (b) Extinction ratio in logarithmic
terms.
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1.

4 REBETHIBERIMITIERFA python K

from Motion Modules. Basic. Basic Motion Import *

from Motion Modules. Basic. Code Visualization import ¥
from Motion Modules. Motion_Modules import ¥

from math import ¥

class Template (Motion Modules):

width Cr = 0. 0012
width LN = 0. 003
number_of #ils = 11
d I L = 0 002
nn = int {(number of MiIs/2)
MWL Lo = 0. 257
W dl = [-d MMI L * nn] * number_of MifIs
for i in range(0, number of M{Is — 1):
ML dL[i + 1] = M dL{i] + d MHI L
print (I dL)
MWIN=2
I p = 0. 006
MUI straight waveguide length = 0.1
sh_length = 0.25
sh_height = 0. 03
layer Cr = 1
layer LN = 25
step = 0. 0008

L sum =25

def __init (self, directory):
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self. file create(directory, 'Cr’)
self, loop head (1)

self. BS(0)

self. loop_end()

self. FILE. close ()

self. file create(directory, 'Arms_Cr’)
self. Arms (0)
self. FILE close ()

layer LN reg = self. laver L¥
self. layer IN = 3

self. file create(directory, "IN 1')
self. BS(1)
self. FILE. close ()

self. file create(directory, “Arms LNX I’)
self. Arms (1)
self, FILE. close ()

self. width LN += self. step * self. layer LN * 2.0 - 0. 0001
self. layer IN = layer LN reg — self. layer LN

self. file create(directory, 'LN 2°)
self. BS(1)
self. FILE close ()

self. file create(directory, 'Arms IN 2°)
self. Arms (1)
self. FILE close ()

self. file create (directory, “test’)
self. BS(0)

self. BS(1)

self. Arms (G)

self. Arms (1)

self. FILE. close ()

def BS(self, Cr_or LX):
end point = Point (0.0, 0.0)
H BS = 2. O%self. sb_height + self. I p

for i in range(len(self. M1 di)):

self. MMl I = self. WML LO + self. M1 dL[i]

self. l_side = (self. [ _sum — (2 Okself. sh length + self. M4l [ +
2. Oxself. MMI_straight_waveguide length))/2. 0 .

end point. change (self. [ side, 2. O%H BS¥i)

self. g spot (end_point)

self, shutter (G)

self. Beam Spliter MWMI (Cr or LN, flag=l)

self. Beam Spliter MHI (Cr_or LX)

end point. change (0. 1, -0.1)
self. g spot (end point)

def Arms (self, Cr or LN):
end _point = Point (0.0, 0.0)
I BS = 2. 0%self. sb_height + self. Ml p
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for 7 in range(len(self . MHI di)):

If 1%3 == 0:

self. arms_move 2x2MHI_right = 0. 000
elif i%3 == I: v

self. arms_move 2xZWMI_right = —0. 001
elif i%3 == 2:

self. arms_move ZxIMYI _right = 0. 001
self. MMT L = self MMI L0 + self. I dL[i]
self. [ _side = (self.L_sum — (2 O%self.sh_length + self. I L +
2 O*self. M straight waveguide length))/2. 0

L BS = 2 O#self. sh_length + self. Ml L + 2. O*self. MMl straight waveguide_length

L left side = 0.0
L right side = self. [ _side + [_BS + self. extension#0.5

arms_length = self. [ _side — 0. 5%self. extension + self. arms_move ZxZMMI_right +
self. arms move ZxZMHI_left

L _left side —= self. arms_move 2x2MMI_right

L right _side —= self. arms_move Zx2M{I _right

end point. change (I, left_side, 2. 0% BS*i + 0. 5% BS)

self. g spot (end point)

self. shutter (1)

self. Faveguide x(Cr or LN, self.l _side — 0. 5¥self. extension +
self. arms_move Zx2il right + self. arms move Z2xZHMI_ 1 eft)

end_point. change (I, left_side, 2. O#H BS¥i — 0.5%{ BS)

self. g_spot (end _point)

self. shutter (1)

self. Waveguide x(Cr or IN, self.L_side - 0. 5%self. extension +
self. arms_move Z2x2MI right + self. arms move ZxZ#HI lef t)

end point. change (L _right_side, 2. O%*H BS¥i + 0. 5% BS)

self. g spot (end point)

self. shutter (1)

self. Faveguide x(Cr_or LN, self.l _side — 0.5%self. extension *
self. arms_move Ix2MMI right + self. arms move ZxZ2MHI lef t)

end point. change (I_right_side, 2. 0% BS*i — 0. 5% BS)

self. g spot{end point)

self. shutter (1)

self, Faveguide x(Cr or LN, self.l_side - 0. 5¥self. extension +
self. arms move ZxZMMI right + self. arms_move 2x2MHI_Ieft)

end point. change (0.1, —0.1)
self. g _spot(end point)

directory = os. path. splitext (os. path. basename (_file__))[0]
print(CWriting’)
Template (directory)

(x_min, x max) = (0, 20)

(r_min, y max) = (-0.2, 0.2)

key = 0

Code Visualization(directory, 'test’, x_min, x max, y_min, y_max, key)
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2. HRI IR Z N TI2FFRY python {XFS

from Motion Modules. Basic. Basic _Motion import *

from Motion Modules. Basic. Code Visuvalization import *

from Motion Modules. Basic. Z match import %

from Motion Modules. Basic. Code Matrix Visualization import *
from Hotion Modules. Hotion Modules import ¥

from Motion Modules. Groove Create import ¥

from math import *

class Loss_delay line (Motion Modules):
width Cr = 0. 00135
width LN = 0. 00295
layer Cr = 1
layver LN = 25
step = 0. 0008
I L = 0 252
sb_length = 0.25
M p =0 006
sb_height = 0. 025 — Wl p/2. 0
ML straight waveguide length = 0.1
L BS =20 % sh length + 2.0 * MfI_straight_waveguide length + M{I L
HBS =20 % sb height + ML p
L sum = 87
L MZI middle = 1.5
L MZT side = 1.0
[ _left side = 0.5
R=08
L BS DL Link = 0.1
¥ second = 0. 85
X BS = /0 07%4
X BS[0] = L left side
X BS[1] = X BS[0] + 1 BS + I, MZI side
X BS[27 = X BS[17 + 1_BS + I MZI middle
X BS[3] = X BS[2] + L BS + I, MZI side
X BS second = [0. 0]+4
X BS second[0] = [ _sum — I_left side — [_BS
X BS second(1] = X BS second[0} - L_BS — I MZI_side
X_BS second(2] = X BS second{1] — L _BS - [ MZI middle
X BS second[3] = X BS second{2] - [ BS ~ L #ZI side
X arms = [0 0]%5
X arms{0] = 0.0
X arms[1] = X BS[0] + L BS
X arms[27 = X BS[1] + I, BS
Xarms{3] = X BS[2] + [ BS
X arms[4] = X BS[3] + [ BS

1l

]

L arms = [0 0]%6

I _arms{0] = I_left side

L _arms[17 = I, #2] side

L arms{2] = L MZI middle

L arms{3] = [_#ZI side

[ arms{4] = [_BS DI link

L arms{5] = [ sum - X arms[4] — I_arms[4]

L mzi_side right = [ _sum - X arms{4]

X arms_second = [0. 07%5

X arms_second[0] = X _BS second[3] — I_arms[4]
X arms_second(1] = X BS second[2] — I_arms[3]
X arms_second(2] = X BS second[1] - I_arms[2]
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X arms_second[3] = X_BS second[0] — L_arms[1]

X arms_second{4] = X _BS_second[0] + I_BS
Arms_extension_right = [0.003, 0.003, 0.003, 0.003, 0.0025]
Arms_extension left = [0.0, 0.0, 0.0, 0.0, 0.0]
Arms_extension right second = [0. 003, 0.003, 0.003, 0.003, 0. 00157
Arms_extension_left second= [0.0, 0.0, 0.0, 0.0, 0.0]
Arm_second up right = 0. 0045

Arm_second_down right = 0. 0045

Arm_first_ up left = 0. 0055

Arm_first_down_left = 0. 0045

Delta L = 40

num_of circles = 3

1 = Delta L/ (num _of circles*2.0 + 1.0)

min_radius = 0.2

gap = 0. 05

DL real L =1 + 0.2 + min_radius * 3.0

Dl _real LO = 0.2 + min_radius * 3.0

DI real H = 2. 0#min radius + (2. O#num of circles - 1) * gap
dual_or_not = 1

# Z match
x Init = —1
xend =9
y_init = =2
y.end =3
delta x = 0. 1
‘delta y =01

# Groove fix
groove_fix = 0. 03
vertical offset = —0. 0002
def Groove Prepare(self, directory):
Groove _class = Groove Create(directory)
return (Groove class. Groove, Groove class. Groove_width)
print (Groove)
def Groove Write(self, Groove, Groove width, fake key=0):
end point = Point(0.0, 0.0)
self. g spot(end point)
num _of layers = int(ceil(Groove width/self. step))
Iif fake key == I:
num_of _layers = 1
Groove_width = 0.0
i=0
for groove In Groove:
groove_fix = self. groove fix if groovelZ] > 0.2 else 0.0
end point. change (groove[0] + groove fix, groove[l] - Groove. n’zdth/Z o)
self. g spot (end point)
self. x_rect_ P.S'()( 0, num of layers, groovel2] — 2.0 # groove fix, self. step)
# if i%2 =

It

# self. x_rect FPSQ type I(1, num_of layers, groo:e[Z] 2.0 * groove_fix,
self. step)
# else:
# self x_rect_PSO type II(1, num of layers, groovelZ] — 2.0 # groove fix,
self. step)
# i+=1

def __init__(self, directory):

print (" Track Creating...... )

self. file create(directory, BS’)
self. loop_head (1)

self. BS(0)

self. loop_end()
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self. FILE. close ()

tag set = ["up’, ‘down’]}
for waveguide tag In tag set:
for side tag in tag set:
filename = "One ' + waveguide tag + '~ + side_tag
self. file create(directory, filename)
self. One (waveguide tag, side tag)
self. FILE. close()

filename = ’Ope_second ’ + waveguide tag + ' + side tag
self. file create (directory, filename)
self. One_second (wvaveguide_tag, side_tag)
self. FILE. close()
self. file create(directory, 'PSO MYI’)
self. loop_head(1)
self. MifT (0)
self. loop_end()
self. FILE. close ()
self. file create(directory, 'PSODL’)
self. loop_kead (1)
self. DI, PSO(0)
self. loop end()
self. FILE. close ()

layer LN reg = self. layer IN

self. layer IN = 7

self. file create(directory, PSQ M{I LN 1)
self. loop_head (2) :
self. I (1)

self. loop end()

self. FILE. close ()

self. file create (directory, PSO MZI Arms IN I')
self. loop _head(2)

self. Arms MZI(1)

self. loop end()

self. FILE. close ()

layer LN reg MMI = self. layer LN

self. layer LN = 3

layer LN reg else = self. layer [N

self. file create(directory, 'BS LN 1’)

self. loop_head (2)

self. BS(1)

self. loop end()

self. FILE. close ()

self. file create(directory, DI, IN I’)

self. loop head(2)

self.DL_I0(1)

self. loop end()

self. FILE. close ()

self. file create(directory, 'PSQ DL IN 1’)
self. loop_head(3)

self. DI_PSO(1)

self. loop end()

self. FILE. close()

width Cr_reg = self. width Cr

width LN reg = self. width LN

self.width LN = width LN reg + self. step * layer LN reg MYI * 2.0 — 0. 0001
self. layer LN = layer LN reg — layer LN reg MMT
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self. file create(directory, 'PSQ MMI LN 2°)
self. loop head (i)
self. MHI (1)
self. loop_end()
self. FILE. close () .
self, file create(directory, ’PSQ MZI Arms LX 2’)
self, loop head (1)
self. Arms MZI(1, LN 2 flag=I)
self. loop end()
self. FILE close()
self. width LN = width IN reg + self. step * layer LN reg else * 2.0 — 0. 0001
self. layer LN = layer IN reg — layer IN reg else
self. file create(directory, 'BS_IN 2’) '
self. Ioop head(l)
self. BS(1)
self. loop end()
self. FILE. close ()
self. file create(directory, DI LN 2°)
self. loop head(l)
self. DL_T0(1)
self. loop end()
self. FILE. close()
self. file create(directory, 'PSO_DL LN 2°)
self. loop head(1)
self. DI PSO(D)
self. loop end()
self. FILE. close ()
self. width Cr = width_Cr reg
self. width LN = width L¥ reg
print( Track Done’)

match 7 = Z matrix(x_init=self. x_init, x end=self.x end, y init=self.y_init,
v end=self. y_end, delta_x=self.delta x, delta y=self. delta_ y)

# match 7. test matrix_create(directory, 'test Z’)
match Z. 7 matrix_read(directory, ’test Z’)
# match Z.Z_matrix_visualization(directory)

match 7. 7 match(directory, Groove_done=0)
print (" Track Matching Done’)

print ("Groove Creating...... )
(Groove, Groove width) = self. Groove Prepare(directory)
self. file create (directory, ’PS0Q_Groove’)
self. Groove Write (Groove, Groove width)
self. FILE close ()
self. file create (directory, ’PSQ Groove fake’)
self. Groove Write(Groove, Groove width, fake key=1)
self. FILE close ()
print{(’Groove Done’)
print ( Groove Matching...... ’)
match 7. 7 match (directory, Groove_done=1)
print (' Groove Matching Done’)
def One(self, waveguide tag, side tag):
1 = 0.0 if waveguide tag == 'up’ else self. ]
end point = Point (0.0, 0.0)
self. g spot (end _point)
H = self. sb_height + self. Ml p/2. 0
d = self. width Cr/2. 0 + self. step/2.0
If waveguide tag == ‘up’:
if side tag == "up’:
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end point.y += H + d
elif side tag == ’down’:
end point.y = H - d
Iif waveguide tag == 'down’:
if side tag == "up’:
end point.y += H + d
elif side tag == ’down’:
end point.y += —H - d
self. g _spot (end point)
self. Baveguide one (self.I_arms[0], head or_tail="head’)
self. Four s bent waveguide one (waveguide_tag, side._ tag)
self. Waveguide one(self.l_arms[17)
self. Four_s_bent waveguide_one (waveguide_ tag, side_tag)
self. Waveguide one (self.l_arms({2])
self. Four_s bent_waveguide_one (wvaveguide tag, side_tag)
self. Faveguide one(self. L arms[3])
self. Four_s_bent_waveguide one (waveguide tag, side_tag)
self. Waveguide one(self.l _arms[4})

self. Pelay line one(l, self.num of circles, self. min radius, self.gap,

bent_dir=waveguide tag, side_tag=side_tag)
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def

def

self. Faveguide one (self. [_arms[5], head or tail="tail’)
end point. change (0.0, —0.1)
self. g spot(end _point)
One_second(self, waveguide tag, side_ tag):
1 =00 if waveguide tag == 'up’ else self. ]
end point = Point (0. 0, self.Y_second)
self. g spot(end point)
H = self. sb _height + self. Wl p/2. 0
d = self. width Cr/2. 0 + self. step/2. 0
Iif waveguide tag == "up’:
if side tag = "up’:
end point.y += H + d
elif side tag == ’down’:
end point.y +=H —d
if waveguide tag == "down’:
If side tag = "up’:
end_point.y += -H + d
elif side tag == ’down’:
end point.y += —-H - d
self. g spot (end point)

self. Baveguide one(self.L_arms[0], head or tail='head’)
self. Four s bent_waveguide_one (vaveguide_tag, side tag)
self. Waveguide one(self. l_arms[1])
self. Four_s_bent_waveguide_one (wvaveguide_tag, side_tag)
self. Waveguide one(self. l_arms[2])
self. Four_s_bent waveguide one (waveguide_tag, side tag)
self. Waveguide one(self.l_arms[3])
self Four s bent waveguide one (waveguide tag, side tag)
self. Waveguide one(self.l_arms[4])
self. Waveguide one(self.l,_arms[5], head or_tail="tail’)

end_point. change (0.0, -0.1)
self. g spot(end_point)

BS(self, Cr or LN):

end point = Point(0.0, 0.0)
self. g spot (end point)

for i in range(4):
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end _point. change (self. X_BS{i], 0.0)

self. g _spot (end point)

self. shutter (0)

self. Four_s_bent_waveguide (Cr_or LN, flag=l)
self, Four_s bent_waveguide(Cr or LX, One flag=I)

for i in range(4):
end_point. change (self. X BS[i], self.Y second)
self. g_spot (end point)
self. shutter (0)
self. Four_s_bent waveguide (Cr_or LN, flag=1)
self, Four_s_bent waveguide (Cr_or LX, One_flag=I)

end point. change (0.0, -0.1)
self. g spot (end point)

def MAI(self, Cr or IN):

end point = Point(0.0, 0.0)

self. g spot(end point)

for i in range(4):
end_point. change (self. X BS[i] + self. sh_length, 0.0)
self. g_spot (end point)
self. shutter (0)
self. MI straight (Cr_or LX)

for i in range(4):
end _point. change (self. X BS{i] + self. sh_length, self.Y second)
self. g _spot (end point)
self. shutter(0)
self. I straight (Cr_or LX)

end_point. change (0.0, 0. 1)
self. g spot (end point)

def Arms MZI(self, Cr_or LN, LN 2 flag=0):
end point = Point(0.0, 0.0)
self. g spot{end point)

#first

for i in range(5):
end_point. change (self. X_arms(i], 0.0)
self. g _spot (end _point)
self. shutter(0)
self. Waveguide array(Cr_or LN, self.l_arms[i], self.H BS, |\

left _extension=self. Arms extension_left[i],
right extension=self. Arms_extension_right[i], LN 2 flag=LN 2 flag)

X first_up = self. X arms{4] + self.l arms[4] — self. DL real L0

end _point. change (X_first up, self.H BS/2.0 + self. DL real H)

self. g spot(end point)

self. Waveguide array(Cr or LN, self.l_sum - X _first_up, 0.1, num of waveguides=I, |
left _extension=self. Arm first up left)

X first_down = self. X arms{4] + self. [ _arms[4] - self. DL real L

end_point. change (X first_down, —self.H BS/2.0 - self. DL real H)

self. g spot (end point)

self. Waveguide array(Cr_or LX, self.l_sum - X_first down, 0.1, num_of’ waveguides=1, |
left_extension=self. Arm_first_up left)

# second

for i in range(5):
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end point. change (self. X arms{i], self. ¥ second)
self. g spot (end_point)
self. shutter (0)
ifil=4
self, Waveguide array(Cr_or [N, self. [ arms[i], self.H BS, |
left _extension=self. Arms_extension_left[i],
right_extension=self. Arms_extension right(ij, LN 2 flag=LN 2 flag)
else:
self. Baveguide array(Cr_or LN, self. [ mzi_side right, self. i BS, |
left _extension=self. Arms_extension left[i],
right_extension=self. Arms extension right[i], [N 2 flag=IN 2 flag)
end _point. change (0.0, —0.1)
self. g _spot (end point)
def DI IO(self, Cr or LN):
end_point = Point (0.0, 0.0)
self. g spot (end point)
# first
# up
end _point. change (self. X arms[4] + self. I _arms{4], self.H BS/2. 0)
self. g_spot (end_point)
self. Delay line IO(Cr or L¥, 0.0, self num of circles, self.min radius, self.gap, 0)
# down
end _point. change (self. X arms[4] + self.l_arms{4], -self. H BS/2.0)
self. g_spot (end point)
self. Delay_line I0(Cr or LA, self. 1, self.num of circles, self.min radius, self.gap,
1)
# second
# up
If self. dual or not == 0:
end_point. change (self. X arms[0] + self. D[ _real [, self.¥ second + self.H BS/2. 0
+ self. DL_real H)
self. g spot(end point)
self. Delay Iine I0(Cr or LA, self.l, self. num of circles, self. min radius,
self. gap, 1)
# down
end_point. change (self. X _arms[0] + self. DI_real L0, self. Y second - self.H BS/2. 0
~ self. DI real H)
self. g _spot (end point)
self. Delay line I0(Cr or IN, 0, self. num of circles, self.min radius, self.gap,
o)
end point. change (0.0, -0.1)
self. g spot (end_point)

def DI PSO(self, Cr or LN):
end _point = Point(0.0, 0.0)
self. g _spot(end point)

# first

# up

end _point. change (self. X arms{4] + self. [ _arms{4], self.H BS/2. 0)

self. g_spot (end_point)

self. Delay line PSO(Cr or LN, 0.0, self.num of circles, self. min_radius, self. gap,
0

# down

end_point. change (self. X arms[4] + self. l_arms[4], -self. H BS/2.0)

self. g spot(end point)

self. Delay line PSO(Cr or LN, self. 1, self. num_of circles, self. min_radius,
self. gap, 1)
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# second
& up
If self. dual or _not == 0:
end_point. change (self. X_arms[0] + self. DI real I, self.¥ second + self.H BS/2.0
+ self. DI real H)
self. g spot (end point)
self. Delay line PSO(Cr or LN, self.l, self. num of circles, self.min radius,
self. gap, 1)
# down
end_point. change (self. X_arms[0] + self. DL_real L0, self. Y second — self.H BS/2.0
- self. DI_real H)
self. g spot (end point)
self. Delay Iine PSC(Cr or LN, 0, self. nizm_of_‘_ circles, self.min radius, self. gap,

o)

end_point. change (0.0, —0.1)
self. g spot(end point)

def Side groove(self, Cr_or LA):
end point = Point(0.0, ~0.71)
self. g_spot(end point) ,
self. Waveguide array(Cr_or LN, self.l sum, self.H BS)

Iif self. dual or _not == 0:
end point. change (0.0, 2.0)
else:
end point. change (0.0, 0.85)
self. g spot (end_point)
self. Waveguide array(Cr_or LN, self.l_sum, ~ self. H BS)

end_point. change (0.0, —0.1)

self. g spot (end_point)

directory = os. path. splitext (0s. path. basename( _file__)) [0]
# create track
Loss_delay line({directory)

Code Matrix Visualization(directory, ’’, plot_key=l, equal key=I)
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Figure 4.1 Bend radii, propagation loss, and window of transparency for published
SisN4, SOL, and InP waveguides. [151]
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Figure 4.2 Si;Nywaveguide types, cross sections and SEM photographs: (a) single

stripe; (b) multilayer structures comprising both double stripe (DS) and asymmetric double
stripe (asymmetric double-stripe, ADS and box shapes); and (c) buried waveguides. [152]
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Figure 44 (a~k) Pmcess flow of fabncatmg a hthmm mobate (LN) mlcrormg resonator
coupling with a silicon nitride (S::,N4) waveguide in the vertxcal configuration. (1) 3D diagram
of the coupling structure.
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Fxgure 4.5 Scannmg electron mlcroscope image of the coupling structure of silicon
nitride waveguide and lithium niobate microring resonator (a) Top view SEM image of LN
microring resonator and Si3N4 waveguide. (b) Sectional view SEM i image of the structure at
the location of the bule dashed box in Fig..2(a). (c) Sectional view SEM image of the
structure at the location of the yellow dashed box in Fig. 2(a).
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Figure ¢ 4 6. (a) Top view SEM image of the fabrxcated LN mxcmrmg resonator. (b) Top
v1ew SEM image of the trench fabncated in the Si02 ciaddmg layer. (c) and ) AFM i images
of the surfaces of the microring in (a) and the trench in (b) respectively.
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Figure 4.7 Schematic of expenmental testing setu;) Inset: optical nncrograph of the
fiber lens coupling with the Si3N4 waveguide.
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Figure 4.8. (a) Transmission spectrum of the LN microring resonator. (b) The Lorentz

fitting of the splitting modes at the location of the red dotted box in Fig.4(a) reveals a Q-
factor of 1.49x107 (red solid line) and 1.09x107 (green solid line), respectively.
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Flgure 4. 9 Sectional view SEM images of the couphng structures when the thickness of
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