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Thesis abstract

Increasing the transmission traffic of optical communications is one of the most important issues
in the future society. To solve this problem, it is essential to use wavelength-division multiplexing
and time-division multiplexing communications, and a light source with multiple wavelengths and
high repetition rate is required. Optical frequency comb light sources have been studied as a light
source that satisfies these requirements, but the devices used to generate them are large in size.
Therefore, optical integrated circuits fabricated by silicon photonics, which uses conventional
CMOS fabrication technology, have been widely studied because energy saving and low cost are
desirable for practical use. However, silicon has two-photon absorption in the communication
wavelength band, making it difficult to generate an optical frequency comb. Silicon nitride has
attracted attention as a material for generating optical frequency comb, but it is not possible to
integrate modulators using electro-optic effects because PN junctions cannot be fabricated due to
the difficulty of making such junctions. Therefore, functional optical devices cannot be fabricated
from either silicon or silicon nitride as a monolithic material. Yet, because of their different
refractive indices, waveguide widths, and thicknesses, effective coupling cannot be achieved simply
by bonding them together. In this study, we theoretically investigate edge couplers of silicon and
silicon nitride end-faces, and actually design each chip. In addition, these chips are actually bonded
to each other. Then, We measured their robustness to displacement, and the effect of the refractive

index matching material on the edge couplers and compared with the calculation results.

Section 1 describes the background and purpose of this study and the structure of this study
are described.

Section 2 describes the knowledge related to optical propagation, waveguide coupling, and the
calculation methods.

Section 3 describes simulation calculations for the optimization of silicon-silicon nitride
integration, and for the optical elements to be placed on each chip. These results are used to design
the chips.

Section 4 describes the details of the experimental system and results are presented for butt-
coupling and the chips themselves.

Section 5 describes the conclusions and future prospects of this paper are presented.
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1.1 ILC®IC

Dt 2R L 7dEHEfio R R X b HERIC Gbit/s X EO# X THEHIRZIED ATREC
otz TAUFFEEEANOESIC X D B/NREHBICKEDERRFEERTES X5
2o TDATIRL, HT 7 A4 N —RUCHEIESR DR 8 & o CEEREICERZ L Z
DREZETES X510 o7 2 LITRRKT 2. KT COVID-19 OsZE S H b OLEE
B TIE T =X EDWRICR oI TT =277 4 v ZI3BIRNCHERLTWS. £h
WHEWEEERF » 7 o a7 OB AT — N - T =Xt v X—1TBI) 2 EHNIIEE
BHEOARLZ 0y ZEAREKOMILe wo 2B I LT\W5. EFERMEIKD
HEEI NI R ROEHERR C, BEV ZHOVWTE=V?/R=CV2 £ LTRT I HT
&, Ko LTNTIcBEEhTns., A& C 2EBRIE2 Z 3LV E, [
EEHT 200K BICOENIRLETHD. 200 AL EORANRE T AL F —
BREETH 2. FEEMEDEIED RCICHHIT 270, BEREIERBICHHIR?D 3.

DX BEEZRRT 27 DICEFRF 2O ERFICE SR B L LR
(PICs:Photonic Integrated Circuits) O#&A7 1969 4£12 S.E.Miller 2 & o THRIES L
72 [1]. BEBEEZINTEDPTI 2D, TXVLXF—HBEMZ 2 e TERHERES
WIENFIRETH 5. 1986 127 D R.A.Soref HIC X > TSRO~ /nzL 7 br=7
RV BN B FERELERIN 2 EEBICHER L eV a >y 7 4 b =27 ROV THE L
72 2. ¥4 /BT bR =R T4 b= RERA-EREICERETESZZ I
DOWTRL. LAUMT#EED H D 2004 12 Intel #D 7L— 712k - T, 1GHz
R DEFRETHET 2>V a Vv ERBMNEILINLZETI Y Ay 7+ b =27 2O
FUIEEACER LR o7 [3]. ZOMFRLRIFHICZ YV ay 7+ =27 20HE LR
B SN, BRARAFRFEF v 7 ECEBHIN TV oz, L LITNTONERT
2V aryOATERET S EIFELC, FHEREEICHWL NS -V FERS Y a ik
EMEHOCTOEFERFEEIAIND L H5ICKR o7, T X W BEOMEREIEZ NS D
B35y T RICH B NFRTERET 5 28 T—D2DHETNA RS 2 BRSIcH%
DoDH 5.
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1.2 Yo@EfE
121 HBEB\BE

JEERIRLT 7 A NI FE L, FRMAFTEBIR2ELR VA > T7578 LT
HRCBEAAIRIZDD R >THED, HROFERITH VA BRURNPB I RbhTE
7. JEE(EIC X 2 RIEBHREDAIREIC R o 72 2 & TEE 2 ZHOX 2 D ITEE D 2 G1)
L, BET2ZHBAEMTONDL KO8 ko7k. EREFELESL [F v, HR
EWOET HBUERE T+ V71 LIS, FH7R 2 D0f% FRlICRL T2, Zh o ofilbist
WZH<F a7 7 7 A N %Wz SDM(Space-Division Multiplexing) S fRii %z F|FH L 7=
PDM (Polarization-Division Multiplexing) 72 &23% %.

o ENEIZEB(E

{Eiﬁ 7 &% Hif {513 WDM(Wavelength-Division Multiplexing) 18 & & &0
, BHEEALOOWZ e ZHWT 1 AD T 7 £ NIZHEZ ZERDEERIREX
%5Lﬁiﬁf%5 Fig.1.1 1Z WDM #EOEAKTH b, EEMICTZHOHK
ROBRRZNFETHELZENOZEW - ZEAZIEEZIET1IARD T 7 4 NTIriX
LEZEUTHRIBEZENENDESZHAN > TWS. BEOKREREBF DN
TVABEIMDO—DTH D, KROMZERLTIZERETESHET L VI HTENT
W3, FRIRHICEEMBICREDL D 27-:0H2BETHEIT LD 2 2, HFEOK

ZHPLTIIEZNO BB S B A HBEBENDWRICZ > TLE S ADPHETH 5.

Transmitter side Main transmission line Receiver side
I_ 1 - 1 1

Individual De-multiplexed
signals signals

Transmitter (A2)

i

ransmitcer ) D
|

Fig.1.1: Schematic of WDM transmission system. (Cited from: FiberLabs inc.,
Glossary, “https://www.fiberlabs.com/glossary/about-wdm/” )

Wavelength multiplexier

Jsixa|dnjnw-ap yibuajaaem

. HTF"? I HIZ EEE
$97#|2 EiE{51% TDM(Time-Division Multiplexing) #fg & b &3l L, HHD
Eﬁ%—ﬁhﬁfﬁﬂb JEF AR T 2 Z eI X DIRR S 2WETETH 2.
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TDM EE IR EMC TEEDOERZHEL 2o 2ERICZHELEIEL LT 1
KD 7 7 ANTIRE LZEHTIHFICND BT Z e TEAZRDESZH AN - T
W5, [[A—KEMEESN DD ZNETNDESDOMICEST v AV EREM - 32
ERHICEFEERIZL ST, RVEHITLE DR TVWRDHETDH 5.

122 F—REVHZTOHFEE

HZEBEDORBIMHEV, T—XE Y X TRIEARBENEEOOHZ. ZDL54KE
HIBEE1T O 2 DIEIEFITHEE L HELIDERAIRTH 5. ZD=DRESHZE G
AT 7DIEZHOL —FDPRERIEDHATH S, ZOXIR2V—F—iFFLITL
THARXDBREL, HEZANF—BZVWEDHIEFICaX VETAEBEERZD S 3. £,
Fv b =7 HBOEHELICHEVIIR T T v 2O CX X D EEE T 2L
{BoTETVS., ZOOINGEIET 2 nty b I D EEERLOPLEENT
W3, Zo7uty b EBRICIEFICaX PRTHEE RoTWa., T—XEREICBIT 3
FARCAR E 7 7 A NDHEEFIZ 100 Ghpsxm IZH % & S, BREHE L X ER oMok
2. BAZEBAZY, X7 7 ANGENEHNREETRY RS, 207 400G D
MICEE E D SR DIER R KICIIHERIOEDIHEROF v V 7 e R 2EEE 2L 5D 5 &
ST B.

MATFigl2 X0 EBRT -2 XOMBIIEKRT 2 ALNTVWS. ZDLDO5HK
PEFEFUCTEEN S HIRE LTHRALLZZHEThOEMDIR L TIRa R R EHENE
5.
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Fig.1.2: Global Data Center Market Size Trends and Forecasts [Hi#: 551 3 £ 15
WEEE (BHE))]

1.3 JERIRE L

ST 2 20K SR CEMIBRICIE S (2 2) RO RART PV RFE, 7—1
T K D RIS T LR e 72 2 60ETH 5. J. L. Hall ¥ T. W. Hansch (&2
DEMICE D DT LFEENS 5 ETH S 2005 FI2 /) —IIVYHEERZELTEBD, Z
NZND 3 LFRORBEPIEFICLEL TVE I 5 2023 FHREDHADR X DEHR L
RoTW5.

RIS DI SV A TR TR DR BT X D BERE  MHEE SR o TV B 720, UL
2 1DWIZOEMBEDHDMMEAED—EETOER T . ZOMHEEZF YV 7N —
TR EEY, Zhz A¢ LBIFIZHR DB LA (BEARY PVEE) frep = frsr &
¥y 7Ty —7F 7ty MEBEE (carrier-envelope offset) fo & DEIZLITD X 5
REABRHAEDLD., Fr VTR —FA Ty NEEE fo 1A a L 2ko A
7ty FERLTBD, BOELUEBERE VNS REZL .

A
fO = 2_7:_Ofrep (1.3.1)

HEAPE A LB T o BHDE-F f, 2RT L X, fiop & fo ZHOTIRDRRICE
{ZEeMWTES.

fn=fo+nfrep (1.3.2)
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ZORIPEEFE a0 THRODBDE L) LBAESINZEREZER LD DI -T
W3, 207D, KEFEBI L ZRMOT 3 2 ODEBE fo & frep ZRET 2 LITH
HTH 5. DR LUFEEOUEZLBNAESICAIRERED, Fr V7N —7%7
oy MEARBERESEIET 212 f - 2f BESRETHORFUI RS RV [4]. Zhic
WEARY PARIEOEEDS 1 427 2 —TVE, OF D H2FEWEBRSY [, DB L E fo
BHUL IV, ZHUTED f, D2REFAKETH 3 2f, & fo, DERFEEEFZ Z & T,
FrUT7IrRA—TFF Ty MNEAEE fo 2155 ENTES.

2fn — fon = 2(nfrep + fo) — (2nfrep + fo)
= fo (1.3.3)
COESCHIE LD BLARBE F vV 7o Rue—7F 7€y bERECE BXEH
ZIXUD e LIANBERE T Yy 735 2 e CRERKa 22 &ELSE2. LrL, Z
oD LHFUIERL —F 7 7 A NL—FICTEBEIN TR0, ERENHES
HS DI Lo 7.

f

rep

.
1 “ll.

Frequency’/

Fig.1.3: Time-domain representation of the train of ultrashort pulses of period 1;¢p
at the output of a mode-locked laser and the corresponding spectrum of narrow
lines of a frequency comb. The phase shifts A of the carrier of the wave relative to
the envelope of the pulses induces a translation fo = frepA¢p/27 of all the lines in
the spectrum from their harmonic frequencies n frep. (From N. Picque, and T. W.
Hansch, ”Frequency comb spectroscopy,” Nat. Photonics, 13, 146-157 (2019))
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2007 A a 2 B MRS TREZI B 24 70 a LD EDIRERI N
72 [5]. TD~A4 78\ asiIPEROINE R 2 L ORHUICINZ T, HIREROEREI/HIZ W
TSR UEREERL T2 TES. XOICEMBEL WS HETHHERD KA
IREEBICHEARTEN TV, UNEHIRSIZZDE W Q HIZ X > T, WEBIZE\WER R
Ex2Rb, IERBCEMRERE T EMBLRNES LR o7z. <4 7 aa DA
IERE AR D 1 D TH % 4 KRB IHE DSV T WS, 4 HEREE 2 DDHFHI8
SX MYy ZEBREERETHIORR 2 ERED 2 EFITERINIHRTH Y, TXLF—
RFANCHE > T W3, w4 783 A0FE « IRIZHIRIBICAS LR Y P THHE 4
HBREDRE 2 22T, RYFHh o FSR OBEME TN B Ry THOHE - £
KRN ENEhRET 2. Z0®EED G5 ENZN TR 4 LESIC K-> TR
RAWREZREZIE L. ZOMER 4 NKESZIZI T O & LIEHER 4 YIRS 25HBHAY
WERIBZe Ty 7uasndnEmInsg.

~A4 703 sz 3 RERER D ONEN T RTHEIILZ VR %Y Y hras i
B LA —RICE SN T VL Z e 2 SBREA—Y U PR, VY R
G 2 EHF TODE L I FIRBBID &S 22 T, WIRe#HENELT L
RAMEWT 202 THY, YV b UEIEDIEELTHIBHVWIEETHLI s, £
BRI IC B W TIER ISR SN TE 2. V) Y a s ZHENMNBEERIC X 2 0L 2DE
M BEDBICE 220V ZADIER D DD D EVDIEFNICATIEORIFR  Q fEHic X 2%
DONES L THRET 3.

—MRENCZ D KD REFE T ACMEEZFICE YY) Y rark T o4 YY) b
MER. ZAUSH U TIEHEZRUC & 20V ZDHRR & H AN HEZEIC X %00 2 DIGHEIZ X
23 0%X—=T VAR [6]. X—27 0L RE Fig.1.4.(b) D LRD X 5 ART L
ZROIALNETH 2. (a) LT 2 EERD T I 4 + YV F VIFHEIRGEATRICEBWT
X2 LDEEIKZT VD, BIFRANCKRE & X =T OV AD T DNEPRVER T 5.
CHNIENTF 2 —=V 7 WCBERLTED, Figld.(c) 2 (A DLkSIXTIA4 VY b
WHARTR =7V RETF a—= v T8N WD, HIREEDT 1+ v 7030
XFLDTHE. 2D LXK — I OV RBIFEICEHNRICBWTEALT WS 2,
T4 YV R ITHARNTARY DR S TV WD FRIER L — 3 DS B 72 S
TRETI7A4 WV P YOEBEATVWS EWVWR S, ZDH Figls DXk5ic~v(na
LT X BICHEICE - T, FBRTE2Z e E L.
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(@) x . " . (b) . . S ’
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Fig.1.4: Comparison of comb generation in anomalous (a, ¢, €) and normal (b,

d, f) dispersion regions . (a, b) Comb spectra. Upper: intracavity, lower: in the

waveguide. The power ratios of the pump and the other comb lines are listed in

the figure. The insets show the time-domain waveforms. (c, d) Effective pumped

resonance and effective detuning in comb operation. (e, f) Zoom-in waveforms at

the waveguide output, showing the relation between time-domain features and con-
version efficiency. (From X. Xue, P.-H. Wang, Y. Xuan, M. Qi, and A. Weiner,
”Microresonator Kerr frequency combs with high conversion efficiency,” Laser Pho-

tonics Rev., 11, 1, 1600276(2017))
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DFB laser Silicon photonics
functional chips

AlGaAsOl high-Q
microresonator

Coherent comb
generation

lI-V-on-silicon
photonic integration

Fig.1.5: Conceptual drawings for several integrated optoelectronic systems (data
transmission, microwave photonic signal processing, optical beam steering and pho-
tonic computing) realized by combining a microcomb source with silicon photonic
chips. With III - V-on-silicon photonic integration, the chips are expected to con-
tain all the essential functions (for example, laser-microcomb generation, passive
and active optical components, and the electronics for supporting signal processing
and system control).(” Microcomb-based SiPh optoelectronic systems.” © H. Shu,
L. Chang, Y. Tao, B. Shen, W. Xie, M. Jin, A. Netherton, Z. Tao, X. Zhang, R.
Chen, B. Bai, J. Qin, S. Yu, X. Wang, and J. E. Bowers (Licensed under CC BY
4.0) https://creativecommons.org/licenses/by/4.0/)

1.4 SERER

TR EEIIMER DB XA TEE Z 2T K 2R L a > 7 U HiT X K24
CTEHIATHL7DRROLT AL M e LTIERICEREIATWS. $BFO
CMOS(Complementary Metal Oxide Semiconductor) fE# 7 vt 2 ¥ Bt % K- T
BY, mFEED, (MEETREEEDARETD 2. MATRESZNIMEET 27D EH
THDH, ZRNZNDNFARTOHBHIW NI e b F v TEBU IR AIITD
NTW3., KEfE, JE 7], —=2—J 13y b=, KEtEESPEY VT wo T
B4 ZISHABF SN TVS. L L, IERPERTEFEOVEDIRR > T\ 20
INHOERELZH—MBROATERT S ZLIFHMLY. 20DV F VLI A FXR=F
(LiNbO3) 1cfh R & h 2 AR AR [8], SV arh—og F (SiC) oz



1.4 SEERER 9

aAEEWIZ TR, APV LAY Y (InP), HV v LME (GaAs) W o 2II-VIEH
AR EhR A IR TS STV 5.

141 >V T7xbF=ZOX

HEMMEFEOMRDOEBE Lo TV BEMNNS VI T+ P =7 ATHS. ¥Var
T4 b=, YVarvERSLIV VTR WD DIZE THBIADL > TWV5.
) a VREFRINEREBIC TENRIBE X Z 348 L K&EL, 77y R DETRE
MRENTDNHEBSAFICEALIAD 5. ZDD/NSR Ty b7V ¥ b THEHEZ IR
DERBPARETH D, 74 b=y ZHESLEINRI V=T 4 V7 H T 5 2w o iR
ZEDNE OB TIEREE £ 72 I RIRER R T OREDFRETH 5. [FRFICS ¥ /LT —
FE&BGEZ T DERKIED /NS R2-DBERMLIEDEL WS FXY v b
fZTw3. LaL, E#EXRIZ 0.02 dB/cm Y IEFHIT/NE L, BEE 2D 5 2%
RS2 2 e 2 HINE LoV a gy oV a VRO U B (Si0,) EHH %
SOI(Silicon on Insulator) #EIC TSN TS [9]. ZoMEZ~v/7uexlL 2 b
=7 RAXHFEONT VS0, FERNRESERE ORBICEHLTWS., ZhOR T2
T4 TREERT L L TSR e Vo & RNEFERT 2RI TN S,

NERD TR UCEEZR TR EEREF TR 2 21 kpls s, EHEEH
FRE V=Y —EAT 2EREHCTEMT 2 7T, AL TRE L - —
HENBOREFTEMTA2HARTHS. 2V ary 7+ b= ATIEYERL —F —
DINERE DRI R % WE X1 5 /DI K E72 7 4 — BNy 7B
WENZTI2 5728, Seid L7 WDM @EFEOISHINIAERER Tz Hwsh s Z
2w, NEERGNERA B RZFEHAGDEL I TF v TR — LT
TN R E2 2 e 2 BE LT 2 BRI & OSSR .

>V ay 7 b= ATEOR T 2L a OFHIE 2 B SVWTWws. &~
Varoxy ) 7REZGHET 2 e THEITREZZA 5L 27 brYT7577 4
7 %R (Electro-refractive effect) Z W/ ZEHeg L >V a  ICEREZMA S Z &
TIRINR Z 2L & 2 BRINIR 2 w72 Z 388 (EAM:Electro Absorption
Modulator) TH 5. L7 rba V75277 4 7HREHNLZRMEBITE< v
Yz Y XTE 2 W ZZilds (MZM:Mach-Zehnder Modulator) [10,11] &>V
a YVEREO ) ¥ YRR F Wz MRM(Micro Ring Modulator) [12-14] 2%
5.
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MZM 1% 1.6.(a) DX SR > TED, 2 20D MMI(Multi-Mode Inter-
ference) 71 7°7 & 2 KD pn LED D 2GR THR SN TNVS. A SR
MMI T 2 D2 &N, pn EEICTEEZHNT % 2 & TEIKKEOBETRZZ1{t
XHEHL TVWBHDMNHEZEZTWS. MMI TEHE LB 2 DDz
WKEoTTHERREID, HESOMEZZRL T\d. HERAEDHTEITL -T2
DOERIEDHIERIZDOTPICERZ 120, ZNSEMIET 270 DOREREHO
L —X—%BMUERARDIFEET 2 [15]. R L OEFHOFIRIEN K& W
v, WECHLTaNR MERFROZ Y, BETHEIET 2 Z e iFoh 3.

MRM Z 1.6 D LD 2fEe ko TE Y, NERK L HE LI pn EE R
N7V Y HIRBTHE I TV 5. HIREHIOCIE R OSSO R IT U THR
SRR, 20O AN SN HIRERE OIS £ — FEEHICE D W THIRE
WAy T rER, RGBT TCAD 6 b7z, SN 5EEIFEL L
¢é<t5 MZT pn HEWCTEREHMT % 2 & THIRFAFT O ENZML

¥, #HREEEZTOTIEAARETH S. ZOHRBEOZEMIC K > THIIDNK
%ﬁ®%ﬁéxﬁbfmé.%@tbf7yﬁfu FOVNEWZ &, MZM (2t
NTEFRFOHBENIMENZ &, FEEREENZ BTN 5.

EAM 33—\ V7B THRET 27 70 Y- 7T v 2 a 3R (Franz-
Keldysh effect) Z W2z L B FHFPFET 2METHET 22 FHLA
BT 2 ZNIRERCERER [16) BEET 2. 770 V-7 vy azhfix
EEAEZMAD ZETANY R vy Tz B85 2 e TRINREZZL X8 5.
1.6.(c) D& H1C>V avEEE FIC Ge BT 22 TEAM 2FEHLTW3
Ge NZHETHFEFZED SiGe ZEETA I TET 2 &}Dﬁ?ﬂ%’a’fﬁ%b\f
EAM 2%H LTV AW%b 52 [17]. BTHLAD S 2 X4 2 $hEIZEROHN
WX o TEFBRZ AT, EAPEZILF Iz 7 FF 52 & THIIX
AR MWELT 2MBETHS. EOM ILERTEEBEA/NI W ¥, EHEE
HFADARETH 2 2 &, ZRHIHIELNRKRENZ LR TH 5.

IR 2 e ER U 72T H 2 AOEFEM R E iz MO Z##s [18] &
T Ky F2HW EAM O#%E [19,20], @628 (AOM:All Optical Modula-
tor) [21] 1 & o CIKERHIP, ALK, RESMLSLLHEE 2 85 3 25017 D
NnTwns
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ﬁ §i01 \ Electrode

g :h % y

si / [ lﬁ
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Fig.1.6: (a).The upper figure is an overall view of the MZM. Light incident at the
grating coupler is divided at the MMI coupler, propagated through a waveguide with
PN junctions, and then merged at the MMI. The lower figure is a waveguide with pn
junctions. Because the waveguide length is relatively short, p-type semiconductors,
which are easier to interact with than n-type semiconductors, dominate most of the
rib waveguide to enable modulation. (From X. Xiao et al. , ”High-speed, low-
loss silicon Mazh-Zehnder modulators with doping optimization,” Opt. Express 21,
4116-4125 (2013)) (b). The left figure is the SEM image of the ring coupled to
the waveguide with a close-up view of the coupling region. The right figure is the
top-view microscope image of the ring resonator after the metal contacts are formed.
The metal contact on the central p-doped region of the ring goes over the ring with a
1-p m-thick silicon dioxide layer between the metal and the ring. (From Q. Xu et al.
,  ”Micrometre-scale silicon electro-optic modulator,” Nature 435, 325-327 (2005))
(c). The upper fiure is top-view optical micrograph of the EAMs, the downer figure
is cross-sectional SEM image of the EAM. (From Z. Liu et al. , 756 Gbps high-speed
Ge electro-absorption modulator,” Photon. Res. 8, 1648-1652 (2020))

DXV aryERHWEERTOMRIIED SR TWS. L LAY ToER
L—HF =D EL TV IZHELL T, BERREFTCOYERL —F —3RIEZFEL T
V. ZHET Y a U EERPERTH D, rOoBERETICT 2 HFRINLH L
W&o THRNENABPBOLNRVTZDTHS. 22V arid ng= 10"1"m?/W
R Z WIEREREITR 2 E oI Bb 5T, 3 ROIFIENEMREEZ T Z e
BELW. 2 ROIEFFENFENR SRR OMMEIC I D RELOH W, ALz k5i2>Y
AVDATIRTONELRTEER T2 203U, BEMEE2EET 2 2 L TOWR
MPHEATW3.
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142 2VIAYFALSARTH IR

BEEERERR ORI TS Y a icZb sl LR IRFEHEATW 200> ) ay
F4 F 74 K (SisNy,SiN) TH2. >VaryF4 74 K75 b=2 2% 1970 K0 5
FHEATWRD, HELEGEHOINADEL D CMOS A TER, 7D 400-2350
nm EBREFEAAKZINI 25 a Y TIERRNENZBEERTOTS Y M 74—
LTHoT-.

1977 FITIHETE CVD IEZHWTYRD 77 XA~v Y R CVD ESPK&E CVD
ETREARRRETH -72 04 pm DREICT Y 7 v 7R WEERZ/EH L, 632 nm I
T 0.1 dB/ecm & WS RIBRTOEMITHIIL 7 [22,23]. Tz AT DL DMK
PO THRIMEBHEBEEOMBI LTHIEHIN D K518k o7, ZD% 1987 FFI2idE
B7=—NVT7 v =2y EBRTVHTH2) TEEREERT 2 Z e CHEERER
(1.3-1.6 pm) I TEWAEZR 0.25 dB/cm U N OEIRAIFEIES iz [24). @R TY =—1 3
%2 TKBCEDPINEZEBLTWED, >Varyr+ A k74 Ko H-N, Si-H#EE
U HDH-O AR T 2N — 2712k > T, 1.52 pm & 1.40 pm TIXERD 1.2,
2.2 dB/cm & 7o TWa. 1990 FRUCiE MZI % F v 72 Al SR T O U o ffE
Y v 7 RBIFEN [25,26), FETDH SOI 25EE T E R WAMEDE, SERAERTOME
U CRHAMENEIE SN TN 3.

BHEETH 2 Z e 2 WO T 2005 FEiI2Z X 57 ae 22 &ELT 5 2k
TIaifiBR % 0.108 dB/cm [27], 2011 412X Figl.7.(a) AKX D & 5 2B E X 40
nm ORI & - T 0.045 + 0.04 dB/m OBEKIELZFEHL T35 [28,29] . H
EETICEBIER 7Yy b7+ —212BWVWT 1 dB/m U TFTOEELEEFEIEL TWVB DI
SisNy DATH 3.
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Fig.1.7: (a).Comparison of optical losses and effective mode areas (in the telecom-
munication band of 1550 nm) in state-of-the-art, low-loss waveguides, including
nonlinear (i.e. thick-core) and linear (i.e. thin-core) Si3N4 waveguides, 220 nm
silicon-on-insulator (SOI) waveguides, 1000 nm InP rib waveguides, and nonlinear
AlGaAs waveguides. The insets show the waveguide geometry and optical mode
profile of the Si3N4 waveguides. (b).Comparison in device size for linear and non-
linear Si3N4 waveguides and single-mode fibers. (c¢).Simulated GVD parameter D,
as a function of the waveguide height h, with a fixed waveguide width of w=2.1 u
m. (d).Simulated bending loss as a function of the waveguide height h, with a fixed
bending radius of d/2=25 pm and waveguide width of w=2.1 pm. Anomalous-GVD
region is brown-shaded, which is accessed with h;700 nm. The wavelength stud-
ied here is 1550 nm.(From J. Liu, G. Huang, R. N. Wang, J. He, A. S. Raja, T.
Liu, N. J. Engelsen, and T. J. Kippenberg, ”High-yield, wafer-scale fabrication of
ultralow-loss, dispersion-engineered silicon nitride photonic circuits,” Nat. Common
12, 2236(2021)) ”Comparison of ultralow-loss linear and nonlinear Si3N4 platforms
with state-of-the-art silicon, InP and AlGaAs platforms.” © J. Liu, G. Huang, R.
N. Wang, J. He, A. S. Raja, T. Liu, N. J. Engelsen, and T. J. Kippenberg (Licensed
under CC BY 4.0) https://creativecommons.org/licenses/by/4.0/

IS DORMEICA TIEFICHER IR TW A MEDIEREETH 5. 2000 FER>V A
WUNER % F N T IR E R R OIZEEA TE D, 2002 FFI2 T~ > L —¥— [30], 2007
RICIEER 3 REIRIFE [31] ZARBIECEIEX Nz, T HIThA T 2007 iV A b
B A NHARERIC X 2@ F RN TONEEE A 22 EH U 2 212 X o TRUINERIRER ©
IERRE SRR AEFINTHE L TW B Z e hRENT: [5]. LA L, THhHDT A RFHNERD
ZALCHTH D BRI D OREERT —RT 7 ANDH v TV IHBRETH > 7272
b, FEETITHEL TR o7, 2D KSR 8h 2008 FIIHFEEITERL S U A D
105 TH S ng =24 x 107 Pem? /W TH 2 Z e BHL2ITH -7z [32]. MATAY
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F¥ vy 7HREL, YV aYRELAZBERERICT 2 TR ZHICHS BHHE
TIINBE E N 2205, 2009 FIZHE 725 nm OEFEFEIRICTHRRTA N v 7
FIR%E ORI g 2R ER XNz [33]. Bl U - EBEE R OS5, BEER
FIER L TV 2 MRERNETER, K I, KRE— NEETH 20 FE T 7 v b
74 —L2 LTHLTOWRY., £ 1.7.(c) DEIIYV br~vArnarzEZBT 57
DITIFEFETETH 200D ) FEED 700 nm M EFEE T 2 Fiii 2 BR T 2 DB H -
7z,

L2 L, 2000 FROTuE2Hiifizd>TLTH 250 nm U EDREEDEE, 1.3
GPa DISHHDHD 25 v ZBEFNRT VI LS55 E b AHIR S [34-36].
2010 FEARFBICR D L A= %—a v T 1 =2 —2HDESE [37], ~4 Z7varszfv
7z 1.44 Thit/s DIRIXEE 38] 3 H D, @ Q HDV ¥ ZHYRAEEICIAT T, Lipson
X277y 7 0EBEENILET A ML UFEREEL 2 BTV aryF A M I 4R
J@ZTER S % 2 & TR 910 nm W CTHEA Q fHlX 7.0x10° ORE L 8 Lz [36]. %
D%, MESA+Institute for Nanotechnology (& 1200 nm £ TOEHDAZ I L
7B IS 2 3%ET L [39,40], EPFL @ Kippenberg (&%) 1350 nm £TO~ A 7 1
oty HHEEHO o 220 L7 by 2 Xy A REREL Q
1% 3.7x100 23K L7z [41]). THhEOMABROKEL DD, FHHET7 7V XV D
HKELBEROZVAYFA I IARTZ7 00XV 2—HELDon, £1.1TH5.
MPW (Multi-Project Wafer) I C7rtR%2EE2 I bbb, ZREERRFELRD
RTFEERT 220 TES. AHDETONFRT L LTOREAPERTH D, IEEHM
B LTHHATE2 7 7 vy ZVIEREDRY. Varyr+ AL b4 Rzt yay
T4 b= AP TWVWBET7 7RV OHFIEINLZEET 2 — LR Z2fToTWV3
YIABTFETS. L, YVarF4 T4 FOBERE (-400 nm) D b DICHRE
ShTWws. ZhEZVaryFA4 F 74 RDBEENELRBIZEY 2 \DEL K572 T
»YH, LPCVD T 7 pm [50], PECVD T#J 315 1735 MPa [51] DK h AL X 3720 T
H5.

ZDEIIEVaryFA b IA4 73 b= R S u AFEOHEMIIEFEITEREIC
BRLTED, IFRENAERFE LT 7YX VICTIOFDONDE X D12KR-72DiF
2010 FRPBOZ e TH 2. 2Dk, Hiie LTHRALTWS EREEVEL, Trt
A TOEREEGEDRBIRDR LRy Z7D—D o TW5., 7L —F—EFemnR
722 % vV 7 OB FRERESOCEINRZ RINAT 5 7D OEHEN IR T 4L ¥ —
NYRF X TBRBRVEWVWISREDPDHZZ D, VaryrF4 74 Py FEHE—ME
TORRERTOHRBEEIMLVWEETOI 220V, F£m QEOT 4 R 7 HiRd S FH
TNTVWED, VY ZHIREICH AN THIRBMEN K E LI ENR D 72D D57 EGHA
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ERAE DR, FhEd - [52).

Table. 1.1: Silicon nitride foundry [39,42-50]

Foundry Process Wavelength Thickness Q factor Propagation Loss PDK Features

Five different waveguide geometries,
400~ _ C )
00-700, 850, <7 %107 > 0.001 dB/cm Synopsys, Capable of hybrid |ntegrat|0n.
1550 nm Nazca (e. g. tunable laser, InP, Packaging),

Option for design consultancy

Lionix TriPleX

L-edit,
Calibre Nonlinear waveguide
Ligentec Damascene Visible-IR 150, 400, 800 nm > 2x106 < 0.1 dB/cm S ! (anomalous dispersion),
ynopsys, Ultra-high Q resonator(2x107)

Luceda
Nonlinear waveguide
CEA-Leti twist-and-grow  Visible-IR 800 nm < 8.5x10° (intrinsic) < 0.003 dB/cm Cadence (anomalous dlspe|.'s|on),
IC CMOS-comaptible
Ultra-flat wafer(7 zm)
> 0.002 dB/cm

Selectable between

(LPCVD), Synopsys,

Imec BioPIX 405-2500 nm 150, 300 nm 2 dB Luced low-loss LPCVD and
<2dB/cm uceda CMOS-compatible PECVD
(PECVD)
Extensive custom fabrication
IMB-CNM Visible-mid IR 150, 300 nm Synopsys (& & stepper lithography

and e-beam,

Thermo-optic tuners)

No license required,

CORNERSTONE Visible-mid IR 300 nm > 1dB/cm Luceda Option for no cladding,

Open for design consultancy
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Fig.1.8: (a). A single pump laser tuned to the resonance of an integrated silicon
nitride microring allows the generation of numerous narrow linewidth sources at pre-
cisely defined wavelengths. This device can dramatically increase the bandwidth of
chip-scale communications by encoding information in parallel on these new wave-
length channels. (b). A scanning electron micrograph of a silicon nitride microring
resonator coupled to a bus waveguide. (From J. S. Levy et al. , ”CMOS-compatible
multiple-wavelength oscillator for on-chip optical interconnects,” Nat. Photonics 4,
37-40 (2010))
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TrRERBEICT IARXR Y VT 20ERDH 5. FrZ, SOLD X S5KE—F 7 4 —)L FEDV/N
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RLTED, BRACEDLA YVITER LTV, 2006 D AlGalnAs/Si #HEM L7721 —
F—DEBUHRE D [53], KR TH 2 -V kL SiN A LI [54-56] < 11V 1
Y Si BEE LEWTE [57) 1T Tns. ThosDvLF LA YOREFE LTIEEI
EANEPRVEIBITNE T, HAMCF v THO7 74 XY M X 2HEEZT 05
V. /PR OEER THIRI L ERIER 21T 5 7201213, 2 DOEREEIEEL TV 48
D, LPrLENTRDLAYIETERLGEIZaX =212 X 28BRPHEET 3.
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Fig.1.9: (a) Schematic of multilayer tapered vertical coupler. (b) confinement simu-
lation of 2 m wide Si3N4 waveguide with SiO2 cladding; (c-e) optical mode distribu-
tion simulation at (c) monitor plane 1, (d) monitor plane 2, and (e) monitor plane
3 in (a). (From K. Shang, et al., “Ultra-Low Loss Vertical Optical Couplers for 3D
Photonic Integrated Circuits,” OFC 2015, Th1F.6 )
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Fig.1.10: (A). Design layout of a laser soliton microcomb deviceconsisting DFB
lasers, phase tuners and high-Qmicroresonators on a common substrate. A
continuous-wave (CW) signal(solid red line) emitted from the laser is partially back-
scattered in the microresonator. The back-scattered signal (dashedred line) is sent
back to the laser, triggering self-injection locking that assists the formation of soliton
pulse stream inside themicroresonator. The optimization of laser self-injection lock-
ing is realized by controlling the laser currentllaserand phase tunercurrentIphase.
(B). Simplified device cross-section schematics. The laser is based on InP/Si. The
microresonator is based onSi3N4. Silicon layer is used to deliver light from the
InP/Si layer to the Si3N4layer. (C). Photographs showing the completed100-mm-
diameter wafer, zoom-in of multiple laser soliton microcomb dies, and a microscopic
image showing a Si3N4microringresonator with Si/ Si3N4interface. (D). Bird-view
schematic illustration of the large-scale integrated laser soliton microcombdevices
enabled by multilayer heterogeneous integration. The lasers, phase tuners and high-
Qmicroresonators are built onInP/Si layer, Si layer and Si3N4layer, respectively.
(E). Schematic illustration of the microcomb generation with sweepinglaser curren-
tIlaserand varying phase tuner currentIphase(thus to vary the optical phase differ-
ence between the forward andbackward signals), in the case of laser self-injection
locking. This waterfall plot is based on a full nonlinear simulation shownin the
Supplementary Information.(From C. Xiang et al., ”Laser soliton microcombs on
silicon,” arXiv:2103.02725v1)
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Fig.1.11: (a) Artist impression of a photonic multi-chip system based on photonic
wire bonding. (b) Inverse-taper transition between an SOI nanowire waveguide and
a polymer PWB interconnect. The SOI waveguide is typically 500 nm wide and
220 nm high, and it is tapered down over a length of 32 u m to a tip width wtip
between 20 nm and 100 nm. (c) Simulated transition loss spectrum for different
tip widths. (d) PWB chip-to-chip interconnect. (From N. Lindenmann, et al.,
”Photonic wire bonding: a novel concept for chip-scale interconnects,” Opt. Express
20, 17667-17677 (2012)) (e) Fabricated sample: Photonic wire bonds (PWB) connect
the individual cores of a four-core fiber to different on-chip SOI waveguides. The
PWB are up-tapered both on the MCF and on the SOI WG side to match the mode
diameterto that of the fiber core and of the SOI WG, respectively. The PWB consist
of a negative-tone photo-resist. (From N. Lindenmann et al., ”Connexting Silicon
Photonic Circuits to Multicore Fiber by Photonic Wire Bonding,” J. Light. Technol.
33, 755-760 (2015)) © 2015 IEEE
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Fig.1.12: (a) Illustration of an eight-channel transmitter, realized as a hybrid multi
chip module comprising 3D-printed PWBs shown in red. The illustrated transmit-

ter combines efficient InP lasers with electro-optic modulators on a silicon photonic
chip. The modulator array is electrically driven via an RF fan-in and connected
to an array of single-mode fibers. (b) Interface between an InP laser chip and the
silicon photonic transmitter chip. The light source is realized as a horizontal cav-
ity surface emitting laser (HCSEL), consisting of a waveguide-based optical cavity
in the substrate plane and an etched 45° mirror that redirects the light towards
the substrate-normal direction. (c) Fiber-to-chip interface. For efficient coupling
to the large mode-field of the SMF, the PWBs are designed to have a larger cross
section towards the fiber facet. ("Hybrid multi-chip assembly of optical commu-
nication engines by in situ 3D nano-lithography” © M. Blaicher, M. R. Billah, J.
Kemal, T. Hoose, P. Marin-Palomo, A. Hofmann, Y. Kutuvantavida, C. Kieninger,
P.-1. Dietrich, M. Lauermann, S. Wolf, U. Troppenz, M. Moehrle, F. Merget, S.
Skacel, J. Witzens, S. Randel, W. Freude, and C. Koos (Licensed under CC BY 4.0)
https://creativecommons.org/licenses/by/4.0/)
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Sildkk A BAFEZBEFRHEIN TV DD, HKODIR, ZRHIAETH 3.
SIN F v 7% W GBI 2 2 OESIEERAE WS HTIERIENRTE D, LRED
BWHFRTFTHS. ZhooMENIZNZIVHFANBERICD D, <LF L A YIZEHEY
BHEE L WS B2, IatARHlREh, (ERTE2EBEICERARH 2. 207D
KR 2 28 W KEEEFED O ONEMEFKICITE L TVWERA. PWBIETZ
A XY IFERETH D FEEMCIIEFIEA T EBETIETIED 20, ORI
[ S NA T — DRI U TR Y WS REDDH 5. D K 5 IHERDFEE W
72 SIN & Si OERIEETRE 2 248 L ERICRRETH 3.

Z DI DAL TIX SIN & Si DEGHOFMEEMREETEICTHLMITL, ERICEKE
LRMEREi 2175, Zor EHEERIT vy P H 77 %A WT Fig.1.13 D X 512175, SiN
WO 2 2 2B L, SUICTHEE, ZRziT5. ZOMSEEERT 5 THENT
EIRP DO KA RIBED AR/ N DREEZES Z e AREL 2 5. Ty I A T T2 AW
JeXy "o TV YT TE2DODF v TDT7 74 XY MPRBEENENENDTF v T D
A ZRE(ESHYL L TITZA 2 2 WO RIS H 5.

5 2 BTN EIR O, REMESERETOES, ¥ Iab—Ya Yy THVWEE
BFEERT.

B IETIEEHMET VDA, SINF v 7, SiFv I TORFERFOFE LG
T AR T .

BABETIIEIETIERL-F v TEHOEEERNE, SIN Fv 7OMIEICET %
RZRT.

HHETIEREROZ D L BEERT.
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Si

Fig. 1.13: Concept model of joint part

si0,



2.1 B EHFTE 25
E2F

B
21 KEEHEE

Z OHITIEICERIEIC BT 2 aiRICBIT 2 HEmICOW TN 5. BERENE DO DZE
I TERIKROERZ AT 2~y 72y 2 VARRERICTTHKENTE D, EI3EY,
H 35 THs. WEKR, W, FHMEEIINT 2~y 2727 2 L GERIE TR TE
SN,

OF
H=c—— .
VxH=c" (2.1.1)
OH

CZTel3EOFAER, pn IHEOBWETHE. HEDFERE (= 8.854 x
10712F /m), BEDOBWRE uo(=4nx x 107"H/m) £ ¥ 2 &, ABERCEFKOEHEZ

£ =¢gon? (2.1.3)

= o (2.1.4)

EBLIENTES. ZZTn3ERIRTH2. EBLLWMGORLIBO2EL7-012,
(2.1.1) & (2.1.2) XS TD & 5 ZREBRASELNS.

0E, OE. 0H,

- (2.1.5)
aaiz B 861:} _ Mé‘gy (2.1.6)
a@ix B 8£y _ ué’gz (2.1.7)
0H. 0H, _ OE, (2.1.8)

- —¢ (2.1.9)
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0H, 0H, OE,
_ = 2.1.1
or oy - ot (2.1.10)

BT 2SI 2L —2aryToOFEFETEIASOBEZRAEZHWTHERZToT WS,

X
Clad N»

a
A Core nq

—d
Clad M,

Fig. 2.1: Three-layer slab structure

CDEIRIERT TREETOHDOEBEMICOVWTE X 5. FEMRIL yz FHICHERIC
[R5 T0d e L, BITRE ng >ny ERoTWVWS. ZD XD REREE R 7 7HEEK
(slab waveguide), ® L <137 —FEKE (planar waveguide) L FELR, DA UIA®D
chsfEzay, ThzlfllroPAtiADSER Y 7 v FEMY, HEAMIGI RIS D
FHTERT 2. I TIOMETOVPHKDEREZE Z 5. EhH LG zn TR
DFRICFERTE 5.

E = E(z,y)exp(i(wt — 2)) (2.1.11)

H = H(z,y)exp(i(wt — Bz)) (2.1.12)

O E BIREIHRERTHL. s EHCTKE AR TR T %,
0°FE
Ox?

YEIL. IO ELOHEICK > THDOIRDZEFVHE(LT 5.
nlko > 5 > n2k0 D xHEHFEROMRIZ 2 7&:‘(1{56%2&5"]5\%&14\'(, 77w K

+ (n’k3 —B2)E =0 (2.1.13)
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W CHRBBIBMRE 2 2720, XPa 7 CHUAD X%, ZOX5RE— FEEN
£ — F (guided mode) ¥ FER. KXTZ niky > noko > 8 O & X HEHERXOM (£—
R)»az 277y FEBIRIEKKED &5 RIREfEL 725729, Jida 7 ITAD R
TIANF =2 ENDE. 2D XS7%E— FZHSE—F (radiation mode) & FEA.
B > niko > noko TR KIS TR T 2 LG LR,

EHETH 5729, (2.1.5)-(2.1.10) iz (2.1.10) K& (2.1.11) XKEKRAL, 2D F
TEW DG EEL Y GO v KEER RN e s, OE/0y =0, 0H /0y =0 27
D, EREITORKICEZEES.

iBE, = —iwpoH, (2.1.14)
OF,
—iBE, — o —iwpoH, (2.1.15)
xr
OF
axy = —iwugH, (2.1.16)
iBH, = iweon’E, (2.1.17)
OH,
—iBH, — ks iwegn’E, (2.1.18)
e
OH.
a—:cy = jwegn’E, (2.1.19)

hooXid E,, H,, H, DADEGHBHMITAILTDA%Z DD TE E— F (transverse-
electric mode) &, E,, E,, H, OADKGHMTAMDTDA%Z S D TM £— F
(transverse-magnetic mode) ® 2 DIZ/THET X 3.

fily LCTE £— FOA3 F0ICo0THNG. (2.1.14) R (2.1.16) &b B, 25
H,, H, 2R3 TZx%. HERIr=0HLTHHTHD, ERADP 27K
OZDEFHCHALAD NS Z e 2EET L L B, DI TD L5125, BE—FD
L

B cos(px) agxz —a (2.1.20)
Aexp(q(z+a)) —a>x

{ Aexp(—q(x —a)) zx>a
E, =

B, B p, ¢ ZEETERZIZT I 06

B2 — p* = n3k; (2.1.21)
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B% 4 q® =niks (2.1.22)

YA, £ (2.1.16) R d H, DRI RO X 51275,

—qAexp(—q(z —a)) z=a
H, =< —pBsin(pz) a>xr> —a (2.1.23)
qAexp(q(x + a)) —a>w
INBE v = +a ITTER LHESGPEGTRINIR S RWD,
B cos(pa) = A (2.1.24)
—pBsin(pa) = —qA (2.1.25)

5. EoTHETE £— R 2 EHEEGER
tan(pa) = % (2.1.26)

BEONG. CCT, 25y IR T AR v £y MY 27125 5 Ko EHELE
BT HBETRE

&

s
”effzk—o (2.1.27)

ERT. ZOFEMEIE nepp & (2.1.26) iz (2.1.21) K, (2.1.22) R HcRAT 2 L

ngpp = N3
tan (ako, /n? — ngff> =\lZ o (2.1.28)
1

2
Meyy

DFD

92 1 nZ.. —nj
= —F—— [tan_1< %) + ng] (2.1.29)
T[Nt —nZs; Ny = MNeyy

HEBND (m TSR, FRCHE— FOFETE

2 1 nopp— M3
. tan_l( %) +(2m+1)= (2.1.30)
A . /n% . ngff ny —MNggy 2
¥7%%. $NTOHTE E— Mg L ToREAESEREZ
2 1 n2pp— N3
e tan_1< fo—z,z> —l—mE] (2.1.31)
A . /n% . ngff ny —MNggy 2

5. INEFEBICTM E— FOFIHTES. B—E— FOAMERT %M TH 2
By MA T DWEE 2acut0rf & TE E—F, TM E— RE bIFHHETE 3.

2acut0ff _ m
A 2y/n? — n3

(2.1.32)
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22 ET—KRA—=N—FvTIBH

HIFE AN Z FiED X5 RIBL2BENTERLTWS. SHED XS REEME 2 EET
APEEE L A0 E— FRITOELRY TH S, AETIED 2 FREIC AT I HOE
GBS E B H,y,, Wit 2 0BG #G% By, Hoyr £ 55%. O EAHIIR
7 —1%

P:%R%/Exﬂwd% (2.2.1)
THEZHNS. ZABIEVWHLRI2GEJIERE— FORKICHMTE 3.

E=) ae; (2.2.2)

H =) bh; (2.2.3)

HEE— FIZEXLTB) FRTELE 3.
:jeixh;ds

[e xh:-dS
THYH, BIE—FEZ [e; x h;" - dS PEETH 2. SHTIIEY & W5 OB
SRR 25

E;-FEj-eﬂ:EL

out

(2.2.5)

HY - HE o~ HY

T out

(2.2.6)

£%25%. a; = b DL ZRFTREINNSI VDG T 2B LGNS RDE. 2Dk
DAT e W OB L5 AR T 2 2 e R TE 2.

Ein = Eout = Zaiei (227)

Hjy, = Hoy = Y _bih; (2.2.8)

[ Ei, xh;-dS

a; (2.2.9)



30 2.2 F—RA—nN—3 v FHG

. [eix H: -dS
b¥ =
! erXh;de

(2.2.10)
Lo THHT 2537 =1

1
Pout = §R6|:/Eout X H:ut . dS:|

_ gRe[ / (;aiei) ’ (;bjhj> .ds]
:%ZP%PM/@x@ww} (2.2.11)

Ei2%. BAFIAT ITNT 2% ( HHOE— FOMERRIZ
Re [aib;‘ [ e; x h? -dS]

P
P’in—

R%]meﬂﬁwﬁ]

([e; x H, -dS)([ Ei, x b} -dS) 1
(J e; x h}-dS) Re([ E;, x Hf, - dS)
eRooNnD. L LLERORIGEITREIC X2 REOMELEMAL T05E. EBIIKET
DEBIZED a; & by BELT 2. ZHUTES LS OHEMNRIEZ B3 2 57 1A= 3
52— RDAIZHRTERV DR PEETVWE I EZRLTWVWS. ZODAMEMTD
FHEMEZRD 2D THIUL, BIFRE2ERBLLRVE— FREOA—N=F v T2KD, H
MROEEELMET 20END 5.
S REICAST T 2585 %2E 25, ZOL X E;), O a; & b 1ZFRZRASHE H
SHUIDJEITRICHYS T 2. ZOOREAS LHE 7 L XV GTRIX
a; — b;
= Garn,
b, JULRIUERE T btETE 3. FRENMEEEBLRZVE—F 7 1 —)L K
DA —N—F v 7%

(2.2.12)

) (2.2.13)

([ Bip x HZy, - dS)([ Eouy x H, - dS) 1
f&nxﬂgcw) Re([ By x H?,, - dS)

(2.2.14)

Overlap = Re

ERY, MENRIE—FAF—N=F 0 T 7L 3LBRER T OBICTHETE 5.
n =T - Overlap (2.2.15)

EENROEHDZDIIIANAE HAHIOE— R 7 4 — L FBXUOEMEITRZHET
LRNEDD B .
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23 FHEFE
23.1 FDTD &

FDTD(Finite-Difference Time-Domain) FRIZRFHETEIBIC T~ v 7 2V = VTR % i
< O EINS. ZOFFEFERIZZEMANC S KR DB 7Y v FEHWS
, S WSS & B ITEMB A ORFEANICEERACET R XN S, 2.1 TN LTy
7xvxwﬁﬁfu RHEZEITS. (2.1.5)-(2.1.10) ® 6 2OREE LT 2 Z & THEA
Z175. AR L2/ 7Y v FITE3A TES D 2 035 ENIRE S 2 5t R OB W
Yee 8 FIZOWTEHT 5. Yee 130D K 512HEG L 52 =M e r$oF 5 L
THEET 2 2T, ZlMozEL{FETE3.

(i,j+1,k+1) X Ey, (i+1,j+1k+1)
EZ/ H”I E,
J./
.. 4
(i,j+1,k) / E, y
r 3 E E z
g /A, ’
Hx Hx
— —
E, A Eyl x
Ay “
N (i+1 ,r k+1)

A B A

Fig. 2.2
DL EEFENETNDOERDOAMET
— 1 -
E,:|t1+—-,7k
Kaari
— 1 -
E,:|i,j+ 5,]{: (2.3.1)
E i ik + L]
z |47 o
~J 2]




- 23 FHEFS

SR DOAE

- 1 1_

H,:|i,j+-,k+ =
RERICTRE]
o1 17

H,:|i+-,j,k+ = (2.3.2)
L 2 2]
- 1 1 -

H,: i1+=-,74+=,k
T Tyt

L5, ZDXSWCEBREWANEMICEE LT oTATED, BRREREE LT A,
Ay, Az, HEBELE Az, jAy, kA2) &2 5. 22T, ),k 3B TH 5. [FKRHICKH
HHERIL T 2 BEL D D HERE At, R LTkt = mAt RT3, B LB D RIS
FrHBCE X, BS G DRI Ee v oFh s, £ At IETEED Courant D%
EALSRE R 7T EDLD 5.

1
cAt< (2.3.3)

2 2 2
JE) () + ()
RIZESIIZONWTIRR B, EZ 5L FEIZ FDTD IEICTE L HWS R AFLESIZD
WS, (2.1.5) REEHLT 2 L £ 1 I

8EZ?Z‘,j+1/2,k+1/2NEZ?@‘,J‘wtl/ZJchl B E$i7j+1/2,k 234
oy - Az (2.3.4)
FEdE 2 THIZ
6E,Zbi,j+1/2,k+1/2 NEZL¢,j+1/2,k+1 o EZz‘,j+1/2,k
oy ~ Ay (2.3.5)
5. BBEREINCESG > S LT CwWa 06305 1 THIE
m m+1/2 m—1/2
aHm,i,j—i-l/Q,k—l—l/QN @i, j+1/2,k+1/2 ~ “Taij+1/2,k+1/2
En ~ AL (2.3.6)
o T (2.1.5) RFTFHoicHE=MZI 5N 5.
At (EZ?i,j+1/2,k+1 - Esz',jH/M) - At( i gH1/2,k41 T Efﬁ,jﬂ/zk)
pAz pAy
m+1/2 m—1/2
@i, j+1/2,k+1/2 Tl j41/2,k+1/2 (2'3'7)

CHELDEMPFEINEZETNE Lo THED, FKIC (2.1.6)-(2.1.10) KH1TS5. Kl m,
m—1/230Fe LTHEEE > THD, (24.6) RED m+1/2TD H, BRED,
B35 D 2 7 RIFRICETRETE 3. EHICEL THIFE m TOEBR L EZ7 X, S8 ML
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7em+1/2 TOWHEZHWT, m+1 0B R ZRKDONSE. DLEOZ e 2RI
TmAt TOBEGEHBZFET 27 VTV AL TH L. EHDEREEZMNSRET S Z
CTIHHITHELCHETZ2ZeHEETH S0, GHHEAXMPEVWIENT XY v T
bH5.

FDTD (RIS TIE LWRERZ M X < 18 2 72 D113 E Y] 72 IR LSRR i E o B R
D EFEPNEETH 5. WIGEFREMZEREHEN & OFEFTOUHIZBEDL > THE D,
PEC(Perfect Electric Conductor) & FEHIN 2 55 %2 £J& 7% & D5E 28R HAL TH R
HDOEZOEEK 7% 0123 5FiE%, PML(Perfectly Matched Layer) & FEIE4 5 4+
DR EEICR & 720 X S BERDE TN S 2 FESFET 5. FEIZSEMZEICTHY
72 PML OHEERHIZOWTIANS, FER e, BHE p OBETORE A > E—&X > A&

0
A 2.3.8
. (2.3.8)

Lo TWS. C0r % PML % Fiddliriiil SR e, BREp, £T5.

.0p

ep=e—J_ (2.3.9)
0,

Pp =H =3 (2.3.10)
O,*

I _» (2.3.11)
e p

op \FEER o FERETHS. 2O E PML OEEIA > E—&X > Rk

p
p—jor
Z, = [E2 = | (2.3.12)
Ep €= 1w

v, (2411) RERATZ LT, HERe, BHR OB TOWRIA v ¥ —K Y
Ae—HT B, ZHCEoTI7 VRNV Z IR W=D, FHEFRICa R b330 5 033E
FICHIE & CHRTE 3.

2.3.2 BPM

BPM(Beam Propagation Method) (& EDEMITIAANIIZFZED 7200, TR A
ATEZHOWHE V] EWSRED P LOBUER R FETH 5. #%ib$ % FDTD
FITHARTEHAEFEIERNGE Y. BPMAITERBEN 72 TROEY Y b 2ETD
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LR SV A DIENTIC S O T X 2 BUEMITETH 5. 3 KITD R A 7 KRBT %
TReBL.
0*’E N 0*’E N 0*’E
ox2  0y? = 022
CDOLEEYS ECOEMAATH S z 8l LT FROBICHESL»ICENT 210
o(z,y,2) & 2BITET BIH exp(—jknoz) X325 Z BN TE .

+ k*n?*(2,y,2)E =0 (2.3.13)

E(x,y,z) = ¢(z,y, z) exp(jknoz) (2.3.14)
(2.3.14) X% (2.3.13) RIcRAT 2 &

Pe ¢ %9 b 5 5
gguhﬂmm5;+5;?+gﬁn+sz—n@¢—0 (2.3.15)

BB, ZDLE Dz T BEETTICEWED LELOH 1 HZHHATE S, Z
DI Z TAEFBELLE PFER. CORE XD TRORICEZMZA 5N 5.

0 _ i (P00

0z  2kno \ 022 = Oy?
INH 3 RILTOEANRZATH 5. T XD RESCEGEBENPHER _RO5H
SHEME D &, ERXZERTENTIH - THMICHE D 2 DA T 2 — RO HHAERH
BICECHIEZH/DTEZ 2. ZHAEREHAEI X FOHIBICEHES LTV D, [FRHCKES
ZERTZR LR >TWws. FT-BPM(Fourier-Transform-BPM) & FD-BPM(Finite-
Difference-BPM) 12 KA & 41, Rsoft & FD-BPM TOEMEEICTEIREI ATV 5.

+ k*(n? —-n3)¢) (2.3.16)

2.3.3 FEM

FEM(Finite Element Method) & HRERZE L XN, #HIEZ EZR I 250
I TEIL 12 1 DOHEZNTHEMAGAL 2 HWE L D%, BERAZKFZHEGEES
e THEMERRTVS. ZOLONRIELZA LIS 2 Z e THBEREOALEZ/M->TW»
3. PERODFETIEELEE B— v 2 2 fEBICN 3 2 B FUERME 2 E#EE L 729, fEBOF
PEMICERTEZINAEIIR I TV, Ly LEREREIIREINCEEIRO(E % HT
1 XAGERICT 5720, HBOE2HHIRETEZ 54D, ZboTbHT I
PTE 5. fle UTOCEREOKENTTEICE T 2 Tt 7 N4 RIS EICEET %
fRiTZ T o h 5.
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234 EME &

EME(Eigenmode-Expansion) %3 AR REEUC THRENS TN RD < v 7 2T 2 )V )7
B2 i R Z AT H % [63]. JEOEIITIANCI - T, BERAENICHRIEZET 2 2
ETENZNDHRETO AN Z2RE T 2AEATHIZER§ 2 Z & TIERICRE L X7
FDOFEZARETH D, MMI vy 7507 — HEEEFTHEHI ATV S, HKOEMITHA
2z /IENCT 5. 27 A0 2 VTERICEWTIEG R KOS TTROERE— FOERED
HOHFRICHICR S 206, BHLEGIETOMICKRILTE 5.

M

E(z,y,z) = Z <cmexp(iﬁmz) + dmexp(—iﬁmz)>Em(x,y) (2.3.17)
H(z,y,z) = Z (cmexp(iﬁmz) — dmexp(—ifBmz )) m(T,y) (2.3.18)

CDL ENEZHE-PROADMEMT 2 EREL, KREICEES 2H exp(ivwt) Z 78 L TW
5. (1.24) Ko X5 WCEBPENZEET 2 PBOERE— F e A F— 245 5K
HE—RFE2EDETELREEE—NERE. ZOLDORRETNTOE-FEEET S
WEDIH BD, IFETXRTORMEIIDVPEOARLE—-FDATEETZ 5%, EME %
R EIToTWS., ZORMPTERZMETRVERTH S, FHOMHNS BV THEK
DOBGBIFLL R Zh 5, PROLI BEREMEL RS,

M
> (e exp(iBmz) — o exp(ifnz) ) i (w,y) =
m=1

i

Z(d(+)exp iBmz) — dg)exp(iﬂmz))Eﬁf%(x,y) (2.3.19)

m=1

o<y 729 2 VTR OERSEMF L E— FOERZMEL D T X 5 B oBGR%E

HHITx 3.
(=) (+)
Cy _ Cy
=S 2.3.20
() () (2320

ZITS; BRI BHOHETOREATAITH 5. FHHIIH T 2 AGHEZE W TERKDE
HTE, BEUTHI 2T EDE 2 2 TREDFEHORE TOZE#KZRD 5N L. 2
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DIEATH] Swe 1IF PR TRETE, EHEE—FN2BEZIHIETES.

exp(ifi12) 0 0
0 exp(if22) 0 .
0 0 exp(ifizz) - (2.3.21)

ZD X5 EME KIZHEUTHZRH S 2720, NI X —XE2—EZHT 2 DA THE
RTEZRPRHZERLILENTE, HBNICERAREVWET L THEIREAGET
H%. £/ FDTD FEe L COIFEICHERHETHRETZ 2 RPRMTH 5. RKANTERK
E— FOPREIFET 2 KEEDOEE, EME EIFFIZEHEICK D020 D o4 & Hifgic
2528, IERIERBE CREZ L VWE WS JOEFTTH 5.

235 FEFELER

DX ICEBMEMFIRICIIRA RTFELDD, KilT 2 e EWRELZFHET S
FEM t itz 5853 %5 FDTD,BPM,EME 12771} 5 2 e 3T Z 5. G REFIEDORHE
ZEEeD0D, FD Tab.2.1 TH 5.

Table. 2.1: The Comparison of calculation method

Aspect FDTD BPM EME

Depends on the space to be calculated,

but requires a certain resolution . Basically fast but accuracy depends on
. L Extremely fast but inaccurate .
to obtain accurate values, inferior to the cross section and number of modes

Speed and Accuracy

two methods

Best for envelope approximation, but

NA Basically no problem ) Possible but requires some work
unsuitable for large angle
Reflections Yes No Yes
Time-domain calculations make it
Dispersive difficult to accurately fit dispersion Easy because of frequency-domain Easy because of frequency-domain
spectrum over a wide range of calculations calculations

wavelengths

Non-linearity Relatively easy to do Possible Basically difficult
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BIE
ETFINDHBRUEHE

3.1 FEEEETILDFE

SiN & Si I OMEAMEM D 7 DI 3HEETHORBEHIBETDH 5. D7D T — %
HEZHWIEEET VOB 21T o7z, W7 — SEEEITERRIRI NI RZZ2ET
P ERBEICEACIAD SRR, Hpir F vy Rl 2 7D EMERRL - F
74—V REDIED 2D L. D7 SiN & Si ZHICH T — S HIEICT S Z 2T,
T VRNV DB DI D BBETTHT 20X MEZFORGEICR 5 2 L BT T
5. ZDORBMREREL B D, BI2Z 7y FRBEZEEE R0 DFEE IR HIE <
25 BN TREING. FBRR MRS CH 5 2 DBEREI NI VW L BT
H5.

imesl()@N?X—&@%ﬁmme&@B%mmﬂm@WM)%%mf,%

MROMEZT- 7. BT (3.1.1) Kot~ ¥ —HERNHEY, zhzhofk
?ﬂi Table.3.1 12 L7z [64,65]. Y&i% z HENSERK L, HIIF Fig.3.1.(b) ORI T W
% Rsoft ® FemSIM(FEM) (2 CTf872%AK TE £— FOEL E, #HWE. 06
¥ Az =0.02 ym, Ay = Az =0.01 pm & L7z, ZRUZ X DFE Y —IX Fig.3.1.(c) &
ol

2
_1+§:AAA (3.1.1)

Table. 3.1: Coefficient of sellmeier equation

Al A2 A3 B1 B2 B3

SigNy 3.0249 40314 0.1353406 1239.842
Si 10.6684293  0.0030434748  1.54133408 0.301516485 1.13475115 1104
Si02  0.6961663 0.4079426 0.8974794 0.0684043 0.1162414  9.896161
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(a) (hguﬂtli;.ii'l'lﬂ power) (C)
1.00 T Pathway,
. ﬂ Monitor:
0.98 1
7 1, Power*
— 0.96
5 ]
s
$ 0.94
>
S 0.92
. .
light source A=1SSur S 0_90_:
' o0ss
' ]
08 71— 1T T T T T
I 0 100 200 300 400 500 600
-, a0 Propagation Direction (ium)

Fig.3.1: (a) Model of a joint part in BPM, where t is the thickness. (b) Total power
along the propagation direction. (c) Electric field E, of incident light.
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Fig.3.2: (a) The relationship between Si waveguide width and Coupling efficiency.
(b) The relationship between air layer thickness and Coupling efficiency.
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o DFERIZ BPM TEHAE L TWA o, ZONRREICK L TR X MIE) Ké‘F%k
NEWV L LS ZERB L TWiRW®D, EREORR L ZTREL Tns 2 e BTl
%. Fig.3.1.(c) &b F v TWiHID» 5 10 m W TIEFEIEIZET 2 Z e 30 o7z,

F 7060 FEM CTEM L2, EifE— FNEX BPM IC#ET 2. 2D EREITRSL
E—F 7 4 =V RIZIEHRIETIEZR Y. 207D FEM THHTO SIN & Si D#AK TE
E-FORMEFTREE-—F 74—V F2EHLL. - FF—"—F v FI3EZRED
BGRT1Z2BATLES LY, oL —1N—=7vy F7ORXEZH W [66,67]. OI X overlap
integral ZR L, 2|/ T EIETRY—F—N=Fv T nthksb.

" [E1dA [ E,dA (3:1.2)
n = OI* (3.1.3)
(a). (b),

[ Ey x E3dA

Si

Effective index

—Sigi‘tl‘t

095

o
o

Mode Overlap
o
&

0.8

01 0.15 02 .075 ‘ 03 035 04 014 0.16 018 02 022 024 026 028 03
Waveguide width um Si Waveguide Width (um)

Fig.3.3: (a) Effective refractive index per waveguide width. (b) Mode overlap per
Si waveguide width fixed by SiN waveguide width 0.3 m
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Fig.3.4: (a) Light source for incident light. (b) Propagating electric field at 10 pm
before and after the cross section.
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Fig.3.5: (a) The relationship between Si waveguide width and Coupling efficiency
in the FDTD method. (b) The relationship between displacement and Coupling
efficiency in the FDTD method.
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Fig. 3.6: Comparison of effective refractive index, mode overlap, and coupling effi-
ciency for different Si waveguide width when SiN waveguide is fixed to single-mode
waveguide(left), inverted tapered structure(center), tapered structure(right)
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Fig. 3.7: The relationship between Si waveguide width, thickness and Coupling effi-
ciency in the FDTD method.
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TVWALEZDRIKDBEBRELLTVS. 225D LLRERTER 20D TR KD
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Fig.3.8: The relationship between x-axis, y-axis displacement and Coupling effi-
ciency in the FDTD method.
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Fig.3.9: The relationship between gap and (a) coupling efficiency, (b) back light
power in the FDTD method.
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Fig. 3.10: Wavelength Dependence of Edge Couplers and Multilayers. Layer overlap
lengths are 50 pm (upper panel), 100 pm (middle panel) and 150 pm (lower panel).
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k=2rfrspP TRIHTE2. ZOLE PR 1HEIEDDHMETINT—2RL TV,
HEARPNZZ VT 4 ANTy TV T THDHIENEE L WD, HEFHEST 208N D
3.

FFEPERIEICOVWTHE Lz, (RO TI4 v YV PV IREESRTH 20BN D
%. HEPIHARIBD SN R EIG 2 FHICBWTIX T 74 bV U b TRIER WD, Sk ER
EROWEBICBOWTIRIEEFE T TDOR =7 0V 2 W REENER L WS 5 THT
TW3. 207D, EWHDEICK 2 BRBIEICOWTHI 21T o 72, ATHZED & Tl
E7i% Rosft @ FemSIM(FEM) ZHWTERE L7 [69-71]. 77f#ERE Az = Ay = 0.05
pm & L7z,



3.2

HFHT D

AHE

47

200

150

100

Frr

[

L e

D (ps/km—rnm)

-100

-130

_2{}0 | |

Material dispersion

TE 800
———-TE 820
— — — -TE 840
TE 860
— ——=TE 880
— — — -TE 900
— — — -TE 920
— — — -TE 940
TE 960
— — — -TE 980
— — — -TE 1000
Ye TE 600 1850
Xue TE 550 2000
Helgason TE 600 1650

1.3 1.35 1.4

Fig. 3.11: Wavelength dispersion at fundamental TE mode and the SiN thickness of

800 nm

1.45

1.9

1.55 1.6 1.65 1.7 1.75

Wavelength (um)

Fig.3.11 X b SIN OR[E2S 800 nm & 725 & &, [EH TR 75 2 B IE DY 800-920

nm CTH3 I ennhol-.



48 3.2 JHEFRTFOIHEA

(a) (b) P
200 - L 10
F 2, Launch I
: 3. Launch ]
114 pm |
Gap ] ] L |
SI3N4 0 ALALBARERA R RS B BA 0.0
M 0 10 20 30 1.0 0.5 0.0
AR X (um) Monitor Value (a.u.)

Fig. 3.12: Relationship between Gap and Transmittance comparing experiment and
calculation
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B Q IR LTI 2021 /12 ISfERR L 7= F v 7 (2021/12-1) ZHIE L7 Q L EilE s
FWCEEI L7 [72).

—2 _Qota1  (Under Couplin
@m:{*WT@tl( pling) (3.2.3)

T —2\/T Qtotar  (Over Coupling)

FhzhoF vy 7% A1,A2,B1,B2,C1,C2,D1 & iED, FHEEFIL L REOEHED I
ReEZ W, Fy TP LLER QEEX Y v 7 QEOBKRE L L DO
Table.3.2 TH 3. Fv 7T DEH Q HIZY 2 NTOMBEIKFELTED, FHLHRIC
IHWIEEER QENKE S RoTWa. HULHEE SIN B EIRIED/NE W Z & b o fHI[EE
DX DEEPRZNZ e DD 5. £ QHEIZDOWVWTIX Fig.3.13 & b EERHEIZB W T
BEE¥ Yy 72305 pm Ok X2, FEMEIZBVWTIZ 045 pm DE X7 VT 4 HVh v
TV NTEL 2B, BT A=t L TIRS 2 & CHEERME L EHRMOZ 2 UGE
TEZEZLNS. 5B%F vy T Ay 7V U7 QEOBBRERBE X TcEhd
Add-drop BIHARERER G R EDBEZITR B

Table. 3.2: Averaged intrinsic quality factor(x10°) and relationship gap and quality
factor(x108) per chip

SERME RHEE SERME RIEME EBRME RMEME RBME GHEE JIBRME BHEE SIBRME HEME EBME GHEME

Fv T Al A2 B1 B2 C1 C2 D1

Averaged Qin¢ 2.9558 2.3725 2.8977 2.8915 3.198 3.072 3.334

04 | 0855 1.072 0.743 0984 0.832 1.064 0.818 1.064 0.864 1.103 0.806 1.087  0.845 1.118
045 | 1.159 1.423 1.046 1.273 1.113 1.41 1.151 1.408  1.091 1.477  1.172 1450  1.193  1.506
Gap(um) | 0.50 | 1475 1.780  1.392  1.550 1436  1.759 1.413 1.756  1.393  1.865 1.517  1.821 1.426  1.910
0.55 | 1.790  2.102 1.633 1.789  1.637 2.073 1.651  2.069 1.697 2.222 1.700  2.160 1.779 = 2.287
0.60 | 2.002  2.365 1.838 1.976 1.940 2324 1983 2518 1983 2439 1920 2.601
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Fig. 3.13: Relationship between Gap and Transmittance comparing experiment and
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300 GHz OYEREE a 2 2O ER L T0iz/zd, Si ) v Z7HIREBD FSR 3zh 2
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Fig.3.14: (a) the cross-section of Si rib waveguide. (b) The color map of effective
index for different wavelength and waveguide widths.
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Fig.3.15: (a) BPM model of Si rib waveguide. (b) The parameter of rib waveguide.
(c) The color map of Coupling power for different waveguide width and gap.

3.3 MHERFDHET
331 SINFvS

Table.1.1 & b IERRIEEHRN R %2 FIH AT RE L IR IE 52D Q fE 2 i W HiR a2 fF R AT AE
2779 YRV TH5 Ligentec 12T SiN F v FHIEEZMKIA L 7=, %7z Ligentec @
PDK(Process Design Kit) 3% % IPKISS Z HW\W TGt 21T o7%. XKD T 74
YU b RAERT 2 HIRGICHE L TOIRGEI21To 7. ZOKRF v T OEIETT A
Fig.3.17.(a) DFkICHR > TED SiN & SiOy OEFTRIZTORUHES .

2.938 - A2

NSigNy ()\) = \/1 + m —0.02573 - )\2

1.09877 - 106 - \2
nsio:(A) = \[1+ 1062 — 90 43172



3.3 NFRT OGN 53

______ 2 T T T T T T T T
—SiNH
1ol _s|oz
>
Q18
=
£
(]
2t
=i
240 pm g
5
o 16
15
i T T S R R
1 11 1.2 13 14 1.5 16 1.7 1.8 1.9 2
------ Wavelength (um)
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Fig.3.18: (a) Demultiplexer. (b) Edge Coupler. (c) Mach-Zehnder Modulator. (d)
Ring Modulator.
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Fig.4.2: (a)Overall view of SiN-Si chip. (b)CAD data of SiN-Si chip.
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Fig.4.3: (a)Overall CAD data of reference waveguide of SiN-Si chip. (b)CAD data of
junction part of SiN-Si chip. (c)Photograph of junction part of SiN-Si chip. (d)Gap
of SiN-Si chip.
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Fig.4.6: SEM image of Cross-section of (a) Siz N4 chip and (b) Si chip
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