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Abstract

Abstract

With the rapid development of microelectronic integrated circuit in the direction
of small size, high integration and high speed, traditional electrical interconnections
have more and more serious problems in terms of inherent loss, reflection, crosstalk,
delay, power consumption, cost, and weight, which can no longer meet the development
needs of information society. Silicon-based optoelectronic integration can not only take
full advantage of photonics' low power consumption, high bandwidth, low crosstalk,
etc., but also make full use of the existing mature microelectronics CMOS process
platform. Therefore, silicon-based optoelectronic integration technology has a wide
range of applications and market prospects, and will promote the development of a new
generation of high-performance computers, optical communication equipments and
consumer electronic products. Silicon-based optoelectronic integration has developed
rapidly in recent years, but some "congenital shortcomings" of silicon in terms of
optoelectronic properties have caused silicon photonics to face certain challenges in
low energy consumption and large-scale integration, including on-chip laser sources,
optical coupling, optical modulation, and high-density package. Based on the silicon
photonics process conditions, this paper conducts a systematic research on these
challenges. The main research contents and innovations of this paper are as follows:

(1) A noval back-coupling grating structure was designed and manufactured to
solve the coupling problem of photonic devices with grating interface in flip-chip
applications. The grating is systematically designed and optimized using the FDTD
numerical analysis method, and the influence of each parameter on the performance of
the grating is studied in detail. At the central wavelength of 1535nm, the measured
coupling efficiency of the TE and TM polarization is ~3.3 dB and ~2.7 dB (including
the link loss and coupling loss), respectively, which are higher than the -4.3dB and -
4.9dB of conventional gratings. In addition, a hybrid integrated laser source based on
the back-incident grating coupler is proposed, and a light field analysis method
combining space optics and wave optics is presented. The calculated coupling
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efficiency of the on-chip hybrid integrated laser source is about -4 dB, and the initial
measurement coupling efficiency is less than -40dB, which preliminarily verifies the
effectiveness of the hybrid integrated laser source.

(2) The silicon-based electro-optical modulator with high efficiency and low
power consumption was studied. The PN junction phase shifter was designed and
optimized by Lumerical Device software, and the traveling wave electrode structure
was simulated and optimized by Ansys HFSS software. The influence of each parameter
on the performance of the modulator is comprehensively analyzed. The design was
taped out at IMEC, Belgium. And we have designed and manufactured a 100Gbps
silicon optical transceiver module using the modulator chip, achieving an overall power
consumption of 15.75 pJ/bit and a bit error rate of less than 1e-13. In addition, a light-
domain PAM-4 modulator based on a 1:4 directional coupler structure is proposed. The
modulator uses two single push-pull segmented electrode structures with equal lengths
and only two NRZ signals with the same amplitude are required to drive its work,
thereby effectively reducing the microwave loss of the electrode and reducing the
complexity of the system. The simulation results show that at a data transmission rate
of 50Gbaud, a clear PAM-4 eye pattern can be realized with a good consistency of the
three eyes, and the extinction ratio reaches 4.6dB.

(3) The key technologies of 2.5D integration of silicon-based high-speed electro-
optical modulators were studied, and a silicon photonic PAM-4 transmitting module
supporting a transmission rate of more than 4x64Gbps was fabricated. The finite
element method was used in the design to simulate the influence of factors such as
electricity, heat and stress on the performance of the module, and micro-assembly
process of the 2.5D integration was researched and improved. The small signal
bandwidth of the packaged 2.5D module is above 20GHz, and a clear PAM-4 eye
pattern is realized at a transmission rate of 32Gbaud. The corresponding TDECQ is as

low as 1.36dB, and power consumption of the module is as low as 6pJ/bit.



Abstract
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1.1.1 BEHENHE

BEEIARAE B Od R R, AR (IoT)s o T SRR H U AR
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MOORE’S LAW KEEPS SLOWING WHILE COSTS CONTINUE TO INCREASE

B 1.1 ()B/RERNEE: bHET CPUHIERA (EXRIE: AMD)
Figure 1. 1 (a)The development of Moore's Law; (b)Cost of microelectronics CPU process
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Figure 1. 2 The development of optical communication technology
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Figure 1. 3 Representative work of short-reach optical interconnection: (a)Intel S0G silicon-

based optoelectronic system; (b)IBM CMOS integrated silicon nanophotonic chip
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Figure 1. 4 Intel: Conceptual diagram of silicon-based optoelectronic integrated chip
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Figure 1. 5 A typical framework of silicon-based optoelectronic communication system
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Figure 1. 6 The world's first silicon-based hybrid integrated electric pump laser
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Figure 1. 9 Silicon-based optoelectronic integration: (a) Intel 400G QSFP-DD silicon optical

module; (b) Hengtong Rockley 400G QSFP-DD DR4 silicon optical module
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Figure 1. 11 Application areas of silicon-based optoelectronic integration

FEAL AT, 3 [ R S RHE BRI TEBE (KAIST) Ak 1 — kA T i /s
R ARIHAE GRS (OPA) T F, %0 A AT T 3D BMG AL 8% 1) B 3 1
HA MG, FREER, RN BRI A, E£EE. TSR
ML HLEE ANFNTE B IR T R G055 2 Bl 77 b o OR BB E Y o %Ol it vl LRt
HAH 3R 200 3D BMGEHR A RR & J7 1) b AT A, 1k s H 7 5 4% 22 IR [
PR AR B UGS B IREEME . AT IR, %6 SR
ReTFHLAT, DASCRES P 3D LIRS, W AKRIAEERISE (AR) 5.
ERTHARGUL, i BEYFE/RREE T TREA (QET) SLiu = 1wt 7t/
Jern T BBCE R TAS G S A U & TR0 i, 1% e A
T T AR, ST R | R R | AR M DL R R g R ) R 21 2
B, BPARETIERD o Ak, ZEIBGEY] TN IR T L
WA DU A AL B R RO, X T AR AR R g SR 1 A R

FENTERE (Al) S0, Al ALBEERE i =5 6 e e i B RO AR B 12 ST
PUB I A MG It 5E K. 2017 45, REJEE Exeter K%, Oxford
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R2EA Miinster RZEMIFFFRN G, BAT T HEMOGIKSNE B FSUREY o A
AT FH R FRAE AR BRI ' T 5 RS HRL B ASLADUN I 1 232 T fil, A 45 8 P 2 Dl
HARAEHE A 300Gbps, HAEGHEFIF RN N ER, R DFERR T =
AN TR S THARC. MK, HR G2 RIAb A B . R
Gy AR SR, TR AL BSOS, Ko7 ST RaE, AHESILL
e 495 77 125 B (R FBE T B R
1.2.2 BEEXBFEMEARES

R PR DT LR R, B4 mT DL S I e A3 B AR A RE
ERBEE SG. PIBMA AT DGR, 5 rBISUR 23 (R 26 R 2 AN 7 i
Bo N TSy R I TE, REED G TR N RO R R
AR IS = AN 7 TH AT S0t .

(1) TR 2D A 2.5D/3D

5148 & (Wire-bonding, WB) AR H AIME S HDGHERIE 2D BT R, B
R SRS R X 5 PSSR 10 5 R BRI - BAR A AR X 4 2 3%
AR T 2R BT S 205 NE KRBT AR, B3 0 w45k Ak
IRBZ G e K FEI RO, AR TSIl 200 B /N R . TR, OGRS %
B IR 2.5D/3D SR RGEE, IO FUE B R s DA SN A, R /O
BEM A . 5L 551 WB BURAH L, 2.5D/3D B2 K Fo VFAE A s R~F IB LT
Y T8 2 Thae BB BN R op, JF B8N R Z I E(E R 42, 7 3L m s
AR TEAR A T RE

(2) #EEA: JehItHLE

JH LSS (Co-package, CPO) J2ilid 7E mifk RESE R L, W1 CPU/FPGA/
GPU/ASIC %5) $F%¢ WA UG H SR RIR SR T4l 58 % BE ARk & . PEARREFEIFIR
1 VO BT —F 4B SRR A o 383 o H st Bl ez g i S 00T v M R AR A
B F, BN AR IR, Microsoft 15 Facebook 2572 & 37, T CPO 4141,
BEHES G EIL R KR . Intel 55 Ayalabs 3ET-/NEs - (Chiplet) £ RZRHY,
W% T 25 75 SRR ISR B0 R B s e BT 80 75 SR R DR A P i 5 oK, SR
HATE Y 0 2k (Advanced Interface Bus, AIB), it #ix AN BN #2
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F1E %L

(Embedded Multi-Die Interconnect Bridge, EMIB) F3 A% CPU ARGl & o
FAERE%E, R TIRE - MEBOL CPU, HAFTEH LN 1Tb/s/mm,
INFEZLIN 0.5p)/bite I8 5 T ATHEE T, 12 AN TFE/N T 3W 1 100Gbps
HeHe 5 Switch WS R, R TR A 1.2 Tops LUK M 43 4HATHe bl

3) SedtiAmE=: KIS

AR EHE B 2 I A, XAMUEREE L W, hEkE
FAR B AL E R . BRI 200G/400G 422 AR HENT 0] 22 43 2% b i Hicdi i
FYFRZIEE R T 50Gbps LA L, i RATARR F AR e IR A ) 5 S an R A
A (NRZ), HAMNFSEARAAE] 20ps, X 5 ARNTEEAN I H AL 4B 7% 10 5] 18] 45
BERAKETE L. M iAsR, thin QPSK. QAM. PAM-4 %, fEMS/EH
BRI 56 B2 P, S 784 M AR B R Y 6, I B KRR 32 b 1 DR B4 A o
Forb, DUgRfiki@ e i h] (PAM-4) HARMEH 4 ANAE IR ERBEER, —4
WIEAH YT NRZ HORIAIEE, 7] DLA RGET 5EF %, JF a7 DU kb
AR OGS A AR, R T BN S BRI TN AR, RERSTE A, ThFE
DAL B 2 AR B — AP, 0 B SEHAT R
1.2.3 FEELB FEMMAREIRIIBEEK

Fef 2 e P 1 BT T S AR R R H,  E R A R L O L RR M U TH ) —
L 5 R AN 25 BURE G TE IR BRFE AT R FUASE B2 B T T G o — 2 m Pk ik, 222
AL LT AT 1 B -

(1) BEEOLIE

TEE PR B R R R A A ADRE BT TR B, M USEIZ WO FHa T, it LR
HORAEFAR, XM REIRE T EHSMOHIE LRI e E 0. T =10k
MRS RER AR R ICAS, BREAERE RAMEA K = TR B R, A K5
EAGRIRELAR, BT LA H R 17V R = R OB E IR, AR
JEFI die-to-wafer B die-to-die 17 FORHHOL O i & BREHOL B O
F, BDEIEHITR AR R X P T IE BIR— AR b AR R O R R A 1) R, (2
AR FR AR ANTCVE R & = 1 B s SR 7 2 A
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(2) S

H R OO SRR B R 2 TR T S R 2 AR K (FE 1550nm 4E An = 20,
FRRAR ) AR EEBR AR T o, R B ROHE W ROR B X BRI TR
PSR, (HZ 7 3 IR/ NFRFIE RS & S BOLLT AR S 35 R G Ta] 77 2
ERRHAC. Jer2h M EARY Sum, HAari A L2 A A 600 15, H
A S E IR TT A PR, 0 b AR S AR & . H, iR S A B AE
O HPAGAE T, I H IR0 Ja A BT = 70 HE R e e e, IX AR 1
B AR o MR £ 45 T LA S X BBk i, (B H TSSO AR IS N T e
JEE e AR A R BN RO A BRI 1

(3) BEIE A HIZR

JEUR A R HE NI R 2, SEIUBERS I DGR . H RTH e
S TR 1) 4 1 L SR S A o 2 TR T AR R, O A R EA A (MR)
MIOFRG R (MZ) PR, MR BUEDGIAHI 34540 R8s, BRI, Thie
/N, BRI EDG AT RN, B G U2 AR AR U RERT L
BEUTAH BRI A% AT B 15 L B SR R DRI AN ) L, (H BN i SR 2 bk, 1 KT AE
MZ RUTESC I il 55— LAS RS IR, AT IR L B I, 5 00k, HOG 22 8
BOK, (H3E MZ S5#—RRSFROR, DhAetm, AR TR B M H.,
MZ il & — MR AT AR A, HEOL 98 32 2 RC W BT BR Ao

OF 35 ZESES

HI T AFAERTE AR OR, ARG8T AR um H 2 mm B2, FA
RAETES] nm 5], KGR R AR, RIS R T
P, IRl R R BN, I IR 51l 78 A
Eel. HRTHOCHE FEREZHCRA 2D #H3%, FAEXMWHE, #wRAH R,
2.5D/3D %% BARAE AL AR U, B sl NMRZ B, LEaniks, B And
B, WL AETH RS . B2, PCB MRS, fEH. . M
TR RN 22 [ 3R A TE T4 R

Br CEECEAF I AR, BEEOE T H AT BT AR AR AR 2
B, FEYC BT — D RE L —, (845 — DMREE SR BETH i 2L 202
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R A A, B SR T EDA T R B, HIETCiESe ol [ shib d it
FR, B BB B PE (CML) FIbRHERE RS (SLM), /D 0 B B BHIE T7 7%,
IX L i) RS 7 2 e B BT RR AR AR . 4k, I L BE (0 1 E R
T PE MR T R BRI 2 —. RERELBRT 1Cs Ak gy Sk
ICs M LZAH LML, BT K28 w72 Rk 6 A 72 vh 23 £ I LA 1
CMOS V&, {H52k5 b, HEHIRZ TZPBRAAFT CMOS. fEHOE T AR
HRMSE HIER S TERE, MK EE LTI 2, AR 2R IN L TR R
WA HE, X R R TR R RAZ —.

Zr ERTR, HEEOCH TR S HIGE — Pk, (HRIKE CMOS A
T, WK P CLSEI R U AE P, AR A, SR 2 AE & [ R A
MR FHA TS, TG BRI A S E R AR F1 & . MRS
FLF (AN T R LB AR At mE Rl I e TR SR g, AR
Mg 2 H . RUARTH, G B F R H — N R I E K.

1.3 AW FETIERBIF =
131 BXXHEETE

bt 25 A BRI U RO, O O i T IO A R B R P e A T
R, TR R A N, (AR IR T I O . AR AL
HL AR B T OB il b BE IR A A FROR il e IRThFEI R 3
ARSCEF SRR TR T I S BR —TR . R A BRI A8 R SRR 2, Bt
HRBLT — R R AT RN T 2.5D/3D SR A NSRS & S A A BIR
ERBOEE, HIME T R IFEN 4 NRZ OB GRS, @ T — Pkt
T 1 4 B AR RO PAM-4 H 8%, el TREOEIEHI2E M 2.5D &
BN AW A TR TR T2, SRR A R S S AR
IR 6 AT, AR

1 EE, FENE T IRE I SR S, MR TR B A RO
TR JE IR B ARSNGB .

92 %, FENGETRESDEHE T AE SOL S ES LAY, WP YL S
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FEHE HOG IR 35 2 H 2.5D 3RS EARBE T

FEARHI . SO MEAUK B IR B K SO Sk 5 I BUE B 78 071545

%3 %, FENATENGOIHE &R FERBORIERTH . EARNET
TR & AR AR 1R, IFERA VTSRO & SO S e . SRS, TR
47N GRS S 2R A BB AR E RS R . )5, N T EETH
NSCHI R b8 O IE T S FIAR G IS IR

W4 %, FEAY TR NRZ A1 PAM-4 HOG G 38 T . 1 Jeiiik 1k
5 R TR 1) 25 1) S BRI S T I T i o RS R G A 28 T AR R O TR R B I
RATTELL R RIVENNAZE R . Z G H T ET 114 € G S ERDb i PAM-
4 VR BT DRI DL B A SRR

%5 %, EENFEREEBEIATIN 2.5D B E R IIFE . BiEid
THRESEHAERBIA, BIEFART R 2.5D SR 7T E UL m Bk . 285,
KRG 7RO AR E) 2.5D H T BB BT ZJE N T 2.5D B AT ERR
PR IT, AAEE 50BN BOR UG REE . B VEAIN A T 2.5D B3
SRS RIERI 2R . S5 TR IENR 1 2.5D Ak AR 45 A %
AT B2 8] ) 22 5 AT T 530

96, NEEFIEEI Y WA TAERT T a4, HEARS TR
Bl S RS TAEME 1R,
132 BT EF=

ARSL 1 BAHT ASAE T

1) BEX RO B s R AR O GARE & 1, JRATTR H — R B AR S
Jettai e, SeeEd AR ERE LSS, JRETRR IS8 SN, AT
fh 1A i D DG TSR IR I RS S 1. 7EHR R 1535nm
4b, TE fRIRSLMBARE ~3.3dB, TM RiESLIMEARFE ~2.7dB. #HE
PREERRBUFEFIRE S HIFE, oM S RCR T &, Wl 1 IMEC % HUGH RS & 2k
K (TE: -4.3dB@1558.0 nm; TM: -4.9dB@1553.9nm). M4, 4F6trEd: B4,
R BRI R, AR SCHR T BB T NSO & S O IR IR & BT R
K AT BB P WO INERE SRR G A E DGR, B AR 5 R IR G A
JE SOOI 2 [ RORE & o RIS, S T — M (622 0 R 300 2
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F1E %L

Vi EARGS &6 /3 7k, tH AR BB iE 10 IR G BB R & 2K
# ~4 dB, WIS RE <-40dB.

2) Sl RE L R BRG] B R 2 BRI 1), AR
SCTE NRZ MBSOl b, 3R T — M T 14 2 MG 2 ESE PAM-
4 HOBRHI2E . 1% PAM-4 PHHIBERA 114 T RIS 2308 DAk 8 f8 R B/ R
B A —5, MU TIINT — &, (FEFAREMFER OOK 5K3)
G5, R EEAGET AR PAM-4 (55, WK T RGN E AT Dsk
DL R 4k, A B M A9 A — B AR A FE 8 T DU A DA R AIK Aol
PEAVURE, g X PR P DA S5 BRI A5 FL A T S 9 . (T LS R R, 1
50Gbaud HHEAEHEAR IS, W LASEHLE MY PAM-4 HRE, H=ARM— Bk
i, LI H] T 4.6dB.

3) &t H AR R G 7 BB A B R, AT IR SR TR A v O
HLRTI 2 2.5D B3, Wik amEE T A NAETTH R, A
BT AT TR, RAAE 32Gbaud AL RN SEIL T IE Y PAM-4
IR, HH TDECQ k% 1.36, HHIFEN 6pl/bit. 1ZEREGA 78700 1M
FHAE T — A i B v i 236 P 0 v 0 LB L F o
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F2 & SOl IR EMER

2.1 FEXESHELRER

Fek O FL T BT T RRN AT VRS R 1 R R e T, LR TR i 4% 0%
BT FTHIE R SRS E B 5 DU TS Bel. SRIES . 2RI S
PR AR T o AT b — Bl R, el T A R T DU SR R
A FEAT TN ITRERAF R X — DRI R, AT LIRS 80
FRHRE T ARG S PR R S A R B
2.1.1 StEeFIRIR

SPHDEH TS5 E R LU Snell it Ak E . WA 1 AT R
Angs AR 2 BT R A, WK 2. 1(2) Fin, HLLLAE 6, NHBIFF A
RIS F b, W LS UAE 6, KAERS, WMo LUAE 6, RAEW
BEIEEANAR 2 7, Snell 245 H -

n,sin@; = n,sinb, 2.1)

Mny > i, P 6, BEENSMA 6, BIK, FE—NIEANG MO, i

BN 900, BEEFAQ. DA fEfLA:
sinf, = n,/n, (2.2)

T RTIGRMA 6, MNGHH, RNEAJGEN BN 2 T, K2 rEr e
WIS . HZE—NDZZENFER, F (Core) MHTHF AN, L TFEZ
(Cladding) IFTETERLN ny, Hng >nye UL EMAE o HES-0E R0
NIFHENE S, SRIG NG BN 4F 8- F A JE T . SRz BRI I S A, e 2eks
BN, RETHLE N RN, FERRE SO, M2 IR AR A
JEAERE, W 2. 1(b) FR. MJIUATERESRE, f7E— MR apays W0
Pof A S C BRI ZE RO A P, BT TR IR 4 TR AT O 51 5 . SRR
fafLE M-

NYSiNA gy = N1€0SO; = \/N1% — N2 = nyV2A (2.3)
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feE 3k Y A ) 28 S 3 2.5D 3R SCBEH AR B 5T

H, ng ATAMIHE, A= (n, —n)/m R CEMBERITHEZE. B
W, A KR, LSRRI A .

=
‘ (@ " (b)

B 2.1 SEESEEE: (a)Snell B (b)2RH
Figure 2. 1 Ray optics theory: (a) Snell's law; (b) total reflection
2.1.2 KB FIER
JGIE — ML, A B T BT i 2 22 e T R . 22 e
FEHA 19 LR HERIR R R —, ik 1 I E (VIm) i3 H (A/m).
HLAT 55 5 p (C/m®) AT J (Alem?) Z A R Hon Ul H ar -

V-D=p (2. 4)

V-B=0 (2.5)
VXE=—0B/at (2. 6)
VxH=]+adD/ ot 2.7)

BB BUN TN BT, W EL fids H AEBAL R & D BN B il
A FURFE DT REAHIBR 2R, LR ) AT R e RO -

D =¢E (2. 8)
B =puH 2. 9)
] = oE (2. 10)

Hrf, e py o RN BHI B B R MBS, v 1 ReEEET
B, RSN TIMEIASE, B o=0, BN (2.6 BUEEEH, A&
JaZeid— RFIHET, BT USRI T sl R

02E

NE=pe (2. 11)
[F) B AT DAHE S Y A7) H T %
9%H
NMH=pe5 (2. 12)
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W) 77 FER IR T R AL B o SR AR T IR B 7 R AT DUNECE: B IR T
IR, SRVFBRATRIRAGELD ), Bl infE N— BT 31 50— NS LG R,
A UE B — M5 75— MR R, X SRR B I 20 A LA B B
s
2.1.3 FEIK SRR

FESRMAT DG T AR/, E N A% 1T G 3 ) — Lk o, A4
PR S REG BRI AR . AR S R

(1) BEARIRES

ARFIT A T, R ) HE S ARG 3 AR LRSS R, iy EL A 2 2803 B A% 4% T
[, Jir LRI AR A A3 FL A (TEM) o 2 SURESC R (i 9% 7 171 72 55 A SR R L 3
KETH HANTEN yoz VI, HHELEN z J7RfEs, HHEpEET AN
P, ARRET R BRI, N R EEGE R Y (TE B30, 5Z AN,
AT E T NG, 2877 10 B, WK (TM AR,

Q) R RH

5 FE WAL B — FTH 1 S RGBS, ARFE IR A, G PR S A A
I, S RBOVEEL BT NS AADEL IR TE A1 T™M PRk 3 1%
CIES (G IPAF

__njcosnfj-nycosnd,

TE  ncosnd;+nycosnd, (2. 13)
__npcosnBj-njcosndy
Trm™ nycosn@y+njcosnd, (2. 14)
¥ Snell AN, X (2.13) 1 (2.14) A4
njcosnd- n%-n%sinzel
= 2. 15)

YTE_ 2 2.2
njcosnf;+_ |n3-nysin”6;

=

ISR TIRT AN, RO R, M ROV B2, AN

o m A AR, A2 15) A (2.16) PTG, I SR AR
B REH, SO AR . 5 TE A TM AR R AR AT AR R
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S8}

sinzel-(gg)

nj

(Z)TE=2tan'1[ cos0; ] (2 17)
%)zsinzel—l

Prv=2tan ! [ Y——~——] (2.18)
(H%)cosel

(3) JEE AR R
LA E RO LB, B4 B A7 7T 3 Ko A -
E = Egexp [j(wt + kz)] (2.19)
H = Hoexp [j(wt + kz)] (2. 20)
Hrh, @=kzxwt 2P IAAL, EBERA] ¢ AERRIEES 2 B4k, N T E4bIX
A, 3 AR AL R N T] 5 B0 7 ] 54

|%| = w = 2nf .21)
29 _ _2m
L=k == (2.22)

Et, o mAE (AL rad/s), fRMIZE (AL Hz), BATHR 7T
FHA 2 QArT B S (R AR AR o ko O, mT IRRAE AT 7 In) B3R 2, 5%
KAHXK. EHBTRET, BFEBEERR Ak, KA REREEE k7]
TKIRN:
k = nk, (2.23)
@) FPHEES MR EERAAE SR
T SRR S, WE 2. 2) Fia, EPSERFE NN, b
TEERA RSN o M nse BFEEN b, Ty TR, JeERRE 2z U7
], ZFHART MRS R kIS SRR i 7M. k 16y A
z J Ao o
ky, = nykocos 6, (2.24)
k, = nykosin 6 (2.25)
W RANPAE L Z A R WK 2. 2(b) Fian, 4060 y Wk sl it MM
) FRE IR T B 1207 T 3R . B REOGIE y J7 R4 IR #58E 2h BE BN 51 AR
R
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¢ = 2n,kohcos 0; — ¢y, — ¢ (2. 26)
AR (2.26) HMHIEE—I0 2n,kohcos 6, VI y J5 A HIFE 552 2h I ()
FARIAEA, ¢y IR ARIETE N F- F A E RS- N 02 S b i O 51
FAE, XFHATLAR A (2.17) M (2.18) 53], N T HEHNS y 77 A2
Gl RAHT G500, BAHR ¢, LAUR 2m MBERLRE, Rt:
2n,kohcos 8, — ¢, — ¢p; = 2mm, mNEEE (2.27)
E AR T R AE TR . BT ¢y ¢ FRRRT 0, REL,
TR (2.27), MG E R m, FRAHXTRI 0, REZ KK, 6, WIME
BB, B 6, #AAMMEN y Mz TR . ki ase, ot
FHEARELME RN L4, T R A8 LB R M AL 3 o IX S B U A PR A% 3R
Ao HmIRAEREOREAE. B, 58— TE B GEAKRAD FIRHA TE,
PR U HE

na
y _
I—'z N3

@)

B 2.2 (aFHEES; OERGEELZARRR

Figure 2. 2 (a) Planar waveguide; (b) The relationship between the wave vector and normal

(5) HEEM

FRPE I T 3T 5 23 R0 BB AN [R], AT 38 5 mT e AN SRR — 5, T T
25 € DGR AIR T 0], BRASAR R0 T BRI AR AR R 2 T A, R A
SAFHIAE S IRE LB, PG S A FRAEHESS AR B A, ASC o TR, X
DX R P DG T 34T 0 B .

XIFRFIHDGEE T H, BTN ZEIE MR, FreL ¢, = ¢, X T TE Rk,
x (2.27) TH:

2
. n
sin26, —(—2

2n,kohcos 8; — 4tan™ 1| o) ] = 2mm, m AL (2.28)

cos64
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XATTRA L EHRE, 55

Z
. n
sin20, —(—2)

ng

tan[(nykohcos 8; — mm) /2] = —
1

, ML (2.29)

RGBT 34T, NS5 0, W/ MERBLZ G M 6, » XRNE m BHK
fH, Pt
(Makohcos 6, — Mypqem)/2 = 0 (2.30)
Mo = T80 ek 2.31)
FESEPRIF RIS, mAEN B S HAEIT mmax H/NT mua BVBEUE, i21F M,
B br B M1, RO EARB AR g 52 0
(6) BRI HI5H R

52 SUREER AT 24T 5 5 0 -

N = n;sin 6, (2.32)
WA (2.25) 2N:

k, =B = Nk, (2.33)
BT e A3, A B P A RB 3k T R AT 3 365 LA P (A F o B

ko (3R A PRIEFATATELIA Y, B BT SR N WE BT 2 J7 LSk, 1
ARKE IR BRARARE LS f K ERBARA 0 BEKERE (90°),
IR A A A RN RE - 3T SO 3, ERESFHE s —RAATEHETTHE
JRITHER no, FrOA N REANEGZ S K S A R, R eI %I A A e
AR, FTEL:

Koy Sin Bmgy = B = konysin 6, (2. 34)
kony = B = kony (2.35)

AL, TR AT R % N
n, =N > n, (2. 36)

(7) WBhITRRRIRRE
B M RER (2.19) F1 (2.20) NS (2.12) 1 (2.13)
W, ATLAS H)
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(2% + (kn® — ), = 0

TE fi#: | H, = —wi#oEx 2.37)
\ H, = _jwluo%
ﬂi—;‘ + (k§n® — B*)H, =

™ ffif: E, = W’an H, (2. 38)
. B

YT TE fw¥lk, % E e 08
E, = E e *YeIBzgjwt (2.39)

PATAGE, BRSO EME TR A RN, BRI
ok REHL MW RERN b AR W E, T e RRMZNy H W
WA LR . BT eV W R T IER/AREERNG, eV I BT R
TIRECEE, BTl kb BN, ey FORTEHRER, RFRRIEZ/R %
gl IXBAEY, RAH e ORI refE s s L, JFHB T
JEARTE HRAAAE, B e )R AL, SO0 T8 2 RS IRFE T — 0 g
=, TR E St R BATE B B BRI BRI
LIl R

2.2 SOI JEK SRR #TA

S G BT RGBS R G IEAR AL s X e AT R G PR A%
W, DASEZILS AR RIMOE S EE . FEEOLE SMR EEA RS
(Polymer) ¥ FAIREFE TU R 6 T o RESE R A4 5414 T2 ALHIRFE /N
SRR, (RER 5 52 FEREE, Wil ISR RR M, i B CMOS LZA
A, ARIT RIEERL, Fr AR AP AR E A, X BN
URTF 8. REREDU I T 350 SiOx Yl 3. GeSi/Si Yailk T F1 SOI Je i
S, X EFPEEHDGE S PERERT LN 2.1 FR.
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R 2.1 =M FERERT

Table 2. 1 Comparison of three kinds of silicon-based optical waveguides

BFRA SiO T | GeSi/Sitik'S | SOl S
Bk % Si0, 57 L NUN 5%
Pripf R 0.1%~0.75% 7N N
JURTRE K J5E FEE 52 R il K
VRS 22 7N 7N K
ke 7N BN BN
5 CMOS T 235 AN A e
Py FER &S = is 4]

Si0, J2 i T FH SR B L ik S R, OSBRI EHE Si0,, Wi A [F 15
PR RS, TG W FEF/N SR E SRR/, (HR 06 R
HIMERRSS, A& TRERESR S HIE. thsh, BT Si02 5 Si ik
K R B —B0 SiOx AE K T2 BRG], ZBeitm 7 — e fE. oA i EE
[ — s SiO P FHIHIE S CMOS T 2AHEE, PR T HMH. GeSi/Si i
FHHIES CMOS L2334, nT H T HIVEG AR et Fr, JRIM T GeSi 45 Si
A ANILRS, T2 1 RAR R R R A2 B I 5 R BEBR ), AR HERER, B 5%
2 JURTRSEALES, # A BFEiRok.

Y2k LTk (Silicon-on-Insulator, SOI), 4% B8 S, 48 (2L SARl 78 %
—ZHEER, BB T2 Si K. HirRw LS EDE Si02, AN
SOI A1k, i 547 Bk (SOS), FEH T MR B A il A B 45 R R 1T 7. 20
et 70 SRR, EANESBEHEA (SIMOX) #IFRHK, BT Bk EAra AT
Rt SO M RHEE H A A e U B AR . BEJE, XIFRH T Smart-Cut™,
NanocLeave. BESOI %#lli& SOI MR Ze gt £ AP, X264 R EE T SOI ik
SRR RN iZ B A

SOI Yl F A 2. B2k, BT Si BTG ELL Sio) RS I i %
KBZ (ng=3.5, ngjo,=1.45, n,,=1), EHTH HZ 4T SOI ek T B A B IEIR
HRE ST, ToriEA T HIE R SRR S A, AR T SR BT AR N AL,
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TSI R AL . IR, SOI M EME At 2 J5 3R B A5 B8 T (ot By, At
WA LU TR R E. B, SO MEFRAEAR, 1 HLf & T2 Mk,
AR BRI Si LZ, Aot LEMERE, Frelin LA k. &
HEME, SOIESHHIES CMOS T2, FrfE CMOS L& 4 Fil
AR R 38 Fr A 7388, 45 FELE R BB W e

2.2.1 SOl X SE K LA

SRR R A T SRR DT 8, (H e b BRI AR F—4E, Sebr A
BAMR. XTFTFZNH, TE 2D LW, iR E A TR R S
KW FAEME S, WE 2.3 fir. %&EES (Stip Waveguide) 8% FH T4
2, TR TN A H e 2, F R AR SR ER S, JF B 5k
o SR PN, (B R T s AR e B R, S50 T 2 R R
iR, AILPT (Rib Waveguide) FH T il I 2855 A IR G A4F, BONE VP
538 LA B EEAT B B A Y TR E— /N PIR L E RS, BE
[)'e 2 ittt 22 21 AR, BT DAGH G BRI L 25 T 0 S 55 o 1 A1 P IR sl 2R 387 5 1)
PEEER (~2um Ch D DARRARA IR, FHZOREKHIE P4 LAAR 905 ik 5
(SRS ARG . (B TR0 S B BRI AL FEHURE, TR b A CAE M B A A 2 1R
SR, 2 MBER RS BE B S2 M A o

FILW T BT

m ..

4 Z(BOX)

B 2.3 BETEFHE KR

Figure 2. 3 Common waveguides in silicon photonics
2.2.2 SOl RFAIRIA N H Bt
KPP TA U, AR URT A ™ 4% (1 TE 50 TM fwdiz, HXT 2D %78
SOI ¢ PR AR IXAFE . FETRR R AR ARG, 737 #% )y HE #1 EH B
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A, HENHRBEHA, RS R IER TE 80 T™M fmfik. A, HT
X Be 2L P P R T LT R MR, FrRAAETE SOI it SR =il 3 g #k A28 TE
(TE-like) A28 TM (TM-like) #iz(, 8k BX Al BY #, XELRFEATEERZTE x
FESE y JrERSR. SIANBEA AR py q RARRAIER SRR, B EY, o
Bp.qr JEAHEHCp M q 0I5 x Ay Jr 1) EROAIORIEIECH - BIIE, SR
SHIP RS AT > BIR NN BN 1 BYre TER AR FROR TR, BRI
TEAATT FRMFER, (H2 T2 0 AR 1 JFIR, X382 % 2P %
FE BT m=0, VLIS, BRI R A EX 0, EYo.0 (B HEo,o Al
EHo o). I HFATHE 7 5 46 BN SR i S AR R

(1) SRR 5

BWHFX (rib) TEEN W, SEN H, FRIXEEN b, XT 0.5<<1,
Pogossian %5 A4 H A L% G 1 SURE A% A TR BT

%Sch d (2.40)

V12
Horp WH 2B X EEMEE N HE, o220 MR S &R, o’
4 -0.05 FIHH. 4 0.5<r<1 i, “PAHRIEREIA T4 20 T Hol B XAT A
e B BB S AT 2T S 2%, T 5 ) b ) R e A P A A LU
A, FFEPIA A A CGEITBCREBBOED RAE  2035 0] DX I~ A
A, MR ) IR DR 1 = B BN A 3k X2 et 4 ¢ IBUETE FEIZE 0.5~1
A RECRIEE B T B BB L . BB SRR (rib SEREE . A slab &)
SRR DGR, USRI
(2) KK
FESETFAHE /N AR A LR U T 0 ST 48 /NBI PR B4, i SR T 4504
PASCEEE R PR o 260 RS R I 36 B W A B H e SRR, HE T
NG RAE A PR IR GG ISR, LAWRE SiO, 2 1 % B A E FE A
REIRTS RIFIURE G 261 SRR 3 BB S At D7
H<2.109¢13W+0.7365¢" 1956V (2. 41)
ST HRIREE (TE 3t TMD, BB BB .
H<63.13¢2392W1(.2684¢7085776W (2. 42)
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2.2.3 BYIRSTEE

A WA %1% (Effective Index Method, EIM) & — R FH 4G T2 38 5 1O 2803
S FASR HALHFR W BOL MR R TE, SRIGIERE 22 21T A I i, DRt
PRI R, T 2D GBI Rk — o BV R AT
PEVTE, AR EXPE R SR AT ot B8 AT N 4l WA 2.4(a) B
e MM EIM SRR T A% 3 ) B2 -

1) K% A AR AP J5 [P T 3 A — A3 BT R P T A

2) SRAFE A —ANTT FEPF B S AE TS, SRS BT nem s

3) VA nem 1E 5 — DT RIS TSR, SR AAE T2 .

REERES, LAGE BRI K mIRES. T TE Wik CBIBLE x J51H
B, BB FRRNAZAE A TE AMEE T FERKR W y Jr A B =2 TS .
SR, BEJE SRR TE B 7 [ — 2 P S0, S H T™M RAEE 7R, PO ARX
TRAMEEREERT, Pt TM 7 B, ke FRE. K 2. 4(b) ik
TR 2D BRI NI ASANFEL T R S A AR

XTI BCR A, BT slab BIAFEAE, O8)2 P9 O 3T 5 S0 00 2 v B 7 1)L
AIEER], HORRER %, £ LRS- —Bh, KPR =2 Ve
PAFR I, D BE 23 Sl P AR B b AN DX R B H, SRR LA RT3 36 ners
A Nefreo PRIF nems 1FEVTE BT 1A ERIERIZIT A, neme 1F 93 EL7 18] BRI
SR, SREANLTTRE, BIA] 15 20 AT AL HR H 2

y y
z N2 IH z M
N3 N3 ﬂ
ﬂ - Ny =
I Neffc
ny ny H ——
Nef
n IH —n
! N3[ Netf N3 N Neffs|  Neffc | Neffs
N3 N2

- < n
n Th effs

N3

(@) (b)
B 2.4 ARITHBERBIE: @FHES: OFEES

Figure 2. 4 Process of effective index method: (a) strip waveguide; (b) ridge waveguide
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2.2.4 FHESHIFENL &

AR, 3R] EURE AT A R SRR A S, Hsbs B R 4R
B, ATARIR N

N=n'+jn" (2.43)
G, AR A:
E = Eyeltkz=wb) (2. 44)
BRI FERIELAANAK (2.23) .
k= +jn"k (2.45)
W H 7R IE KA
E = Ege/lW+inDkoz-0t] = | oikon'zg=kon"'zg—jut (2. 46)

Horr, e —*on" 2@ ¥ U e ~V/2%, o FRAEIRERFE RS BA1HE 1 = E?,

XAt A B RIE P E I 1/2. S65R 1A LRS-
=l (2. 47)

FTEA, JGAERC S P ARSRIN 2 MRAE R o WAEHET e, —Mkae
I R B a2 e MU IX A IR AR R o & BB R R R = A BN
SCRIAE S o 5 B B - TP BSUN SR G T AR B B, T = A4 5 R i
FERELE, LA M I, R R R 1
WX = MR L .

(1) Bt #E (Scattering Loss)

TG WU AFE 70 P AP SRR AR HICH AN AU o AR 2 B AR
HAEAE R ERRE (nZsfa Skl IR5ED SR . SR 4R AE S A 5 Fps
PRI BRBE BRI o F38h, SR RS AR T Ha B B RN 2 g 5RE ) —
PMRE . R FHEARY, CRi/IME TSR RS G E, AR skREE
R FFET] LA RS AN T o (HAERELEIE BT, (AshBE AT Re e /M . filtn, &1
TEN L Z A BEERC AR 5] AW B B BRIE SR FE B9 RN 5 AR 3R LR I
FREZARRAMREE YR B, Fi A A 2 3 E R HFeL P,
TP A7% A o TS T 52 IR, WA AR 55 S o B 1) AH DG G B A oL
X NTEEE TR B R A KR, B BAERIE 173 Wagt, BIovs
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XA HI IR BN, AR 1 A7 %A X T HEARH BB AR G K
FE, GRS S E S, JF HAERE A7t Atk

IR L 2R BRI, S T SR 51 RS 1 St T RO 45 AR I o AL R
AU R AR -0 2 S Ak, HAREE - AR Dl A BRAECT i b7 AR e sh i 5
Ifi . Tien*! FEGF A0 RIS ELAl B3R X T—NEN I =20 T, HT4N
BT, JCERAEN T R R SR B B, ARy L, SRS FE R
FE e CIE VAR

_ L
2h tan 91

Hrp, h NBCREE, 6, RGZE-EREFmBIANG . B ERrs
FEARSE A AR, SR NS A O A BRI S, BT T A A
Ko Tien FI73 A 3 2 10 A8 T S S ANER A AE U, Aot SRON S 213 1 19
2 Py AR S B 552 B

(2. 48)

4TtION ¢
A0

P. = Piexp [—( c0s6;)?] (2. 49)

ore RIHKEL 7 2. N T RBIHFERBNRIE, AR N =5 58 5 A 2
ERRIELE, Tien 45 R ARIEFARH L T

N2
_ cos?0 [ 4mn, (o +07)? 1
Os = 2sin@ ( Ao ( ) (2. 50)

h+(1/vyc)+(1/ys)

Hrp y RFEFCQERHZERE R WE (2.50), ATRURIL, #HiFER
B SRR RS B 5 K Z LT OB R, 5T R SR U EE . 1A 3L
JE AR T SRR B M T AR AR, ARUREER, BUN RN
BRI, PR R 2 T B 4 e R RO AR s B SE e BE R gt e id, i
ZAEBROR, BURFEBR R . AP E U, O 002 1 2 Bk, JUPRERE A )
S A BURK

(2) B WEi#E (Absorption Loss)

JUE R ETHUNFET] REAAAE T I A BB B T, (HAR AT REAR VDN, 2k
5 S A AR LS SRR, AR (A Y EGR T R .

A ReE I SR T AR RRE R S AT B RE B 6 T R RN, mi e kR
(ARG, WAROFEAR IR, 2o TREE /DN TR e ER, LA R -V
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TEAE D) AR R BEARR R, i 1074, WG REIXRE a1 E 5 BR A R
AR REAR N o Dy 7 TGt TR IRST, A FH B IR AR R i i g KK A5 22
HB . Si R IEBKZ)0N 1.11 mm, FEEAE 1310nm Al 1550nm PR ki@ (S
BTN, RIS T TR) R SRR T A AN

XF AR ATRYE, B HER TR RS T R B B TIR
AR Ak, 2 ) IR 52 0 T S 2R 00 SR R . 2 AR TR U R B AR R DU 3 44 1
Drude-Lorenz J5 24 AfiAM?

e3A2 N N
AO( — . 30 e* h*
4m?c3gon “pe(mge)  Hn(mygy)

2.51)

X, e ZHA, ¢ RETHRDGE, po up 0 Al £ BT SO R, mie.
my, Al BTN A R E, Nev Ny 400l7e 3 A E B OREE,
go & HHZRIRIABEHEEL o 2 HHZ AP iRYE Soref M Lorenzo HJPFAl
31, MENT R FIRERN 108 em™ B, S INIFEL N 2.5em™, 4
T 10.86 dB/em [0, IXFLIr TR 1540 T HFE Y B3 520

(3) FEHHFE (Radiation Loss)

FR S HFE SR 10 I T TR 3 A L B BRI OL S, EDGICT HORR ST 0
FEILT AT LLZIE AT an RISt RAF, SRSl AR K. ik sh—
L2 RIS, HINEEIR R RE TR, TR S BOCM P U 2 5y — Fh
O R AU, AT RE S B LR FE . 4, B ERK L
AL P FREAL IS f, AT R 23— LSRR e X T2 B, R
TNESUEEEZEAR, WO AR AT gErE. X T SOl A, HEZ0
RS )R, LART IG5 122 it Fe 2t S, A8, TRy isE
BERREAE, ANERETT R EE RS A IF SR E s T
FOST AR T TAR B I RN AR AL o VE 22 B 0N SO AS [B] A BHMA | R G5t
Tl TR R R BN UHOK I SO ik, AE 1.3-1.6pm HIPEAKTE
BN TAE, HEEEEZR/DRN 0.4um, A RERTILFESTHFENY o SR, BEE DK
TR HIN, B BRI AR, ARG G ] s 1 — 0 S )0 2
s SN B = = P NG 1 @ 7 vk 2 TR = v e /1 1 S R SR NV s O 2=
1y, BEI A ORISR 08 R AR
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2.25 KK SHFESHH

o RO LT AR RO TR B AR HE G AT BN G TR R tH DR S B T . B
2.5 SR T SR REGOR ZO I AR HE SO A IR AT s R T P A
TAE T /NT 1um?, RSB B, HAZ (MFD) £E 1550nm £ 1310nm
BRAL 52928 10.4um AT 9.2um, PIFPIGI 2 [BIAAE BRI RAC. AT,
PR Z A A AT S R ZEWR K. Bk, MIe MORLF NS SRS, B0
R 25 T Bk S AR UM — BE B 45, AR S R Z RS S BU A — 2
SRR, BGERO B B B RS 2 5 BRI FE . AL, ROt i AR Ak
B BRI 55 2 — R il A RO ' RE & 1/ OGS

BEHFWEEN10um 450nm

| EESSE

2.5 MAVREGUREOLI S AAME RBOLA BT~ R A

Figure 2. 5 Cross-sectional schematic diagram of a typical silicon nanowire optical
waveguide and standard single-mode fiber

JCAF A T B G T ZA =R (UG A S AR S (b)EEME,
WA M S B AN S (R BERRG1)  TU SR & T BT S R 6 A St
FIP A S B AT, S 51N B3 3 s 8, I H AT e IO M P I 3 A
BT D S AR G A8 HAA G5 M B . #1000 A7 55 R DA R AN UGS 5, (A
FAAEE T B G . YL RTHERS 22 R ) /NGB . Uil & A Bl &t 5l
G SRR R BIITE, AT 2 M RS AR 5] 23 3R, (8RR A
FRAE 7 UL C 200 5 N IR AL 3R L, T REBS O R e i 2. WREEREE I,
AR SR B AR S 28 N L e T T S 2 v, 3™ B MLRR ) 1 FLSE AL, R XS
THA®FTHERWEN S . Ribzsh, REMSSHRkSREm, mABAES
BB FHME, FrOEEDG TR A G o oS & 8% 87T DL s & 728
RIEAATATH T, BT Z R, B4 7 e L2 T E RS0 A0 B
AR R R S FH A BRI 5% o DR 5 4 1) R AR S BRI QR 2 72 55 = 3 TR kAT 7
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WA 3R 2.2 XFEL T H AT U KPR & 07 K —— MRS & AL 2
ERIPLER AL, H AR S IR AR AN 58 Bk B T EERIR IMEC.
R 2.2 MR ARLEARE KX

Table 2. 2 Comparison between grating coupler and edge coupler

A7 SUE 3y Tt A
o Pq«ud‘e' i le'm‘ - \\‘ eeeeeeeeeeeeeeee
TR 4 1 .
/T - =N
AW | TE -1.2dB PRUEEHE: -4.3dB; Ak eHlt: -2.4dB
@1550nm | TM -1.2dB -4.9dB
TE PG : 28.5nm; AL GME: 35.2nm
1dB 5 78 kit
™ -35.1nm
PR AH M 59 (R AH <A FE<0.5dB) CiH
+1dB GHHER % /N X
- EREE. AU, R | SR ER. BT ELE. ETE
5 N EIERY
B IEAG. JEA ST HER '
%3 e e it B AR A
Be VA

A% (Coupling Efficiency, CE) #& %) #l & A/ H U 5 1 Bh =2 Ee il 1) B
w, BB REH U AR BEREFH AR ES AT
o, WPUHMAREERER (BLdB AHAD:

A DR I BT

CE(dB)=-10log o s

(2.52)

23 WRFSBEMREE

W FEEB I, AT DB T G A7 AE BN T RE RO AT TS 7 45 25 i
U BIIBE . Y SO E A E ARG S B0 B A0 e 5, 1E
TEARAE ELRORAGMEMTIE . L, 3 5 A5 BT SR L2 A% 07 320 R e M A1 PN
R SRR 1Z O T e AF HEAT SR TH B . B ORI B AR — RE R B 2 o %
Maxwell J5 246 il fel, YIEE R L E WA W iR B 25, (ERBERTEH
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WL ELVRERA, SR B SRR . F R 3 0 LR AT B0 4% Rsoft. Lumerical 4%,
FL P R BB 78 7 78— B A 3%E (BPM). I3 R 24> 5% (FDTD)LL K&
AR SR I (EME) 5. A5 ATHE A1 2 3 UM BUE 73 47 775 1 s 2
ik s SodE FAE L

(1) WA&$EH: (Beam Propagating Method, BPM)

BPM [ A J5L 35 2 {5 FH A S A ik 2 TR A =040 i R P I R 8 m - i
AN T VA WA AN R PR 7 T A 30— e BE RS 5 P T T g 2 o 38— ke DA S e
W PRI /3T . BPM E KB 2 OREE 26 5 R I R bR A T — S (SR oL
() BB A 22T RE A (3 A bn B s (o) Bt Fi b T 2 A fE e 3 7 1) |
(MBS L RESATE G AL 3 77 1] AR A A5 s (d) ZAWE e (1 S S o AT FRAKG T 47 3
THEME RN, BPM 0 i&H FoRBEBNGNG . ARG/ NI S 26 22
AN, EHLAES BPM TGRS 25 A R SOOI A S a5 BEAT B

(2) BRI ZES4: (Finite Difference Time Domain, FDTD)

FDTD & —MRifk =422 s i F 7 R AUE 7 =8, e F o e 5 HA
ST K RUBE R AIE 1R B2 A 54 22 8] AR ELAE FRe 90U A 2. FDTD 2% 22 o 4 45 U
) —FioRE BB T, FORS B2 Bl AR 23 ) B il CRIDAS ST sk /il
SUFIKEHAfA . 4 8, FDTD fER 31217, FDTD #EM otk (JL+3
JUE WK ek, K&Ky siiil, i darm ek, R0
LI e o L5 A AT A O . BRI, — YR — I R T R B R 2 R G
B A YEE 1M R FDTD AT DS O AE 2Rt (i k), R A% Ab 2 MR S AF
o] 52 A M (B AR ELAE R ), FLE T IRA7 08, ORI LY e 3 B4
P PR BRI T 0 A AR

(3) FAMEHEY EIjiE (EME)

KRAEREY 7 (Eigenmode Expansion Method, EME) 383K 7 553 70 il B
AL (OB SR FOCIIAE SR . BE AN PRy, A FH R
e UL AL R R A, AU AT LR AR 3R . O TR RIS T Ay, W
ZAFHHUN 25 (S 280 . S SRR A BT B2 XA 1Y, R LR L4 T 17 4% 16
HAAFE G iR, EME Xt T JCREGE B2 HEm ), 45 BoK R,
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EME ¥R CA K A AT B LR . EME dE%EH T MMI #4583, #EE
MAae. ERHAR. oS,

2.4 KB,

REENE T FIHOCHE FREEARILL, T T SOL ik T i 5 A L5 RIS =
Ritk, JERER T URN R F DG S EUE R 7710 el T 0 A RS A R S 2R
FIIRAIB G E I, 4 NS )6 2 AR 6 A B AR 1O T SR, X
R BAVE LA AR . FEUBANZ, SO ek S HEA TR AR iz Al

%, ATAER T H o — 2 AR 58 SCR S AT TAEM R FIR AL SOL
TR G I8 5 2 AR L Hp O LB A —— M AR R ) 85 1) B = TR PR S 4, DR LA 2 e
BRI T SOI WA T A R R AT FEN L, I ELIRIBT T SEACK 6k
S5 LT 2 A IR A AR R T 5 o SR SRR S N BRATT IS S (R IR A 1 s
FEBEE T R BJE, BT ORI S BB 5T R R G AR U TR ST ) 6 B
FB R BB S AWM BB RS AT BRIER, BrU s JUr £
T ST IEIT T R
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53 F WS & A _EEBOCIRKIHT ]

3.1 JeHiE & SR tiA
3.1.1 XMFEE IR KRG

SO A B — PR VAR, e T UG AT, S CRTIAD 4%
R A BRAER CPEsL, 8% AERLE (S B0 AR SOI i 5 2 JH]
[FIERE G VO 281 el & a8 — AR T30 2 TRTEE R EE =0,
I AR GHEAE AR R . Hir S8 Se A, Stvm
TERE W (BBOEMSED), (2t ff GESCN f=W/A), M ZIRE 4, A
JE R RNEL ST AL 375 10 Z R R A 0, DAROGEF R A2 S RTHH A
FEI7 100 Z IR I Osiver (IR IGET G AD

Input Output

\%’1 , PT
Ry

B 3.1 SEDGHE & 28 AT B

Figure 3. 1 Cross-sectional view of a typical grating coupler

FIEE 3. 1 BN/ SRR G 28, P 20CE R AOLRDEIIZ, P
I TN E, Pup R E A0S T I 7] EATS EIGTIE, Pou, A2 1H 75 1 4 JEE
HIO6ThAR, Py e MOGLRE & BDGI SR A N D)2 . U & 25 i v ae T LA
LN ZHORHIA :
1) JilAf% (Directionality): [a] EATH I DIEE Py AL AN TIZE Py Z A LA,

A2 DU (dB)RIR N

Directionality=10log, ,Py,/Py, 3.1

2) FHAFE (Insertion Loss, IL): BIFRA R, MG RDLA BN IR S KA
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W TR Z LA . 4 N RFEE T 29 DL(dB)RoR A
IL=10log,,P/P;;=10log, ,Pou/Py (3.2)
3) FiEHIFE (Penetration Loss, PL): A4 -FHRAEMI TR 5 FH AN IR L
fH:
PL=10log, ,Ps/Pin (3.3)
4) [IPAAE (Return Loss, RL): HTRE S 56O S 5 2 57, #6400k B ik
TG R IR T o SR DI I S5 DA 0 ELEFR R T I R
O, BOGEEEIBAURE:
RL=10log, ,P,/P,, (3. 4)
TESCMHAETEIT, 75 BB Gk b s 1) SR TR A B S A N R 1 AR
B A AR B ST 51 AT BB PRGSO RDGEE, AT R s IR
(RIfeEVE . I8 T 20K R R FE AR £E 20~30dB Y 4 .
5) 1dB % 3dB i 5 : YN A RCR LIS E R & BCR K 1dB 8% 3dB I KEH .

3.1.2 Jeitey TAEIRIB AR 0 A Al

M R A R B AT DA 2B - SEVE HE R (Huygens-Fresel Principle) K2
filt: SCUT IR S REAT AR, MR AL R AR AT, A A S T — A
HRIGUR, = A R M T 23 TR BT ISA A BT AR « AR R RN & 38 2
— YA EER, AT DR G B AR h e e IR o RO BT 3 AR 6, A
SRR T OEY, HARREEON b G SRR B N T ROGHES
B P, AT IE EAE AL R T ) LI o S 025U [, B9 2 A A7 DT FC 2% A4

JGAEN BT 3 B4 3R BAEAL 3R 7 1) x J7 0] B> 80N
ky = konzsind;, (3.5)

JUIAH A7 DT E 2% A1 T LR R 9

B = k, = konzsinfy, (3. 6)
BAE, M= R R D ERIE, B = kong, FTLAEN (3. 6) 11
FAPATTREGH 2, XU N A FEREBOCHERA GRS 21 S 4. S
JE SRR AT AR G A7 5T S R AT T SR R o SO AR AE I, i
AR ECN B, oM BIE T H] 4R — R AT BERIE SR L Brerrr WA
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B = ko Negs (3.7
,Bneff=,8+m-K=kx, (38)
Hrr, ko ARZTPEREEE, ne NG SHAE RIS, K =27” &

Fe R, mig+l, +2, £3FBE m W RE M FRTS R, W m
1% 30 (3.8) ARWIRTCIE AL, BV m oy I fELxH I (1A 4% 1 3 AR e 3 ANAFAE
PRl A m A BESEBUMALIL RS . SBHAE LT, 7 EEHR G AT 5 BR 1 91
BE TG, B m=-1, W, MOLECHKAEEN k=B —K, R

2T

k0n3SiTl ein = ko N — 7 (3 9)

X (B 9) WARIEEMAAT RIS TR, e TG EJ7 NSRRI ECR &
ko SHINAE G AGEND TG HIESRTIL Brery < IHIRFR . HICTENIRS,
ARG RN B o= K, W], T H = RN B 74— MR HE By —B 1
T, XEWECMHAELE - DmARE RS, WA 3. 2() fros. 2eer
Syt re e BN, i 3.2(b) Bow, B AT R EAR SR (AR, —
AT R AR IR I (S ERR). B S e e ERM AR, T{E T
BB, (BF RS S ER SRR, AR T SLPrR A .

FEELHAT, A= e

K=2/A 1 K=2n/A .

@JE n3 ‘ kko """'"m":/‘:']:\""'?ﬁ* """ ?‘\“' """ ?ﬁ*'"?ﬂ* """""""""
s — W
%ﬂ‘}é‘enz \L/ | .

(@) (b)

& 3.2 e maeEER GERABEREDEE), BERSY: @ERE:; O)xEE
Figure 3. 2 When the fiber is completely vertical (coupling from chip to fiber), there is strong
back reflection: (a) wave vector diagram; (b) schematic diagram

an b, R S B A AR S g ] AR VAT I B R
N TG T IRAT R B, N AR, RIDGA SR iR LA —
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Figure 3. 3 When the fiber is positively detuned (f>K), the back reflection is suppressed: (a)

wave vector diagram; (b) schematic diagram
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Figure 3. 4 When the fiber is negatively detuned ($<K), the back reflection is completely
eliminated: (a) wave vector diagram; (b) schematic diagram
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Figure 3. 5 The method of using the internal asymmetry of the silicon waveguide layer to
enhance the directionality of the grating: (a) double-etched grating; (b) obliquely etched
grating; (c) double-layer grating
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Figure 3. 6 Three different bottom metal mirror implementation methods: (a) BCB bonding;
(b) distributed Bragg reflector (DBR); (c) silicon nitride platform on silicon (SiNx-on-SOI)
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Figure 3. 7 Improving polarization-sensitive of grating: (a) 1D PSGC; (b) 2D PSGC
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Figure 3. 8 Realization of diffraction grating to the substrate based on microelectronics

45nm CMOS SOI process
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Figure 3. 11 Proposed structure of back-incident grating coupler
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Figure 3. 12 Simulation model of grating coupler in Lumerical FDTD Solutions software
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Figure 3. 13 The coupling efficiency of grating changes with the etch-depth: (a) The
influence of the etch-depth at 1550nm on the coupling efficiency; (b) The wavelength
scanning curve of the coupling efficiency at different etch-depth
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Figure 3. 15 The coupling efficiency of grating changes with the thickness of the upper
cladding: (a) The influence of the thickness of the upper cladding at 1550nm on the coupling
efficiency; (b) The wavelength scanning curve of the coupling efficiency with different upper
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Figure 3. 16 Wavelength scanning curve of coupling efficiency with different buried oxide

thickness at 1550nm: (a) TE; (b) TM
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Figure 3. 17 Schematic diagram of reflection at different interfaces in back-incident grating
coupler (B<K)
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Figure 3. 18 Variation of grating coupling efficiency with duty cycle: (a) The effect of duty

cycle at 1550nm on coupling efficiency; (b) Wavelength scanning curve of coupling efficiency

at different duty cycle
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Figure 3. 19 Variation of grating coupling efficiency with period: (a) The influence of grating
period at 1550nm on coupling efficiency; (b) The wavelength scanning curve of coupling

efficiency at different grating period
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Figure 3. 20 The coupling efficiency of grating varies with the angle of incidence (in air): (a)
The effect of the angle of incidence at 1550nm on the coupling efficiency; (b) The wavelength
scan curve of the coupling efficiency at different incident angle
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Figure 3. 21 Definition of the relative position of optical fiber and grating
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Figure 3. 22 The variation of grating coupling efficiency with fiber position: (a) The

influence of fiber position at 1550nm on coupling efficiency; (b) Wavelength scanning curve
of coupling efficiency at different fiber positions
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Table 3. 1 Design parameters and tuning factors of the back-incident gratings
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Figure 3. 23 Coupling efficiency of back-incident grating for TE mode
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Figure 3. 24 The optical power distribution of the back-incident grating for TE mode: (a)

without metal mirror; (b) with metal mirror
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Figure 3. 25 Process flow of back incident grating
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Figure 3. 26 SEM photos of the back-incident grating: (a) the overall structure of the
grating; (b) TSV topography; (c) sidewall of the TSV
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Figure 3. 27 Coupling efficiency test of the back-incident grating coupler: (a) test system; (b)

grating sample
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Figure 3. 28 Test results of the back-incident grating coupler: (a) TE; (b) TM
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Figure 3. 29 Slice image of the back-incident grating: (a) TE; (b) TM
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Table 3. 2 Comparison of methods for silicon-based on-chip integrated lasers
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Figure 3. 30 On-chip hybrid integrated laser source solution for 2.5D/3D integration
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Figure 3. 31 Structure of the LoS: (a) schematic diagram; (b) SiOB photo; (c) ray tracing
simulation of Zemax software; (d) influence of lens position shift on coupling efficiency
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Figure 3. 32 Mismatch loss by overlap integral calculation: (a) LoS mode field; (b) grating
mode field; (c) mismatch loss when the mode field position shifts
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Figure 3. 33 Testing of the on-chip integrated laser: (a) schematic of the test platform; (b)

infrared light emission photos of the LoS; (c) test photos from infrared camera
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ot Kerr &%, 40 4. 1) WB—TEES, SURHTH RN T ER R 2L
RNEE Pockels RN o i e AR A B T BRI ARG T i g 1), R,
Pockels %k MEAY A A2 £ AF HhoOo X FR AR e, il B IR (LINDOg) , i 4k 85
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TREL, FRA Kerr Rv . EIREEHAFE Kerr 208, HEIRH LA REWH,
BAE 1.3pm MG B T LI % BT S FARE (107*~1071), BRI HLIZE
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FERHTS 2. An F1 Aar T DL IEER AR, ZRORAHX TS AF R AR IR S 477 58 Z A,
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Figure 4. 1 Plasma dispersion effect at 1310nm and 1550nm: (a) Effective refractive index
change; (b) Absorption coefficient change
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Figure 4. 2 Three kinds of silicon-based electro-optic modulators based on plasma dispersion
effect: (a) carrier accumulation; (b) carrier injection; (c) carrier depletion
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Figure 4. 3 Principle of optical modulator
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T 't R 1) 45 o )z B PR RO S 5 A R RO W R IE (Miicro-Ring: Resonator,
MRR) 155 & 8k F34% (Mach-Zehner Interferometer, MZI). MRR i & 1E
ELBCFMET R RS, BAHS AR B ST, WK 4.4 fios. iEESE
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Figure 4. 4 Microring modulator based on carrier dispersion effect: (a) Schematic diagram;
(b) Modulated optical transmission spectrum at different voltages
MZI HH AT BT 7 RS . ARSI AH AR, Wi 4.5 s, A
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Figure 4. 5 Schematic diagram of MZI modulator
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Figure 4. 6 The output power of the MZM varies with the applied voltage: (a) linear

transmission curve; (b) decibel transmission curve
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THFEZ1y 10~30 pd/bitlt?] , RIHX @& — AN AR B I H AR BEERE T %5 H
AR Bt ROk S, BB R A 5L, IRDIFEIE H 28 BN SR b

(6) 2¥4FR~} (Device Footprint)

T RSB IR AR S B RS 2 MZI RS, S84 R e
AR X T S R B MR RG2S, EE RN R EAS. MZI EHIEE
AT R BRI G A B B R S 2 08 IO PR I R, i DA RST 2 BHLS
MZM g PR E R R, AL T4l A SRR DS .

(7) 247 % (Optical Bandwidth)

6T T e AR AT A RO CAR B TE o O T ) 2 1R O 2 U
<inm, T MZI JEHIEATRBIRT 80 nm e AT 5E

B 7 BRI R AR 2 A, FE T S A T bl B R R R L WA
5o U RBURAE TR ) 2 SRV RE XTI BE AR A A BURRR o |l T A AT AN UK
HOLRE (1.8x107K™Y), FULTCIRSEH (FIANFRTEIEHRES ) e B i AR
WU, MITEXFR Mach-Zehnder #54FH, AT Hhifi B AR fb 51 S [ AR AR & °F
i, DR, #RAETEREA 2 Z B . AR TIRGIZEE <07 1 <1 BSPZ
(71 2 480 P i ) R IR AL o Rk < e A5 i L R DG DG T i A AR B, P
PR SE T DA 5 R S A s 1) f KPR 8 o ek 5 10 DK 22 0 FH #8211
DR R KA 2 RS L2 ER, BEAE ARG PERE ISR iy, AOKAE S KPR B 1) R FH AR
FFEINFAT, IS Rl 2507 RE A .

WS, EEEENT, FEHe bR K EPTE (trade-off)
fRyiel e il e MZI RIS 8RS, AT LB IRTh#E DL KOG RE 46

79



FEHE HOG IR 35 2 H 2.5D 3RS EARBE T

FE, (HREIRE AR/, WAt Ul MZI P RGBS e S 58 42 SO ] 9]
XERLE p B, py S, TS BOR SRR IR RN . Ak, BT GRE
ANPRTT DA MO U IR A DG 5 98 A R e v, (HIF I g n T R E A%
P, B8N 7O A AR AT DA . A ) A R RE IR AN TR S Y trade-off, EERIRAT
BT ) 3 AR YE H A PEREST LB BN S ARe—RIILAE — 280 2
I Al B LA fE

4.1.4 REEERSCIEHIZEH ST IR

PR Z BB, ORGSR RGO BT REE T
R R i 45 AN DO GBS R U 1R BRAS RO BTy S8 Ty ELASE A B B ) s B
AR Sy o H 2004 FEE RSEIL T A T8 Hz A0 o i i 4 Aok,
IFFCN G S5 PR ARG s S ANl AN ARRE S5 5 T EAT 1 KR 7T AR . eid 2
ARG AV AL FSS A7, OGS S 25 LT IR TR 2 mEEd,
Fw su iAo AR AR A ) 25 R B R A A itk , B RS AR B B I L AT
B IO T A TP ZLAME IR B R o AT EE LA T AT A R ' R i % Y
WEFEFARL, W 4.7 s IR h AR Z, ElTRERE, 4950/ &
B BT - TR S5 IR BGR 1 AE S TR e e ' R ) R DR

B 4. 7 BB BREBTARR
Figure 4. 7 Research hotspots of silicon optical modulators
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Figure 4. 8 Different optimization methods for doping profile
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Figure 4. 9 Using the slow light effect to optimize the traveling wave electrode: (a) Zigzag
electrode; (b) "T" electrode
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Figure 4. 10 Hybrid integrated modulator: (a) silicon-polymer; (b) silicon-graphene; (c)
silicon-lithium niobate film; (d) silicon-surface plasma
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Figure 4. 27 The effect of through hole equivalence on the Transmission Characteristics of
traveling wave electrode of modulator
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Figure 4. 28 The influence of active area on the characteristics of traveling wave electrode

(3) [BEEHREE W A5 S EHRSHERKFEE D
OV T, 255 k5 R E R D S 6um, {55 MG 98 5 W X
ATV AR RS2 B 4,29 FoR. BT T, WOBk/N, RREBHPTER R, Rk

97



FEHE HOG IR 35 2 H 2.5D 3RS EARBE T

ARATH AWK, ERAFEWRC. [ E(E 5 RN Wy 10um, {55 HK
55 b B (R TR12E D X AT P AR PR R S 1] 4. 30 B, DK, RRAEFH#
Ko WA ST R, HFEHER. fril, W RN D KK, #4
MG FSCRARHE, AT R i A ) 28 1 B A B o TR, R A8 R B PR AR A T )
R W /N D, AHR KR fAR 58 B W ORI /N AR AT D AJ B £ ri ik
RS 5 SR 3 T AR AR 3, AT 5 BUBAM I S S B R E— 2D W
A D FREAT R, W IR LN 5~15um, D MIZRLTE RN 3~12um, K
SRR, 4 W=5um, D=12um i}, WJLA{E 25GHz B SCH ~46Q FEAERHHLAN
~3.7 BB AT T, X R B BT T T A B s B T T, (2 B 43
FERLEIE 467 Np/m, X BARRAEIEN .. AT SEIE &GI8, &2
A B — 343 O BEL UG B AT B sl , el 2% 8, AR S kit W=5.5um,
D=3.5um. AN[Elfw T, 1% HARSHO) TR ) AT B R AL SR e An 1] 4. 31 B

50 55 [ \\/=
«|(@) o [(0) o] s () [wciom

—— W=15um| 50 —— W=15um| —— W=15um|

X —— W=20um| —— W=20um —— W=20um
—— w=25um| = ——w=25um| E o0 L —— W=25um)|

IS
&

£

IS
o

S

RFHEREHT(Q)
AT FE 2 2 (Np/m)

A BT i e,

®
R 8 8
«

3

o

n

3

S

w
o

. . . 25 . . . . . . : .
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40 5 10 12‘, . 20 25
AT (GH2Z) A% (GHz) TS (GHzZ)

Bl 4.29 {55 BRARKITEE W XHT B AR AR IR0

L L
30 35 40

Figure 4. 29 The influence of the width W of the signal electrode on the characteristics of the

traveling wave electrode
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Figure 4. 30 The influence of the distance D between the signal electrode and the ground

electrode on the characteristics of the traveling wave electrode
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Figure 4. 31 When W=5.5um and D=3.5um, the transmission characteristics of the traveling

wave electrode under different bias voltages
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Figure 4. 32 Simulated electro-optic bandwidth under different bias voltages: (a) 1.5mm; (b)

2.5mm
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Figure 4. 33 SEM photo of the silicon optical modulator chip
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Figure 4. 34 Schematic diagram for package of the silicon-based electro-optic modulator
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Figure 4. 35 Packaged module of the silicon-based MZI modulator
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Figure 4. 36 Transmission Link optimization of silicon-based MZI modulator
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Figure 4. 37 Block diagram of test system for the silicon optical module
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Figure 4. 38 Eye diagrams of silicon optical modules at different transmission distances: (a)

1km; (b) 2km
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TRA A AR R T %
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Figure 4. 39 Eye diagrams of NRZ and PAM-4 modulation: (a) NRZ; (b) PAM-4
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(3) AM%iEHINEEE (Outer Optical Modulation Amplitude):  $&5 18 il % H A B K
A /MNEThR 2 72, 8 LN
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Figure 4. 40 Optical power transmission curve of PAM-4 optical transmitter

(4) KM BUR B A4S 4 (Transmitter and dispersion eye closure for
PAM-4, TDECQ): it MHAIUEIES PAM-4 (5 5 DI RIK. —
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For PAM-4 155 BB o i IR B A BBk, Wit Ul s 7E D6 £F i A i R
BT,

(5) JHELL (Extinctionratio, ER): & XCAE 5 H-F 3 5155 HF 0 B-F#k
ThE e, B

ERouter(dB)ZIOlogi—Z (4.29)

3. PAM-4 TG Bk

PAM-4 HEACK FH i hil A% =X, w7 DA e T 5 R F 2, — AN il A 2
T NRZ BIARMBABEE, Fr AR DA R AR B e 2 2 B =, gk
BHN 7 R BLREVRVE AL, TERCA . TR DL S BE 2 [T B — /NP4, H PAM-4
ARWHEIGEVF 2Pk, BAERE TR JIAJ5TH:

(1) B8Rk & (Clock Recovery): % HL-F2 A R b THi [a] 2 38 A5 18] T
P, AR ik S SE N R, [ BF 3R A T DR R Bl AT R 2 5 SR KPR B P

(2) EMEEEH2% (Loss of signal noise ratio): ALt NRZ Kif, PAM-4 fjfk
PEIAAET HAEAIG Iy 56 (500 B A LR 22 B0, (H i T PAM-4 1B B e P-4
FLSPA RIS 1 3 4%, e o P88 M s 1 R T () 8 B NRZ AU, T AR B
S L. X THIE D RS, PAM-4 {55494 9.5dB =MLk, EH
Tt BEARFEEF S PAM-16 7] AR KR AR e /1, (HIFABCR A .

(3) MREMAELIERE: PAM-4 155 —3L47 16 FIYJHUIRES, WHES SELE.
R B B ) B AR, AT 5 BOPE 58 S s AR RTHR v ) e T Ak 45 D AR
TEA—FE, BRIP4 T R I R 2 ok 1)
4.3.2 PAM-4 HZI0IR

Bt R A = R R BR, TS PRI KR T PAM-4 =k il
JA T PAM-4 HITEIT SR Wk e, 3RS TARZ R H sust. TR T
Xf PAM-4 BB TG DLBEAT — kIR .
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Figure 4. 41 Schematic diagram of PAM-4 production method: (a) Electric domain PAM-4;

(b) Multi-stage MZM; (c) Two-segment MZM
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Figure 4. 42 84 Gbaud PAM-4 realized with dual- segment MZM structure
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Figure 4. 43 Principle of optical domain PAM-4 modulator based on directional coupler
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[Eoud =[Y ou [MZM; ]IMZM, ][ Y 4] Eiy (4.30)
Horr, [Yil XRHZ 10k ERFES, HHMEERERRT:

v, [,/1/(1+kl

JK(+k) (4.31)
[MZM, ], [MZM, 4%t & 25— B MZM F12E Bt MZM &5 R,

T yigagy o, T M BRBIB L/ FEARGI A Lnizag, aom, 275 m B

WS /T EKE (n=1 81 2 7350308 MZM ) EEFTNED, Il [MZM,,] 7]

ELZNDE

= gy arm, 0
T (4.32)

. )
0 28Y (-J¢MZMm, arm,” 2 LMZMm, armz)

TERERE MZM T, 6y SRR, SR AN i T O
PrEL b/ B AR RS R
2n

¢armn:% [neff Lpassive, n+neff(v) Lactive, n+neff(T) Lthermal, n] (4 33)

Lpassive, n’ Lactive, n’ Lthermal, nﬁj\%u%%/l\% H@*%ﬁ% ‘&E A ﬁ% B:&E*Hﬁ(\‘ﬂéﬂ

DI, B L2=F22 M. fiFHlN, G2 R s ks #H
PRI, A7 2T 3R R L PR [Youd RN M MMI RS & s 1O 1 A F -
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[Youl- Lm W12 4.34)

V12 V12

He, 12 2 MMI RS8Rk, FEBEERN j BT R TTEHE

A AN Z K] m/2 #F. B [Eo] ATUASEEMFRRH K, HES

TRk, WEHAT L. AP H) PAM-4 SRR MZM, R

EREKEAMSE, B MZM FKEERASE, 7N 2B, 7T By (6
-

Bou=2 [y TTH0) + I+ e/ (4. +40.) (4.35)

FAN, RIS R 1, AR H O 5 ILHER AT, AR XSO
FKIEWT:

Lou(dB) =1010g,  (Equ*Eoy) (4.36)

XFF PAM-4 Ji#il25, Lo BUWUNAFERE, MDABIRITIKIRERTRI AN oo
Lowits Lowns lowss 20 PIXT N ERGRL 00, 01, 10 Al 11, SR ABSRIG L6 B I/
PAM'4 j%ﬁ%]%”%%’ @/l\j\lﬁ]gi IoutO’ Ioutl’ IoutZ’ Iout3miﬁjE—F§U7‘i$%:

Iout3 'IoutZ 1
Loua-Toutt | =3 (Touz-Touro) (4.37)
Ioutl 'IoutO

ZUHE, Y k=4 B, TSR EE S A Ly, TRE. ABtrhRR e
PAM-4 77407, BTN GHEAR, 15 MR SN E s A E, HE
FIFHRS SR IB 2 . KIESESHOT LLE & — 50, SR eSO 99 B A ] 45 £ it s S IR
AN ER AR L R ] P 30 e e S AT AE A B n = A= DY A AN [R] F F -, TSR3 T PAM-
4 56H. FHZITEE PAM-4 DL RAET

1) 5RHATH MZM R38R ADC i PAM-4 1485 15
b, AJ7EN T E R WL OOK K55, EiEfEf il PAM-4 (55, ]
LS EE i R

2) 457 Bl PAM-4 i ER 2 S OOK HLE S IKZ), (H 4PN EL
FH AR R U VAR 15 5 IR B I, TR — B KR 4 — B £, (675 PAM-4 7
B % BN EAC BRI o ATTIEEET 104 @ ARG AR E M, AT E DGR
A=, EEG B PAM-4 TGI8 A Bl N T —ASHAR L, {1 PIBN
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KPERT Vpp AT LATE G2, T AT LA R0 Rty 58 I FFRAR 7 sl SR g i) 2 ok
3) KM B MZM (£ 1545 By AR EEAR T DU, DR AR AR A »
Mt T PR B [ 0, R RENS S B i ) B R A A
4) FGE iR BN HESR 45 BAT BRI ZE a2, SR, A6 1 il
B85 BIPRA 10 AR 5K FH P A5 IR A DR Sl A9 45 440 ) DA 25 P 4 Pl 2 AT e

G
=

P LEAR EoRYE, ASTH IR G PAM-4 77 AR TR N R R
PAM-4 HHIFRAL T —FERIIERIRIT . T IBATE 2 AN H1% PAM-4 i
0 LA S R A S R

1. 1:4 EHMEF

Iy A%/ 45 % (Splitter/Combiner) G2 G ICIR 1, HTEM
ANERE AN Z ] EOC TR, BU A B MM DR G . &
Iy R BS/GE G R = ZRT AL MMDEYT (Y 43 SERNE RS RS (Directional
Coupler, DC)!'2! . Horfr, MMI T H UGN, BHAR ST BAHERUC. St
B VR L2 B VA AR A, B2 B TORTTOR ar SR/RSE  A
M Z 5 BE/H A 2855 o fH 2 MMI R e SEBURECRT 1400, Ll 1x2.1x4 MM,
TR BAT 15, Bt 14 BIFRER. Y 3T RASEEL 15, JFHAT
PASEIVBOR B 58 AN 8 o5 FH A3 1), AH 2R ZE M A 580, ARIT 52 bR
H o 1€ RS A # 0] DL SR R D Be, RSN IERT R, &
E TR FE K,

SOI “T-& EH MM E S 2 WK 4. 44(a) Fion, HPPAT IR G S 4L,
HP Ot S e 2 5%, Amoaa] LA —MEIERE S 25— AN EIE . Dh%EAM
ERIR/NE TR G XK BE R B2 (AR EE . tb4h, BT Si S IBR H14%
/Ny P CAE AR ORRE G it FE RO, R R T R 5 45 1 RS 5 5 B2 = 5 R T U
K. AT HE DC BN, 7200 HoHr 56 EAT otk . Bt i sE m il & 2 an &
4.44 PR, EH R E MRS G ds i 1 — AN T AR BRI T IR AL 22 81 355
BFEAT TR AER AR T IE BB FR A & s N EHE IR T o 26U 2 X
ARG AL RER, BN —NEFRE R S —A, MG RESEKA K. b
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L ARRLAE X, SR AR AER S, (EHAX T 5 MR Rt a Ak
M. ZJa, SR MR G a P A IS, 5 WA F R Y

MHFBEX

E‘in (a) SOIF& Ay HIDC Lm £ (b) K#3EDC

&l 4. 44 BB ERTFEE: 2)SOIFE LRI DC; (b)FT ¥t KK %E DC

PormaR | upsR | dmeer | i

Figure 4. 44 Schematic diagram of the DC: (a) conventional DC on SOI platform; (b) the
designed large bandwidth DC
ZBCTH I SR BAE T« I A6 P ARR IR S AE PSR BRAE S T8 SIS
R, DLAMEXSFRAE G 85 B SR & R 5, TS KA 8. XFT DC 7E6H
PAM-4 HHIN I, SRATECYRIERIZEOR I Z B L, 2 SCPIAfan H i 1R
UIES WSk

_|Eou1|2
Moutt = e,
[Eouol® (4.38)
out2 ™ |, [
MM, 4t k& AT RN :
o = o (4.39)
Nout1

T TE RS, B e @ Al & X 13 5 56 B 5 6K S — 30 9450 nm.
AT E 1 4, RS X I K Ly, AR X % 5 5 R
Wi. Wo FIHKBE Ly BLRIAIEE Gap AT WM. B 4. 45(a) &€ MIFE & FH1E
Lumerical FDTD 3 {5 AT . A ¥IHS 08 Li=4um, W,=300 nm,
W2=600 nm, L,=4.9um, [A#iA 300 nm. H4h, HEREXTFRREE XFAAL R H] X
¥ taper K24 1 um, 1E ARG 3N H 1 90° i SH°4% R 4 Sum.
Kl 4. 45(b) & MG AT 1:4 76N RDOETh R . B 4. 46 2 E MFEE
I K B IR 2. FTLAE Y, 2 g5 W] DLSEIL ~90nm 1) 1dB

H
T, o

=
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y(microns)

Tl 9 -4 1 6 1 16
x(microns)

&l 4.45 EFMEAER: (a)Lumerical FDTD HAFHIGEAE; (b)1:4 BRI
Figure 4. 45 Directional coupler: (a)the simulation interface in Lumerical FDTD software;

(b)1:4 optical power distribution
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Figure 4. 46 Variation of splitting ratio k with wavelength

2. B AT R AR S

K SR AT B AR S RS, PN S5 BIT S5 M n 1] 4. 47 Fios. #iN PN
SEHRIUENT X, 1T EACR A CPS 454, WALk T MZI s, 4>
VE G SR R . 5 225 IRBN I S A b, SR g AT I AR 4 T LUK
AT R PN 25 A I —2F, T R AL e, JF BAXR
TSOBAS 5 (8 PSSR DR By, AR 1 b el R85 152, A ) T T o 285 11 v
JEBE K

PAM-4 305 F A R FH 28 3% i) CompoundTek BEE T 207 4, 3T H &
THRMAEGR IR B, Jel A PN S5t 7k 4.2.0 M 422 W—3. &
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TR 4. 48 FroR,  ORUE VA il 208 10 [F) B gt — 2D BRI R, 76 PN A
ANT A 30nm FIRIB A X, 2 SR AN 15 T (0 I8 ) R AN e n 1] 4.
49 FiR. f£ OV fRIERS, #FEN 15.5dB/em, KRN 1.1V-cm, AAEH 58
N 106 GHz.
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Vp

)

NS

4. 47 SR R AT I FAR 5 F) 8 1 2 A T

Figure 4. 47 Cross section view of modulator with single push-pull traveling wave electrode
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Figure 4. 48 Dimensions of the waveguide and PN of the optical domain PAM-4 modulator
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& 4. 49 Jt3 PAM-4 AFIBEAFERET: (a)ABIRRE&IIFE; (b)FER X AR 5%
Figure 4. 49 Optical domain PAM-4 modulator under different bias voltages: (a) modulation

efficiency & loss; (b) depletion region capacitance and intrinsic bandwidth
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W8 J5 1 HFSS #AF kAT GS AT BRI &, RS 4.2.3 F5HH
TEVERME, FBEINECE PN 45 MAHMA N, TP PN 45 R, SR
RECRE R X BRI — 2, T BB s o ST S0 RS BE3 A
50um, [H]FH 10um. IEHT, 76 OV i T, 7T LLSEIN 48~49Q RHEFH T, 2.8~3.0
It A T %, JF BAE 40GHz LAWY, SR/ T 4 dB/mm. 7E OV fi/E
5 AN TE K R 1 B g AT D A 1) 2 10 07 B 5 1] 4. 50 T, 1.5mm Al 2.5mm
R ARSI &% EO 3dB i %707 4 35.8GHz #1 26.9GHz.

0
=—1.5mm
bk
o
S2r
2
=
= I CTPETT PP PP PP PP PP PPPEPPEPRPERPPEPEPPPTPREPES SCETPETPREPPRPRRES Seerrrer
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B 4. 50 0V 1 F T AN R B2 6 B 46 AT 30V ) 28 R0 7 38
Figure 4. 50 Simulated bandwidth of the single push-pull traveling wave modulator with
different length under 0V bias voltage

BT NRZ 6] 810 H bR 3R & 25Gbps, BSR4 % 4E 18GHz L b, i
PAM-4 il #5 1 H bR # 2 50Gbaud, 7% 37.5GHz PL B 58, P DARG Xt
VAR — B AR s s B o BR T IR rUR S L OB 7 AL, FRATT
SR A B AT U8 PR (9 A 4R 2 AT T Uk . LA IMEC 19 T 23 808 BT
P —— A &2 — AR T B 4.51() B, iR
AT AN AE ML 2 A 2R s 28 RSB an B 4. 51(0) B, S #8417 AR e M2
Bk, ML EUERNSERE. Ui B IUEms s W FifasE D 2410, K&
4. 52 Fus WO AR B R BT LA R OB AT i AR A . sk
LeAAT I HARAE ML Z AL, RRRATIE ARAE M2 E ARG DL
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M1 —'M'f M2 I—

Vi1 \/1

(a) (b)
Bl 4.51 WMIESAERIZR: @TERBIRE M1 BHLK; OITERBRE M2 BAK
Figure 4. 51 Two kinds of transmission lines: (a) the traveling wave electrode is wired on the

M1 layer; (b) the traveling wave electrode is wired on the M2 layer

—— W=5um,D=3um —— W=5um,D=3um

@ —— W=5um,D=6um (b) —— w=5umD=6um | * H(c)
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Bl 4. 52 AR)EBEVEAEHEAT 2 N XA R S AR m

Figure 4. 52 The influence of different metal wiring layers on the transmission characteristics

ViR R BTN, NG )8 E i A A 2 2 5 A il 25 R S0 A 280 9 2%
FARTCRM, (HEE— ZBRAE A HI & Ay, Az rEREisE R, B
FETE im0 XA INTE M2 JZATERAT, BT AR ATEIR AN, Bk i fE ML =
M2 Z 0%, 4TI F IR RO AVBOR, TR BTELN . I HASH ) M1
JERI V2 JEAR 2 TR TR, FE R )R AN B MR N, 5
K, BEBUEE/N . BAENUBIRE R 2828, (ERZIHPus/), BRSAEPHESER,
B HARAE T /N o 2 IRV P BUR OB IURE , PAM-4 BT ik #3558 )2 & B 1
R AT R Z

T W P U AR 0 T A B ST A ) 4 DX,
WATRAH R SHFNZEAER 4.1 ho AT H R NRZ SISk, BATH
PN 2. W&t MR 2= LIRS 77 kAT 1O vert, I HAERR &
TN T BG4 28 UL S B A XS e X F PAM-4 JHI%8, 42 PN 45 el hn
AT/ 30nm K Gap fEHOGHFEECDN, EAIWIE KT NRZ #MHldE, K&K
N CompoundTek T Z4/F R P A N BBIMKEWET IMEC . 4,
H1-T> CompoundTek (1] P BB IR B i T~ N 2, 177 25 7R 5 28007 559 2R 1R )
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BEAH, FrLh PAM-4 18§ 2% )8 #1208t NRZ A #1258 4
% 4.1 NRZ F1 PAM-4 B %/ 22 % kb

Table 4. 1 Comparison of the NRZ and PAM-4 electro-optic modulators

T AR SRR NRZ PAM-4
mAT R A IMEC H N3 CompoundTek
PN 4% 7t gap 30nm gap
AR 25 44 CPW (GSG) CPS (GS)
IR AT 2k = H—E&R B oEEE
Ixzh 77 = Gy R R LA
& 77 DA E iRy WG &R &
JEIRAE 6.3dB/cm 11.5dB/cm
WHIER (V) 1.25V-cm 1.1V-cm
O B 1.5mm 24GHz 36GHz
(0V) 2.5mm 18GHz 27GHz

3. PAM-4 EEAEHRE

AT VRAL BT TR PAM-4 U 1 38 0 s AL SRR, 7E Lumerical
Interconnect 45 % 1 77 Bl PAM-4 | SN K] 4. 53 fs. Hrhg gk
NG, W ERERIR R AT AR AT I RS, RS N 07 B H
WL K] () B2 S, ELRARR IR BT ARCBARRE S0 A AT S 3 LU S, PN &5 FL B
A, BRIVKELN 15mm. RERGESH SRR, JbH s it
AN F L o 6 T B e AT AR 54, I SRR R -V,
WENHEN Vi, ST EERTEREAN -Vo-Vpp2, TERTAERER -
Vot Vipp/2, Fr AT EC AT LSS BB 7 a5y Ve, BXBTEIEN Vip/2 K]
FofES. WTaBOAtE, RE E500MEGFERE, @R — Bk S KR
TP BB 3 2 1] e 8 2 0 o DAY 5 R B 28 — BRI AR B 5 5 I TR B3R 70
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B 4. 53 PAM-4 /=38 fE 5 r it i 0y AR
Figure 4. 53 Simulation model of PAM-4 high-speed transmission characteristics
i, WEBANCIIREN 10mW, BEEHRE) Vi AHF, fWEARE, @it
WAT Vo FIPIEE B B R ECEIRE BT & 2 Vi A 2.2V, AFEME S& 5
I ) PAM-4 IR EI W1 4. 54 Fiios
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00055 N, .~
oooa | g

0003 %,

= T T I T T T = T ;__ﬂl 0.002 = . —
0 le-11 2e-11 3e-11 4e-11 5e-11 el 7e-11 8e-11 0 5e-12  le-ll  15e11 2e-11 25e11 311 3511 4del
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& 4. 54 REEEEFRI K PAM-4 BRE: (a)25Gbaud; (b)50Gbaud

Figure 4. 54 PAM-4 eye diagrams at different baud rates: (a) 25Gbaud; (b) 50Gbaud

RYE 4.3.1 75 PAM-4 PEREFRARTHE 7%, K 25Gbaud A1 50Gbaud 4K3)
F9 N HOGE SR RE. GBI . G ES A ER 4. 2 T,
A LAE £, 25Gbaud ) PAM-4 15 5 HR K1) — BT, = AMR R S A —
EIR 50 Gbaud MG SHREIBTEA BT N, EARRESEIELT ) PAM-4 {55
i ——1ELMA TR 10mW BT, JAGIIERAR T ~4mW, HIHG
LERT 4.5dB. R MGT A SRRE, RATHHR AT 14 E & A bik
PAM-4 il 8% 2 /D7) S RF HEIE 100Gbps (50Gbaud) HIfE SEHIESR, ANER
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BRI PAM-4 3246 7 A RO TT %

% 4.2 25 Gbaud F1 50 Gbuad )i PAM-4 155 KA S P A8

Table 4. 2 Correlation performance of optical PAM-4 signals at 25 Gbaud and 50 Gbuad

(ERepUEES 25 Baud 50 Buad
Poo 2.028 2.070
Poi 3.384 3.306
i S 5 I8 (mW)
Pio 4.734 4723
P 6.040 5.990
Low 1.356 1.236
HR =1(mW) Middle 1.350 1.417
Upper 1.306 1.267
AOP (mW) 2.006 1.96
OMA uter (MW) 4.012 3.92
ER (dB) 4.74 4.61

R E: FANCTIEN 10mW, IR EN 1.1V, 55— B EMRIREN 0.55V, 28 Z B MR E N 3.55V.

H A3 PAM-4 il 8505 B3 A I 2 5e i, e Ht AT TR G A
A& JE RS E 4. 55 Fw.

B 4.55 HEBEEFH PAM-4 B2

Figure 4. 55 PAM-4 modulator chip after packaging and coupling
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4.4 REINGG

KREFENE TR THFRAESR NRZ 1 PAM-4 HOGIES 28 ] . K
AT e r i e IR ) 45 B0 TR S BL A L P BESR PR AT FE IR S EAT T iR, RS
VEAEA A T R RO B SR O AR, BRSO PN TR AT i
Ak, b AN SECT S A TERE RN . iR e RE, BT 4%
OFTEAT TR, BOUHRIE Ak 4 i OR RS IEE BRI Ok
B uSEIL 100Gbps HdifE . 2 Jm, 1 HE— B 5T 2 I BE L fr e 77
FATR A > Bea im0 AT e AR 54, S 7 — Al T 14 SRS ER1E
B PAM-4 %S, (AR MAIREAF K OOK BXENE 5 {3 Al ELEAE LI Az ik
PAM-4 {55 . fiHEREY, ZiHHI SR 50Gbaud Ky & 5 A w] LLSEILE
W) PAM-4 HRIE,  ELIR B — Btk icds, TGRS 1 4.6dB.
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53 EEOLE 25D HEF AR

5.1 RS EE LB E M ATIA
511 XHEEREAETR

N T R PR RS R L D RE AR BRI SR, B il FLEE S R . AR R TE AN
HETFESETT R &, D6 R B RO 2 RVE. PIC 5H1 EIC Z[AlH)
BT IR E A =R, railag: ATEmAER (Front-end Integration), [ bidE ik
(Back-end Integration) ARG EE . A Tl w5 BOF S vin S B T T R SR T
2 A AR TG T 206 PIC A EIC #AE AR b, J5 bmde ok
PIC il J5in T2 MAE EIC WAL)Z B AEIRE LM+, PIC M1 EIC 737 %
Mg, SREFEE TS, Bk SE Uy AT .

R 5.1 JGEERITIELLR

Table 5. 1 Comparison of optoelectronic integration methods

B AR R
LT A : REERK
IR 35 J Ui £ 1%
S b- #
S e e
B
HE = rh rh
ESR NN ik & =t
b [ 2% T 2 A = rh &
LRk piic piic ] B
] S SOI, 1At SiN, a-Si SOI

|

RS5.1 LR T A BRI . T SRR, JCHGR TR A,
SRRt LU TR 5 A AT v D3 PR R S ) i 2 R AR, AELRE iR Al A ki 5
BT SR AREDR AR M ) CMOS Sfeatl, S84 SEIL L R TSR El % (OEIC)
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AR 2 RN F E B . MRS RAER 2 MM PIC A1 EIC il B
SEREIEAR /L GRS AL B G AN, PR PRrERE RAFIAR dies it
AT BRI 2 . TR A SRR B R AL EOEHE M, AR, PLTit. BEmE. U
FEARSEMR A, NREAR IR T LR M RN R AR
SRR, N i R e O F AR R e R

HET, gt et R 1 2R M2 51 484 (Wire-bonding, WB)
HAR, 44 (Golden Wire) ¥4t/ HEH Fr IRAR A 5 AR I 10 A 2R SR 45 ol 5 /7
FAM5EM VO BIZERRK. HT &2 NE R ERNL, A E N
0.5-1.0 nH/mm!"*) , LA BT e s PR3t 2% F5 1 sl e s i oK . kb, AR
SlZBBES I FE AT LLAE] 25um!™® {2 PIC A1 EIC Z RIS RAN PR F 541,
MR E RS TR VO i, HARTSREE S E /NG BT IR
G ReZEWTR 2.5D/3D ARG, I B P BT AR N R A 3
W VO MEREMIN. S1E4iH WB R, 2.5D/3D HEAVFENIEG AR
SHEOLT, B EZ DR RS b, I HARLG  Z MEAE BRA, H
PRAML T U (8 e S M A B AR A D AE

HArHki&N 2.5D/3D S, S BRAR TR, FEAET: 51k
SRR IN-V RBOGSAEYAALL, TGS EBORLEA [F] (I B FE R R B, 85+
BB R . £ 5.2 W7 ERREENEO0E (DML). BRI B 33
(EML) A GA e HI 7 2, Wikd., 51 EE B3 RS TR .
FEFEIEE MK T 25 Gbaud HALHMEBSEART (<10km), [11-V EHERHIBOY
I H AR G . DML F 2 R =FERRBOGE, 2 3 B IR S0t
%% (VCSEL). /iU ot es (DFB) FiEAn B-H1%2 WOk (FP). VCSEL &
— AW ORI RO, BATICIDHE AR SRS, EAIE A T KB B d A
DFB Fl FP 0 4855320 J% 5 B0 S8 1 A 6k 22 52 e AT EE By 3 n ey, ORI
WEK 25052 P 2 T R SR, A A 52 1 PR T PR SO IO SR F A
WRSCR ) 7 =, AT AR BEARWAR M, B HE 0 PR s TR b S ey 1, FL o 1
AR e e AT A 50Gbaud, BT+ 73 & B HARREAR . W Hodls v o0 HOE T 98 Y
AN v, BRI O J0 V2 R SERR N 7R R, I 28I R B8 T A L 2,
T 1y G F P P v e e 2 A T B L RS R B8 PR
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5.2 BECERSII-VIR G KR

Table 5. 2 Characteristics of silicon photonics integration and III-V optical modules

- DML NP
BOLHRE S opr DFB/FP EML TEHSR R
850nm,
T | S00mm=900n S o, 13100m, = . 1550nm
m 1550nm 1550nm
Wl | BRI B SIEE AN Ll
A i 2R 25Gbaud 25Gbaud 50Gbaud >50Gbps
N o
mavist | mEEme | mwEs | Eams Mﬂiﬁ'/ﬁ%
L2 5| A 5 5 q >30 (R 5]+
K (VU imIE) HLE D
6 1/0 & A A A 6
QUBERED) (4 HiN+2 XHE)
HARER | SRR £ LR CPSNEER N 1T HLAKR
TN Gl TEC TEC TEC NGRS
2D 2D 2D
LRI 1 (Chip-on- (Chip-on- (Chip-on- 2.5D/3D
Board) Ceramic) Ceramic)
D P S
igﬁ%g DFB: kR | kRt
e o | PEEF FPo | AF, SR | RECR. mndEER
CREN T e %
A
DFB: =i
| e | ALIELE AR | SR AT
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Table 5. 3 The evolution of optoelectronic hybrid integration methods

ST 2D £k 2.5D BGA & 3D BGA # %
/_;%E: lz] m = BGA :::::.l..‘l.lll ation P! i
S UL 3 B B BT
Pin &/ 50+, FPC#E# | 300+, BGA #£3k | 500+, BGA 3k
HIEE 1-4 j@iE 4-8 JHIH >16 JHiH
IR A ~80% ~60% <40%
JEB A +WBHE | SR &S FE | S &HES A
RF Hi% SeA MBS | B H %+ Interposer | H.3%+ Interposer +
(FPC) + Solder Bump Solder Bump
R <25 Gbaud 50 Gbaud 50~100 Gbaud
ik ki NEUD AR
A N LR AR 1oy
=
Flip-chip BGA / Flip-chip BGA/
CEREREY Y WB Solder Bump Solder Bumps
(1 15mm+) (JXSF 10mm+)
. \ PR A | SFTER O | AV TR U
st | A e
FRRK T B R AT B

124



5 3 fEHOLE 2.5D BRI

AR, EBR OIF 20N 7RG A AR KBS, T 2015 FE X T
RipH (SR) MGEAHE (USR) Serdes #iE, HiH USR Serdes fYSCHFFEEY lem /2
A, EEAT 2.5D 5 3D HBENI. M, N TIRAMSEEN VO 1
Gy FAVERI AT 4470k, 2.5D 803D ok /O S Ah St B 7 sUE#T I BGA i .
T4EK, Intel. Luxtera. Ayalabs. IMEC. Leti 25/ 58RI EE0T A& B
TH R LA E R T L AR U R R, RO S R
LG R IFEMEGAR . 8 T2 112G KL EH W TR K, T 4E
Jt TSV [ 2.5D/3D LR N T —HOGHAE AT RE T 5. FATH =Rt RIS
RO IR B AR 5.3

5.1.2 REE S 2.5D A

R 3D £ BURT S EI A AR I [B) R AT B /N R B A A AR, E AR —ANMRR
Phik. JEH EIC F1 PIC ZIA) ARG B fe ), (31 st iy P AR B AR 3 45
e Straullu SRR, XFFKZ) 0.5 W [ IC fIALIZ, PIC iR
PR 22 TH i 20°C, 100 TR BEBUR I G284, L Unan A il 38, WIRE
JUHCRIR . F3Ah, BAR 3D B R BT VR B AT DA I I S S L ZARAK
ik EIC-PIC %24 VO %, (HE—MAANEH AR, FEKE
[ REENANE s ) TR BAS, ALl 2.5D Sk 2D M 3D AR
HT RIS

L EVEF, X 2.5D EREEARAT T REMIT, GG, HiE, 13
A EDA T H, PARGES M/ IR, (SUPT) SEHAS W H#E. 2.5D 4
Jier, IR R R R R R A SR, LRI EE AN B AR R 3D S A
7. 2.5D AU A RS T 3D Bk, ROAH RS 5 MY FR 2hilid EIC AN
PIC & H MM O, B AR FIEL. (HE, RS 2 e
BEAEHIE LB WOK BLAY, BT DR S M I B & AR 08 . O T SEBL S THES RGE
KR, R AR A T R R A 4, Kim SRR
B EHIERT 8mm KL L AL Bos BT S0GHz %, H S21 ke
ANT2dBEY AnfE] 5.1 FR e A0 BRSNS B R B AOR I R, AT

125



feE 3k Y A ) 28 S 3 2.5D 3R SCBEH AR B 5T

DL ORI R 3B 10 1S T E B2 34 BGA [ PCB 12021 - 4 5.2 flos .
Bernabé Z51F ] T iE 1 BGA £ 3% PIC #2508 PCB &, 155 &AHIEANTRFEL
T+ 3dB, HAr% N 40 GHZ?%T

Cu-pillar

Bond wire micro bump

$21 (dB)

2.5

0 5 10 15 20 25 30 35 40 45 50 ¢

Frequency (GHz) 5:::1);?!5'&- HomE, Wgem  jolalees -
B 5.1 FAT Rt gRclE i BOREE 2.5D 285 A Buli R 28

Figure 5. 1 Silicon Photonics 2.5D Multi-chip Module Transceiver for High Performance
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Figure 5. 2 Integration method between 2.5D optical transceiver and other computing node
chip such as ASIC/FPGA
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Figure 5. 3 2.5D TSI technology roadmap in mobile devices and data center applications
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Figure 5. 4 Schematic diagram of silicon photonics 2.5D integration
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Figure 5. 5 (a) Customized socket; (b) Optical module placed in the connector
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Figure 5. 6 Schematic diagram of passive link test in 2.5D optical module
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Figure 5. 7 Schematic diagram of 2.5D optical module test
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Figure 5. 9 Type of the high-speed transmission line on different substrates: (a) silicon
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Figure 5. 11 The influence of the number of ground balls around the signal ball on the
transmission performance
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Figure 5. 12 The influence of BGA anti-pad size on transmission characteristics
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Figure 5. 13 Simulation of 2.5D silicon optical module: (a) simulation model in HFSS; (b)

material and port setting
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Figure 5. 14 High-speed RF transmission characteristics of optimized 2.5D silicon optical
transmitter module
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FEHC RIS 2.5D BRI AT RO BB, LTCC MR R, %
FhIEER LA T PCB AR . 33 45k S AN G 70 1 R Ak R &
KUK 5.5 Fim.

% 5.52.5D B AR SR

Table 5. 5 Thermal conductivity of material in the 2.5D package

HA4H B J5F (mm) # G E(W/mK)

- Si 8x11x0.2 148
Cu (TSV) 4% 30um, Fi#E 150um 401

K i YR e 6x4%0.3 148
B0 e 4x2x0.1 148

LTCC %45 Ferro-A6M 18x18%0.5 2
Au 317
PCB IR ERY/M6 60x70x1.8 035
Cu 401
Au i R EER: 242 30um 317

rak Sn SR I AEER: 4% 20um 67
CuNiSnAg AL N7 SEER: 42 60um 64

SnAgCu Pl B FEAR R 7 FREK: 248 250um 58

H1T 2.5D B PAAAEREREER, . TSV M FLEER/N R, i H
I G R B T SRR Y, REARL AR R 2k, AR TSR EE SR A i, HLAT R
MARARFARR B REIE TR . Bhoh, TR R B A G RO R S 22 57 S 3
WS i 72, A7 A RE AN o DRI, 0 3R A5 B8 R 2 B0 ST S5 RO R R SR
fife v % FE BBV ME . TS TSV, & Cu MM F RO K, Si MR
KT REOY Ksi, TSV KIEARA d, 18Ry 2a. R4 Fourier #4f% S IF45 &
SEPRAERY, WTHESARE] TSV E X, Y. Z 7 M8 3R 4 5N

Kgi?+Ksi(Kcu—Ks)a
Keq Xy — Si Sl( Cu Sl) (5 1)
’ Ksi+(Kcu—Ksp)a(l-a)

Keq,z = (B Kecy + Ksi) /(1 + B) (5.2)
Hrh, o £TSVHEASTEZ, Ma=d/2a, B #& Cu B Si#f

BHE XY “FHIFHZ A, B =S, /Sy« FIHHESHMERIBIHEA
2o WG BN BR AN FLAF BEAT AR A R ISR 5. 6 Fa .
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Table 5. 6 Equivalent thermal conductivity of materials in the 2.5D package

HFHIGE Keq. ( W/mK) Keq. x(W/mK) Keq. (W/mK)
S T RER 35.4 0.0445 0.0445
e NI RER 23.6 0.039 0.039
Wi B FE AR T SR BR 9.537 0.053 0.053
EHAR TSV 155.8 155.95 155.95
feE BB T J7 R BR 2.79 0.035 0.035

2.5D B A EARR T R FH 2 Ansys Icepak, — 25K I HVE 3
AR EFAN BT 0T MR A o F IR RS A B, 8 B PRI
N 20°C, FRH HARGRIA R . RECIAHI A0 H FUEE IR N 0.2W,
Driver & F BLIEIE TN HN 0.39W,  HE AR BR300 i 10 [ B AR s ) 5
S ATEBL AN 5. 15 Fros. AT LAE SRS DU IETE R TR, Summim i d A
~42°C, XK B A IIEH TR (-5~95°C), KT # ¥l DFB HOtA 1)
TARUREE (-5~85°C). J34k, JRERPFHRERINF BN TR, RIS
N, BEHURRBR X TR BRI, HREAM R R SRR TR,
Ut 2.5D FAEAFH ) SER TAR IR AR . ATLAAS SO TH I 2.5D Jeiibh S
PERLF, XTHLE . MZM DAROGIER 2 ma #2080 i B 75 5K .

B 5. 15 2.5D EOGEBRAESSR F4M TR TIEREDM: (FRIEE; (b)YEERN T
Figure S. 15 The temperature distribution of 2.5D silicon optical module under laboratory

conditions: (a) single channel; (b) four channels working at the same time
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PIRERIWE 5. 16 Pow, FEERAEIGEM Y 17um, B EEMR T 7B
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&l 5. 16 280 BE iR B /5 M SRR AL BAR KR B LA K ()T R R P#% s ()l
HEERES S
Figure 5. 16 Warpage simulation of ceramic and silicon substrate after 280°C high
temperature reflow: (a)simulation model; (b) warpage simulation result
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Figure 5. 17 Warpage of 2.5D package structure at the highest operating temperature of
65°C: (a) Simulation model; (b) Warpage simulation results
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(b) 422 FHES)Z . B TRV B%E TSV S A RS 4
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Figure 5. 18 Fabrication process of silicon inteposer
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[ 5. 19 LTCC Fgi& AR Mk fE R
Figure 5. 19 Fabrication process of LTCC ceramic substrate
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£ 5.72.5D HHEEH 3 FEAH RS H

Table 5. 7 Comparison of three basic assembly processes for 2.5D packaging
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Substrate first

HAHEAT KGD M,
W08 T IR 7R
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Figure 5. 20 The micro-assembly process flow of 2.5D silicon optical module
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Figure 5. 21 Flip-chip technology of silicon inteposer: (a) reflow soldering temperature
profile; (b) assembled silicon inteposer on the ceramic substrate
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Figure 5. 22 Initial flip chip process: plant gold balls on the chip firstly
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Figure 5. 23 The problem of the process of planting gold balls on the chip firstly: EIC/PIC
pins are not aligned
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Figure 5. 24 Improvement process: plant gold balls on the silicon carrier directly and adopt
thermo-compression gold bump bonding
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Figure 5. 25 Thermo-compression gold bump bonding plan: (a) planting gold balls on the
silicon inteposer; (b) the cracked electric chip after thermo-compression bonding
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Figure 5. 26 Laser Solder Bumping on silicon inteposer
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Figure 5. 27 Laser Solder Bumping: (a) Sn balls on the silicon inteposer; (b) bonding wire on
the surface of the optical chip

FTLL, ZREHEU TR, BATRZRANKZ Sn BIEEBS ), Au BRE
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AR 5| REVZEAT B F B, R B DY T ) &% A 5| R e BB e A — 3, HLJoid %
BB, SIS T BIC/PIC-HEEMR -M B AR A B R . 5, 1
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B 5. 28 NE3E52 R EIC/PIC-EEBRA - SR AM:: (BB TR A (b)X-ray
LI AR S

Figure 5. 28 Assembled EIC/PIC, silicon inteposer and ceramic substrate: (a) photo under

the microscope; (b) the solder joint observed under X-ray

(d) FEER T EEBR
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Figure 5. 29 Ball planting on the back of the ceramic substrate: (a) Reflow temperature
curve; (b) Ball planting using flux: poor bonding force; (c) Ball planting solution on ceramic
substrate with SnAgCu solder paste + SnAgCu ball
(e) JLFEE
TR A 1) 2805 SR P T AR & 7 2o 7 38 o IE N SFHE i & i, A b
RIAGAR G A B AR 8° # G, WK 5.30(b) Fivm. [k, AN THER FA
AR T LLIEE RS, FRATEBHOR T, A R s Ao iR 8°
BB . B 5. 30() TR 8 IEIE FA I B, 8 MR JaLFumif 28 1y i) B
BOME, o1, 30 5. 7IEIENARRIMEAEBOGLT, 2. 4. 6. 8 IHIENLRIWOG
25, DRAm AR 75 18] A 7K ST 7 19

8ifiliFA, Pitch 0.25mm Hts A L HBIIE D SRS & 4

— -
%

@) (b)
& 5.30 JtiEE: (a) 8 IEE FA HUREE; (b) SR ERGHEE D
Figure 5. 30 Optical coupling: (a) Top view schematic diagram of 8-channel FA; (b) Edge
couplers on optical chip
) MixTF
2.5D TG B Jo — 0 0 S F 3 T S0 JRORE 5 11 46 R o R UG A
F, SRIEHMR 150°C [FE4k 30min. ZH2E5E A 2.5D R 5. 31 s
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Bl 5.31 %58 2.5D Bk
Figure 5. 31 The assembled 2.5D module
2, 2.5D RGBS T2 O He e, FRADR 4% i i
DL SRR TT S IS5 163 5.8 .
2 5.8 2.5D BB S FEE A RAR R T R B S5

Table 5. 8 Summary of problems and solutions in assembly process of the 2.5D module

] A JE R 3 A R SK AR 77 5
R T PS40 CTE 25K, g6 71%.

LTCC Mg %3
ROTT 5 RTRIBHERATE B+ RIRIR: 467 0.4kg: R
sy | VU7 TORBISART SRR 4% 0dke; R

SR B+ AR IEER : 456 77 0.6-0.8kg. (EIAr 45 & 77 0.3kg)
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A G| BT R | RRTT R RHPUERSHR.

WG JERI b REEBRIERLAN, SIS IR, A G
fERTT S it RUGHERTE ST 3

R 5 AR

fRUT R AR T 2R,

JEIR s O KT

FR IR TT 5 LR R TS TR N ARG DR JE B2« fEs AR BR

5.5 2.5D FESLAEERAIMK
2.5D T YA IR 4 AL R A PRI L A Y R ) % A e 45 4k
PLEAEER (M S RS SR . B — 317N 4.
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Figure 5. 32 S parameters of the silicon inteposer: (a) S21; (b) S11
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& 5. 33 BERIR-BEERAMEZHENER SSH: (9)S21; (b)S1L

Figure 5. 33 S parameters of the silicon inteposer-ceramic substrate assembly: (a)S21; (b)S11
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5.5.2 tRIRAYSLIRFENIX
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Bl 5. 34 FEBESIHAAE R

Figure 5. 34 Test block diagram of insertion loss of the module
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BEHOC AN P BRI T -
1) %A 5. 34 PR RGUHE R R AT 5 MR R
m@%gﬁ%%@ﬁﬁﬂ%ﬁﬁﬁ%(W&wuwmmm4m
Vgain=2V), ik &t ri i 1 i 2
3) JFREEIR, B HGIh# A 13 dBm, iC3RIEE DUT MIEIACIIR P
4) FEE VR AT R, R IR AR ] A A A R A e R, 1D
SRECK T G TN Pnax;
NI ] £3 B RE G TR 25 85 R 1) B R AR AN TRFE N : IL=Pin-Pmaxo S8 5 i8I SMA
EHRMARF 55, EE ERDIR, [REDGIHSIEG R S RE A FE. 17
i 8RS 0 DU e A RS SRR 5. 9 B
R 5.9 BEHREERNRE R

Table 5. 9 Test results of insertion loss of the module

Channel 1 2 3 4
Loss DC (dB) 13.1 10.8 9.7 11
Loss AC (dB) 16.1 13.8 12.7 14

5.5.3 2.5D FEFARRAY/INME S5 Tl

2.5D EEGRREREME S BN S S SEIKAIM &KL, eS|
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Kkl 5. 35 fos. RDGBOTEAF T (LCA) RERAEAD 334 1 1l 5%
M N o

i LlEs
FLt

PC

& 5. 35 BEHUMS BNRAER

Figure 5. 35 Small signal test block diagram of module
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Figure 5. 36 Four-channel bandwidth of 2.5D silicon optical module
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Figure 5. 37 Test block diagram of large-signal eye diagram for the 2.5D packaged module
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Figure 5. 38 NRZ eye diagram of 2.5D optical module at 25Gbaud
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PAM-4 {5 S HIIREMIR S BA NRZ MHE, RZ AWG KikH 2 PAM-4
f55. XH DCA Jikf) PAM-4 {551 26.5625Gbaud 1 32Gbaud HJHR K4
M 5. 39 A& 5. 40 fros, XN TDECQ fHZ2r 74 1.05dB Al 1.36dB,

Jelt ERyye 404 8.2dB 1 5.8dB.

4T Flle Setup Measure Tooks Apps Help

5.39 26.5625GBaud [ PAM-4 [RE: TDECQ=1.05dB

Figure 5. 39 PAM-4 eye diagram at 26.5625Gbaud: TDECQ=1.05dB

o7 Flle Setup Measure Tooks Apps Help

& 5. 40 32GBaud /] PAM-4 fRE: TDECQ=1.36dB

Figure S. 40 PAM-4 eye diagram at 32Gbaud: TDECQ=1.36dB
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