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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 integfation 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 manﬁfactured 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 le-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.
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Figure 1. 7 IBM: 40 Gb/s Ge waveguide nanophotonic avalanche detector
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Be NTH—TT REAFBENTR, BEXETERBNERFTE. HERR
AR 4 = AT T k4T Bt

(1) ERFE: 2D £ 2.5D/3D

512884 (Wire-bonding, WB) HAZ B BIESIJL 24 2D 3 &, &
RRFREERRR SBEFHIENEN VO I LR B ARRIEX A4k
BERMTZEAR. HTEL L5 NEKEURMEZ AR, 6B 810 s gt
R KIZMEN, AR TS RN L. Filh, EedHErs
ZHN 2.5D/3D SR, RGBS A R B AR N S, SR 10
BEMRE. 5154580 WB BURHE L, 2.5D/3D S5 A RN & R~F ISR T,
R ZRIDIREH SRS A, IEE4EC A Z @S2, A IR E S
FOERME N E AR ThRE

Q) HERS: sttt

FJEHILEEE (Co-package, CPO) BT A B R &R %, W CPU/FPGA/
GPU/ASIC 55) #EAEFOCEORKBRIAFEEENFLE . BICFEIR
= 10 BEATH—Fh & AR REAR o MBI FE A B B R SR T T M R B R
BREG T, BB IEIR, Microsoft 5 Facebook AT BT CPO 44K,
BB RILH B KR Intel 55 Ayalabs 2T /NGB (Chiplet) ££HR4EH,
IR TZR/RAIEDEIUR B SRS A WIS & B RS A h B sk, 2H
FITERED B (Advanced Interface Bus, AIB), i@ﬁﬁﬁ)\ﬁgﬂﬁﬁi@ﬁ%
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£1E &R

(Embedded Multi-Die Interconnect Bridge, EMIB) %A ¥ CPU FIREJGHUA
FEREE, BRT VRS -AERETH CPU, AW REHKELIY 1Th/s/mm,
THEEZH 0.5p/bit. ZIBIE TEAE T B 4780, % 12 NThFE/NT 3W ) 100Gbps
SO 5 Switch TR R, BR TR EA 1.2 Tops BAKM 73 HAT B AL

3) SRR KN REH

YARARMEEEERFB K, IAEREES R, WERE
TR RIE IR R . J— R0 200G/400G DR X 2 4 4k b K HUER
RiFREEEFT 50Gbps LA_E, MRIRFF £ GHEM EH 77 RIRIIF
A (NRZ), ENFSHAHREARE 20ps, ﬁﬁ%ﬁ%ﬁ\%%%ﬁﬁ%&%ﬁﬁwmﬁ
Bk TR, mEmEsgR, tkin QPSK. QAM. PAM-4 52, REER
REE SRR, BRAHEEPUERAE, HEXREME IR ERER.
Heh, PUgHoOPIEE R PAM-4) HAMA 4 MRFERBERERES, —4
BIEAR 4T NRZ SEARMFAEE, TUARRAFERAR, FUEERD
SRR O S B MR, B T BN IR SRRV R, BRI RLAS . ThAE
DA BB 2 [k Bl — AT, o BAE AR,
123 BHEEXBTERAREIRAIHE

TR B T A R TE T B AR SR KRR, (BEEARITE SRR T TR —
s TR RS B 7 IR AR FE RN AR 42 7 T T I o8 — R BBk AR, £ &
A BLTR JL 77 R AT 1 B

(1) BEELIR

RER R R S B R A B I IR, MECASEILE RO TR, FTAROE
R, X W EWE T EIMORIESBATERETUE. BT =Tk
PR SRR R BRI, EHER EANEEKE TR R ER R, BAEKR
EREREE, Frol B aTEssR A s A= ARE SEBOCRE LR, &
SR die-to-wafer B die-to-die HIFREBLBEHBEEZREABTER
., EDSRIBRR AR, X RAR— B R E LR RGN, 2
TRAE . B RERA TR R B 7 sk R R T E T A .
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TR B OV IR ER R 25D B KRB ERTI R

Q) R E

A TSN R LA EZ MR R EZJR K (FE 1550nm 4 An = 2),
AT U s ERBER ST, BESRIETMKER. XBRAFHT K
MRS ERESFI/NHERT 2SI AP MER 5K SRz [=4%
EREKE. HAAEHERA um, KB 2REEFEERN 600 5. B
AT EBRIFR R AP, 2R mEA SRS, b, SmEiEs R e
ARG HM, FAFERRWEAEME PRI N, XBAREMN T
BRI JUIRE S 28 P LB e X Bk i, (B HRTICEA — R EE NN AT EE
& iR A RS RO . '

() B IARIS

JC 2SR BRI A e —, SCILBERE R M. H AT A n9EE
FFHI SRR A MR ETHIR TR LR, AEEMEEFHIA (MR)
MBHEER MZ) PR MR B ARIREM EE, BAIRER,
N, {ESRBE G RN, HON G5 2 B ERIR S AR A UK. R T L
VAR B AR IR S 15t AL B R AR YR IX AN ] B, (E S8 ig 5 20, K.
MZ BFEG R b a8 — IREEMXTRR, A RERRM NS, 2T, HXZirs
WK, BR MZ E—BRNER, FBE, TRFRES EE&. ma,
MZ R &&— AR R AT ARG M, Aok 58 32 3 RC H HIBR 1

OF S5 %iE=p:

BT FERTHRMR, B0 FREMFIRTHAR um BE mm 4, HA
RAEEE nm 45, XLERAAN AR —= HHEBR, ZE&FEUSHE T
HER0EE, IHEEXBFOANENRE A%, ERELESHMEBTEAH
Al HETROCERFERZSEKA 2D H¥E, FABNHE, HFEEFAHFR.
2.5D/3D HEBRGERME R ERE, B NREPEE, IngEh, NAMmE
EHEE, SO SO emEES . H3E. PCB FIASKEM, . i, N
IR B TP RGN 2 (8] 3K A 1E P4

B VRGO HI Bk, OGRS R LA — R
B, SO — kDR B, AR — MRS R R E A R 2 B
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F1E &k

B R YRR, B 51T EDA TR EN, HATEIIl 8 s it
Bk, B BRI E (CML) AURESEEREEE (SLM), e/ b B RYIRIETT %,
S A A AR A R B A R TR AR . Bk, MBS PRV B £ R S
TEPLEURREREFHEERAL —. REEENLAT ICs MELELEHE
ICs M T 2B — A, BATRS B RIEREGHT & T 72/ th £ 18 A A 0
CMOS F&, EsEbr L, BXARE TZSRERET CMOS. TEEEGHE TR/
MBI EENEEL, RARE—SITNAESR, MASKNETEERE
WA H, XWRARHENBEFRENRRZ .

1 PR, REME T T ERTAEEIGE ke, BRKE CMOS $5
TE, ERET UISCO R AT, RERSMY, RAERERHENS
MEAR & EBEFSH, NG BREREMERAR TE. HEREEE
BT RN R R LU R Pl A e, Tt B T W T E e Rl EE, AT
W& HE R BURNH, BEXBTFEMRSE —MEEENAR.

13 R XHEETERAHS
1.3.1 XHFEETE

B 4 B U S S, U o L SR A B B O P B T
BER, TAE/REEEARE, FERCERIET R, B A
TR PR T KRR BB RERO O A F AR, (RINEEROfE 28«
B R TR S B RIR . JGAR A . BRI R, it
Je ST —FE TR AT 2.5D3D R AT AL A B A LR
SEEFOUIE, BT —HEE A2 NRZ SRS, BIRT
F1: 4 ERIRE S S MR RO PAM-4 TS, FESIBLT RLIEHIZM 25D &
S g B, KBTS TR TR T 2, R A0 o S R 0 S BRI R «
A4 6 BT, BT |

%1%, FEHATIREIOT RS RETE L, Bl TR TR
SEREHR. HARANEIEA.

0%, FENAT BB TEN SO f S MR, AmFELS S
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REEROLIAR 3 K 25D HERXBHE AP R

FATER ., SOl WHKIE T 1FFI4E LA I SOT Jeift T RSB 7T 7 2%

B3E, FENBTENI MG R KA FERSRTTH 8RN
TSR EATEWY, JFERR T ISR G BT AR A5, HaN
BT ENS B EBORAFERRT U RFENRER. &5, NMBTETH
NS B ROGIR T ARSI AE R

¥4 %, TENE TR NRZ R PAM-4 B 6 EHI 2 I0RT 6. B eid 7 ik
F GRS REN R AR RS RGN E 7R BRI ER T
AT EURBHEMIRGE R . BB T ET 14 2 ABA SRR LS PAM-
4 VB AR SEIL LA RAR SR A | |

¥ 55, FENEEEENEGIEEA 2.5D HEE RO . ThER
THEEFEEHERTAR, BFEHEARTE R, 2.5D £l #E U E G . K5,
RGA TEGETIEER 2.5D HEF ZMRIT. ZJGNBT 2.5D HEHTEMK
BECARBIF, BFEESTEME. B GEEEE. SEANET 2.5D H3E
SERBERIFIEMALSTE . BIGTHMIER T 2.5D FEXLAEH AR &5 5 H 3
WA B Z B2 74T 7 247

%6 E, ARGEMBER . N2 TAERHT TR, FEARALTIERE
X ST R T R,

132 WXWEZEAHFHS

AR FEQFSTET

1) SEXEEOCE A BAFBRIDGES WA, BARE —RMHEN Y SRS
YoM, JotfiEid AR B ILE MRS, FETE S ANE B RE, W
R T DR R T AR AR TE (RIS A I RS . AEPOVE K 15350m
A, TE WIRZESSSMFREME ~3.3dB, TM RIRSEZMIBEWE ~2.7dB. HE
PREERR U AR & 108, MRS E R, T T IMEC # HLe R & 2L
# (TE: -4.3dB@1558.0 nm; TM: -4.9dB@1553.9nm). JbAb, FFimEE-LhEER
R EOGIRIFE, ASSC3RH T — BT NGHEEE A SR IOLIRE S ST .
KA E-AP RO IMEERBEEMENIR, BEBRERELEAN A
P SEDLBO BADEM 2 (B R05E38 4. FIRS, 3R T —Fhas (8562 07 BRI Bh b 2
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F1E &8

HEME ST, HEARIFHRH A DR EGERUCHETT RS
E ~4dB, WIMFEERE <-40dB.

2) SRR BB ———REE AR B E R Z R AR, A
ICTE NRZ PEHISS RO AER E, BRET—MET 14 EABEHESE PAM-
4 BLYEIAHISE . % PAM-4 ISR 14 EREES B ED Y EREM LT
BHtHEA -, Y TIAT —AMHRE, (UHENARBEMARLN 00K Iz
(B2, EAIEBEETF AR PAM-4 55, WK T RERERIEH T BAsE
PEEBEER. B4, S BREWERE— B B BT LUBE LR RS
WARHE, Bt AR DL M e A N TR B MALERER, &
50Gbaud HAEEHERAE, AT LASSIEMIT PAM-4 IRE, B=/IRE—EUER
U, ¥HEHEE]T 4.6dB.

3) EFxt H TR B T RO R S R R, A ORISR T R R
BEEAHISSH 2.5D HEE. WRIthAEERT H. # NASTHIRWE, FIE
T LT T WITAISGHE, BATE 32Gbaud fEHIEZE SZHL TIEMTHY PAM-4
IRE, HE TDECQ 1XE 1.36, MEHRIIFEN 6plibit. LA TSI
RET —REEEm AR RS OB A .
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2% SO R SEMEIR

23 SOIEESEMER

2.1 FEKESHEKREL

RER G T T TIEAE B M R R ORI B, BEA T RERNET
S, ATHEERH BRI S URAFEIOM. RS, SHETEMESR
B AR S . AR ER—F BRI, Jeik S R R T DOB I SRS
WAL T RIBE TR B XRE—AERIRMBLRE, AT NETEE
ZHAE T AR PRI R .
2.1.1 HHRJeEIEg

SEESE SIS E T LI Snell 75T EERME. BNR 1 FIFTH=R
Jng, AR 2 WITERAN,, WE 2. 1) Fix, SCEUAE 6, MR
AT L, WESRESUAE 0, RERS, MANREUAE 6, KEF
SIS 2 1, Snell EREFEH:

n.sinf, = nysiné, Q2. 1)

Yn, > n,0f, A 6, BEENGA 6, WK, FE—NMRFAANGAO, £

BITE A 900, BEi A Q. DA LA 7
sinf. = ny/ny 2.2)

SMFRFIGHRA 6. BASA, FEERBHINT 2 F, XREMBENE
ARENG. BE—AZENAREN, TE (Core) MITHEIn,, ETAEE
(Cladding) HIHTEIHIA ny, Hny >npe HREU—CAE o ITR-LRFHE
NETHENEF S, SRE NGBS - EABEFE. MR AR IR A, W
WENRE, REFSETRENS, FERERE, HR O FRBRELS
EEE, WA 2. 1(b) Fim. WLAFRERY, FE—MRRKEAME dne W
Bz S e R IR SR EAE P, EATERE & P RO RS | . SEAE
L2 5E A

NoSINAmay = N1€0SO. = N2 —ny? = nyV2A (2.3)
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TEZL B IR R 2.5 HERBIEHAT

Heh, ng ATAMITHE, A= (n, —n,)/mECEMBERITHEE. R
B, AR, fgelntdiiz .

E.,
55
s

(a) (b)

B 2.1 SHEREEIER: (a)Snell BE; ()RS
Figure 2. 1 Ray optics theory: (a) Snell's law; (b) total reflection
2.1.2 FEEFEFIEIR
TR — TR, HIBN FUR S G FHIT il 2 Z i iR .
FOREAR 19 HLREEWREREZ —, #1A T B35 E (V/m) #ii% H (A/m).
M EE p (C/m’) MHEREE J (Alem?) ZEMAXHR. EEOEABEWT:

V-D=p 2. 4)

V-B= 2.5)

VxE=-dB/ ot (2. 6)

VxH=]+aD/ ot Q.7

R RTCIFEN T, B E #ilp H MEBABRE D, BN EE B iE
WA R R, R ] W AR e ER:

D = ¢E Q. 8)

B = uH 2.9)

] = oE 2.10)

HF, ey ps oBRERNRONMEER. BEENLSE. AT RAEFT
H, BREESNMEMEAZHE, B o=0, HAMRK (2. 6) BUEFEH, 2
i — ZFINIES, BT LA R0 s i iR

A’E =u62—zf 2.11)
FIEER AT VS B H 712
AH = pel? 2. 12)
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$B2E SOl HEBEMED

BB FRREA T LI AT . RABE S 10BN R W AEE RS
BB, MRS, FIEN—MESE A — MRS &S ET,
HUER M55 — MR R, REHREGHH SR L E R RN
ot
2.13 FEIHEFAERER

TERARFIEY G B2 BT, B e T AT IEEE SN — &R, 8
IRIRAS . R RE JCEBIHEAABIR . BRI REE.

1) ER RS :

AFTE S, SR i AR B AR B IEAC R, T AR T1L#E77
], BT U BB R AR (R BB IR (TEM). 58 SUE A IR IR 77 2 SR RT3
REHH. HENFFEN yoz FIHl, BB z Frifkh, JEZEETAMN
SFEN, fEEFR ERA R, e R RS (TE #:0. 52N,
MR EE T NGFEE, 4% m LREY, WAKES (TM R0,

Q) REA%K

5 FRIBTE SR — SR PO RS RE ST, RIRIEE /R A, SEEPTM S A 4 R
B, RO RECVER, BT ANH AR NRIR. TE F1 T™M PR IR 8 R
SES @t IWSE

__njcosndj-nycosnoy (2 1 3)
TE  njcosné;+nycosnd, .

nacosnf-njcosndr o)
= Dacosmby Mcosts .14
Y™ ncosnf;+njcosnd; ( )

¥ Snell AN, KX (2.13) f1 (2.14) TR

njcosnd - In%-n%sinzel
VYrg= — (2. 15)
njcosn6+_n5-nysin”0;

n%cosnel-nl ’n%-n%sinzel
Yim— (2. 16)

n%cosn61+n1 \/n%-n%sinzel
IS FHNTFIGR AN, RRESS R, RERIOVEE. AR, IAH
s A AN, ARQ. 15 7 (2.16) FEHRAPTENAE, W R R
WEANEH, RETEFEME. 5 TE 1 TM BAERIHEB A LLRR8:
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EESE R IR M EE 2L H 2.5D HESLBHAART A

Gre=2tan’'[ o ] (2.17)
(:—Dzsm 81-1
@TM_:Ztan [ (“2) s (2 18)
ny /05

() LB MAALRIR |
HEAVEOCIRFE E B, A KB ML 5 AR A A:
E = Egexp [j(wt + kz)] (2. 19)
H = Hgexp [j(wt + kz)] : (2. 20)
Her, @=ketwt ZIMANLL, ERERSTE ¢ FEREEEES 2 28k, T B2{biXFh
Ak, 43 BURE AL O B () B AR 2 (] 40

[g—ﬂ = w = 2nf 2.21)
30 _ _2m
Bmkk=2 (2.22)

ERXp, oRAME (B rads), FRIAK (BAL: Hz), TR T KA
FRALZ AT B R AR A B o kRS, AT IRRIES R 7 M B AR H 4, Sk
KAK:. FEHETES, EREEEERR Nk, FA A REEFES b T
RN N

k = nk, (2.23)

(4) “FHEHBS IR REAEMESE

PR S REFE RIS, WE 2. 2) Fir, HAESERFRAN, E
TEERITHE RS m M n. WREEA W, TGy JTE, SeEREE 2
[, ZFBEEAR T MERR LR b B SERNREEE T H. k£ y
z JT R E S AN

k, = nykocos 8; (2. 24)
k, = nikosin 6, (2. 25)

BRFBE LR Z IR RINE 2. 2(b) iR, Motil y 5 S5, M
R R BLIROR T VR 1207 M HO3E R . B FEOGIR y 7 mIfE IR SR 2h BE AT 51 N AT
T2
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F2E SO SERMEL

¢, = 2n,kyhcos 6, — ¢, — @, (2.26)
AR (2.26) HMAIE I 2nkohcos 8, ZXHT y Jr FIAEHITE 2 2h BTAY
B, ¢y~ ¢y 3 BIRAIERE F- LAEFEK S-T A E T A 47 5] #RY
A, XA LEAR (2.17) M (2.18) BEl. AT ENEE y HFRARKIE
(FERATHREM), BB ¢, VAR 2n MEBHME, Hik:
2n,kohcos 8, — ¢, — ¢ = 2mm, mNEEEL (2.27)
FRBEIREFENE SHEXAMETE. BT, ¢ #RRT 6, EREL,
TR (227), HAEHELE m, FIRMBEXNBIN 6, BREZ KN, 0, HIE
=EEH, e84, %Bﬁ*ﬁmwﬁﬁnz?ﬂﬂaﬁ%%ﬁﬁo HBHAER. K
FARBELMERNGT A 68, i RAE AR BRI M AR 10 . X S B BB AR AR R AR
R, HRRAERSCRRE. #ln, F—A TEHERX (FEEREKD FIRJ)9 TEo,
E AR P HE

(a) (®)

B 2.2 () FEES:; OBREBELRZARRER

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

(5) BRKM

RIEHE SN TS B EE AR, FiES A RSOFE— &, Xt
45 e mBR T 1), SRAEAERT T BRI SR BT R T B TR, Bthe
SRS BRELE. FHEES S I ERFIIEXS FRBF, 309 T #E, X
DA BRI B T 6 5 1247 Dl B

WRFHEGE ST, ETNRERSEME, Ll ¢, = ¢ X T TE RIRE,
X 227) EA:

sinzﬂl—(gl)z . "
2n,kohcos 8, — 4tan™ [F——"2] = 2mm, m AN (2.28)

cos64
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EESE B AR 88 L 2.5D AR EHAT A

AR EHEE, B3

2
. n
sin? 61—(—2)
g

cos6,

tan[(nykohcos 8; — mm) /2] = , mAEEY (2.29)

RFPZAH AT, ANFA 6, WER/MEBREIGRA O, » WNE m BRK
1, Hitk:
(Nikohcos 8, — Mpaym)/2=0 2. 30)
Mg = 00 mIREEAY 2.31)
LRI ERT, m ENEEREIL mma BT mme FEHE, 2/ M,
A SHEE B2 M+, AAREMEREXESE 0,
(6) BHERXRERITHER

E RGBT H Ry

N = n;sin 6, (2.32)
M 2.25) 3 H:

k, =B = Nk, (2.33)

HITE SN AT, MR IERRE LS TN RIS B P EE R
ko OB IRIBLBATAT LN, R UITHE N BEES 2 HREER,
ARREZFH . MAMEEEY p W ERAATA 60 MBRKERTE (90°),
TIREIEFFUIDRE: T SOl ST, LEEFHE s —BNFETTA
FFHE n, FUTEEMEEREMIEFAAER, FEESZERALREE
AERRE, Bl

ko1 SIN By = B = konysin 6, (2. 34)
kony = B = kony (2.35)

BRI, TR AE T AT 2 N
n, =Nz=n, (2. 36)

(7) TINHTREIRE
B MBI RER (219 | 220) FAESFE 2.12) F (2.13)
., AR
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2 E SONEESEMER

dE"+(k2 2 _ B2)E, = 0
= —-__ B
TE {R¥&: < Hy = ——"=E, (2.37)
1 dEy
\ HZ - _J'(l)#o._gJ7
(22 + (n? = B2H, = 0
™ fdR: < E, = ;ﬁHx . 38)
1 dHy '
\ y= jopgn? dy
tF TE fR#&, H3% E MEEE 8-
E, = Eoe_kyye‘jﬁzej“’t ’ (2.39)

A TE, SR SR LT AR RE RS R, AEFEEE
¥ b RSB, MKSEFH b RER. BE E, B ™ RRMREDy T
B AEEENG. BT eV MR TIEZ/KRZERNG, ¥ NI EEHN N
FIREZW, T b NEHE, e RRBHEER, RZWFIRIEZ/RTE
5%, st RAWHLeREFEES RERS T fm, FAERTE
BHEBERNGE, BAHREAR AR, BN THEREERET —Mao6k
E, IUEREBEHERERNEUNZERAF. B8, 2R E0RNEER
B TR R E

2.2 SOI K SRS LA

et SRS RERERMA RIS, AW HTREE . REIME
i, USKIIEASEZ MMt E. BEAESIMREETERERSY
(Polymer) ¥ SAEER I ELH S EER AW SH& T2 E 8 ARMHFE N
NHACER, (BERB AR, WRE. WESNEM, MHS CMOS TZA
R, AT RIEER, FUREDESTIRERINROMES, EXEAFMN
DUBRFFITIE . BEEDUB K S EES N SiO NS GeSi/Si JEiE T SOI Jtik
2, R=FREEECHE BRI IR 2.1 IR
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TEEL e A28 L 2.5D S SBE AT R

R 2.1 SRR RN

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

LR SO JEIES | GeSi/SitiES SOI =
FEHH % SiOs 5% Y ¥ NI F A
ITaTRZEE 0.1%~0.75% 2 K
JUE R+ N &2 52 BR Al N
HIEZ % /N /N K
% N BN BN

5 CMOS T &k AFHE FAT A
LA R = 1% B

Si02 s 8z R HE IR T AR, S EREZERZ Sio,, B RS
BRBHBOLE S, TZME. BESRFENESHRABATER/D, ERMLAIE
HERRSS, NEMTREIERE SFHRMFNGHIE. 4, BT Sio 5 Si ik
WIKABA B, SIOAEKEEZEIRE], AUHENT —efE. TEREE
B — mUl 2 SiO2 3 FHIFIE S CMOS TENHE, Ml T HRH. GeSi/Si Hik
FHIFES CMOS TZHE, THTHIELBERS R, AATHET GeSi 5 Si 19
m & ALE, WSEMNEEREEZ IR EERSG, Mg gER, 5%
LIRS ARILED, fEHFERKR.

Y25k FTE (Silicon-on-Insulator, SOI), 4 B 3, eI RFEL LI E B %
—REER, LEMBTHRE Si K. BRREHNLEMER Si0,, B
SO #1#, WEFE A L (SOS), FEATTRRRMEEIELERETH. 20
g 70 FRR, HEANESBEEA (SIMOX) #IF Ak, BATR G
HE) SOl MBHEEFE AR TR AR, BE, NHFKHT Smart-Cut™,
NanocLeave. BESOI & illi& SOI #8H Fe AP, IXEHARBLE T SOI Sk
SR R BT B B EE

SO FAE LM . &k, T SiMirstRIt Sio, e K AIrat %
IRZ (n5=3.5, n5i0,=1.45, ngir=1), BHTH R EEE SO & A EIE KR
WEE), ToEEHATHIES SN SR, ART LI T 2841 N L,
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2B oL SEMER

TSI RIS . 2K, SOl MEBRZ ERIMIEE TN,
WAT A FHIEREEA RS M. B4, SOl MEMAKK, mHEH & TZmA,
HEERRAEERN Si T2, AeMNFIZRE, UM THRAER. &
EEWE, SOl REBHHIES CMOS TE %%, 7Etrf CMOS TZE&KMATH
DL VS0 A R T, 180 R A AU Y T RE
2.2.1 SOI K SEKLEH

ST SE S F BARR T, (BE xR EE AR T —4E, KA
BEWR. HFEZRA, FE 2D 4. Bt R EMERTRMERNES:
KW SIERHE S, W 2. 3 fiR. &S (Stip Waveguide) HBH T4
%, BT&MESHNASHEEAE, FLEAEEKERE, FHSMIE
HAYE S8 BB, B B T RIE TR UEERE, FIRESSA R
. BHWS (Rib Waveguide) F-FHRIMEEHIZEFIREIHBME, HAERIF
SEALR T RIS SRR SRS TRE- PR ERERX RS, OF
e B B4R B, BT UAK e BRI L & T 555 TR A PR I ZE SRk 2 7]
BEE K (~2um BLE) UPEERE, HERBERWDHERZUER 90°5 HK T
HfEATIREE. ERMES A RIRAOLERRFE, B ME LA 2R
SRZN, SZMEBEXERE RSB .

EBR

HEEBOX)

2.3 B THEIRELRS

Figure 2. 3 Common waveguides in silicon photonics
222 SOLESHEN R EYFE
S S, AT LLULR PRI TE B TM fWiR, (BXT 2D R
SOL & SRR N2 XEE. 4B S P HEERFBER, 2 5FRA HE A EH #
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FEE BRI RE 250 HEEXBRAHR

X, EENHBRBEER, ™KV TRLEEN TE B TM Rik. 4T, &
XL R R IR JLF LM, BTLAER SOl & SAUBH thiliik vzt TE
(TE-like) A3 TM (TM-like) #:, i EXF1 B X, XBATEMNTERAE x
TSR y FTHEER. SIABNTF p q RARREF B SFR0ER, B EY o
E¥pqr HAREBE p F1q 2 5IRZR x My i LRk KEREE . Bk, ERE
SRR EB T S RIRR A BN, B RS —FE R, ERERM
AR ERHERR, BE TR0 MAZM 1 FFiE, REEREZERTEHK
FREES T m=0, FhR, PRI B4R R NN B0 Yoo (B HEg o 1
EHoo). FHBAEABINBERMER B S OERSNE.

(1) BEE RIS

BREAX (ib) EEAN W, &EEN H, FREXEEN h, X+ 0.5<<1,
Pogossian %5 A3 AL T AU B S5 1 n R1PS)

W
—<c+ r
H 112

(2. 40)

Hef WHEFXEEMEEMWE, r RAMEEMESEENHRE, ¢ 2
529 -0.05 BIHH. & 0.5<r<l 8, PREENEITH R E T P 0E KATA
T B R A A ST, FEE T ) B0 B AR I L A R A LI 4
fiis FFHPANEEF A GRS R 454 B0 X 4 10Tk 3%
EH, I EEMFRRR T SN RN SAE XN T4 r MEVEEREE 0.5~1
A RERER B SRR BFRESRT Gib 5. BEM slab &)
KRR, BAETREIT.

Q) MAFHES

BT S N RGE S ZJOBE SRR/ BIgER E4, R4
CISCHUE R R eREl. FRESHECENEE W HARE H 2 BB, EhT
MAGRECQEPINREREIEEN, LIAFE S0, RN EMEEA
REIRTF RIFHIM & 55 AT . S S &R R .

H<2.109¢ 1193W4(0.7365¢71-956W (2.41)

T ERIRE (TE 3 TM), BREEHEHALY .

H<63.13e72392W+(0.26840-85776W (2. 42)
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52 E SO SERMER

223 BRITERE

A AT ST R (Effective Index Method, EIM) J&—FRI F AU T 098 &t
B SRR R AR EHUL MR 7%, RESRETTEY I SRNEE, Bt
SEEBAI, —A4W 2D KESMEFRTEZ — MOV FHESHT K
PR, REREXE R ST BE—AT XM Z48KS, MK 2.4 B
o FIH EIM RABK AL B0 B BRI

D) BZESEER KT FEE SN —AEETT W FmRSOEE;

2) REBHP—ATF R FHESATEETE, BEESE BRI E e

3) LA nem 1B B— A HAGE SHAT R, REBHLAEEENTE. |

KRS, LIAEBEEAMY R mIRS. XT TE Wik (BIHTE x TH
D, B PHRRNZEA TE AMEEHERKE y TR ERN=ZFEFEKS.
SR, BERESRMBEEFR=E TS, WIER ™M KIEHE AR, FE X
FXAMBEENEEES, BHRE TM T ERAE, RZEHE. B2 40b) fEd
TH 2D R MEARAAE T A E T

WFEREFEN, BT slab BFEE, SERMMTNRESESET AL
AREER, BHARER—%, £ ERE—FF, KFTAN=ZEFHiKaHE
S, HEEESHEFREE h MEXEEH, KX TR news
N netreo SRJE news VERNEE TR EBEITHE, new EREETT M LSRR
SPE, REAKMETTFE, BIRREIE K SHIERE .

L—Oz ny

n3

R

Tefy
n IH _e__’
! N3{ Nefr ns

ng

(@)
B 2.4 ARMERERELE: @FBHES: OFHES

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

31



FEE L E ] 28 R 2.5D SRR ARTIA

224 FIRSHHTFENE
R RITTRT, BAI— BRI R LR, EXF EFFER—AE
e, WURTA:

N =n'+jn" (2.43)
Aoh, HARRDS:
E = E,eitkz=on) . (2. 44)
BRI RRELRANAR (2.23) -
k= (n'+jn"kq (2. 45)
Tl 3 R AR |
E = Egell+/n"Dkoz=0t] = | oikon'sg=kon''z o= jurt (2. 46)

Hrh, Bie ko 2@ % & X ve V2, @ IEBERERE, RAVE | = E2,
LR 4 BpRENPTEET 172, J5R 1 1] ULRRN:

I =le™ (2. 47)

BBl TR S EEN R USFE R o BEEHREEER, —MER
P R BE A2 ROz i MU MR ER AR . BRI NR R =4 Bt R
S RTER ST o FEBRIBELA B3 P U R A R R L, i 7E 2 Sk B AR iR ik 5
FEmEZ, HNLLTHBETH, BHMANERREE. B FRRIE——it
WX =FIRFENLH

(1) BGTHEE (Scattering Loss) ‘

T T VR IRFE D PR S B (AR RIS I ARST . RIS R Bk SRR
FIFERIERIE (AR, SRFG. SIS Sl . BAKE MRS AR T
IR SRR IE . A 4h, BpE R T AN TR SR K B0 K /MR s e e —
MER ERARKSEART, CEE/MLTESHEFNREEE, hikiaEis
FRBVIRFET] LLBIE AT . EFEELEEBAT, AearaEESHER. 6ln, B7
FENTZ AR AR ST R EE 1B o BRAA KN SRR UL i
FREZAMRAMREE—EIRN T, TR EENBRELEHPD ,
R A7 B TORS T 32 PR, KA SR FG B3 A s Kk R <10,
MFNTFREFHRKBRMAAKE, BSFEEIL 173 Kk, BAKS
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#H2E SOl KK SEMER

STBRAE KRB, MATET 17 XF: W TERKAREKIHERK
B, SBEHRES XS, I EBUERE AT .

BTN T2 RS, REBRE S RN RIS RFERE R & R, RE
HEREES-AEREL, HREETF AR LR EETE AR T
M. Tien!) FEST 40 ERER FRE: WTF—ANERABRHZZES, HTER
B&, R&ERSEE-GERERERS, EBKEN LN, SMFAEERIN
R IRBAT R AR

L

N= YTy (2.48)

Hef, h R SEE, 6, REE-LARRAEMNSMA. HSFEENRS
AEARBUMAEER, ENERTASABRTIEBRIRE, BfiHER
Ko Tien 4T RE T RMAVEE K AERMEN, Mg, WRAH BRI
hER P, MANKERHOETIRE B

4TION 4

P = Prexp [~ (22

cos8,)?) (2. 49)

CRFRTMETZE. NTHRIPRHABNRER, BARNHEEF N
BEOEMIER, Tien 4 HRIHRARIEAFA L TR

1\ 2
_ cos?8 [ 4mny (o +0f)? 1
ds = Zsin6< Ao (h+(1/yc)+(1/y5)) (2.50)

Hep y REBIGOENZNERER. MR (2.50), TR, HFER
SR R 5K 2 LT BEL, BESHNAEREERRE . ZHE K
EEAFEHESHSFEEMTEAAENER, BREERK, BUSFED.
DRI, PRI 4 o 5 T Lt R KO B B BE K. R il AR
ZEMA, SRR, WDE LT, WHEENFERRE, WX
B R AR

() MY Hfi#E (Absorption Loss)

REFRMBERETREETELENE S, ERWTHMRAD, FI&F
B E B BRI R, Q8RR A B d TR

0 BB R 2 S BT (R R RS B R B e TR SR IR, i KA
AR, WRRREARIL. Bk TFRENTREERN, JLPFRARIK. -V
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BEEE R R IAMI 8 R 2.5D HEXBHEATR

BALEW T AR REEAEE K, Bl 1074, TR XA R R B A R
RIS R BAR /N . D97 BEG i (R, S R S AR RO K KB £
A, Si BIEUERE KA 111 mm, BHREZE 1310nm F1 1550nm FEAMREE(E
BT, RS R [ R FE T L ZEE AN .

NTHAEEMARU, BhERTREERFEZRE T EE. HBER TIREN
AU FANEZRITHERNSEHNES. LSRR ELTLHZE LR
Drude-Lorenz J7 F2 R#ik 142 .

Ao = e3A2 Ne Np
4m2ci3gon “pe(mge)  up(mgy)

XH, e ZRHHF, ¢ RESFIOLE, ues upy A HEBFRESGEHE, ml,.
my, FAERETMTRNIERRE, Neo Ny 3 E2EHETHEBHSNKRE,
g0 = HHTHMNBEL, W REBTEENEK. RIE Soref A Lorenzo MIVFf
), MENE SRR TFIRER 108 em™ i, BEMINIRELS R 2.5em™, 4
T 10.86 dB/em M45AE, XFEHBIR T HBI5t i SIRFEN B EF M.

(3) ESTH#FEE (Radiation Loss)

A PHEE e A SR 2 B AR . ERARRE AT, B S AR STR
FILF AT LIRS AT R SR RIF, WAt FesE s A am K. mksdh—
L2 RYBN, AR ISR HERERE, TR T B0 — P CEL ST 2 5 — R
O MRS THEAMR, WAt SB—EERE. Bib, BHSrthREHN
BRAER SRR A, AR SS—Eifk. N TZEHSEH, MR
TESEEEEZER, NHEFEEATRENTRE. ST SOl JWE, HEEY
R, UBE N A ERFEZEMME R ENK. 8428, BTEMERTE
BREIREAR, AAEXTHFOEERLSEHAR. FAFEREOEE RS
R HX T TR RANTZ L 2T RN ZEST AR EHE R RGO
T 3T REEEEER UK SO S, B 1.3-1.6um KK
BN LI, BEZEEEDRNN 04um, A FEETIHESHEN . AT, HEK
SR EEN, BAZBINAREN, ERER LA — S EMEaET, F
HFERENEEE. ATV KERMMARMS, EATERRTEINESSE
H, HAREEER ZEE Y EE, |

] 2.51)
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#2E SO NS EMER

2.2.5 HFESHFBEUEH

P 3 L T OB 8 5 AR L AT B MR G IR R HH BB R A BIRER R
2.5 BoR T LB B REGR AL S AR E B A AN R B R . EI TR
ERE% /AT 1um?, TARERERAWESER (MFD) 7£ 1550nm A1 1310nm
KA BIZIF 10.4um FT 9.2um, FAROLHZ MTFEEERMEIAREL. b,
PR R A SO ST R MR K. FH, HeMRFHNE S, BART
(R IE L SRR R — B, BATHENER S RBURGT M —ER
BHREE, Bt BEAE KRB RSB RITUE. il BEREOLETER
B EMSR IS 2 — R AR A S .

M E BEH 10um

B 2.5 RERGRERESNFEEERANRBEIEE
Figure 2. 5 Cross-sectional schematic diagram of a typical silicon nanowire optical
waveguide and standard single-mode fiber

FFREBRHEABESTRE =M @QUERERAMARE; OEERE,
RS & B ARG (OB BARATS L D R & R R E R BN
B3 SR EN T, Jeil 5| A B S RIS, BT AR MUR B TEHL TR A R
BTSSR A S RE. RN B ERAULmMRASUREN R, B
TETEE BERTMG . S MR ZE B /NG . SRS RSB E R 512
SREABATRNITE, BIIUEE AR RS 2SR, ERAAN
AR OLUCEC I B A AR E B, T RE B R . B AR,
RO BRI RIT ST R R LI S 0T ST R, X E MRS T S RE, Sl
FEESITHENENS. Bz, BEBRESTURKRSRE, MAR ES
BRESNEES, TUERLTERANEA. RS ST UREESH
REWEMAMT, ATHERER BETELZ. @ THREURSEMATES
W I R B E BT R A B R A AR R B = E AT
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TEE B A R 2R R 2.5D HEXBEARWR

\W

A. & 2.2 3 AU F P AME A 5 s —— M & Rl 2 4
ARG S, HAPR SRR 5 AEE Sk 8 T ELRIR IMEC.
£ 2.2 SHEARLSE ST

Table 2. 2 Comparison between grating coupler and edge coupler

BETR NGEREE FeitiE S
. %, ,,,,,,
AEHE e »
o «“ i i
HMERHE | TE -1.2dB FRAEYEHE: -4.3dB; Utk et -2.4dB
@1550nm | T™M -1.2dB -4.9dB
TE FroEetl: 28.5nm; ik e#t: 35.2nm
1dB # 5% Dok
™ -35.1nm
TRRH I 55 (fmiRHE3<iRFE<0.5dB) G
+1dB XTHERE A %
oo SEHEE, Fih. wE | NHEEX BETREIE. FTH
” K IR R IR
FEBREML. R
52 e e = BRI, AR K
Be /J/

&5 AF (Coupling Efficiency, CE) 42 X #4 A/ Ik S 10 0% T 22 E 451 B 3
AT — I R ESH S A — b MR EE T A L.

g, MTURERESHFERRER (BLdB NHAD:

R AR ey

CE(dB)=-10log o e 2

2.52)

2.3 HFFHENRTE

WA T, (WF D ER S EM RS TR, Tt T 52 i
BRI EIBT Y AR ERBSSEOME T 2o e E, £
ERMEEEREMNTAE . FTLL, 8 & GBI SRR 07 EE0R A i L 3 Py
VAL IS S H AT R H . BRI — e £ 5 X
Maxwell 7726 FTiafl, MEE X EWREBTTERLEN. ERELERFEE
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$2E SO e SEMIER

WLEVER, SRR R, ¥R S RRMFEHE Reoft. Lumerical %%,
HABPEET R A3 — A T AEREE BPM) HEERESEE FDID)LLEK
RS BT (EME) %50 AT ERATE 2 1 LR SUE /47 7 00 R 3
ik S K& A E .

(1) HAE3BEE (Beam Propagating Method, BPM)

BPM {1 T R B2 {5 (L AR ol 2 (A A A0 0 PN O &, 98
A PHEEEEE AR S — 2 ERE, B FHEENE—REE,
KBNS BPM TERMEZIWE TN RA T — L B AE
BERHBEZIEFHNINTES: O)ER %Eéé%i%ﬁﬁﬁﬁﬁ‘dﬁ%ﬁ@h
(VB R BBIHTE R E BT 1 LA R () RBLE RS . AR T i &
THE RN, # BPM T EA TRMEMBMEEG . AR/ NI ERE
NHWES, B3 BPM BEN Tl A E R, REBRME S EMIEIT .

() BEIRFHRES¥E (Finite Difference Time Domain, FDTD)

FDTD 2 —MRB| =X B RNEETENS , S Faik5RH
T R R A S A 8540 2 (] B HE BLAE R 5B 30 . FDTD &3t F ma i 7 2
M— OB TBUE T, FOE A AR A S (IR R A9 iR
SRERETRME. B2 8 3, FDTD R FIEIT. FDTD B2 ehke (JL+2)
JUE ) 1fEsE, EhagBKoB0RIE, B EIm Ak, REnx
0 B e e e 5 A AT A Ok . ERIE, — R EE— RS B BN W] RIRT SRR Z R G X
e ACTEFE RIS FDTD 7] ARt BRI SRR MR RO RL, BERS AL R i S5 (F
IS AREMRIMAEEA AR, BERTIHTE, ANAEER LY REIGE
B EBOEB AN AR BE TR FHEEER .

() RIERY B (EME)

RAEREY B J7¥% (Eigenmode Expansion Method, EME) @313 4 & #53% 73 #R B
ZA IR (R EEIE”) SRPIFT M ESE . BTE SN R PR, HFRRR
IR SR EES, SRR R RE. T EEIBGNT 80, &
ZERBSSH (S 280, SSHMEAARR LR, HikBEaE LR
ARG HEE. EME St TRRBEMERITZERL, 4% ERNEENN,
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FEEL B e PR B BE R B 2.5D LB ABIR

EME AR KA EAMERRE . EME EEERT MMI #i6%. 4¢

Made. ERMESR. IEEN.

24 FEINE

AENBT VENEFHOEAER, AT SOl KIS MBAL AR
WbE, SFIUR T LR PO S BUE T A% JEB SIORMER S R Ak
SRAIREFIRE, BB EAH A AR T g SR, X
REAVESEFETSOER. FERANE, SOIETMERB IR ZM
B, FHEMURR T HAB— ARG R NS A TEMRXAMIAL. SO
ORI SR AT S 88 (o —— M A 3500 S B URA 1, s e o
EARR T SOl TERUKIE S MM UHE RS FEHLE, 3F BB T WHCKE
515 8 AT 2 IR G AR PAT 5R o X LBIBS A TA VR 5 Y M R 0 257
FLBEE 7M. BJF, 0TS OBEB TSR R B R AT L 2
FB, RIS MU FRI G T 8 (R, T BA iR LR

BB SUTEIET T RIEAN R
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83 F WS R F EEREOGERIBHE

%3 B B EF EEBOLIREIBT

3.1 iR A = RiE
3.1.1 KR ESRNEREH

SRS SRR —MA RSN, ERLMEL AN, NRS CFEAD /%
BEIER=E CRESL), BHEAELLE (EEdER)D MIEHK SOl K-
e 4 VO #8F. MG R —REERSEE. MHBEE (EAE=ES0.
KR GEEE) MERRAR. KIS 8asm: Solir A, ek
TE W (BEeMss, S GEXH B=W/A), JeHMzRE 4, &
EHRREEL SR T B AR A 6, LR R REEL S TR AL
BT R B SR Onver (HBLEICETMIEAD.

[nput Output

B 3.1 AT AR AR
Figure 3. 1 Cross-sectional view of a typical grating coupler
ZEEE 3. 1 FURROBNA IR A5, P RIS PHOGLIIETIE, P,
RRIEINER, Py RaIeil e i SE L ATS BRI, Py 2 IS B3 R
IYTHEE, Py 2 M EFRES BI56 S AR T . SR A B AT LU
LT BHoR A
1) J5IAE (Directionality): [F] LATH BITHER Py, Ak SHAIHE Py, Z A A HLE,
EEAS I (dB)RRN:
Directionality=10log, ,Pyy/Pw (3. 1)
2) FEAIRFE (Insertion Loss,IL): HIFEE MR, RAEAEAREEIHIE SR
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REE R R R 2.5D B SRBHATA

BFRRATIR M EE. mARFEET H 2 N@B)ERN:

IL=10log, P,,/Py,=10l0g,

3) FiEHE (Penetration Loss, PL): FEA P IRFEM IR 5 SHMATIEILL

Pou/Py (3.2)

PL=1010g,,Psu/Piy (3.3)

4) [ENEARFE (Return Loss, RL): M THEIE S 5AMIITSRER, FoOKEHK
SRS R RS REIESE SR ILER AR SHE K
5, BoRSEElERE:

RL=10log, P./P,, ' 3. 4)

2190
FESCb BT, TR SRR A AT, R o N ff e i s
A ax LA A S G 51 B-I PR G . B R FLA, "lEE 2 meiE
B . I8 5 2 B FE M HITE 20~30dB YEREI A .
5) 1dB B{ 3dB 3 : b A S AR LIS EFE S 2K 1dB B( 3dB MK IE R .
3.1.2 Setey TAERIEAEEIS EAL

Jei B TR R BT DU B E T -3EVE B R EE  (Huygens-Fresel Principle) 3K
fif: ST S RAT RS, A MR A TS, B EMA A ST — 4
BRI, P LB ST T AR KBTS « AT ISR & 22
— RSN, TTLRIFH AR B EREA BRI 3 FUAE 6, A
WERSCE T, HEREECN L RERSTIEREEN B NTHLES
Bl TR, AMAOE AR T A LR B SUE IR, B AR AL ITE 1

FETEA R 3 th R IR H BRI 1 x 7 B s 2R
ky = konzSinby, (3. 5)

AL UL BC A5 °] AR IR A

B =k, = kongsinby, (3. 6)
B, WNEZEREBEZMARBECEIIE, B> kony, AU (3. 6)
FIFATTREBH B, XA A FERESOEMRIG IR AR S b ey
JE A AR P TT DAX B 5 A AT ST R AT R AR A S . BRSNS IRTE R, i
SEEFEICH B, S ARSI SRR — RIITRMEEEY B N
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%3 E TG R ORI

B =kg- Nefs 3.7

Buepr = B+m-K =k, 3.8)

Hof, ky RETHEEEH, n.,, WTERRSOERTNE, k=2 £

SHRRE, mRAl, 42, £3EEH. m X RS R E AR, SR m A

T3, % (.8) RHABTERIL, 8 m A AR B0 R B S F A,

BFLARA 5 m A BT TTRE. SEEER T, BB ATIRE (X
A4 A, B m=—1, W, ARGIICEEHER ky=f— K. B

-

k0n35in ein = ko N —— . (3. 9)
A

K (3. 9) WIAEN MO RR TR, BT HA BRI R E
ko SHABEEHTHNBE S EIEEEI Py ZIINER. BLBEASH,
REIEEAEN B =K, WA, B S h & FIRER B —MEFEHN —p 1
FISTER, X ERE MRS — BN R, WE 3. 2) Fim. St
SxMceREN, WA 3.20) P, —MTSTEREARE (LagRR), =
WS ERIEE S (BEEER). BARFSHMSBAREN, FET
BRI, BYRENEELSSEEMERT, THRTFEFRA.

FEEHH, A= /ng

K=om/A " K=dm/A_ )

(@ (b)

B 3.2 ARG RLEREN (SHEAENRD, BERN: @UWXE: O)rEE
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

I E—F T, RS SEGRANG HRE S e B-HP IR .
AT WA E RS, MAEAM R, R B eiiERmiass —
ANFEE . FHERREHELE B+ K, AAFRER, SRRERE B> K)
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iz EEy‘tﬁ%'J & R H 2.5D HEREHAT 5

MR (B <K), E 3.3 ME 3.4 fix. 26T ERS, SeiltE X
THBFARDGRK, MHREL— M AEEE (BB 3. 3F44FR), B
B S BRI . o T S ke, e AN T e SRR K,
BRI L — B AEAE (AR 4FULFRR), B RIEELEER. B
LU, B & &AM 0, Wit FTSCBm AR e e -0 A A

z ﬁS# HZJI Eﬂ— ’ A>)\.0 /l'leﬁ*
K=2n/A K=2n/A |

(a) (b)

B 3. 3L IERER (B> KD, BRRHEBENH: @BRE: 0)rEE
Figure 3. 3 When the fiber is positively detuned (B>K), the back reflection is suppressed: (a)

wave vector diagram; (b) schematic diagram

z ﬁil’ldjﬁj-’ A<)n0 /neﬁ'

- K=21/A K=2m/A;
@a}fns Lt > =0
"\\ AR f\ NN
¥ n “l , .
% ; H
. N/
A1 Jne z‘«@% /
N”"\‘”
m=1 m=0 m=-1

(a) (b)
B 3. 4 A ARER (B < K), FHERFEENR: QERE; O)FREE
Figure 3. 4 When the fiber is negatively detuned (<K), the back reflection is completely
eliminated: (a) wave vector diagram; (b) schematic diagram
ARk AT BRI EEN, B8 RBEFRBUNATH 58, MAREREES
MR RH GRS BERBBEXAREFTETE, g =)
Bty FDTD ik,
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3.1.3 AR &SRR IRIR

Tt A 28 R RO SEAN LAY T ITHATT R, 5AGHE
M, MBS BENENEFSNE, AFERAHE, BFTUREASHRE
REATAIE, NIRRT flEmAs, EoRlRitiRe T RyEH, HblsEilA RS
HEIMR. (B fE e —BEME: Bk, 110 CERBFERK, REMWNHAL
TERRE R TESL B M CE b Hk, St A S xb KR miREIRGUR . SEOL
MRS BAREMNEEREZE =AY FEHEE., BARRNE R X Tzl
T, A 35%45% MRERKENKR L, E2W2TZ, FEFREMREEL
swm%%Amam%%&%%@%%%%Q%E%QZ@%ﬁﬁﬁﬂmﬁ&mo
ST RIFREMZDMR A2k, B RARAN (<-30dB), EXTEEH
EHER S, TR UEDE 30%, EeiltiEa s R it i 2R E5IEAT, o
M- A FEEE AN E TS LI — B A o

 EBHEEAY RE T LB B3R T IR IEE. 7E SOI _EH#IMERIATE EH
HTHEEOE (CEMESES) MTFEEBEMITHE M, TrataR. —F
W R R AR IR MR R R s S RO A A, A R AR Ot A
BSEUAT T, M2 RME Tl o thn, fEeizivhal, Lotk
ERZBEEY), FRE8MMERIREXRT SOl EE. X T eFaEs
JeT, MINA 2 SRR T U O Z RN AL, @ EEEn %
SRR R T DUSEELOEA AT T, SRR EMR R T A . W T £ Ak
BRI A 2, 27 MR R IAE T M MR I 2 = T A LR SEAR
o TURESE S REBEIAR S FR M2 B BT BF A #uR, S AN ERETERERE T
B NFIAN RS AN ZNEESST 0 3.5(a) Fim. $SENZTE &E Multi-
Project Wafer, MPW) ARZIRHE T 2N ZITIRE, {HSEhr ERRMELIXNZI ML
Wi, HgE T ARZIMEE RS o —SHAERTE, DR
FOXUZ -6, 4l 3.5(b) FIE 3.5(c) Fiam, IXERJ5 R A SRIG RO 77
AT AR, BTZER, RIESERITTEN K.
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B 3.5 AR SRR FREREECM T R T @RS (b
R ()XUE iR

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 | N

B T O S HI R B R AL, T M B T OB IS X 18 R RS TR B S ER
R ZCANIRATHR, —3 5 ThER MBEUZ /A0 R R R ST 6l . 3h R
S AT LOB I L (LB B SR BRI R, LLSCBUM T T, (Xt B2 H SOl &
B, BRAKE. —PMERIITER AR AR R BB — D R B R B A
PR AT W0 3. 6(a) BT, SRHZEHIE T (BCB) A AR AL SOI &I
P R R S A RIS R E N — N & BB, KR E TS R,
MEZR] SOI JEHFE S FRX A MRS RN 69%2 . FIF & BT, ST
Z# CE GBS 80 o /T, XM TETEMS, S5FM0N CMoS TF
AMWAE . T3~ MEUUR TR EEME 3. 6(b) FTRiI4 10 A B g & 55
(Distributed Bragg Reflector, DBR), IXXf F 28 ¢FHIE R UL IR S 04067 |, R
g, B LR et e in & 28 40 2 R AR i R AT 28 Rk, HI(EM &
BIR AR BOHIVE B, RS S Gt B s 7 M DR RAE SRR . IR, B
FRUENZETERBER, #ET —MFHENEERSEI R BEL
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G(x) = G(0)exp [—ao(x — x%0)?] (3. 10)

RNTE Gx) 5HAFHH S MAILE, 7TLUET 3L et (Apodized

Grating) ¥% x FHBEEAREM . B a@x) RKRE o UEEIELTHR TG
R, a(x) RFA:

_ F2(x)
afx) = 2«[1- [ F2(£)dt]

Heh F(x) AA—RIRABEER ST 3T 1D o6, wTRLEE AR L
FUREMBEERE o) KEBEII, @ LB B AR, B
2[RI B0AR o 2 LRI R0 o

(3. 11)
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(DBR); (c)RE LEULRETFS (SiNx-on-SOJ)

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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A NGB LA R AN TEAC LR 4 8, 43 BITEP MR S R 3k TE B2
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Figure 3. 7 Improving polarization-sensitive of grating: (a) 1D PSGC; (b) 2D PSGC
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AL Agngcosby
A8 Neff—NoSiNbg
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(3.12)

(3. 13)

46



%35 TSR EEROCIRIET
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WIS R CHED 6 DS S BRI R, 19 AT DL S 78 285 1 TR
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B 3.8 ZETHET 45nm CMOS SOI LTE 2B [ H AT et

Figure 3. 8 Realization of diffraction grating to the substrate based on microelectronics

45nm CMOS SOI process
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Coupling Loss (d8)

B 3.9 KRLESERI TS BRERNIBEIL S TR TRSH
Figure 3. 9 The spherical lens is integrated into the through hole of the organic substrate to

realize the grating downward coupling ocutput

B 3.10 [T SRAERRRGYERHE & LR EAE

Figure 3. 10 The combination of downward diffraction grating and hybrid integrated
polymer lens achieves high alignment tolerance
5 A E AR M S B R R T ER K, FATEXT 1550nm ¥
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. iR ENGOCIE S B EWWE 3. 11 s, W EETRERE: TVAI €

BRHEE. LARE. SiERE. BEEMAGEEILNNEE.
E

B 3. 11 BASDOEHHESREH

Figure 3. 11 Proposed structure of back-incident grating coupler
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WiHE SR =4 FDTD 73, St 4 28 7E Lumerical FDTD Solutions {4
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& 3. 12 SeHisE A 9L2E Lumerical FDTD Solutions SAFMI{F BARE

Figure 3. 12 Simulation model of grating coupler in Lumerical FDTD Solutions software
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Ts SHMIIRH R (Prenecr) FLEH T (Pup) ZEYIHEIC. D BB R 5
TIESS, SEMZ PO BT ITE NS, MM R S S 5 = 23250
RIZIMRIR RN . [ 3. 13(a) BT ATEEK 1550nm AbSEHROAT 5T BEE 21 iR
B ES . ARG R E U, FEE R R E RN, Yol BATE 5eiE
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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. 14 Schematic diagram of reflections at different interfaces in the back-incident
grating coupler (p>K)
Bl 3. 15(a) B~y 1550nm EKASEMBIFEE R LA EREE A
Z, TUEH, BANER LOEEE hea MWAMERE. Bid b, ATHREEX
MAKTFW, SeMf RS R RFENELYEE ha BHTREAH:

ho __mAcosH @. ]7)

=
2ng;0,

Heh A REBSEBEK, 0 RAMOMTEA, ngo, & EULE TS,

53



TEE RO RE R 2.50 HEXBEATWR

m EEH. REAFANTLEK, AEMNREERESKEZ L. 4 m BAF
HYIEBHEN, FAEER h, WEER 3. 15() PHEMEERE R, B
BFRRE LOREENEZRGREWHE T EH: 2.25um~2.75um, {HEAE
BRI ELZ B BT (KL A & RS B AR i 28, A&l 3.15(b) FTam. AT LA
B, FOREEXMCMTOERKIVEFRAYME, RERmBEMEARN.

1o

1.0

09

08| 08k -

0.7 -

= 2
06t 06
41 <z /
= =T i
= g sl
L04ak o

g =

02

. o
H %,
LR e, %,
o %, e
i ¥ N X
; ¢ "
; <
/. e £
i s
' < p
5 S
Ll e L 1 1

1 1 1 00 1 1 1 1 1
1.0 15 20 2.5 3.0 35 4.0 1500 1510 1520 1530 1540 1550 1560 1570 1580 1590 1600
LREEE () P (m)

B 315 MR & R LR R ERRIRK: (2) 1550nm Bk MR EEREA MR
#w; (b)) AN EEREENEASBEREKERE &

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

cladding thickness
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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



B3 E BAGOLH R  EEROERERTE

- (A

0.0 L—2 i i : i L 00 i . ; \
-2 0 2 4 6 8 10 1500 1525 1550 1575 1600

KABAME (um) & (nm)
B 3. 22 A R A A B MZE: (a) 1550nm EKALLF A BEXRSHBRRY
Wi; (b) RAXRFAELABERERNBKOHMLE

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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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. 27 The effect of through hole equivalence on the Transmission Characteristics of
traveling wave electrode of modulator
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Figure 4. 29 The influence of the width W of the signal electrode on the characteristics of the
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TESTER PAM-4 20T, T8 5 WIH LU R R R R A0 . 7R 0 v,
LEFRFEE (BitRate) RISH TS5 AOMEHER, P& (rmHE i £ B0 — s 1405 14
AR bit HOoREIR, HBA bits. Kb/s. Mb/s 38 Gb/s, H{LEESBAER
FIHIE SEHEE ., J4FE (Baud Rate) HHf{EZ 2% (Symbol Rate), RI5%#H
(E SR BUR BRI A, 28 Ao (8] Py St B RS 0 B e sk R, FLa
79 Baud/s. WA LR 2 MRS R IF R A

bit/s=baud/sx FAN B HIARES Xt F i = 3 1) 2 (4.26)

NRZ Gt =g — AT SR MR T, AR MERE B kS

ZREFICES 0 A 1. 7E NRZ o, ARG EWRIER— R W EFE, o

000110..., {RENRE 0, BAETRE 1, HREPHE— RRE, nE 4.39(a)
Fi7se NRZ TR 2 L RE] (PAM-2), SAFELAE 1 (25,

B 4. 39 NRZ R PAM-4 RHIGFE T RABE: (2)NRZ; (b)PAM-4

Figure 4. 39 Eye diagrams of NRZ and PAM-4 modulation: (a) NRZ; (b) PAM-4

4 BFBKAIEE S (PAM-4) M 4 N EIRIBE S RIE S, 185 a T
0, 1,2, 3 73 BN EELRAIAL 00, 01, 11, 10 2%, W0/ 4. 39(b) Fige. XFiANE
ERHIOLBIRR A, AR PAMA I— AN G2 AEH bit 8, (Al itk
PAM-4 HU SRR NRZ MOFifE. WLLENARE —H T A4 PAMA f£
HESHRE. PAM-4 IREFTLUER= AR E KRR, X2BE PAM-2
SESMESHATEN. EENRSESRE. B EE—BER L, &
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%4 % EEERIRHSTH

M LVERT . FIRT, HLRRRT I SESHER . BT T A e ——LhARRS (AL, R
e, R ERS.

2. PAM-4 [ RETRHR

KA PAM-4 K17 AR HLEThRER ML E 4. 40 Frm, HKiERE
=y U

(1) EBEE: F5ERMORERE;

2) FHIRIHTHE (Average launch power, AOP): F51fE % H 95 KRR/
KT HTIE, B X:

AOP="C22 (4.27)

(3) AP HERITERE (Outer Optical Modulation Amplitude): T‘éi}ﬁ%ﬂiﬁtﬂﬂ@%k
ME/N TR Z, EXA:

OM: kouter=P3 'PO (4. 28)
1 - ;
!_ eptical loss (-0}
= e g maodalation loss
s Car eV oy ani
" (VrreV3) q?el;{{g:;mg

PAM-M
levels

. i
L| M-l

i1

M

Normalized amplitude of output power
=)
o

Input voltage

& 4. 40 PAM-4 S RETHLH LT85 it £

Figure 4. 40 Optical power transmission curve of PAM-4 optical transmitter

4) R EHEERE AR (Transmitter and dispersion eye closure for
PAM-4, TDECQ): #ENRHHELITNEEE PAM-4 (E5INEBENIRK. —
BB T, BOGEMIH LS B RE —ERIELRTE, At —EEEE, Gl
B2 EHESFARBE KIS EMEARTERERERL, XEESERWREN,
FEESRETR, AmSEEURIRBERK. PAM-4 i TDECQ Ei&/),
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TERL BB R 3 R 2.5D HEXBERPI R

AN PAM-4 {55 BT HOR 5 IR B B, ik 23 BE7E Je 4F R 544 B 5E
BT,

(5) ¥HEH (Extinctionratio, ER): X AESHT 3 52 Y 0 1FH ok
ThE g, &P

ERGu(dB)=10l0g 2 (4.29)

3. PAM-4 TH s HkiR

PAM-4 FEAT @l b 2, TG Bae T s R AR, — M@y
T NRZ EREPEIE, BT AT DL 3 850 B 0K h o B i 0, 4
AT R BREVR I, TERLAS . ThFELL 2 B R 2 IE3A Bl — A48, PAM-4 £
AREMEIEEFS Y, AEkg FUTILNHE:

(1) B EHIKE (Clock Recovery): % HLF4k (975 BR b Fh i il 2 18 Bl 7% 2 8]
B (RIS 0 S S IR, RIS 38 R T S5 BB BT 6 4 S R 1B h oK SERR A0 I &

(2) ML (Loss of signal noise ratio): # Lt NRZ ki, PAM-4 i K
MR IET RGN AU TR LA 8IS, (BT PAM-4 BR N T
RSP IRIRRBN T 3 6%, B BT A RSP JRIBE Hy NRZ B RS, FTURETE S
IR X THEIRRGIES, PAM-4 (EE4H 9.5dB (EMEHR%. TH
T, BAERMAEEI PAM-16 BT LURCHIE B (54080 17, (3RS,

() BREGIFLME M PAM-4 (55 —3LF 16 FEIHURDS, TR SEE.
FIREZETE B J7 A L AR, TS B07E 20 X AR BR 5 59 o 7] b0 42 g R
AR, BIFRA THRBIRYIEL 1 5.
432 PAM-4 FSTINAR

MEE REIR A 2 FEHR BB, B PR K4S T PAMA 2 20|
53, T PAM-4 WHIZEITEE R CE R R, SETREEE . FTERILS
X PAM-4 BORF FUIE S HEAT — AN

MEFIE PAM (55574, G ERIE BT 4 2 BT, ik
B (DAC), MR A MBIIBRERER (AWG), REMBIE
W EIEAT I, W 4. 41(2) FoR. BT RE G YR 28 rh 2 B - B 3] 4R G 4
M AR R ER 58, MUZT TR e s ) 55380 3 SR AT 30 r A A K O RS 2, L)
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554 T REE LIRSS AT

SIS VR . AT B AR A R AL T VR S RO L BR 2 (TR LI,
HERFCATM B H L. £/ DAC =4 PAM & 5EH — MM 4L,
BI AT LAZE S i SE LT . BARTEE DAC FERE, HMIEES, THAL
FERE ERIR, TEIERE AR I ER—MNMF G,

HT B DAC AL HFBRMAGWE RN, BIE 1980 £HAVAAN
RIRBER B MZM B9 DAC #34E1 Ko MZM 393 B B2 raAR 514,
FABEERES — B TT %% (O0K) HHER, Wk 4.41(b) A (¢) Fras.
S B MZM ERVDN . IR, It B A BT 6T SE AR i AR 2 IR1EEAT
FEOM, 7RG RIS, o T AT B AR SRR L A E5ZI]
MR SR IT, FAR BRI IRS TSR . M BORKI SR T, IREE SIS
BT 1 5 I B R IG H BEAn B 4 o B b DAL AN [ 43 BRI D15 S 38R, B
DS AN T s OCM EAR IR, I BRI T K ) B R R0, RRVF AR IhRE CMOS
RH O, RESBER MZM MR ARE, BENETERNTERERET
S, B 2008 4, 4B PAM-4 R ETHLA EH# 51 R AMTEEI, i L4,
TEMEFRDER BN R A B AR P, AR R4 B MZM 34T T K
BN FAAEAALTI0 , BB MZM =4 PAM-4 BT EAN T ZE R L DAC,
T B DAC KINEFBFI# SRS, B ARG A it i N e eI 7
HELZ%ES . Samard 2508 F0 Simard U EFHIMFHRIA PN 4, XA
B AR BISE LT 128Gb/s B PAM-4 f£ 511 114Gb/s £ PAM-8 1£4i .

WEE T, MZM HIE K B VE R S A XL (the most-significant bit, MSB), 4
BFRVE B R AL (the least-significant bit, LSB), i 518 % Z IR T HACHIE
MSB 1 LSB Z AR RIIRSN5 S Rt 7 BB UL L IR . TR Ba
N, HABIRERBEREN, BT UEZR/AN G BAURE E /AT,
AT RE EENHE, RN EFEEARSEEIII88] . Samani &2 T H
IR B B B HER 45 975 4E T HIX 168 Gb/s [ PAM-4 {55, JFSEILT 128 Gb/s PAM-
AEEH 1km £, WA 4.42 FiR. B, Jacques EERAMANES 2.3-
Vpp JRIEHI B RF 155 RSN H A 1.5mm FIRAKIIRE, LI T 80 Gbaud PAM-
8 (240 Gbit /s) HIBEEG I I B HIE (&3m0,
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FEE BOLEHI 3 R 25D HEXBHEATA

{2} o805 By DAL {b} R ORRD (R

B 4. 41 PAM-4 PR R E: ()RR PAM-4; (b)ZBBR MZM; (FBR MZM
Figure 4. 41 Schematic diagram of PAM-4 production method: (a) Electric domain PAM-4;

(b) Multi-stage MZM; (¢) Two-segment MZM

R ™ 507 o0z
Time {ns}

Bl 4. 42 FIFIE MZM ST 84 Gbaud PAM-4

Figure 4. 42 84 Gbaud PAM-4 realized with dual- segment MZM structure
Zi b, J6 PAM-4 (58RI LEE S DAC EIZINEBESIE 4, harL)
HIPI™ NRZ F53R7E. i SEMREANTIRMA K, Bk PAM-4 B9
BERRTT T RIEIR S, HATCA Ll TH#IT 100Gb/s 4R R ARE 15 . PAM-
A WEBORAH L, SEAREEIRT B RA, ThEELL R Y (aIA T — AN,
ARHET O R AR T R —.
4.3.3 el PAM-4 B%I2BS I 5HE

HEl EIR PAM-4 (IR E T4 MZI 128, e DAC A5
PAM-4 Z50{55, SRJGMETE S RS 28 A B PAM-4 J6 SIS S, Xfr=tL)
OOK it XA BAr R, FELE M4 A PAM-4 55, 30T sl R 574110
BoRtE. AR MM SBRAICE PAM-4 H12, BT 14 2HBax
ZiH, SRAVRSRAES AT, REFAME M BIREAE R NRZ (2 2@
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54 F AR SHETH

AISLPL R B B IFH9siE PAM-4 (25, HIT/EEEME 4.43 Fis.

YMZMl YMZM2

1KEREESSHE ™

B 4. 43 FET AR ARIER PAM-4 IR TEFE
Figure 4. 43 Principle of optical domain PAM-4 modulator based on directional coupler
RIBAHAERE R, MZI K2 K% T LRR 8
[Eoul=[Y u [MZM, [ [MZM, ][Yn]Ein (4.30)
Hep, [Y] SRR 1k ERMAEEES, AEMEARRWT:

4. 31)

v, = [ 1/(1 +k)}

NCIE)

IMZM,], [MZM,]% Bt R 55— B MZM 15 B MZM #fEsErRE, &
B by, TRE m BRBIE R L/ FERGA Laz,, om, 5 m B
FEHEIRN F/TEEE (=1 M2 4 5F R MZM M EERTED, W [MZM,] "
S VNSE

. ay
exXp (-J¢h42Mm.mn1]- 2 LMZMm,afml ) 0

[MZM,}= (4.32)

3

0 0 (i = Lz, am )

BEREEE MIM s Gy, o RETFEKE. SRS R T AR,
FUL L/ T B MR TR

By, = et Lassive, #11es(V) Lucive, r#1en(D) Laserma ] (4:33)

Lyassive.n® Lactive,ns Linermat, o3> SR G M RIBAKIE  #IRK K BRI

IR, BK LRESHZM. RN, G ERER R ENRL: &

WHE, AT REE R, [Yo] TR MM B4 S EHIER:
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FEELHE ORI 88 R L 2.5D HE LB AR

Vi j\/ﬂ
[¥ ou) L s (4. 34)

Hoeb, 12 R MMI S804, FEEHA | 2HT FFEE
B XABEMANZIEN o2 HiE. Bt [B,] TUSEHNETEE, B
WEFEa, FEMT-LEL. KRR PAM-4 82 A% MZM, 0
ETEREANSE, BN MZIM K HEE, B S 2B, % B, §
T A:

Ezn
out \/_

F15bs IREIE RV IR Ly RE O 5 HII TR, AR
FIEWT .

WUA+E) + (k)] el (8o, +A¢z) (4.35)

Tou(dB) =101log, , (Equ*Eqy) (4.36)

T PAM-4 VAHIE, T, BN RERME, MBI RIRET A Toutos
Towrs lowzs Jougs Z3AIRSRIERSEL 00, 01, 10 F0 11, W BRAESE7E LM B 4T
PAM‘4 %U%%U%ﬁ” [E/]\j\ltgﬁ IOUIO’ Ioul]’ IQUQ’ IougmﬁETEUjj—%gi

Ioutg Iout2 1
I0ut2 Ioutl - (IOUIS IoutO) (4- 37)

Touti-Touto

ZUE, B k=4 B, WG 1, BE. K g
PAM-4 74 77i%, HTRNSGA LR R, 2 R8I2RHE IR, E5E
WA R DS, KESSHT USRS 8L A5 R Xow w5 52 0005 E
AR R VR ), 388 1o B AR o7 28 07 A D AN S R B9 B P, T SE TR T PAM-
4 56WEl. FIRZTEEF 4 PAM-4 BOME ST

D) SRAATH MZM R 23R ADC 4RI PAM-4 (/% 5577 15 41
e, ATHANFEFE WM OOK WEIES, BEEM AR PAM4 (22, 7
LASCILSE = R R 3R

2) 5 B PAM-4 BB 2 HPIA OOK HUE SR, (24T
MRS ERE SR, FE—BKERL B —BHFME, 8 PAMA4
SRR BRG] AR T 14 FERRA BN, B TR SR
A—BL AR PAM4 IS IER L3I T — A 08, [FEHELY
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% 4 5 EEEA LA BREEE

KRR Vy, TTEAsE4—B, AT LA 208 SRR T ARG AR
3) RRASBR MZM (55— BA B BRI LUESE, DRRIRMBEE,
TIET LABH B0 38, TF AL SE LS O PR R AR B o
4) SRR IS A EERKRGERE, SIS, ERIAR

FRLLEE S 3, ASr AR B BRI PAMA 7R AE U5 VE N T B IR
PAM-4 {HHIIRME T —FhE IR T % . TERITKS BN % PAM-4
51y B S I FIL 45 |

1.1:4 BHBEEH

SNSRI S 5% (Splitter/Combiner) BEEL T XB LIRS F, HTEM
AWMENF 2 TN IIE, BERAARS AN RAESIHE—E. RN
ARERMESEE SR ZETEH MMDIN Y HIME RS S (Directional
Coupler, DO . Heft, MMI T HBGHN, Blihasf AA G,
2 BIET LRI AMA ST A, W B M Tk, B LR
FITHER 4y MR/4 4 9255 (H R MMI R BESCDUEE A 1006, Hhim 12, 1x4 MMI,
TvEsE B IAT 1x5, BB 14 @ER. Y AU 1x5, F A
DL B s S AT /N R 5 A, BT EEERNER T, AT LR
F. T2 ARG B AT LA (E M SE B R B Dh R AV B, FE R SRR, &
B FBATMFE K,

SOl F& FEMMEMBEeRmE 4. 44(2) FiR, BFATHREEAB AN,
BF&LHEEE RS, NMEH U~/ MEEEEE 5 —NBiE. TR
Sy NER TR A X KR S M. tabh, BT Si S KRR
AN, BT DA R SR R, L IR R A B AR S SR AR AR T
K. NTIESE DC MostE, ST S0E. Friti e e g
4.44 BT, EERNTHBABTHEAT — M ET ISR SRR,
3E TS e TR 5 B TR A SR AR M T S o SR A (RS
WIS BEEN, M- NESEARA A, FEBSRESRKAER. X

111



EEE LRGSR R 25D SR ATIR

ZAARPIERR, W TR RIS, BT 5 — IS R AP
W ZJ5, SENEGMI RS RPMTIES, B NFAE O L.

HIEER

i oomRaR pneax | ssmax

(2) 50178 FEHDC ) A EDC

B 444 ZERMEBRTEE: (2)SOIPE EMEN DC: (b)FRHHIAE%E DC
Figure 4. 44 Schematic diagram of the DC: (a) conventional DC on SO platform; (b) the
designed large bandwidth DC

ﬁZt%%fE@Eﬁi@%Eﬂi:ﬁﬁiiﬁ%ﬁﬁﬂEXiiﬁﬂﬁﬁ?%Eﬁﬁ4\X¢$ﬁ%%é§%§iiﬁﬂ%l)\**ﬁ\d\
ﬁ%,u%%N%%%%%%%W%ﬁéﬁﬁ,Mﬁ%k%ﬁmﬁ?DcE%ﬁ
}%M4¢%E%,ﬁﬁﬁ%%&%%ﬁ%ﬁ%%ﬁm%,%XW?%&%D%
ThE B -

T — |Eoulll2
lout1 ™, 2

[ (*-38)
OUQ: |Ei11|2
AT, 56 & FTLLRIR A
o = a2 (4.39)

Noutl

AT TER, BeME TS K% S T E 5 4TS —5, %450 nm.
%Tiwh4%ﬁ%w,ﬁW%ﬁéB%ﬁ%K§h,W&Eﬂ&%ﬁ%ﬁi
Wiv Wo AKEE Ly DARIAIEE Gap HEATUITHAL. B 4. 45(a) 250 AR A SE7E
Lumerical FDTD BAEFRIFERE . RARTSHH Li=4um, W1=300 nm,
W2=600 nm, L;=4.9um, [WEEH 300 nm. 40, SEBXFREES X FIH il X
B9 taper KEEH 1 um, (EARE & BMNAHI0 90° BHESH%LZ R % Sum.
@44mﬂ%%ﬁ%é%%%lﬂ%%%ﬁ%%%%ﬁﬁo@446%%@%%
AP IELE K BEYE K IO 4t WILLE . %S MR LLSTl ~90nm ) 1dB

:
=



5 4 % HERERSKBHH

x(s;\k:mns)e
B 4. 45 EFEAS: (a)Lumerical FDTD AFMTEAE; (b)1:4 BHRAA

Figure 4. 45 Directional coupler: (a)the simulation interface in Lumerical FDTD software;

(b)1:4 optical power distribution

022

0.16

1500 1520 1540 1560 1580 1600

FH K (nm)
& 4. 46 436H k BEYCBHCBIRRAL

Figure 4. 46 Variation of splitting ratio k with wavelength

2. BT RS

ST PR B HE M AT I FRAREE IR, PN SISl SE M 4. 47 Fiase B PN
SEER LR YRR, 4T AR CPS 45K, P&MHEMAA T MZI P, &
S s B A AR . 535 4 IREN RIS L, B AT R g AT B
U PN SR/ —F, WTIE PR IRBS ETRE, 3 ENFERT
PR B R STOER IR, MR T HEMEREE, AR T EER A EE
JEER Fl o

PAM-4 5 37 A S R B0 2 3T I3 B9 CompoundTek BEC T 2P &, BT HE
HRMFI SR TIRE, B S PN ZHRiHHES 421 M 422 80 &
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EEEROCIRHI 8 R 2.5D HEXBEATR

VRSTIIRE 4. 48 AR, (RAEE#IR0R B R Joi-— 4 IR (R SLIREE, 78 PN H $
AT =4 30nm KIRBIRX I, HLSLIRERE T 1B Rz iinE g 4.
49 F7R. 7E OV {RIERT, 4RFEH 15.5dB/em, WHIKZRN 1.1V-em, A/F#sE

4 106 GHz.

=|=;

HEHR

B 4. 47 RS STE RS EREREE

Figure 4. 47 Cross section view of modulator with single push-pull traveling wave electrode

lelibem™
kd

N 0.45um de1Fem”
4 Sel'.-"cnf;\*_,_" *

Zelsem™ =
L? 13 @‘E

i
ST 08um Gap: 30nm

Tetgem™
+

i
/

T25umB PR FEF
>750Q -cm

B 4. 48 Jt3 PAM-4 RIS EIBE SR PN R~

Figure 4. 48 Dimensions of the waveguide and PN of the optical domain PAM-4 modulator
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B 4. 49 J3K PAM-4 B BETRREF: ()WERREHRE; (bR RKARAAEE R

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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% 45 EEELRHSNPTHH

BASS7E HFSS BT GS T BN E, MMdRSE 423 TR,
EENBHRE, ZEMBE PN EHERAN, BTREA PN LR, SREF
MR X AR %, THEMNEFG. RANRITSEy: BREEINA
50um, [A1BEA 10um. BEES, 7E OV fRIE T, AT LASEIR 48~49Q HISFAEFE L, 2.8~3.0
IR AR TR, FEELTE 40GHz B, BUEREEN T 4 dB/mm. 7E OV fRlk
T, 7RI B i 2 g = AT O R o 2 A 05 A 35 0 4. 50 FR > 1.5mm M 2.5mm
B AR K BRI 28 EO 3dB W%y 54 35.8GHz 1 26.9GHz.

| — 2'5mm
| e I.Smm
gk
Lo
S’
E
=x=‘ .3 U L sty "I LT DL LA LT L it
=
%‘_f
m4F
¥
=T
6 F
7 1 ! [ [ 1 1E
0 5 10 15 25 30 35 40

EHIES EOGHz)
& 4. 50 OV i FE T AR R B i B AT B 2R B 0 B0 32
Figure 4. 50 Simulated bandwidth of thev single push-pull traveling wave modulator with
different length under OV bias voltage

B NRZ JEH|22 00 BAREE 2 25Gbps, ERWEAE 18GHz LLE, 1
PAM-4 %132 HARERZ 50Gbaud, FE 37.5GHz UL LRI TE, FrUlfREX
IS — B LIRS . BT ks JRE T REA, A
S SR 47 U P KR O A 48 R AT T BdE A4k . LA IMEC I L Z S 0BT
B —— SRS R AR R R IE 4.51() Fon, UBRIEE
TR BRARALAE M1 B 55 RSN 4.51(b) B, TR 2RAT IR FARAE M2
ik, Ml BOUENTEE. (EPUERLERE W flEE D 22AM, &
4,52 B RS AR ERERRT LA R s B R A A R Hsk
o BAT Y EARAE M1 2R IIES, BT BARTE M2 BT TE L.
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FEE ROCRGI 3 R 2.5 HEXBHEATR

B 4. 51 BRERRERR: @FFBRIRE M1 EHR; bfTHRBERE M2 B4

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

— — 48 — = 20
@ I (b) b | HC)

s W=10um, D=3um| 30 [ W= Oum. D=3um|

ENERAVIELW A (e}

2 9 2
2 2 ES

20 . L
40 [ 5 10 13

w 20 20 S v ) s i $ 20 2%
REHE(GH)

25
FASE (GHe)

A 4. 52 NRAERE AR EN R SRR

15 20 s
R GHZ)

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

T RERETR, RRLIRZIE ML A7 2 R0 3 5] 22 69 (0 17 M i =
EATLEW, HHE—ELRBENEHSER, SRR mTELR, ks
FEM . XARFNTE M2 BREN, T iR asas, SR mE Ml B
FIM2 R 9302, (BT LI A BB AR B, PR HE N . I BLATSMG M1
EAIV2 RS TR T HRLEE, E4REEI RS GHRREN, R
Ko FHITUE/N . BFENBIREE & —L, EHLETE, BRSARELH L,
(B AT /I TR R, PAMA 1R H T B8 — B4 Bk
NRHE T ERE.

9T S BT BT R R 2RO B T R L R S B 1 B P B X ),
BATHARS IR 4.1 . AR T RS NRZ 2R3, HAIx
PN 4. MiR&M. BIRMLE UKLIEE T RIHT THRMEH, JEAERET
TN T R G UGBS EX . 33T PAM-4 i8%152, 7£ PN 4 chjalin
AT A~ 30nm 1) Gap FEESEHERN, B EKTF NRZ %, K2R
73 CompoundTek LZZMTFH P M N EIBAKENST IMEC . 4,
BT CompoundTek ] P BB AR E T N &, i 2 A9 S 20 41 2 08 1
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4 5 ARSI

EAHE, FTLL PAM-4 1] 2508 H1 3R th NRZ 281 .
3 4.1 NRZ R PAM-4 HGEF2RRXTH

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

il il NRZ PAM-4
W] EbFES IMEC i3 CompoundTek
PN £ 7C gap ~ 30nm gap
FL R &5 CPW (GSG) CPS (GS)
R Z F—EBEek F_R&RE
LIV Eh . ERERHHER
a7 JeFEE DA &S
JeiRAE 6.3dB/cm 11.5dB/cm
WHIRE (0V) 1.25V-cm 1.1V-cm
HL 6T 5 1.5mm 24GHz 36GHz
oV) 2.5mm 18GHz 27GHz

3. PAM-4 AR

RNT M RIT G PAM4 AR BN EHELBMSE, £ Lumerical
Interconnect FHAE T MBI PAM-4 RHIZHER E 4. 53 frm. HAPRKELER
s, HEGFRFEN, R AT R, IR ARIE T E A
WA B S8, AIERE M B BT BRI IBCA BT R LUK PN S5,
A, SRIOKENR Lsmm. REBAESE, AFEETNE AF RN
RAFY RN IR S LM o 0 TR e ST ARG, IRERREA -Ve,
RSN RS Vi, ST BB TIEREAN -Ve-Vyp2, TERIT/ERER -
VorVpp/2, FTCMIER AT ETE S BMEBMEN Vo, WEIHEEN V2 B
E£H4EE, WFARIEHES, RF ESHNEHFERN, @BTBE—BEFKE
T Bt 5 2 I E 5 2 M DA YR B B R 58 — BRI R B 5 RO R [RIFESR. 7o
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B LI 3 R 2.5 LB BRI

B 4. 53 PAM-4 ROBAS IS 0 05 2O A
Figure 4. 53 Simulation model of PAM-4 high-speed transmission characteristics
TR, WEEMACIIER 10mW, FIE R Vep HIF, WIEAR, #id
P Vop FIPTER [ B R B IR B & . Y Ve 9 22V, REME 5%
AT A9 PAM-4 BRI /R 4. 54 s,

G.000 3%
e

He1) 0 06N BElll 1agel] Zerll Zeet] sl S P

B 4. 54 REBEHERIE PAM-4 RE: (2)25Gbaud; (b)50Gbaud

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

fRIE 4.3.1 T80 PAM-4 PEREIEFRIT ST, 4% 25Gbaud 1 50Gbaud IR zh
EE T E RS, R, S, HHSE S nga R4 2,
ATELE ], 25Gbaud (9 PAM-4 1% R BIBg— B0 5547, AR EE A
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W PAM-4 R T HRHIBITT R
% 4.2 25 Gbaud A 50 Gbuad EGIR PAM-4 55 R HERE

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

=EER 25 Baud 50 Buad
Poo 2.028 : 2.070
Poi 3.384 3.306
B 15 S REmW) .
Pio 4.734 4723
P 6.040 5.990
Low 1.356 ) 1.236
AR E(mW) Middle 1.350 1417
Upper 1.306 1.267
AOP (mW) 2.006 1.96
OMA guter (W) 4.012 3.92
ER (dB) 4.74 4.61

MEHEEE  RAJCIIE N 10mW, TEHHEER 1.1V, F—BERMEN 0.55V, 5 - BREHIES 3.55V.

Je sk PAM-4 151 58 40 25 151 BT 2020 4F 6 A i FFIEEFT NI CompoundTek
WA, HREWE 455 B
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Figure 4. 55 The layout of PAM-4 modulator taped-out in CompoundTek
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RARBETT, T T &SRR SRR . A SRS, RATR %
ASREAT THEE, RIFHET —3 4 @BERDRRE SR, MR L% s
BEERFTSEIL 100Gbps $UHE (64 2 J5, 0 T #E— B3R 7B 22 1O 2R (0 B
FATRA S BRBRIERATH BREN, BET —ET 14 2EEasmt
1% PAM-4 R4, (VFEPIALIBMEARFIEY OOK BREH{S S (3 ol B4 7E el 4 i
PAM-4 (55 . (TREEREY, ZHHIS7E 50Gbaud SR EHE LM 7T LI SoHE
WY PAM-4 IRIE, ERREM—BUEEET, WIIAS| T 4.6dB.
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5.1 BESEEABEERBARE

5.1.1 JeEERFEA

128
B3R

% 5% REEOLE 2.5D HERAE

RT SIS REURGERNER, TREEFE. RREEN
EENFELS TN RS, tREEESERAEZRIE. PIC 5 EIC Z[AK
HEERITEBER =M, HHR: AHER (Front-end Integration), J& iR
(Back-end Integration) FIJE&4EM. A Al & B & iR BUER & T 82 SR AT
. B REET IR TS PIC M EIC #EMEREAR L, FmERZRK
PIC B BT EEMAE EIC MALE L. ERESEMT, PIC M EIC 231%
MEE, REEBREITE. ARSIy ASHITIE,
R 5.1 SEEEBITEHE

Table 5. 1 Comparison of optoelectronic integration methods

BAER
LT -
J i B A

~EE

ER = s

HEE A & i =
PR 2 T2 A = H &

£ R kIR M X fEj &8

AR S SOl, #A%E SiN, a-Si SOl

#25.1 BT R ERFR S SR, BRER, TREMRER 7
HEIR AL LLIR A U R AR R AR B B A, B R BB RE R =
B ERERIEETHE CMOS AN, TALIE e TAMEH (OEIC)
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TERE B IRl 28 I B 2.5D 3 BRI AT

EHBRELAREFEL . MRAERELSBER PIC 1 EIC BEa5
SR REORT A, Je S A I B . B RIIR, FR R A B ATAOIE dies
TTERMRIES RS . IR G EMBER R R B, #h. ST, s, I
PSR, NEERSFIMET LR, EETER. SRAZE. MAfE
LS, MR R 4R

E%,%%%%%%#ﬁ%ﬁ%i%%%%%a&%@mwmbmwgwm
AR, S (Golden Wire) H46/Hits B 1R 48 5347 _F B AT 4B R By 55 1 T
RIOMTHY 1O SISk, MTEL L3 NE RIS AN, BEEY
(MAO&MmWﬂ,Eﬁgﬁﬁﬁﬁﬁﬁﬁﬁm%ﬁT%%%%koM%,iﬁ
GG RRBE T LLAE] 25uml L (B PIC #1 EIC 2 A B8 (T JRT 2,
ATFEEIRE T8 10 $d, BRF TS A H 0N L, B LG e

SHBIZHNRE 2.5D/3D KA, BB AR DR BB, 5
1O MRS . 56400 WB HORMLL, 2.5D/3D &M AYEE RIS R
THIEOLT, BE SR BRI, FHEESE 2 R ERE, GE
R R Y e U e ISR (N e

BRIFTIRIERT 2.5D3D S, NEAWRERATE, BEERETF. 5/&
S -V RO B EEALL, B ERBARER AR E M EGESH, 55
RFRREIAE . R 5.2 B 7 BEREHIEOLE (DML). L TRUE s 5
(EML) RIEESGEE A VAR T7 20 RHIE R, 5 % B . B e iy T s
TERBIEREMT 25 Gbaud EAEHMIBEEEUERT (<10km), NI-V BB RSO
a EEMAMG . DML E8E 4 A= FRB IO , 4512 3 BT & 5180
@ (VCSEL). 7 s RIF#MOGEE (DFB) Rk B -1 B8O (FP). VCSEL &
TR LR RO SR, AE IR R A S, BARERTKESEE.
DFB 1 FP 8028 4500 5 ST 0BG S8 40 (0 SRS S FUBE B B I, (2 3008
MR O SRR SRR, (At B 2 SRR b1 T ER A 51 S 31 B b2 e
TR TT 2, AT AR R AR Rk S, L M 8 1 o 0 A o HimE
TER BRI 50Gbaud, B4 %+ 4y 5 5% HLA BRI . BEEEIE 0 H A 5 Y
B e, BRIBIE T IR 2 SRR R R, XA 2% BEPRHEE 97 BE,
THT o 52 F3 B ) oo SRR 2 65 R T 5 L B A 0 38 P e 4
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5.2 BELERSI-VEERI R

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

B AL BE S DML g
BABRE | orr DFB/FP EML REARAL
850nm,
T | 800mm-900n 1310nm, 1310nm, | 2 onm, 1550nm
m 1550nm 1550nm
BWHIFR | HERE BRI AN kil ANkl
TR 25Gbaud 25Gbaud 50Gbaud >50Gbps
N o
mask | mmms | swms | same | CWREALR
o152 5] A . . . >30 (B B+
Hr(0IEIHE) BEIRBIHED
¥ 1/0 $iE s A . 6
QUGS (4 BIN+2 XTHE)
BRI | SEAEK £t B R £ Sk 1T HAR
T35 TEC TEC TEC NGRS
2D 2D 2D
ERTTE (Chip-on- (Chip-on- (Chip-on- 2.5D/3D
Board) Ceramic) Ceramic)
’giﬁﬁg DFB: Wk | W
=) oo | MR PP | B, RELE | RAE. mEE
ROERL B e 5
PN i3
DFB: &i&EH
o | e | KHEBE EEHEKEE | BRSO, AT
RS | ORI | e | mag S
R

HE 5.2 A0, WTF—MY 4 BEOELERESR, K5IMUEET 30
UL b, BORMES NIV EERE 3~4 . mRBEHHE—PHL, kst
S ERMFA WB JTEMR, X#—F5ER TN 2.5D/3D HRERNLE
o 3D £ AR I AR K R T Rl R SR SRR, S BER Th
Beith H RFREE AR, TR BRUN R RY, REHEEREAERE.
B H 31 3 — B E T A1 (Copper Pillars) 303 &R & (Micro Solder
Bumps) KL, Hrh, FEMFEERMET 30 F, FAEEMMKT 1Q, AF4E
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R RES!S) , RURRL S F A BT 251F, FEAMMET 109, i
by WOREND A A E A FIEF) 20um 1 10um BI/MAIEELYY | ZES2H 3D
SRS ST, Ay AT R SR, — & PIC 5 EIC R dietodie ¥ die
to wafer LZHATIARER, BZM/ER (AC/DC) (ES3H3 L3 PIC ByiD
%, BEE5ILREPIER LS A (Compute Node) S Brikss, W7
RRE, EilLBENALSIN—EFERE, MR T WO AR B BE . 55—
M RZEWK EIC 5HIFEZRER 3D £/, PIC A BRI AT, AT LAE
FeRAR B IE AN AN SE B2 SR RN ET 4 OV | gk —sbiR THE s . 8
{RIIFE. YoMl 2.5D ERT R LB HE S MM A1 PIC. EIC Bi¥=
(E5 0B/ EITRRE S (DSP/Serdes) A IR EMR -, REHBET WB Bz
BGA HRIGEAMR S PCB #H4T H ik .
R 53 BEAERTEEE

L‘H

Table 5. 3 The evolution of opteelectronic hybrid integration methods

g 2D £ 2.5D BGA £ 3D BGA £ 5K

rEE
LN N N E 5 LIDE IR T
Pin =/ 50+, FPCiEH | 300+, BGA £k 500+, BGA J8Ek
IBIEH 1-4 J@E 4-8 j#IE >16 @18
HEER A ~80% ~60% <40%

FER+WBHE | SR &BEEAE | e R&emtra:
RF Hi% AR | B EE+ Interposer | H%+ Interposer +

(FPC) + Solder Bump Solder Bump
R <25 Gbaud 50 Gbaud 50~100 Gbaud
B G
e | S SeeriEe
=
Flip-chip BGA / Flip-chip BGA/
CNERC e WB Solder Bump Solder Bumps
(R~ 15mm+) (R~F 10mm+)
22 kA st WFRER R | BHMMEARE | BT E
B R 5 NS NN
FIBIK IR ECRA AL B R
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AR, EFF OIF ARNT IR tAERMAREES, T 2015 FEXT
G5 (SR) &FEEISE (USR)Serdes ML, HH USR Serdes {XSZHFFEEEAN lem /£
HHAEs, EERET 25D B 3D BN, WA, A TRIMHE VO Y
5 B RAE 430, 2.5D 3D 36 VO S54AR B EEN T RZEEH R BGA T,
IE4E3k, Intel. Luxtera. Ayalabs. IMEC. Leti AR S AN RREET AN H
FHAEF OB AR E A EE AR, BAMUCRE AR BT H
ST ERA U RFEMEHMR. N THE 1126 RULEEFRERR, £TE
3 TSV #9 2.5D/3D EWBALA T — R HERMLRTE. BRI =FCHERE
SERROT IR B TER 5.3 . |

5.1.2 ®EEJEE 2.5D SERE

E 4R 3D AR AT LA AR A A BE AN /N BB 3R A A, (BRI — MR
i, 3t B EIC F1 PIC ZIRMHRMEE R/, B EE = ENAESERS Y
. Straullu ZEMIER A0, XFF KL 0.5 W # IC #AIIE, PICEREMH
HIRERESTIE 20°C, XX TREGURMREDLEG, tLIBEARSEIZE, AT6e
JTE RS, R4, BAR 3D LR RIE IR EAR T Ll R SCEL R T 2L
& EIC-PIC #HEFEME 10 #H%, AEIR—FMHIEHEAR, FEKEH
BB ARIEEE T EIFRMA, FrUl 2.5D £MifE) 2D 1 3D SRR
HHRPIETAE.

R JLER, X 2.5D EEEARBT T REWR, SfFflE. 3. #Hik
R EDA TE, UEESmBM/REEEE SUP) FHABT M. 25D £
Fef, BB A AR A Y A B A SE I, FLIRIEEAN A A R 5 3D SR
Fl. 2.5D EMMEENRRZTIDER, FALXRBESMUFEEDL EIC M
PIC & B AEED, RESTHER EEL. B2, MREEEF ZArE
B HIE JUE SR LA, BT AR A M N AR BN . T SR T RS
BBk R, R ER AT A SR EEEL, Kim SERERE
R _EHIER Smm KHETE I SERLER BT S0GHz A sE, B S21 Hike
ANF 2dBROY, I 5.1 TR WA SUS  ERBECR R AR b, AT
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PR ICR DL R R R 10 T T 32 207 BGA 19 PCB _EU9IR2020 | 4nE 5.2 Fiie.
Bernabé SHIEA 7 iid BGA £354 PIC #2503 PCB |, (5520 A
T 3dB, A H AN 40 GHZR2!
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o5 b Tl

R S

: I {.,{"\ 2
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521 {dB)
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EE N
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|
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35 b N N .
@4 5 I 33 2 25 36 35 90 45 w07
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B 5.1 BT RtEesan O R 2.5D £8 A R R

Figure 5. 1 Silicon Photonics 2.5D Multi-chip Module Transceiver for High Performance

Data Center

2.5D Integrated Transceiver Compute Node

EC Bumpe BI6
3 Y

Oprical

Interposer CASICIEPGA

B 5.2 2.5D SEURBLE ASIC/FPGA SHHEH Kb A BRI
Figure 5. 2 Integration method between 2.5D optical transceiver and other computing node
chip such as ASIC/FPGA

2.5D SERBIRBETE TR B BOMIME . 8%, BEBaR A MM, —Fh 2 a
WA MR EAR, 5 PR & B T R T B e R
BRI . BT L S ST E S, LSS S8BT A aE, 8E
SEMZNFIREF ZIAMEE . FBAR T DL A5 27 B 015, B 7RI
RS R USEHDE FEH Z A E St B E i g,
BHA IR . X TEEHEAR (Through Silicon Interposer, TSI), B L4 F kil
L (TSV) RSCIUALHAR IEBAITS T 2 Rl 3% . BB T 3D &, ¥ 3
RAEARIRE R TR EALE, AR H 65 & BIRE AR o LU R A
FOHAR, AT R HEAR I T 49 A Th ARG 55 6 T 22 BB B B T B M 45 . B AR
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F 2.5D £, FERERBESHBEEE, 5230 EIC M PIC Z [AEIER. 2012
£, Xilinx2™ ERTRA 25D TSI BARFEMR T Mm% E TSI SerDes Ky
virtex-7 FPGA, LA {& B Th#E ST HL T 80 BT RA W 2.8 Th/s IUERIEMRET) . BE
E MR BRI K, TR O HLE A B AT B e R E R
SeHELWFM. EXEMRAT, PIC HESZER{FEE SERDES FH i
. 2.5D TSI 7] LB AIE (5 T ARG S T RRER BMET plbit 1952
BN RIREN MR EE . FEik, 2.5D TSI BRA A ReERRILHE R EE
OB, B 5.3 BRT 2.5D TSI fiREB 315 & F1EEE 0 M
FA R B |

Perfmranae

Cotigustiog

tobile Devines

High Performance g R
Line Cards

Heterpgunuous Integration of
Logic, Memory, Photorics on
TS

FRGA 4
SerDes (Xiind

& 5.3 2.5D TSI i RTER S B & MR .0 B FRIELE R

Figure 5. 3 2.5D TSI technology roadmap in mobile devices and data center applications
5.1.3 2.5D &I AR EIEHE

B4R 2.5D ERE RS S, B IEE LA, B3RS SUPL .
SV, I HI L T EHES. TERATEX 2.5D MRS HEORE kK
PR — M

1 JtRE

£ 2.5D #3E, PIC ST AT REREHERRE, SXHHAT, X
EIeME S, ReRBUBe T E. M— M EMLEEEEN 1dB Xl
NERETHKER (KL £500nm) 205, Jaik ™4k A% A Z AL 5
B AR S R BBk, FEIER O TEERRE. JFH, BRiERRR
A T RE SRS IR K, BT RS E.
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2. BRNES seRM S

2.5D SRROCHERFRIBAITAEL S8 %, A3 EIC/PIC SRR [miiE
B TSVs. BERR 5 SRR 2 1A AR ER UL L 3 B4R it FLRITAR AR B .
TEAEEES R, BN TESAHFEEEM, B/ RS ES TR
A

3. EH

BE%E 2.5D TSI EmitEat IC TEBE R R, BB — b, X

FEROVAEE . WEHE T AT TR AR — 7T, miEee IC 1o
REDFLRTRES, ENPRLERENERT, BE0HERE— it
WEGFEL-ETANAEE, #MAHE IC A %—77H,. ¥ MRM 2
REREGUES ), BT RERUS T LAWK, NI T S0 Bt 7 s,
REBN—BITETHA . ES AR LIRS 5. 2.5D Mgy
I, W EB U — B E R AN A FERIEHR MR T E,

4. FHURIERE

EIC/PIC MId 18 U BRI B AR L, S ARt R0 I A B B S 5 5
M TS B HBEEARI NI R (CTE) HAE—5, ET g%
B, CTE ROZE R BRETERIN Tid 2 rh UL $h BT, I8 S B BT RL & LU
IR, 304 SBUR SR AR TSI . FE, ¥t 2.5D TSI $3 1g— 4
KRB PITER RN/ ARTEE FEM), HMALESE, UG
RGRYT M.

5. AHETH

25D TSI RE—NREERN AL, BARERERS A5 EEG 55
BRERKXH, EEW EIC/PIC MHEERNES. SENEE S, RHEs
(Underfill) BLR 5258 A B Y38 RFAO/NBAK . EIC 90648 T& R Z, #48 2.5D
PRIV RAR B SRS NE  3FF RIIA 2.5D TSI 42, WM S350 45 /45 28
MRERE . ARINFMTEIFE, ROBEESS . BER. L5 EE. K
FEAE B 2 B2 BEVAREAER.
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5.2 BRI ERAY 2.5D HEFREIT

A, BAINE T ECREIEE 2.5D BRI, SFEEERTT RN
MR F R, HEBEE—A 4 EH 2.5D ERSTHESR, SMEERERER
7 50 Gbps.
5.2.1 2.5D FERERR A it

HT ARSI LR, BB ACKA 2.5DBGA H%, W
5.4 Fim. BIHCRFBMEZES 5000 ohm-em HH BEEE s BatR LAg /N TR Y
FHESH. PIC A EIC #EISEERBEIRNRE, HEERTERER TSVs, AW
SEELE TR B ] A T 2R 2 AR . BERETHEI CuNiSnAg 3K
ERMEER, R ASEES TEHE, 7L RIEEEVMG PIC A EIC 5
BB FEREE. BRMEEREM, AFEENER. MEER. =5 PCB
AR, HXink 5.4 FiR. SEBRALRT. BE. Bk mkeE, &
WHZ$ (CTE) LRI aESL FEEER, ERPRANERMBET R
43 Filf) LTCC M Ferro-A6m. %1 ¥ CTE Jy 7, REEZRAM PCB MiRAR
CTE feh [H{E, ArFshseil E T A . MEERT 9 18mmx18mm, HHL
HIEFERN Imm § 17x17 A~ BGA J&#. Ji&E&5HE, BEICKA 8 HEEAER
FRER, BT USRS ECEARERE SR, A, ARSI 4 MaNE
HEBRIEL (PMF), T RKEEBIEER AP AT BN R A G R fRARES
TS EL R e384 . 534k, PIC BIAE&MBHTER IR L 200um Z5h, {&
BIIEAE SRS, BT HE R XA .

- BEE

B 5. 4 Bk 2.5D EREREE

Figure 5. 4 Schematic diagram of silicon photonics 2.5D integration
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Table 5. 4 Comparison of different substrate materials

Pt

BB

MR/ R
~F

NEE
#
(10Ghz)

TRFE A
EY)
(10Ghz)

CTE(
XYY/
ppm

iiniE
i3
(MPa)

R R =

=4
PCB #1
o

B
4350B

100um/100um

3.66

0.0037

14-16

255

K4, CTE
N

ZAH
5880

100um/100um

2.2

0.0009

31,

48

HEFM, CTE
x, = A A RE
i, BiRE

HHLE
WAt

BT

25um/25um

0.008

10

480

KL, CTE
W& K, BrtRs
B, BMER
=, EERE

ABF

25um/25um

3.3

(5.8Ghz)

0.0065
(5.8Ghz)

1

DR
E 120

KA, CTE
HE K, Ealit R
B, AR
&=, RTEE

10um/10um

11.8

0.02S/m

170-
550

L&A, CTE
SR ILE, &
PIPERERF, R
PR, EEE

LTCC

75um/75um

5.9

0.002

170

R, R
TEtRElF, B
BX, REE
F, BRARE

HTCC

AbLO;

80um/80um
(™)

S50um/50um
(3 T)

8.5 (W&
A473)

0.0014
(R&
A473)

6.9

400

mAIERELT,
TR, W
AE, LA
Bk

AIN

80um/80um

8.5

0.004

4.4

400

EATEBE L.
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S
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Eiﬁﬁ,ﬁ%%%é$%ﬁ@,KM%@Wﬁm,&%%ﬁ%ﬁﬁWﬂ,Mﬁ
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Socket Cap Screw

B 5.5 ()@ HILREEEEEE: (DBNEERS P RLEIsR

Figure 5. 5 (a) Customized socket; (b) Optical module placed in the connector
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St T REE AR S AR S TR, KR IE 5.6 Frn, RAESIE
HEEH RN, —MIBERREER L, —MAGEA R AR L, B R EM S5y
AT A SIARRN IR S 250, HAMRIERSTE 5.5 WIATHE. HE
BRGNS T R, EAEEE 5. 7 iR EE B SREAT
R MRRCEE PCB 4R, BB mEMAT SMA EERERERSESHA
SR EET R - BB RE MR AT Socket ER I ESEHET] 2.5D SRIEH
greb, F i, 2.5D SeREH R T ZREL A, XA ERIRER, BTN
HOPIRAR , T LASE BT M 0 8 S ik s AN R X O TR R, SR T RE A Rt A A
AP R A BE -

—
B 5. 6 2.5D HARBR P TEIREERR IR R A

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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(1) FEREBERIRRERELE

B0 2.5D St ik, — LA SRR SRR BAR , RIREFE AR
WAzt R PCB MR 7AW al, FELHESREN. BENE
FEMER MRS EERRE, EENEROERTRERERE. 25K
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Figure 5. 8 Laminated design of silicon inteposer
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Figure 5.9 Type of the high-speed transmission line on different substrates: (a) silicon
inteposer; (b) ceramic substrate; (c) PCB test board
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Figure 5. 10 Comparison of transmission characteristics of different BGA size:
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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 S. 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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FEELREIS 2.5D EREEMARKESUE . BER. LTCC EER. &
FEER DL B TORRAT PCB #. HESHHEMIRES R MRS
FINFE 5.5 Fims.

% 5.52.5D BELEH PR SR

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

M4 kL Rsf (mm) #HFE(W/mK)
TR Si 8x11x0.2 148
Cu (TSV) FL4% 30um, I 150um 401
o i FeREFr: 6x4x0.3 148
B 4x2x0.1 148

LTCC 1R Ferro-A6M 18x18x0.5 2

Au 317
PCB MiR#R FrAME 60%70%1.8 0.35
Cu 401
Au Je i R EER: 42 30um 317
ek Sn HEE T HERR: 342 20um 67
CuNiSnAg FEE T ERK: ¥4% 60um 64
SnAgCu R B T 5 /R EK: 2242 250um 58

BT 2.5D HEREERERERR. Na. TSV AT ILEM/ SN, AR
S R e T SRR, ALG S AR E A, TNk, AR
R LT AT . o, BT REANERNEART ZR S
R REE, (EEE A, Fit, @%RASNH R SEER T SRR
R R RS . P TF A TSV, 3 Cu MRS REON Kews ST HTHR
S Z X Kei, TSV MIEZEH d, $7BEH 2a. HR4E Fourier #k S EMHE &
SERRRARY, TIHESEE TSV IE X, Y. Z FANERRFESHIN:

_ Ksi®+Ksi(Kcu—Ksia
Keqnr = Ksi+(Kcu—=Kspa(1-a) G- 1)
Keq,z = (B Kcu + Kg)/(1+ B) (5.2)

Heh, o 2TSVHERSHEZWL, Hla=d/2a, B & CufEM SiH
B7E XY FHEMBREERZL, B A=S, /S . AAESHOEZMETEL
2, SR R NEER AT FLESHAT MRS RN 5. 6 JT7R .
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Table 5. 6 Equivalent thermal conductivity of materials in the 2.5D package

ERIEE Keq A W/mK) Keo x(W/mK) Keq (W/mK)
SR T HIEER 35.4 0.0445 0.0445
et R 7 Sk 23.6 0.039 0.039
P i AR 5 R EK 9.537 0.053 0.053
EEEIR TSV 155.8 155.95 , 155.95
RERR T IR ER 2.79 0.035 0.035

2.5D HEBAHAEE DT R BT E Ansys Icepak, —ZK5RKAIHETE
PR T (IR IR S AR . SRR R~ Ry BB, 16 B BR I8 9E
F920°C, IHRAERMFDFLEM. BIEEZE S BEENZY 00w,
Driver i& A BUBIETNZ A 0.39W, FEH6H i 38 52 0 DU 3 R0 T/ B fty s s
ST LLANE 5. 15 BT s, AT LA BRI E DU M EIR T, SRRt R
~42°C, XM T RE R MER TIEERE (-5~95°C), t{ET %% DFB LB
LARRE (-5~85°C). S34b, IRERIM S HEMM H RN RES T, MH—BIER
T BRRERKIEMERRERY, ARSEAMBOASZET 2%, K
BE 2.5D R ALFF TIEREEM. LA SR gt a9 2.5D Sl nis
PERYF, XA MZM RSB R SR N, SR8 M fl sk

B 5. 15 2.5D BORMEREE SR SR F O TR AR : (2) 30380, (b)IUIEE N T4
Figure 5. 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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B CTE ALESEMEE 2.5D SR h Bk, B RN

140



%5 & FEEYR 2.5D HERATR
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‘m%ﬁ@mﬁﬁ,%TWE%ﬁ&*ﬁ%%mm@%,ﬁﬁ*%%ﬁﬁgﬁﬁﬁ
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& 5. 16 280 EERGE I S MR R AR RAR B I F AT I () BUBELI RIS s (bR
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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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Figure 5. 18 Fabrication process of silicon inteposer
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Figure 5. 19 Fabrication process of LTCC ceramic substrate
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Table 5. 7 Comparison of three basic assembly processes for 2.5D packaging
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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: () 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
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Figure 5. 28 Assembled EIC/PIC, silicon inteposer and ceramic substrate: (a) photo under

the microscope; (b) the solder joint observed under X-ray
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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
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& 5. 30 LB (a) 8B FA R RE; b) XEH EFERAER

Figure 5. 30 Optical coupling: (a) Top view schematic diagram of 8-channel FA; (b) Edge

couplers on optical chip
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Figure 5. 31 The assembled 2.5D module
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Table 5. 8 Summary of problems and solutions in assembly process of the 2.5D module
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Figure 5. 32 S parameters of the silicon inteposer: (a) S21; (b) S11
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Figure 5. 33 S parameters of the silicon inteposer-ceramic substrate assembly: (2)S21; (b)S11
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Figure 5. 34 Test block diagram of insertion loss of the module
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2) WM ERG WL F ML H Lt (Vdd=3.3V, Vdd_ MOD=4.5V,
Vgain=2V), BiFZHHEBRIBRESLER;
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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
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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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Figure 5. 39 PAM-4 eye diagram at 26.5625Gbaud: TDECQ=1.05dB
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Figure 5. 40 PAM-4 eye diagram at 32Gbaud: TDECQ=1.36dB
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