ot il {5 B 5T
STUDY ON OPTICAL COMMUNICATIONS

2023 4F 1M
M 235 1)

2023.02
(Sum. No. 235)

doi:10. 13756/j. gtxyj. 2023. 01. 001 Ay BT

BRHEMG A AE R, U 5. 2. 5D/3D kB F A M AR Rent L) ] BB E W9, 2023(1) :1—16
OU X P, YANG Z L, TANG B, et al. Silicon Photonic 2. 5D/3D Integration Technology and Its Applications[J]. Study on
Optical Communications,2023(1):1—16

2. 5D/3D TR HL T2 O E AR Ko i H

BREEE , mER B OR.EXEE,T E,IXR.F W
(PEMFEBETFALT ERCHLFIEAL TS, LT 100029)

BEARMNBATLEAE K BELRMEFTEFRERIALALEZ BRI W, F4 0 TRLIBEENOAEHLADENK
W E AT ARENER, BALETFRARELAT RS AT LT 2R A R #6242 B AL ¥ F4R (CMOS) # K ¥
HKFEREBFE FEREBRXAEEREATREFRL . RBLT —REAEEHALWAWE R, 2.5D/3D ALY
FHERERTAARGALE A LSRN FIERE BDSART AR FEXE REERTEAGIKS I,
LEANBTARAEALLFERBRARAIARR T EFZH AR FRZTHEALLFEALSL 2.5D/3D R REHKEEZ HL
FIR L AEAAE B BRI F B R R AT,

FKBIR B AE AR R R ;2.5D/3D & R AR IL AR AR

FESES: TN256 X FREML: A XEHE:1005-8788(2023)01-0001-16

Silicon Photonic 2. 5D/3D Integration Technology and Its Applications
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of Chinese Academy of Sciences, Beijing 100029, China)

Abstract: With the explosive growth of global network traffic and the consequent increase in bandwidth and energy consumption
required for data transmission, traditional electronic interconnection architectures are no longer able to meet the requirement of
the growing bandwidth and energy conservation. Silicon-based photonics featured as high bandwidth, low energy consumption,
and more importantly, compatibility with Complementary Metal-Oxide-Semiconductor (CMOS) technologies enables the large-
scale Photonic Integrated Circuits (PIC) and Electronic Integrated Circuits (EIC) to be integrated in a single substrate, hence it
is regarded as one of the most promising solutions to address these challenges. However, with the increasing frequency of sig-
nals and the increasing number of integrated photonics and electronic devices, parasitic effects are becoming more prominent,
leading to a significant degradation in the integration density, bandwidth density, and energy efficiency of the chip. 2.5D/3D
integration technologies can effectively reduce the electrical interconnect length and chip size, thus reducing parasitic effects and
power consumption, as well as increasing integration density. This paper presents different schemes of silicon based optoelec-
tronic integration and its recent advances, and looks forward to the application prospects of 2. 5D/3D integration technologies in
data communication, Light Detection and Ranging (LiDAR), biochemical sensing, and optical computing, et al.
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Figure 1  Application of silicon-based photonics

10° "
¢ Monolithic InP Berkeley.
® Monolithic Si B
4 Heterogeneous InP/Si or GaAs/Si
) 104,
&
B
#*
\‘R) 102
*
100—e—oe : o« - . .
1985 1995 2005 2015 2025

%
B2 #xnPICE3IHRRATFSE EERY
S A S R T 2 A8 9
Figure 2 The number of photonic components integrated

in a single PIC on three different platforms over time-
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Figure 4 Silicon-based photonic integration structure
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WS o PIC #1 EIC 78 [/l — /N4 8 b, PIC
HEIC Z [a] 9 H, 2 B 3% R OR 46 6, T/ 1 RC
I [0 B 50 LA B L 2 303 R 15 5 A% i B9 R ), T RE
BT REAR S0 LU B R AR LA A ] D B R
Ry A A B CMOS T 256, SR A 1k
FAL R V0T 9 TR O B R A ) R O
RS

2006 4F, Luxtera fiff & Tt 7 128 — 308 A
LR B IR R AT, ZI R AR A 0. 13 pm
CMOS T2 £ B T 10 Gbit/s &EJ# 6l &5 . &
PERER WDM .18 GHz 88  #% M1 RE H % Al #4J
LA A L ST T A T R O B Y RE OGS
o BERAFR R CR BEEN AL 9 () IT7R . 2015
4 ,IBM FfH 25 EH Global Foundry 90 nm L 214 K

(a) Luxtera 52 L&Y 5 — 2 4 5 ok L & B
(a) First monolithically integrated silicon photonic

transceiver implemented by Luxtera”
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(b) Coarse WDM monolithically integrated transceiver”

(¢) EPIC for logic computing, memory, and communication™
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(d) Monolithically integrated silicon photonic transceiver
based on microring modulator™
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Figure 9 Monolithically integrated silicon photonic chip
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PR T AR AE SC L 25 Gbit/s B B R, K
&4 3 R 11 100 Gbit/s, [A4F, 3 E UC-Berkeley
A MIT TR K T — 3K T 7 000 £
Hgm ik & R 850 AN O F % 1 i % s 70 A
B 9Co) "R, Z0 iR T 2 IS A 6 A
WA, AR UE T RS R AT RS A B R
O ARG RO 7E A5 8 A% i Ty T 0 D B R
RE M5 i e v B A T/O 32 101 B o I %) R 350, B S T
THEAE OB HT AL, 2021 4F, 5 1 R AR ER
T R2¥IF R T —3 T MRM 1 55 4 ik
Wkt 9™ HoA 45 nm “zero change”
CMOS T ATEAUAH 0.015 mm® R SF B S2 Bl T 3
A2 10 Gbit/s JIT & 09 57 A 15 5 & S5 R s 1 ot

HH 5% BB 3s 1.4 Thit/s/mm?, H I 6L K
1.91 pJ/bit,

AR P B A 1 e 3 ' H AR IS B LA T
FEAR ST /IN i s 2 ) B 55 A A5, {H PIC F EIC Y
T EAFHE— W 25 5, B 50 4 e 25 W 88 R 7 2L
Xof B B R AT I [R) 5, % T2 BEAT I RO K i A
TA R E ST . IF Bl TOeas ki
T RO G TR, R T R A
BIAEPR RN R R AR A — 2o . B RT DL I
o P JEE S IR L A B v A O 28 L 2
TERIH CMOS T AR R R T REIEF & LA 22
ARAEM T FILF STy, R 1R THT 4 A
[ ik 6 F o8 e SR B AR 3 o AR SR M A

k1 AT ARRRAERBARGAABREE R
Table 1 Silicon photonic chips based on four different integration technologies for communication
kA wamsEz AHE 5%
R T T T o i %8 x#
25.0 NRZ 8 8 mmX12 mm Total ~2W,TX MZM [43]
b = 25.0 NRZ 5 N/A 5.34 pJ]/bit, TX MRM [44]
112.0 PAM4 1 N/A 6.00 pJ/bit, TX MRM [45]
1.6 Thit/s PAM4 8 N/A N/A MZM [21]
50.0 NRZ 4 14 mmX8.5 mm N/A MZM [38]
2.5D # 200. 0 QAM 1 21.6 mmX13 mm Total ~4.9 W MzZM  [75]
200.0 PAM4 128 N/A N/A MZM [76]
56.0 NRZ 2 4 mmX8 mm 11. 20 pJ/bit MZM [59]
30 NRZ 1 N/A N/A MZM  [37]
3D 1% 25.0 NRZ 16 10 mm X 11 mm 5.91 pJ/bit MZM [60]
100.0 PAM4 4 N/A N/A MZM [67]
16.0 N/A 64 0.40 mm? (Si area) N/A MDM [61]
10.0 NRZ 4 N/A 65.50 pJ/bit MZM [72]
2.50 NRZ 4 2.9 mmX2.9 mm 1. 23 pJ/bit, TX MRM [77]
Monolithic 1% .
25.0 NRZ 4 N/A 14. 60 pJ/bit MZM [78]
10.0 NRZ 1 0.015 mm? (Si area) 1. 91 pJ/bit MRM [74]

ETX & 43 N/A % Not available; QAM % IF 25 18 & 8 4 .
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Wt 7 ek DI AR 1) A T S B T AR A
Wit 25, RE DG A IE AR ) KA HE T 1) K Jig L A
D8 SR IR D' 1 A B e 22 A i T Y B
i, S RE A £ ook, FERH BT T ik MOt iE
15 T OG5 AR A A RG34 Gt 4 e
TERE G 7 1 22 06458 1 75 22 S0 B0 ri % 25 98 4
E e I R R LR R AR 23U E 2 % R 1B ) P S N
W AE R LA B RO i 11 4[] I 3 75 2825 P A )i 4
] LS 5 T DB R R R e KRR R M R A A S D

BRHYEER AR F * TiE 5 Wire-bonding #Y

8

A Iy 2 2 T 4 BIR A ik 2D Fl 1 OB B i
TE AT SCHT A, mEEOG R S ME SR T
Wire-bonding ) 2D % il 7] 3 F Interposer B, TSI
(4 2. 5D/3D FE & g, LA S BB vy A 4 L L
ANEYRST T g g PERE DA R AR A D #E . ZE LA
R o0 i 1 L 2. 5D/3D 4 B i 3O i T
O R B AR R B4 N Gbit/s B i 9 $E T 3
Thit/sB I . AR GG H 008 R 7O
IS A AR AR BOROE T S  RY E HTL JF B 2. 5D/
3D AR LA AR X T 3k 2 1 HT A A v AR
3.1 HARFE
WOtT AR A BB Z LS Z— HEH
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HiTE 18 J2 LA 20 38 J2 AL L & 48 (Micro-Electro-
Mechanical System, MEMS) i 5% & 35 B9 4 #% & o

T B, JF HLAE SR RE A AR LG 0 AR D B AN R L )
PN g A RT 25 T 12 A B0 TR IR M PR RE
K. 3T ok 2 M 48 B (Optical Phased Arrays.,
OPA) M JH# % 22 % (Frequency Modulated Contin-
uous Wave, FMCW) B3O 8 ik, & H ai ok Ik R
R R B A S TR T S 22— T LUK AR G AR
KA B SR O T S i BIi Y 154
TR L B ORTE G AR DG B 1% T 19 24 i HL
ARRZ RO RN 6 R EA A BT
OPA BIBOL TR IR 52—, & 10 Bros Ak
FhEH OPA MFOLHIE.

(a) A FTELEMH L AAEF SEM BX
(a) Structure, process flow and SEM diagram of LiDAR™

OPA RX-100 Gbit/s

APD RX-100 Mbit/s

b) Ok F ik E o X 4R Eo
(b) Physmdl dldgrdm and test results of fabricated LiDA ©

B 10 ATaK OPA#BAETR
Figure 10  Silicon photonic LiDAR based on OPA
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U o =91 ) S 2 N B Y N N DR e
WG 2SI R I R OPA (9 43 4 3 [ A
SEELAHES [ AE SR . 2019 4F, € E I K 2= 1A
SR A3 A RURR A L T4 Be B A Bk T4 1 3K 3D 4R
B FMCW AH #0687 . i’ 10 () s,
O TSR R BB A TR 2% L OPA
CMOS i #§4E BUAE — At i B, JF HFH 300 mm
1) CMOS T.Z2F a8, iz L2 Fa% . otr a8
AfEH 193 nm B ¥ X621 AR 300 mm SOT &
[ il 38, 65 nm O 204 AR A IR Rk A 1R L o &
CMOS HiL i SR 56 PIC i EIC # A 7F — it . B 4%
F22BR SOL & B I Y &k 4 i, I & 1k fL
(Through-oxide Via, TOV) 4% AR 52 8 5% ¥ 1
CMOS #FZ M fih, 2O R R RALIH T
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DL Jo gk 2s ()38 15 Ty g 4 8 W] — A b, o
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(a) A F MZIL % 3 4b 2 7 2535 1)
(a) MZI-based photonic neural network chip

195]

(b) £ F PCM # % %k F 5 ff i 25100

(b) PCM-based integrated photonic accelerator!”!
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(¢) On-chip photonic deep ONNU®™
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Figure 11
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Silicon photonic neural network chip
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(c) Integrated silicon photonic methane sensor from IBM!™"
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(d) Blood glucose monitoring chip from Rockley Photonics
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Figure 12 Sensors based on silicon-based
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