® 425 F178/2022 F 9 B/RFFHR

e PERE TG IR e I A 1 R e S Pk ik

AARE, BEH, K&, RLIF, B84, HEE, 20, 084, A0, HAK, REH

WL K2Rl 22 5 TR 2B, WiVl Bl 310058

BE  AEEEOR M CMOS HeZ th Fil i 2 5 55 58 Hh A3, Bk by J2 e BLR R  37 — AOE T B HOR 74
BRI RN 2 B0 R OG T o ME4R SR, TR R/ AT IR S i A B AR Ot e WS s A T B i . R AT OB AR DL Ot
T I KO T B A Y AU Y TR A R i DI ORISR 1 A I B4 R S T g [ I A Ol 4 R T
W 25 T v P e R e B R O R A S o T o A SO T AT 1 2 S A AR R T SR T R S A T AR N T
o PERE T TR e U S A, R PSR T MR R S M K D RE A0 R TR Tk e T g A R SR S

K RO B W E; dREIT; BLUEIT; miERE

FESES 0436 XEAFRERS A DOI: 10.3788/A05202242.1713001

High-Performance Passive Silicon Photonic Waveguide Devices: Progress
and Challenges

Liu Dajian, Zhao Weike, Zhang Long, Song Lijia, Guo Jingshu, Xie Yiwei, Li Huan,
Yu Zejie, Liu Liu, Shi Yaocheng, Dai Daoxin’
College of Optical Science and Engineering, Zhejiang University, Hangzhou 310058, Zhejiang, China

Abstract Due to its prominent advantages such as complementary metal oxide semiconductor (CMOS) compatibility and
high integration, silicon photonics technology is recognized as the most promising new generation of mainstream photonic
integration technologies and has thus attracted great attention worldwide. On the one hand, great progress has been made
in the research field of passive/active silicon photonic devices and integrated circuits in recent years. Silicon photonics
technology has ushered in a broader space for application owing to the rapid development of emerging fields, such as
optical communication, optical interconnection, optical sensing, optical measurement, and optical computing. On the
other hand, silicon photonic devices and circuits are also exposed to various challenges as they are desired to achieve better
performance, higher density, and larger scale. This paper focuses on high-performance passive silicon photonic waveguide
devices for wavelength division multiplexing, polarization multiplexing, mode multiplexing as well as hybrid multiplexing,
particularly on their performance breakthrough and function expansion. Finally, the prospects of silicon photonic
waveguide devices are discussed and presented.
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Fig. 1

Optical filters. (a) Single MRR filter based on multimode waveguide™; (b) high-order MRR filter based on AEM™"; (c) 10"-

order AEM filter™; (d) silicon quadplexer based on cascaded MW G"™’
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Table 1 Summary of silicon-based on-chip optical polarizers reported in recent years

Ref. Structure Footprint Loss /dB PER /dB BW,,. /nm
[55] Shallow-ridge WG =>1000 pm / >25 100
[56] Ultra-thin WG =>10000 pm 0.3 >38 120
[57] Bragg grating 9 pm 0.5 27 60
[58] SWG WG 60 pm <0.4 30 110
[59] PhC WG 4 pm 1 34 50
[60] ADC ~30 pm ~1 29. 8 80
[61] Cascaded bend 9.5 pumXx63 um <0. 37 =>27.6 100
[62] Disordered PhC 12.9 pm 0.6 39.6 210
[63] HP Bragg grating 6 pm ~5 >24 60
[64] SWG bend 6.5 pmX 13 pm <1 =20 415
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Fig. 2 Polarization handling devices. (a) SWG-based polarizer””; (b) polarizer based on 180° bending with SWG™"; (¢) PBS based on

cascaded bent waveguides™; (d) PBS based on hetero-anisotropic SWG™; (e) PSR based on adiabatic converter™’;

(f) polarization switch based on an MZI with ridge waveguide"™”
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Table 2 Summary of silicon-based on-chip PBS reported in recent years

Ref. Structure Footprint Loss /dB PER /dB BW, /nm
[78] MMI 133 pm 2.2 28 40
[79] 3WG-DC 7.5pm 1.7 22.5 100
[80] BDC 3 pmx22.5pm <1 =20 60
[81] Reflective ADC 27.5 pum <1 =30 27
[65] Cascaded BDC 7 pm X 20 pm 0.35 =40 135
[82] 3WG-BDC 13 pm 0.6 =20 90
[83] SWG ADC 2 pm 0.3 20 20
[84] Reflective MMI 71.5pm 0.8 32 77
[77] SWG 3-WG ADC 75 pm 1 20 240
[66] Anisotropic metamaterial 2pmX12.5 pm 1 20 215
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Fig. 3 Mode multiplexer. (a) Dispersion curves of multimode silicon waveguide'"; (b) 4-channle mode multiplexer based on ADC"";

(c) 8-channel dual-polarization mode multiplexer based on ADC""”

' (d) 10-channel mode multiplexer based on adiabatic coupler and
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Table 3 Summary of silicon-based multi-channel mode multiplexers reported in recent years
Bandwidth /
] ] Loss /dB Crosstalk /dB
Type Year Footprint Capacity nm
Sim. Exp. Sim. Exp. Sim. Exp.
MM 2012 80 um 2 1 / <—40 / 60 /
ADC™ 2013 ~100 pm 4 0.1 1 —25 —23 / 20
Y branch*" 2016 ~350 pm 3 0.32-0.82 5.7 —44.9-—11.9 —9.7-—31.5 120 29
Adiabatic ADC"™ 2018 / 10 ~0.5 1.8 < —30 —15-—25 70 /
SWG ADCH™ 2018 507 pm 11 / 0.1-2.6 / —15.4-—26.4 / 50
MMI™ 2020 136 pm 2 0.22-1. 30 1.8 —25.2-—20 —20 60 60
- [100] 20 pm X
Inverse design'""" 2022 4 / 0.62-5 / —10-—25 100
30 pm
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Fig. 4 TE,, and TE,, mode converters with locally defined refractive index based on metamaterials""”. (a) Simulated light

propagations for mode exchangers; (b) SEM images of fabricated devices; (¢) measured transmission spectra
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Table 4 Summary of silicon-based on-chip mode converters reported in recent years

Footprint / Loss /dB Extinction ratio /dB Bandwidth /nm
Type Year - - -
(pm X pm) Sim. Exp. Sim. Exp. Sim. Exp.
MZI 2006 3% 18 0.4 0.4 — — 200 —
Cascaded taper' """ 2015  2.83Xx13.12 ~0.06 — — — =60 —
LPGH 2016 1% 23 0.36 ~0.55 14.5 13 — —
Phase gradient metasurface ™ 2017 0.6x12 14.8-4.4 — >3dB — 1600 —
Inverse design'"™” 2018 1.6X4 0.86 1.34 — ~9.14 40 40
LG 2018 1.1X5.75 ~1 <1 11 >10 20 21
SWG structure!'! 2020 1.3X2.7 0.19 0.23 19 =>12 407 =80
SWG structure''”! 2022 1.23X2.7 1.5 ~3.8 ~8 ~7 100 30-60
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Fig. 5 Multimode transmission devices. (a) Multimode bending waveguide structure based on Euler bending""”; (b) multimode bending

waveguide based on SWG structure™”; (¢c) multimode bending waveguide based on SWG/Euler combined structure™’;

(d) multimode bending waveguide structure based on free curves'*; (e) start-crossing waveguide based on Maxwell lens"*";

]

]

(f) multimode crossing waveguide based on anisotropic SWG™”

F 5 MTAERANIE Y A5 Stk B 2 A i Dl

Table 5 Summary of silicon-based multimode bending waveguides reported in recent years

Radius / Channel Loss /dB Crosstalk /dB Bandwidth /nm
Type Year - - -

pm number Sim. Exp. Sim. Exp. Sim. Exp.
Gradient index'"'” 2012 78.8 4 — <3 — — — —
Gradient index''"” 2018 <30 4 0.88 1.5 <—20 <—20 80 80
Euler curves'™ 2018 ~45 4 0.1 0.5 <—25 —19.2 100 90
Gradient index'"” 2019 10 3 0.1-0.5 0.1-0.7 <—30 —22 100 80
Corner-bend"*” 2020 >7 2-10 <<0.18 <0.53 < —36 <—15 =>420 280
Inverse design'*" 2020 3.9 4 <1.1 <1.8 <—20 <—17 40 40
Free-form""” 2021 9.35 3 0.04 0.17 —24 —21 100 80
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Table 6 Summary of silicon-based multimode crossing waveguides reported in recent years
Footprint / . Loss /dB Crosstalk /dB Bandwidth /nm
Type Year Capacity - - -
(pm>X pm) Sim. Exp. Sim. Exp. Sim. Exp.
MMI couplers' ™" 2016 2929 2 1.7 1.5 —32  —18 100 80
Asymmetric Y-junction'*"’ 2018 34 34 3 1.5 2.0 —22 —20 60 60
Inverse design method""*” 2018 4.8%4.8 2 0.5 0.6 —30 —24 80 60
Fisheye lens""" 2018 18X18 2 0.3 0.5 —20 —20 100 65
2D SWGH™! 2022 14.8X14.8 3 0.15 0.26 —42 —20 300 >80
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Fig. 6 High-performance silicon photonic devices based on broadened waveguide. (a) Ultrahigh @ MRR"™; (b) low-loss delay line""";
(c) 2X 2 MZI switch with low random phase error™"”; (d) 4 X 4 MZI with low random phase error'"
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Fig. 7 Hybrid multiplexing systems. (a) Mode/wavelength hybrid multiplexer based on mode multiplexer and AWG™; (b) hybrid

multiplexer based on mode multiplexer and MRR™""; (¢) ROADM based on mode multiplexer and MRR array""”
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