HhRe iR A

1% B2 £ % Hi /N Vol. 11 No. 2
2022 FF 3 A JOURNAL OF INTEGRATION TECHNOLOGY Mar. 2022
5IZH& R

BIAEEE, JHAS, I ER R, AF. RERDG TR ST ST HERE [J]. SRR, 2022, 11(2): 89-106.
Hu XJ, Feng S, Feng LL, et al. Research progress of silicon-based photonic modulator [J]. Journal of Integration
Technology, 2022, 11(2): 89-106.

FEESE T IEHISR I T R
WP R BEE E b x F
A TR 8 s
(% TRERZEHZE 794 710048)

B E LT ISR EE RGOS, EEXDGE ST S, SCEUE 5 N B IEEDLIE
Fetfe. BRSPS T2RRRE, HEEGTIAH AW MO8 T BRI T80, TR T ZHARN
TR SR ARSI, RO T IR R BE TR H AT, B RS A R
LI T 50 GHz, FEAH AL T JRHIR% UM 98 75 K o (EARIK S H s A A SRR R RE 2 D' 7 1A 1 2%
PoRAE — MEF I TR, ORI AW SN I A RE RS G 7 R ) 5 BT /e, AL HUE TR 2 it
J o % 3C NS [ YA T 1A ) A BRI SURE S AT 0 M, HE 72T SOI MK, SiGe #EL Ge
MR SRR AVDERAME -V RAPEAG SRR SERE RO 7 IR H 85 OB FEIUIR,  IFRIARSE
VR ES A PEREREAT TR ECRI 34T, AARSRAREEAT R ol . KB F f s he k1 g .

XHEIR LT EE WIS REIL; BRAHbRE
FEDES 0 43; 047  XEFRERS A doi: 10.12146/j.issn.2095-3135.20210707001

Research Progress of Silicon-Based Photonic Modulator

HU Xiangjian FENG Song" FENG Lulu  WANG Di LIU Yong
CHEN Menglin DING Binbin HAN Chao HAN Xiaoxiang

( Xi’an Polytechnic University, Xi’an 710048, China)

"Corresponding Author: fengsong@xpu.edu.cn

Abstract Photonic modulator is the core component of optical fiber communication system, which mainly

modulates the optical signal and realizes the conversion of the signal from the electrical domain to the
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optical domain. With the development of silicon based semiconductor technology, silicon based photonic
modulator has gradually become the mainstream silicon photonic devices, and the realization of gigahertz
bandwidth modulator based on silicon technology has laid a foundation for the development of silicon
photonics. At present, the modulation speed of silicon-based photonic modulator has exceeded 50 GHz,
which basically meets the bandwidth requirements of modulation format. However, silicon-based photonic
modulators with low driving voltage and low insertion loss are still a field worthy of research. More and
more research institutions have joined the research of silicon-based photonic modulators and have made
great progress. This paper mainly analyzes the research progress of silicon-based photonic modulators
at home and abroad, discusses the research status of silicon-based photonic modulators based on SOI
materials, SiGe materials, Ge materials, ferroelectric materials, organic photoelectric materials, III-V group
materials and graphene materials, and compares and analyzes the performance of relevant modulators. It

provides ideas for further research and development of photonic modulator with high speed and low loss in

the future.
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Fig.1 Cross section of phase modulator
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Fig.2 Section diagram and top view of MZ modulator
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Fig.3 Cross section of MZ modulator
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FIALE X o @R 7R T IR T 2k A B 5N
& @ -4 2K - 45 J& (Metal-Insulator-Metal, MIM)
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Table 1 Modulator performance parameters

WA s g PCE RIS ORGHRER 5@ B R i R
MZ [15] 2012 2.80 1550 50 - - - 3.10 3.70
MZ [16] 2013 2.00 1550 60 28.0 - - 3.60 1.20
MZ [17] 2018 2.68 1950 20 >12.5 - - 5.80 13.00
[zezn [19] 2014 - 1550 44 21.0 1.03 10X 10 6.40 1.20
MZ [20] 2013 243 1310 50 30.0 450.00 3 000X 500 3.40 3.34
TR [21] 2012 1.24 1570 25 11.8 - - 4.50
TR [22] 2011 2.50 1550 10 - 287.00 - 4.00
TR [23] 2012 1.70 1540 44 25.0 - - 3.01
MZ [24] 2013 2.67 1550 50 25.6 - - 5.56 4.10
MZ [25] 2012 1.28 1552 26 - 146.00 - 9.00
MZ [26] 2014 2.64 1300 50 - 800.00 - 4.60
[ze2n [27] 2015 - 1566 56 40.0 45.00 5X5 4.50 2.40
TR [28] 2016 - 1550 8.70
MZ [29] 2021 - 2000 40 - - - 10.40 12.50
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Fig.5 Cross section of SiGe FK modulator

2016 4, LEAIEFARAF K% Srinivasan iR
AR TS5 Ge ¥ 3 Wi i i 2% 25 8L
B P-I-N ZARE Wt s 7 AiEs g R
50 Gb/s [ SiGe ¥ 5 F M i H #8> . HL=
=EEWE 6 Frox, ZWMEIEE % EN 0.6 pm, K
FEy 40 um, HERAE 220 nm B SOI 5 E.
WIS, SRR, SiGe FIR U I 4R
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Fig. 6 Cross section of SiGe electro absorption modulator
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IRMHFEN 8.5 dB. M4iHiEF N 50 Gb/s i,
ZI IR AR KN 1560 nm. $EIEHEAN 2 V
2E R, MR T iz R H 2 s & et N
3.0 dB.

2016 4F, VG % TR K bA I 84 2
TR A Si/SiGe/Si MR Lh P-I-N HL 21 i
gER, LA ST WO 450 nm, PR
h N 50 nm, WA H N 220 nm, Hrf, N7 PT
PLR T BB AR FE 2y 308 1e19 em . 1el9 cm .
lel5cm °, Ge &N 02. HEMRERIE 7
i, 8 SO B R R R ) H R
KF, X SiGe-OI BL A SOI Piff P-I-N Hi 2%
HIGE R R I, XX BT 45 P-I-N L 3 1) 45 44
AT DALE SE /N R ) R SRS B S B TR
g, HEAE TS, R RN P R e g
— BRI I h e
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FiE w T
l B 1
Pt 1 H Ih | N+
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Fig. 7 Si/SiGe/Si double heterojunction

2018 4, HEEFF 22K %~ Mastronardi [
WA T —FPAE 1 566 nm KT TAERIK
THAE Si/SiGe S/ &5 FIR I I 285 . % 2%
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HEN 56.2 Gb/s X Z S AR TR, W&
ZEIR R ZIAH B EA 5.2 dB M &H e A
44 f1/bit IAHITIZ . Ak, 56 GHz 1) 3 dB 5 %
UEBH 7 Z I vE 7 VA AE s B 7 TH R AT e
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ANEEWE 8 Friax, £—A% 1.5 pm FIFES
AT AR, P B E LAE— 100 nm
JBEREZ (St th) , ARAEX (R 600 nm) 15
JEHEI Ge JZ (B f0) Fl SiGe X%k (&), HAFN
Bk (BFEDY 100 nm) W55 6 - 000 AR 6 30 (48
/B o B, XFETHRAFE, B
W7 0 A SRR R FE TR, I Hak nl AR 4 75 22t
BT TEREREAT R, DA AR S R
LRI o X 5T 45 25 48 ) e vt g e ek
S Y AR SR ) SR B T — PR R E Y
HiliE T2,

K 2 NI AFREET FIFAEHE SiGe Y671
FIBTERES B R 2 AT, T AR FEARL
FHIF) 2846 HLACR A FKOSONHIE I 2%, 4%
JHEREA TR, ZFEA SiGe fEHEA Si F4
B RN, 2 R 2R R D e K
/N BEAL, SiGe B Ge MIEEEBEAMLT Si Lk
RN, (HET Ge MIER R Si LRI

%, Bk, Ge &EMim, BN FiEM R,
LT Ge BY& BRI B S PFRRE o (H
AR Ge & EBEME, By Ge fAAEMIK
BORE, S EH SR A BORKBRE, PrBl—B0R
& R K Ge & B,

4 ET4 Ge tARIYIEHI 2]

Ge MBI FZERH T SHEHFHEME. LS
ZRYE. AN IERE . RS FH K PH RE Fth 25 4T3
5 Si #MEHHLL, Ge MPRMERThZS4FH B A B
B BT, 5T Ge MEHIS MM D
LT ZE S RN A (R B R ROR, 4L A EAE
LLAMITER S &P H AR 548 2R 5. Ge M
BEEAG IR 58 1 RS RLRE, R IX PR, R
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B8 FHSREEE~EE

Fig. 8 Cross section diagram of modulator

*2 EFISEMRESH

Table 2 Modulator performance parameters

Wwrn st gews  WEK  SUSEMRE @ @ wec  muiE R
SiGe FK [30] 2012 1546~1 581 28 40.7 60.0 6.0 5.0 1.0X55.0
SiGe FK [32] 2016 1550 50 >50.0 13.8 4.2 4.4 10.0X40.0

SiGe QCSE [35] 2020 1335~1365 8.0 16.0
SiGe FK [36] 2013 1540 28 38.0 147.0 5.9 4.8 10.0X50.0
SiGe FK [37] 2016 1550 50 >50.0 13.8 4.2 4.4 10.0X40.0
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TR % . A S SR KT PAIN 454, A
1 610~1 640 nm HJHEKITE N, SIEATFEN
2.5~5.0 dB, JHXLLA 4.0~7.5 dB, HiZ#fF
REBZ/EEIT 30 GHz WM T TAE. Hamms
TR B AV AL 9 B, 2R~ N
1.0 pmX45.0 pm. THE BN G RER T FE
NS W energy/bit=1/4CV20 Hrp, CHGEHE,

VRRIARMERE. S8 E, %8k

AR T MZ BUEHI 35, MBE SRR
N 25 Gb/s I, AR THFE A 2.5 mW,

T &

B &

() Ge LIRS ] s A8 T 78 B 14

FEVRS FeEHEAL X
s

(b) Ge HLI WA i 50T 1
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Fig. 9 Cross section and top view of Ge electro absorption
modulator

2015 4F,  FORIRTHRAFRSE Srinivasan fURAEA
WHR T —Fpa SEE 50 GHz 1) Ge i 5 FRIR WS
0T IR BRI FK 28, £E 1610 nm K9
TARRKT, HHEAREIE 56 Gb/so Xt H i
2V KB, TSEBLEE 3.3 dB IEhAH G
bo, @A A DON 12.8 fF, BRI N
1.2 mW. JE M CSEIRAT I, 2R 6 45 72 LI
L 56 Gb/s BBE iy g R BEAT RERE )G LI M) e 2 JEE

AT Z A0 O & 7 TR A BRI /. dn
K10 fow, i E 2R BZE 220 nm JE1) SOL-F-&
., SKH RPCVD :7E 110 nm IR MIRE X & $R %
HAEK Geo fmlEZIEIR K DARRARBRSUAT £ B
Ge EA&MALFENMIG, &ZJEEHN 350 nm.
Ge JEI B TN N BA P AX K. T Ge
SMEZYS Si AR R RECAILH, Ge H
W C A ) 2 R 0.2% IR R AR, BN
0.8 eV (1 550 nm) #3/1 %] 0.78 eV (1 580 nm) , H
7f Pantouvaki **' I Ishikawa " %5 A [} 50 HH 446
FHIRERAIE

600 nm

B 10 £AR7E 220 nm FHI SOI F 5 EHI Ge BEIRUIEHIER
HEE~EE

Fig. 10  Cross section diagram of Ge electro absorption

modulator device integrated on 220 nm SOI platform
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* 3 EFISEMRESH

Table 3 Modulator performance parameters

B R I TN T,
Ge FK [13] 2011 1610~1 640 >30 100.0 4.0~7.5 2.5~5.0 1.0X45.0
Ge FK [31] 2015 1610 56 >50 - 4.6 4.9 10.0X40.0
Ge FK [37] 2016 1615 56 >50 12.8 4.6 4.9 10.0X40.0
Ge FK [43] 2015 1615 >50 10.0 4.6 4.1 40.0X0.6
RN AEERE, ATHITH &AL . B ea . A SI/LINDO, MZ i &5, b & 7P

BRI )R 0N AR, DRI A S R

AN R A 5K W RGP, IR
HHEMR. S, AR S T
A . XA AR T/ 2 AR R BT G R
EW, Bk, APDCHEMEIZ R T2,
FERE DN A A2 ] 6 v 12 B F Y 2 A A ST B e Ay
DA K {5 JE R Ak B A T 1) DR
5.1 LiNbO, 5&XFERK

LiNbO; dhfi —FhZ ek idtkl, AR
R JE. JELRMEES . HORSERRE, AR
TR “RE” o FETF LiNbO; MR L
KPP G, HTHHORERE, S 2
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Fig. 11 Schematic diagram of LiNbO, waveguide section
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Fig. 12 Cross section of Si/BaTiO; phase shifter
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Fig. 13 Section diagram of phase shifter
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Fig. 14 Schematic diagram of reverse bias III-V/Si hybrid

MOS optical modulator
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Table 4 Modulator performance parameters

g seon wewm SRR REAEEE @AE WLER WK
Si/LiNbO3 [47] 2019 2.200 100 170.0 2.5 >70 5.00
SOH [54] 2020 0.041 187 0.7 0.28
SOH [56] 2018 0.032 40 2.5 <2.0 1.50
Si/BaTiO3 [57] 2019 0.230 25 1.00
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Fig. 15 Equivalent electrical model of the monolayer

graphene electro absorption modulator
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Fig. 16 Schematic diagram of double layer graphene
light modulator
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Table 5 Modulator performance parameters

HEE % RkRE LKy kN ES REAE  BOKEEDEZ  3dB AT kL FHNFE R
SR SCHER RIE - (nm) (£0/bit) (Gb/s) (GHz) (dB) (dB) (um?)
HE [14] 2018 GOS 1520~1 590 16.0 4.4 7.7
MZ [72] 2012  P-FEALHI-N &5 1537 1.0 - 4.0
B [73] 2014 1550 16.0 33
Sy [74] 2016 GOS 1550 350 10 2.6~5.9 2.5 3.8 50.00< 10.00
=3 [751 2019 1 549~1 569 15.5
B2 [76] 2016 E%%iﬁi- 3.0 - 0.40<0.08
WZ [771 2015 1570 30.0 1.50%30.00
Bz [78] 2014 1550 350 10 2.6~5.9 25 <4.0 50.00X 10.00
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